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K. Hepp, Zürich, Switzerland
W. Hillebrandt, Garching, Germany
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Goran S. Djordjević, Ljubǐsa Nešić . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Three Loop Leading Top Mass Contributions to the ρ Parameter
Michael Faisst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

∆S = 2 Decays of B− Meson
Svetlana Fajfer, Paul Singer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Charmonium Hadro–Production at HERA-B
Olga Igonkina (for the HERA-B collaboration) . . . . . . . . . . . . . . . . . . . . . . . . . 45

Finite Chern-Simons Matrix Model – Algebraic Approach
Larisa Jonke and Stjepan Meljanac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Expectations for Charged Higgs in CMS
Ritva Kinnunen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Heavy Ion Physics in CMS
Olga Kodolova (for CMS collaboration) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Tracking in a High Rate Environment
Gordana Medin (for the HERA-B Collaboration) . . . . . . . . . . . . . . . . . . . . . . . 77



VI Table of Contents

Resonances from Strongly-Interacting
Electroweak Symmetry Breaking Sector at Future e+e− Colliders
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Some Recent Results of Electromagnetic
Nucleon Form Factors Measurements
Using Transfer of Polarization

Damir Bosnar (for the A1 collaboration at MAMI)

Department of Physics, Faculty of Science, University of Zagreb, Croatia

Abstract. Described are measurements of the electric form factor of the neutron, and
modification of the proton form factor in the medium, using transfer of polarization.
Main features of the continous wave electron accelerator MAMI Mainz are outlined.
Three high-resolution magnetic sepctrometers, and proton and neutron polarimeters of
the A1 collaboration are described. Recent measurements of the neutron electric form
factor in the reaction D(−→e , e′−→n )p and measurements of the medium modification of
the proton factor in the reaction 4He(−→e , e′−→p )3H are pesented.

1 Introduction

Understanding the structure of nucleons is of fundamental importance in the
particle and nuclear physics. Presently the QCD, which is believed to be the
theory of strong interactions, is not solvable at low energies and QCD-based
theories have been developing. The ability of these theories to predict nucleon
form factors and the influence of the nuclear medium upon them represents one
of the most stringent tests of these theories, and hence precise data are required.

Polarization transfer experiments in electron scattering of good statistical
accuracy became feasible with the development of electron accelerators with high
luminosity, high duty factor and high polarized electron beams. New observables,
shadowed in unpolarized experiments, become now available and reveal new and
precise information regarding nucleon structure and the influence of the nuclear
medium upon it.

In this contribution two examples of double polarization measurements at
MAMI Mainz will be described: the determination of the neutron electric form
factor, and the modification of proton form factor in the nuclear medium. Lon-
gitudinally polarized electron beam has been used in both experiments, and the
polarization of the outgoing nucleon has been determined.

2 Mainz Microtron MAMI

The electron accelerator MAMI is located on the campus of the Johannes Guten-
berg University in Mainz, Germany. MAMI [1] is a continuous-wave electron
accelerator and consists of an injector linac followed by a cascade of three mi-
crotrons. The maximum available electron energy is 883 MeV and the maximum
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2 Damir Bosnar

current is 110 µA. The polarized beam is available [2] with the maximum po-
larization of 80% and maximum current of 15 µA. The helicity of the polarized
beam can permanently be switched.

The upgrading of the accelerator is currently being undertaken. The already
existing third stage of the microtron will be an input to the double sided-
microtron. After the upgrade, which will be completed in 2003, the maximum
electron energy is expected to be 1.5 GeV.

3 Magnetic Spectrometers and Nucleon Polarimeters

The A1 collaboration at MAMI Mainz has built three high-resolution magnetic
spectrometers [3] and has been using them in the electron scattering experi-
ments in order to explore nucleon and nuclei properties. In some experiments
the magnetic spectrometers are complemented by additional detectors to achieve
desired quantities. In the measurements described in this contribution, magnetic
spectrometers have been used with nucleon (proton or neutron) polarimeters.

3.1 Magnetic Spectrometers

The magnetic spectrometers, named A,B,C, have solid angles of 28 msr, 5.6 msr
and 28 msr, respectively. They can detect electrons, pions, protons and other
charged particle with the maximum momentum 735 MeV/c, 870 MeV/c, and
551 MeV/c, and have acceptance of 20 %, 15 %, 25 %, respectively. Deflecting
magnet systems in A and C are built in the same way and consist of a quadrupole,
a sextupole and two dipole magnets. The spectrometer B has a single clamshell
dipole magnet. Detector packages in all three spectrometers are built in the
same way and consist of two double-planes of vertical drift chambers (VDCs),
two layers (3mm and 10mm thick) of scintillator counters and a Cherenkov
counter. The magnetic spectrometers provide information regarding momentum
of outgoing charged particles with the resolution better than 10−4, angles of
outgoing charged particles with the resolution better than 3 mrad at the target,
and information regarding the type of charged particles. Single measurements,
as well as double and triple coincidence measurements are possible.

3.2 Proton and Neutron Polarimeters

Measurements of proton and neutron polarizations are based on the same princi-
ple. The fact that the spin-orbit part and the radial part of the nuclear potential
have the same order of magnitude is used. If the outgoing nucleons are polarized,
their secondary scattering in the analyzer causes asymmetry in the cross section
from which their polarization can be obtained.

In order to measure the proton polarization, the focal plane proton polarime-
ter has been built [4] and it can be put in the spectrometer A in place of the
Cherenkov counter. The graphite analyzer has been used in this polarimeter.
The large area horizontal drift chambers built for this polarimeter [5] determine
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the scattering angles after passing analyzer, and standard VDCs in the spec-
trometer A determine proton trajectories before passing through the analyzer.
The spin precession and information about all three polarization components of
the protons at the target are provided by the passage of protons through the
magnetic system of the spectrometer [6].

Neutrons are neutral particles, therefore the magnetic spectrometer supple-
mented with polarimeter cannot be used for their detection and polarization
measurement. For these purposes a separate neutron polarimeter consisting of
two walls of a plastic scintillator has been built [7]. The first wall of the plastic
scintillator determines trajectories of outgoing neutrons and is used simultane-
ously as the analyzer [8]. The second wall of the plastic scintillator determines
trajectories of the scattered neutrons in the analyzer. Between the polarimeter
and the target there is a dipole magnet which provides controlled precession
of neutron spins, and this is used to avoid calibration of effective analyzing
power [9].

4 Neutron Electric Form Factor
and Double Polarization Measurements

The cross section for the elastic electron-nucleon scattering can be written in
the Rosenbluth form using the Sachs form factors GE and GM [10]:

dσ

dΩ
=

(
dσ

dΩ

)
Mott

(
G2
E + τG2

M

1 + τ
+ 2τG2

M tan2 θe
2

)
, (1)

where ( dσdΩ )Mott is the Mott cross section for the electron scattering off pointlike
spin 1

2 particle, θe is the electron scattering angle, τ = Q2

4m2
N

with mN nucleon

mass and Q2 = −q2 = ω2 − −→q 2, ω energy and −→q momentum of the virtual
photon.

The proton form factors Gp
E,M have been successfully determined in the

elastic electron-proton scattering. Measurements of neutron elastic form factors
are more difficult because a free neutron target, which could be used in electron
scattering experiments for this purpose, does not exist. One should use scattering
off light nuclei where the influence of other nucleons must be accounted for. This
method has been used to determine the neutron magnetic form factor Gn

M , but it
cannot provide reliable results for the much smaller electric form factor Gn

E . This
quantity becomes accessible as well by using measurements with the polarization
transfer in exclusive electron scattering experiments [11]. In the ideal case of the
n(−→e , e′−→n ):

P x
n

P z
n

= − 1√
τ + τ(1 + τ)tan2 θe

2

Gn
E

Gn
M

, (2)

where P x
n , P z

n are components of neutron polarization in x and z directions,
respectively. The x-axis of the coordinate system is in the electron scattering
plane perpendicular to the direction of momentum transfer, y-axis is normal to
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measurements, and this causes significant differences between the neutron charge
distributions in the Breit frame obtained from respective Fourier transforms
of Gn

E .

5 Medium Modification Measurements
of the Proton Form Factors

The polarization transfer reaction p(−→e , e′−→p ) can be used to measure the form
factor ratio Gp

E

Gp
M

by measuring the ratio of transverse and longitudinal polariza-
tion components of scattered protons [11]:

Gp
E

Gp
M

= −Px
Pz

E + E′

2mp
tan

θe
2
, (4)

where E and E’ are energies of the incident and scattered electrons, θe reresents
the electron scattering angle and mp is the proton mass. The Pz and Px are
longitudinal and transverse polarization transfer observables, respectively. The
z-axis is in the direction of the momentum transfer, y-axis normal to the electron
scattering plane and x-axis is in the electron scatering plane normal to the
direction of momentum transfer. We have measured the polarization transfer in
the reaction 4He(−→e , e′−→p )3H at Q2 = 0.4(GeV/c)2 and compared the ratio of
transverse and longitudinal polarization components of ejected protons, to the
same ratio for −→e p scattering [20]. In this measurement protons were detected
in the spectrometer A that was supplemeted by the focal plane polarimeter
described above, and electrons were detected in the spectrometer B.

Obtained results have been compared [20] with theoretical calculations and
they favored models with a slightly modified form factor, but the statistical
significance is not sufficient enough to exclude calculations without form factor
modifications and the measurements with higher statistics are needed.
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Dyons in Nonabelian Born–Infeld Theory

Antun Balaž1, Maja Burić2, and Voja Radovanović2

1 Institute of Physics, P. O. Box 57, 11001 Belgrade, Yugoslavia
2 Faculty of Physics, University of Belgrade, P. O. Box 368, 11001 Belgrade,

Yugoslavia

Abstract. We analyze the nonabelian extension of Born–Infeld lagrangian for SU(2)
group. In the class of spherically symmetric solutions of finite energy, besides the
Gal’tsov–Kerner glueballs we find only the analytic dyon solutions.

1 Action and Field Equations

The initial point of our analysis is the following nonabelian Born–Infeld [1,2]
(NBI) action in Minkowski space:

S =
1

4π

∫
d4x(1−R) , R =

√
1 +

1
2
F a
µνF

µνa − 1
16

F a
µνF

∗µνa . (1)

The equations of motion which follow from the NBI action (1) are

Dµ
Fµν −GF ∗µν

R = 0 . (2)

Here F ∗ denotes the Hodge-dual, F ∗µν = 1
2 εµνρσFρσ, Dµ is covariant derivative,

a is the index of the gauge group and G = 1
4 F a

µνF
∗µνa. The equations of motion

(2) can be complemented with the Bianchi identities, DµF
∗µν = 0.

In [2], spherically-symmetric configurations of finite energy for the action
(1) were found. The ansatz for the gauge potentials was the monopole ansatz
and it describes purely magnetic configurations. The usual splitting of the field
strengths F a

µν into “electric” and “magnetic” parts is:

Ea
i = F a

i0 , Ba
i =

1
2
εijkF

a
jk . (3)

We will generalize the monopole ansatz – in fact, we will consider the gen-
eral spherically symmetric static potential for the SU(2) group (the so-called
Witten’s ansatz, [3]). It is given by three real functions a0(r), a1(r), w(r) of the
radial coordinate r. The components of the gauge potential read:

Aa0 = a0(r)
xa

r
, Aai = a1(r)

xaxi

r2 + εaik
1− w(r)

r

xk

r
. (4)

Here xa, xi and xk are the Cartesian coordinates. The field strengths for this
ansatz are

Ea
i = a′

0
xixa
r2 −

a0w

r

xixa − δiar
2

r2 ,

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 7–10, 2003.
c© Springer-Verlag Berlin Heidelberg 2003



8 Antun Balaž, Maja Burić, and Voja Radovanović

Ba
i = −2δia

1− w

r2 +
(1− w)2

r2

xixa
r2 +

(1− w

r2

)′ xixa − δiar
2

r
+

a1w

r2 εiakxk ,

where prime denotes the derivative d
dr . The square root R from (1) is

R =

√
1 +

(1− w2)2

r4 + 2
w′2

r2 + 2
a2
1w

2

r2 − 2
a2
0w

2

r2 − a′
0
2 − [a0(1− w2)]′2

r4 .

We can now consider the condition of extremality of the action. After the
integration of angular variables, the action is proportional to the lagrangian L,

L =
∫ ∞

0
r2(R− 1)dr . (5)

Varying the unknown functions a0, a1 and w, we obtain the set of equations:

w2a1 = 0 , (6)

(1− w2)
(

[a0(1− w2)]′

r2R

)′
=

2w2a0

R −
(
r2a′

0

R

)′
, (7)

wa0

(
[a0(1− w2)]′

r2R

)′
= −2w(1− w2)

r2R −
(2w′

R

)′
− wa2

0

R +
wa2

1

R . (8)

2 NBI Dyons

The system of equations (6–8) is a complicated nonlinear system. We will search
for particular solutions of this system with finite energy. The energy of the
static configurations is equal to the negative value of the lagrangian, M = −L.
The convergence of this integral on both boundaries imposes restrictions on
the asymptotic behavior of the functions a0, a1 and w. We will discuss these
restrictions later.

The simplest equation (6) implies essentially that a1(r) = 0. Therefore, we
will always assume this and denote a0(r) = a(r) in the following.

The solutions with a(r) = 0 were analyzed in [2] in detail. The simplest
solution in this case is w(r) = ±1 and it represents the pure gauge. w(r) = 0 is
also a solution: this is the embedded U(1) monopole. Its energy is finite:

Me =
π3/2

3Γ (3/4)2
≈ 1.2360 . (9)

There is also an infinite discrete set of finite energy solutions wn(r) with the
index n ∈ N. These solutions can be found numerically using the condition that
the function w(r) with the allowed asymptotic forms at r → 0 and r →∞ match
in the intermediate region. They are called Gal’tsov–Kerner glueballs.
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The other simple possibility, w(r) = 0, a(r) �= 0, is also nontrivial. The
equations of motion in this case reduce to

( a′

r2R

)′
= −

(r2a′

R

)′
, R =

√
(1 + r4)(1− a′2)

r4 . (10)

This equation can be solved explicitly and its solution is a two-parameter family

a(r; C, α) = C ±
∫ √

α− 1
α + r4 dr , (11)

where C and α are the integration constants and α > 1. The explicit form
of the solution is given in terms of the elliptic integral. In accordance with
the conditions of finiteness of energy and invariance of the equations under the
change a(r) → −a(r), we will take C = 0 and the + sign in front of the square
root. The function a(r) for different values of α is shown in Fig. 1. The limiting
value of the parameter, α = 1, gives a(r) = const, a configuration which is gauge
equivalent to the embedded monopole w(r) = 0, a(r) = 0. The energy of the
solution (11) is

M(α) =
π3/2

Γ (3/4)2
1

2α1/4

(
1− α

3

)
. (12)

The energy is unbounded below and its maximum is Me at α = 1. We observe
that the existence of the electric field decreases the total energy.

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15 20 25 30 35 40 45 50

r

α = 10
α =  5
α =  2

Fig. 1. Dyon solutions

We will call the solution (11) dyon [4], as in the asymptotic region r → ∞
the behavior of the electric and magnetic fields is given by

Ea
i ∼
√
α− 1

xixa
r4 , Ba

i ∼ −
xixa
r4 , (13)

and describes the field strenghts of point-like sources. The “electric charge” of
the source is proportional to

√
α− 1, while the “magnetic charge” is 1.
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3 Conclusions

The condition of finiteness of energy in the general case of spherically symmetric
NBI configurations restricts the possible behavior of the functions w(r) and
a(r). Along with the cases discussed above, there is one interesting solution
which behaves as ’t Hooft-Polyakov monopole (i.e. a(r) → const and w(r) → 0
for r → ∞). It can be obtained by numerical integration starting from r = 0
for some values of initial parameters denoted as w2 and a1. The outcome of
the integration for w2 = −10 and a1 = 0.5 with the integration step h = 10−5

is shown in Fig. 2. However, this solution is numerically unstable: if we keep
the same values for the parameters w2 and a1, but decrease the integration
step h, we see that the oscillations of w(r) increase to the larger region of r
and that the asymptotic value of a(r) at infinity increases. We conclude that
the solutions of this type are probably nonanalytic. The analysis of the energy
confirms this conclusion, too: the values of energy differ for orders of magnitude
for different integration steps. We see that in the NBI case, as in the pure Yang–
Mills theory, w(r) = 0 and w(r) = 1 are separated by infinite energy barrier and
it is impossible to find the solution of finite energy which interpolates between
them.

-2

0

2

4

6

8

10

-10 -5 0 5 10

log r

w(r)
a(r)

Fig. 2. Would-be NBI monopole

Further numerical analysis of the other allowed asymptotics strongly indi-
cates that, besides Gal’tsov–Kerner glueballs and analytic dyons, there are no
finite energy solutions.
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One-Loop Finite Relations
in the Standard Model
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Institut de Physique Théorique, Université Catholique de Louvain, 2, Chemin du
Cyclotron, B-1348 Louvain-La-Neuve, Belgium

Abstract. We establish the existence of one-loop finite relations between the Cabibbo
angle and the quark mass ratios, in a Standard Model with one Higgs doublet and two
quark generations. The argument is based on the calculation of the divergent one-loop
radiative corrections to the quark mass matrices1.

1 Introduction

One of the outstanding questions raised by the Standard Model (SM) of ele-
mentary particles concerns the set of free parameters it seems to involve. Many
of those parameters find their origin in the Yukawa sector of the theory: six
quark masses, three mixing angles and one phase, not to mention the leptons.
Furthermore, their empirical values show a strongly hierarchical pattern. Since
the early times of its discovery, one has tried to complete the SM in order to
reduce the size of its set of free parameters and hence propose an explanation
for this observed hierarchy. The simplest way to reach this goal is to look for
potential relations between apparently free parameters. But one has to make
sure that those relations are preserved by the renormalization; they must be
natural [2] [3], or at least, finite. Until now, most attempts consisted in enlarg-
ing the symmetry group of the SM by adding a horizontal component to it [4]
[5] [6] [7]. The horizontal symmetry imposes constraints on the structure of the
Yukawa couplings. After spontaneous breakdown of the symmetry, the fermion
mass matrices that are generated still bear the stamp of those constraints and
through bidiagonalization, they give rise to relations between mass ratios and
mixing angles. Such an implementation guarantees that the relations survive to
renormalization; they are called natural. However one soon realized [8] [9] [10]
[11] that it could not be achieved without extending the particle content – by
considering models with more than one Higgs doublet, thereby increasing the
number of couplings...

We present an alternative way to envisage naturalness in the Yukawa sector
[1]. We assume the existence of a tree-level relation between some apparently
free parameters, such that it is not spoiled by divergent one-loop radiative cor-
rections. The condition is not sufficient, but it is necessary (to be sufficient, the
relation should hold at all orders in perturbation theory). Moreover, instead of
one-loop naturalness, we talk about one-loop finiteness, since the obtained result
1 This contribution is largely inspired by [1].
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is not necessarily correlated with the presence of an extra symmetry group in
the SM.

A first section is devoted to the presentation of a situation (evoked in [12])
where the use of a one-loop argument happens to be quite promising. We show
how such a kind of argument, applied to the weak mixing angle θW , within the
SM, may give an insight of some higher scale vertical symmetry, and suggest the
existence, at that scale, of a Grand Unified Theory (GUT).

In the second section we focus on the Cabibbo mixing angle and the quark
mass ratios in a SM with one Higgs doublet and two quark generations. We es-
tablish a method to find out the one-loop finite relations between the a priori free
parameters. We show that there are indeed one-loop finite relations (expressing
the Cabibbo angle θC as a function of the quark mass ratios mu/mc and md/ms)
in a one-Higgs-doublet SM. We conclude that those relations cannot originate
from any additionnal horizontal symmetry.

2 The Weak Angle

The weak angle θW mixes the neutral bosons W 3
µ and Bµ, isospin eigenstates, to

end up with the neutral bosons Z0
µ and Aµ, mass eigenstates of the SU(2)⊗U(1)

Standard Model. This angle is radiatively corrected by the following vacuum
polarization diagram:

  

  

νZµA
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������

�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������

(1)

Now imagine some theory, beyond the SM, in which the weak angle is no
longer a free parameter. The radiative corrections to it would be finite. In par-
ticular, among them, the radiative corrections proportional to the number n of
fermion generations would be finite.

Hence, if the fermion content of the theory of which we have assumed the
existence is identical to the one of the SM, one can put the divergent fermionic
contributions of the diagram (1) to zero, and obtain a constraint on the weak
angle. At the one-loop level, without considering the finite parts, one has for
δ θW

n
∑

fermions

  

  

µA νZ
= n

∑
fermions

Q( T3
2 −Q sin2 θW )

cos θW sin θW
· Πµν

= n
1− 8

3 sin2 θW

cos θW sin θW
· Πµν (2)

where Πµν is the photon self-energy in QED (whose divergent part does not
depend on the mass of the fermion running in the loop), and where the sum has
to be performed on the fermions of one single generation.

Hence, putting those divergent contributions to zero amounts to impose the
constraint

sin2 θW =
3
8

(3)
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which is precisely the value of sin2 θW at the GUT scale. This means that, within
the SM, without knowing anything of GUT’s, one can use a one-loop argument
to get some information about them, as far as they exist.

3 The Cabibbo Angle

We consider the two-fermion-generation SM in its minimal realization, namely
built up with one single Higgs doublet. The hadronic Yukawa sector, which we
are interested in, contains three useful free parameters: the Cabibbo angle θC
and the two mass ratios ru = mu/mc and rd = md/ms. We assume the existence
of a relation between the Cabibbo angle and the mass ratios, whose general form
reads:

F (θC) = G(ru, rd) (4)

so that
F (θC + δ θC) = G(ru + δ ru, rd + δ rd) (5)

where δ θC , δ ru and δ rd are the divergent parts of the radiative corrections to
θ, ru and rd respectively. To be finite, (4) cannot be broken by infinite radiative
corrections. That is, (5) must be verified. Thus

FθC δ θC = Gru δ ru + Grd δ rd (6)

where fx denotes the (partial) derivative of f with respect to x. Computing the
one-loop radiative corrections2, one obtains:

δ θC = ε

[
1 + r2

u

1− r2
u

(m2
d −m2

s) +
1 + r2

d

1− r2
d

(m2
u −m2

c)
]

sin θC cos θC (8)

2 The calculation of the divergent one-loop radiative corrections to the quark mass
matrices, exclusively involves self-energy and tadpole diagrams. More precisely, since
we are interested in relations between up-type quark mass ratios and down-type
quark mass ratios on the one hand, and mixing angles on the other hand, we only need
to compute the divergent one-loop radiative corrections to those specific parameters.
This considerably simplifies our task. One indeed notices that neither QED nor QCD,
which are flavour-blind, will bring in divergent contributions that would affect the
mixing angle or the mass ratios. The same argument holds for the diagrams involving
the transverse polarizations of the Z0 and of the W± vector bosons, as well as the
tadpoles. In other words, the only diagrams one has to consider are the quark self-
energies due to the exchange of the scalars (Higgs and would-be-Goldstone bosons),
that is, diagrams of the following type

  

  

q i q j

(7)

where the dashed line stands for the boson line. This is not astonishing since the
scalars are the only fields that know about the difference between the fermion fami-
lies. We are looking for a special structure inside the Yukawa couplings (or the mass
matrices), hence the fact that the Yukawa sector is the only one responsible for the
naturalness of this structure will come as no surprise. See [1] for the details of the
calculation. to the Yukawa couplings
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δ ru = ε ru [(m2
d −m2

s) cos 2θC − (m2
u −m2

c)] (9)

δ rd = ε rd [(m2
u −m2

c) cos 2θC − (m2
d −m2

s)] (10)

with ε = 3
4

2
v2

(
1

4π2 ln Λ2

µ2

)
, Λ being a cut-off, µ an arbitrary energy scale and v the

vacuum expectation value of the scalar field. Let us bear in mind that we do not
care about the finite part of the corrections. Introducing those expressions into
equation (5) splits it into two independent equations (since we are not interested
in considering relations involving mass ratios different from ru and rd):

FθC sin θC cos θC
1 + r2

u

1− r2
u

= Gru ru cos 2θC −Grd rd (11)

FθC sin θC cos θC
1 + r2

d

1− r2
d

= Grd rd cos 2θC −Gru ru (12)

which turn out to be compatible if and only if

cos 2θC =
1−r2u
1+r2u

rdGrd −
1−r2d
1+r2d

ruGru

1−r2u
1+r2u

ruGru −
1−r2d
1+r2d

rdGrd

(13)

Now this must be the relation (4) whose existence has been supposed, i.e.3

F (θC) = cos 2θC (14)

and

G(ru, rd) =
1−r2u
1+r2u

rdGrd −
1−r2d
1+r2d

ruGru

1−r2u
1+r2u

ruGru −
1−r2d
1+r2d

rdGrd

(15)

Exploiting the remaining information in (11) and (12), and using (13) and (14),
yields

1 + r2
u

1− r2
u

G− ruGru+
1+r2d
1−r2d

= 0 (16)

1 + r2
d

1− r2
d

G− rdGrd+
1+r2u
1−r2u = 0 (17)

This system – from which one obviously recovers equation (15) – is integrable,
and the general solution reads

G(ru, rd) =
−(1 + r2

u)(1 + r2
d) + 2λ rurd

(1− r2
u)(1− r2

d)
(18)

3 One checks that the arbitrary character of those identifications will not show itself
in the expected solution. To prove it, we imagine (14) would rather read f(F (θC)) =
cos 2θC . One should then replace G by f(G) in the left-hand side of (15). But the
right-hand side of it is invariant under G �→ f(G). Namely, one can solve (15) with
respect to the variable f(G) which we finally identify to f(F (θC)) = cos 2θC .
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where λ is the integration constant. One concludes that, if a relation of the kind
suggested in (4) exists, it necessarily belongs to the following class:

cos 2θC =
−(m2

u + m2
c)(m

2
d + m2

s) + 2λ mumcmdms

(m2
u −m2

c)(m
2
d −m2

s)
(19)

4 Conclusion

We have found an infinite number of one-loop finite relations inside the Yukawa
sector. This set is parametrized by a dimensionless constant λ. One has no
further theoretical argument to constrain the value of λ; and one cannot evade
the difficulty by asking one of the quark masses to vanish, since it would lead to
a cosine smaller than minus one.

Stating that several finite relations potentially exist in a one-Higgs-doublet
model apparently contradicts previous results obtained in the context of family
symmetries [8] [9] [10] [11]. But since we do not appeal to such kind of sym-
metries, we do not expect our result to respect the conclusions derived in their
context. Namely, the one-loop finite relations (19) cannot be associated with
the presence of any extra horizontal symmetry. One should examine the validity
of the results at higher loop level; then look for some possible “determination
principle” of it outside or beyond the SM – just as the SU(5) GUT determines
the “one-loop conjectured” value of the weak angle θW at the GUT scale.

Whe should stress that the evidence of the existence of such a set of one-loop
finite relations, namely the evidence of the existence of non-trivial solutions to
the system (17), crucially relies on the expression of the divergent one-loop radia-
tive corrections to the Yukawa parameters, and would definitively be invalidated
if one modifies a single coefficient in those corrections.

The analysis we have conducted here can be applied to the leptons, provided
that the neutrinos are massive, their mass being of the Dirac type exclusively.
The result, since it depends on the sole structure of the Yukawa sector, is strictly
identical.

The extension of the present calculation to a three-quark-generation SM
seems to be doomed to failure because of the complexity of the one-loop radia-
tive corrections to the Cabibbo-Kobayashi-Maskawa parameters [13] [14]. Those
corrections are indeed too cumbersome to be manipulated and introduced into
a solvable partial differential equations system. We will however expound, in
a forthcoming paper, an alternative approach to derive similar results in a n-
quark-generation SM.
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Abstract. In braneworld-like solutions of the hierarchy problem gravitons and right-
handed (sterile) neutrinos are in principle the unique non-standard model fields allowed
to propagate into the bulk, thus their coupling is naturally expected. Since active-
to-sterile neutrino oscillations can take place during the core bounce of a supernova
collapse, then gravitational waves must be produced over the oscillation length through
anisotropic neutrino flow. Because the oscillation feeds mass-energy up into (or takes
it out of) the target species, the large mass-squared difference between species makes
a huge amount of energy to be given off as gravity waves, which is larger than from
neutrino convection and cooling, or quadrupole moments of neutron star matter. The
strengthness of these bursts would turn them the more sure supernova gravitational-
wave signal detectable by interferometers, for distances out to the VIRGO cluster of
galaxies.

1 Astrophysical Motivation

As an attempt to solve the critical hierarchy problem between the Planck scale
(1019GeV) and the electro-weak (standard model-SM) scale (1− 10TeV) revolu-
tionary approaches have been proposed, in which the large extra-dimensions of
Arkani-Hamed, Dimoupoulos and Dvali (ADD)[1–3] and Randall-Sundrum (RS)
braneworlds[4,5] come into play. In those scenarios the standard model fields are
supposed to exist in a 3+1 dimensional brane embedded in a higher dimen-
sional bulk where gravity (and non-SM fields) is allowed to propagate. Since the
sterile neutrino is also that blind bulk fermion [Mohapatra and Pérez-Lorenzana,
Nucl. Phys. B 576, 466 (2000); Caldwell, Mohapatra and Yellin, Phys. Rev. Lett.
87, 041601 (2001)], then, in both the ADD scenarios and RS models [4,5], the
graviton-right-handed neutrino (ν) coupling is to take place. Next we attempt
to pave the pathway to this fundamental issue and to make the case for it, to
show (including discussion on experimental and observational constraints) that
neutrino oscillations in ADD and RS scenarios do produce gravitational radia-
tion, and more important that these gravity waves (GWs) are likely detectable
by GWs interferometers as LIGO, VIRGO, GEO-600, and TAMA-300, and also
by the TIGAs network of resonant-mass detectors.

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 17–24, 2003.
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2 Graviton-Sterile Neutrino Coupling

Because of the validity of Newton’s law up to length scales down to 1 mm, the
extra-dimensions should appear at a smaller scale[1–3]. Admitting the existence
of extra dimensions, it follows that the 4-D graviton must be supplemented by
a tower of Kaluza-Klein (KK) modes that corresponds to the phase space thus
available in the bulk. The KK modes for the graviton that can be the GWs
to detect from the neutrino oscillations could be similar in nature, and must
correspond to a subset of long wavelength KK modes of the tower. It has been
suggested that these KK modes might be emitted during a supernova (SN) core
collapse (our study case)[7], and radiatively to decay to form a cosmological
background mainly of γ-rays (Eγ ≤ 100MeV), electron-positron and ν, ν̄ pairs,
susceptible of being detected[8]. The KK modes then released would compete
with the SN neutrino cooling by shorten the observable signal if the radius of
the (1) extra dimension is R ≤ 0.66µm, for an extra dimension energy scale
MP,n+4 ≥ 31MeV.

In braneworld models of string phenomenology[4,5] the neutrino sector is in-
dicated as the most likely messenger of CPT violation to the rest of the standard
model. This is because the source of dynamical or spontaneous CPT violation
should lie in the bulk, while the standard model effects are expected to be visible
only through couplings of SM fields, supposed to reside on branes, to suitable
bulk messengers. The generic bulk messengers are the graviton and the right-
handed ν. In models with not infinite extra-dimensions gravity effects can still be
visible, while the sterile neutrino can still have potentially observable Dirac mass
couplings[9], although the resulting neutrino oscillation physics is irrelevant to
account for the solar or atmospheric neutrino problems. Thus again, because the
graviton and sterile singlet neutrino may co-exist in the bulk they might couple.
Consequently, oscillations of active into sterile νs must produce gravitational
waves, while in general oscillations among active ν species cannot. In fact, in
[10], and based upon most robust considerations of SN core physics, we showed
that this seems to be case: no GWs from active-to-active ν oscillations during a
SN core bounce.

To illustrate this coupling we follow the paper by Grossman and Neubert[11]
in which, for the case of a RS model; where a interesting neutrino phenomenology
can develop, the action exhibiting the graviton (gµνvis) and sterile neutrino (eR0)
coupling reads as[11]

S =
∫

d4x
√
−gvis

{
gµνvis∂µH

†
0∂νH0 − λ(|H0|2 − v2

0)2
}

+
∫

d4x
√
−gvis

{
L̄0γ̂µ∂µL0 + ēR0γ̂µ∂µeR0 − (yeL̄0H0eR0 + h.c.)

}
, (1)

where gµνvis = e2krcπηµν is the induced metric on the brane, with
√
gvis =

det(−gµνvis) = e4krcπ, γ̂µ = Eµ
a (φ = π)γa = ekrcπγµ. In (1) H = (φ1, φ2) is

the Higgs doublet and L = νL, eL is a left-handed lepton doublet (the reader
is addressed to [11] for a thorough discussion and definitions of the quantities
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appearing in (2)). This action, (1), is obtained after integration over the fifth
dimension of the action describing the blind bulk fermion of mass m coupling
minimally to gravity

Sgraviton
fermion |bulk =

∫
d4x

∫
dφ
√
G

{
EA
a

[
i

2
Ψ̄a(∂A

− ∂̄A)Ψ +
ωbcA

8
Ψ̄{a, σbc}Ψ

]
−m sgn(φ)Ψ̄Ψ

}
. (2)

The coupling is mediated by the spin connection ωbcA, in a 5-dim space of
metric: ds2 = e−2krc|φ|ηµνdxµdxν − rcdφ.

To settle the remaining basics, we also recall the way the neutrino flux couples
to neutron star matter, as needed for the oscillations to take place. This coupling
has been shown[12] to be the ultimate process responsible for the neat kick given
to a nascent pulsar during a SN collapse (see Mosquera Cuesta [Phys. Rev. D.
65, 061503(R) (2002)]). The electroweak coupling of neutrons (N0) and νs inside
the PNS is described by the Lagrangean

LintN0↔ν = [
GF√

2
](N̄0γµ(1− γ5)N0)[ν̄γµ(1− γ5)ν], (3)

with the ν field satisfying the time-dependent Dirac equation(
iγ0∂0 + iγα∂α + ρ(t)vβγβ [

(1− γ5)
2

]−mν

)
Ψ = 0. (4)

Above GF is the Fermi constant, and vβ the ν 4-velocity. In dense matter (at
rest) the neutron 4-vector current density Jµ = 〈N̄0γµ(1− γ5)N0〉 ≡ (ρ, 0, 0, 0)
adquires a non-zero expectation value. Here ρ = GF√

2
N0
n, with N0

n the neutron
number density.

3 Enlarged ν and GWs Luminosity from ν Oscillations

3.1 Supernova Neutrinos and Flavor Conversions

That the neutrino outflow from a proto-neutron star (PNS) core bounce is
a source of GWs is a well-known issue[14,13,15–17,10]. Numerical simulations
by Müller and Janka[16] have shown that, in general, the fraction of the to-
tal binding energy emitted as GWs by pure neutrino convection is: Eν

GW ∼
[10−10 − 10−13]M�c2, for a ν luminosity: Lν ∼ 1053erg s−1 (see [16] for further
details).

Unlike GWs produced by convection of neutrinos [16], in the production of
GWs by neutrino oscillations[10] from active-to-sterile there exists two main
reasons for expecting a major enhancement in the GWs luminosity during the
transient: a) the conversion itself, which makes it the overall luminosity of a
given neutrino species to grow by a large factor: Lν ≤ 10%Ltotal

ν , see below.
The enhancement stems from the mass-energy being given to, or drained from,



20 Herman J. Mosquera Cuesta, Amol S. Dighe, and André C. de Gouvêa

the new species into which oscillations take place. This augment gets reflected
in the species mass-squared difference (energy conservation), and their relative
numbers: one species is number-depleted while the other gets its number en-
larged. But, even if the energy increase is smaller, b) the abrupt conversion over
the transition time, ∆Tosc ∼ 10−4s, which is set up by the oscillation length,
λosc, and the convective neutrino diffusion velocity, (V̄ν ∼ 109 cms−1[16]), also
magnifies transiently Lν . Being the neutrino flavor transition the key piece to
produce GWs by this mechanism, it is needed to estimate how many of them
can actually oscillate. This quantity is measured by the transition probability:
Pa→s(|x−x0|), which we estimate next in considering the way the neutrino cou-
ples to the neutron matter so as to make it viable these νa ←→ νs oscillations.

3.2 ν Oscillations in Dense Matter

It was shown in [10] that vacuum flavor conversions among active νs cannot
increase significantly the amount of escaping neutrinos from the “frozen” SN
core, and thus no GWs burst is generated. However, interaction with matter, as
in (3), may help in allowing more νs to escape if resonant conversions into sterile
νs occur inside the neutrinosphere of the active νs (see [10] from where the next
discussion is briefly updated). In the case of νe ↔ νs oscillations, the resonance
occurs if √

2GF

[
Ne(x)− 1

2
Nn(x)

]
≡ V (x) =

∆m2

2Eν
cos 2θ. (5)

Here Ne(x) is the electron number density (given by Ne− −Ne+), and Nn(x)
is the neutron number density. In the case of νµ,τ ↔ νs the Ne term is absent,
while in the case of antineutrinos, the potential changes by an overall sign.
Numerically, for νe ↔ νs oscillations,

V (x) = 7.5× 106(
eV2

MeV
)(

ρm(x)
1014g/cm3 )(

3Ye
2
− 1

2
), (6)

where Ye is the electron number fraction. For νµ,τ ↔ νs oscillations, the last
term in parenthesis is changed to (Ye

2 −
1
2 ), assumed henceforth to be of order

one.
Neutrino conversions in the resonance region can be strong if the adiabaticity

condition is fulfilled: the oscillation probability is Pas = cos2 2θ, which is close
to 1 in the case of small mixing angles. Moreover, after the resonance region,
the newly created sterile νs have very a small probability (P average

sa = 1
2 sin2 2θ)

of oscillating back to active νs, which could be potentially trapped. For the
resonance condition to be satisfied, we require: 104eV2 ≤ ∆m2 cos 2θ( 10MeV

Eν
) ≤

108eV2, while the adiabaticity condition is satisfied for:

∆m2 sin2 2θ
2Eν cos 2θ

(
1
ρ

dρ
dx

)−1
x=xres

� 1, (7)

where xres is the position of the resonance layer. Inside the core: ( 1
ρ

dρ
dx )−1

x=xres
≡

λosc ∼ 1km, and therefore the adiabaticity condition is satisfied if ∆m2 sin2 2θ
cos 2θ �
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10−3eV2( Eν

10MeV ),, which is easily satisfied by ∆m2 ≥ 104eV2 as long as sin2 θ �
10−7. Thus, we find that a substantial fraction of νs may get converted to
sterile νs, and escape the core of the star, if the sterile νs mass is such that
104eV2 ≤ ∆m2

as ≤ 108eV2. Such a mass difference cannot solve the observed
solar and atmospheric neutrino problem, but the possibility of three active neu-
trinos explaining these anomalies and a heavy sterile neutrino of mass mνs ∼
keV still stays open. In compensation, ∼10keV sterile neutrinos have been shown
to make a relevant contribution to the solution of the dark matter problem in
the universe[18,20]. The number of νs escaping, and their angular distribution,
is sensitive to the instantaneous distribution of production sites. It was argued
that these inhomogeneities can give rise to quadrupole moments that generates
GWs[10,16], and dipole moments that could drive the runaway pulsar kicks. [10]
also showed that the fraction of sterile νs that can actually escape in the first
few milliseconds is: Pa→s(|x−x0|) ≤ 10% of the total ν-flux, which corresponds
to an energy: ∆Eνa−→νs ∼ 3× 1052erg.

3.3 Experimental and Observational Bounds

A note on experimental oscillation constraints is pertinent then: a) at very low
values of the mixing angle (sin2 2θ ≤ 10−2), the CHOOZ experiment does not
put any constraints on the neutrino mass. b) the tritium β decay experiment
indicates sin2 2θesm2

νs
≤ (2.5)2eV2, which is consistent with m2

νs
≥ 104eV2 and

sin2 2θes ≤ 10−4 (note that the adiabaticity condition (3.2) holds at this value
of θes). c) the neutrinoless double beta decay constraint sin2 2θesmνs ≤ 0.2eV, is
satisfied for mνs

≥ 102eV and sin2 2θes ≤ 10−3[6]. Meanwhile, the cosmological
constraint, which comes from the requirement that the universe should not be
overclosed by heavy neutrinos, can be sidestepped if νs has a small enough life-
time, which would require physics beyond the standard model, as the braneworld
models, here called for. The bounds from the big bang nucleosynthesis still allow
one species of sterile neutrinos[18].

In addition, studies of supernova physics have also focused on the potential
rôle of oscillations between active and sterile neutrinos. In particular, there are
limits on the νe ↔ νs conversion rate inside the supernova core from the detected
electron neutrino flux from SN1987A [19]. According to [19], the time spread
and the number of detected νe events constrain νe ↔ νs oscillations with: 106 ≤
∆m2 ≤ 108eV2 for 10−3 ≤ sin2 2θes ≤ 10−7, in striking agreement with our
previous results. More stringent constraints stem from arguing that if there were
too many “escaping neutrinos”, the supernova explosion itself would not take
place [19]. Such bounds are, however, model dependent. One should keep in mind
that the mechanism through which the explosion takes place is, in fact, not well
established[15]. On the other hand, it is very likely that, if the results of [19] are
indeed in the right pathway, there is no hope of achieving Pesc larger than 10%.

From the precedent discussion it becomes clear that once the oscillation oc-
curs almost all the sterile νs being created escape the star taking a huge amount
of energy (and momentum) density (≤ 10%ρν) away with them. The coupling
energy to matter of the former active νs that convert into steriles is lost in
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the transition. As shown by Mosquera Cuesta[12], this outflow breaks the PNS
equilibrium, generating the GWs burst that may make it to pulsate, rotate and
move due to a rocket-like thrust. The force imparted to the escaping neutrinos:
F̄ back
ν = Lν/V̄ν , applies back to the remaining active ν-fluid, and from the cou-

pling ν −N0 to the neutron matter, as described by (3), to finally push the star
away.

4 Gravitational Wave Energetics and Detectability

Whenever the ν oscillations do take place in the SN core, the GWs signal most
likely detectable should be produced over the time interval for which the condi-
tions for conversions to take place are maintained, i.e. ∼ (1 − 2)ms, or equiva-
lently for frequencies fGWs ∼ [0.5 − 1]kHz. This frequency range corresponds
to the optimal bandwidth for detection of ground-based detectors. For a 1ms
conversions time span the neutrino luminosity reads

Lν ≡
∆Eνa−→νs

∆Tosc
∼ 3× 1052erg

1× 10−3s
= 3× 1055 erg

s
. (8)

Note that this Lν agrees quite well with the one numerically computed by
Pons, Steiner, Prakash and Lattimer[21] (see their Figure 3), and also with data
for Lν from SN1987A during its first 15 seconds, as seen by IMB detector[19,21].
Hence, the GWs luminosity, LGWs, as a function of the ν luminosity can be
obtained by relating the GWs flux:

c3

16πG

∣∣∣∣dhdt
∣∣∣∣2 =

1
4πR2LGWs, (9)

to the GWs amplitude from the neutrino outflow, hν , which can be computed
from the neutrino luminosity after Refs.[17,13,16]

hTTij =
2G
c4R

∫ t−R/c

∞
dt′Lν(t′)α(t′)ei ⊗ ej , (10)

where ei⊗ej is the GW polarization tensor. (10) can be recast in an approximate
manner as: hν = 2G

c4R [∆t× Lν × α]. The two last equations can be recast to
obtain the GWs amplitude produced by the non-spherical outgoing front of the
νs-neutrinosphere. It yields[10,13,16]

hν � 1.5× 10−21Hz−1/2
[

55kpc
R

] [
∆T

10−3s

](
Lν

3× 1055 erg
s

)[
α

4× 10−1

]
, (11)

or equivalently

hν � |A|Hz−1/2
[

55kpc
R

](
∆EGWs

10−6M�c2

)1/2 [103Hz
fGWs

]1/2

. (12)



Gravitational-Wave Bursts from Brane World ν Oscillations 23

where |A| = 1.5× 10−21 is the proper GWs amplitude. A GWs signal with this
amplitude will likely be detectable by the first generation of GWs interferome-
ters, if an event at the distance of the Large Magellanic Cloud (SN1987A) takes
place in the near future. It can also detected by advanced interferometers (i.e.
LIGO-II), and quantum limit operating resonant-mass detectors, over distances
up to the VIRGO cluster of galaxies. Its imprint in the GWs waveform (GWs
“light curve” from the PNS formed in the SN collapse) may resemble a spike of
large amplitude, and timewidth of ∼(1-3)ms.

From (11) the GWs luminosity turns out to be

LGWs = 4× 1050 erg
s

[
Lν

3× 1055 erg
s

]2 (
α

4× 10−1

)2

, (13)

where 0.2 < α < | − 0.8| is the anisotropy parameter as defined by Burrows and
Hayes[13]. It turns out that the GWs energy radiated in the process: EGWs ≡
LGWs×∆Tosc ∼ 4×1047erg, is almost similar to both the one sterile neutrinos
carry away: Eν = 1057|νs × 104eV|νs [ 10

−33gc2

eV ] ∼ 2 × 10−6M�c2, and the one
estimated to be necessary to explain the proper motion of pulsars as due to pure
GWs kicks: EPulsar

surveys(GWs)∼ 4×10−6M�c2[22]. The quoted GWs energy also is
∼ 105 larger than both the current estimates from the fluid motion of the PNS
constituents[16]. With so much an energy it is possible to kick the PNS up to
the observed velocities of pulsars[23], as shown by Mosquera Cuesta[12].

5 Discussion and Closing Remarks

In summary, one can see that if neutrino flavor conversions actually take place
during the SN core-bounce, the GWs signal from the process should irradiate
much more GWs energy than standard mechanisms driving the neutron star
dynamics at birth. This large GWs luminosity would turn these bursts the more
sure detectable GWs signal from the next supernova explosion that would come
to occur up to the VIRGO cluster distance, R ∼ 20Mpc. The radiation reac-
tion of the outbursts could be the thruster mechanism of the Galaxy runaway
pulsars[23] and black holes[24], as pointed out in [12].

Note, however, that equations (11) and (12) exhibit a strong dependence on
two parameters: a) the neutrino luminosity, or equivalently the time scale over
which the neutrino oscillations are expected to take place, and more notoriously
on b) the asymmetry parameter α. In respect to the ν luminosity one can have
rough confidence on the numbers presented here, which agree quite impressive
with the numerical calculations by Pons et al. [21], because the conditions for
the conversions to keep on occurring are met for no longer than (1-3)ms. In
particular, for oscillations taking place mostly over the oscillation time, 10−4s,
implying very high frequency GWs: fGWs ∼ 104Hz (that perhaps would require
special detection techniques), we get: Lν = 3 × 1056 erg

s , LGWs = 4 × 1052 erg
s ,

and EGWs = 4×1048erg, which are still much larger then conventional estimates
of GWs from neutron stars and supernovae. Aside from this, the asymmetry
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dependence is more critical for the detectability of the bursts. Other numerical
simulations of supernova explosions[16] have indicated that its value could be
as small as α ∼ 5 × 10−3. This asymmetry would imply, according to (11), an
effective GWs amplitude two orders of magnitude smaller then the one just com-
puted, this way shortening the distance upto to potential sources. Nonetheless,
even for this lower degree of asymmetry the computations show that still the
GWs energy released during the conversions would dominate over the PNS mass
motions or neutrino convection and diffusion.
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Abstract. A motivation of using noncommutative and nonarchimedean geometry on
very short distances is given. Besides some mathematical preliminaries, we give a short
introduction in adelic quantum mechanics. We also recall to basic ideas and tools em-
bedded in q-deformed and noncommutative quantum mechanics. A rather fundamental
approach, called deformation quantization, is noted. A few relations between noncom-
mutativity and nonarchimedean spaces as well as similarities between corresponding
quantum theories on them are pointed out. An extended Moyal product in a proposed
form of adelic noncommutative quantum mechanics is considered. We suggest some
question for future investigations.

1 Introduction

It is widely accepted that standard picture of space-time should be changed
around and beyound Planck scale. “Measuring” of spacetime geometry under
distances smaller than Planck length lp is not accesible even to Gedanken ex-
periments. It serves an idea of “quantization” and “discretization” of spacetime
and a natural cutoff when using a quantum field theory to describe related phe-
nomena. We are pointing out two possibilties for a reasonable mathematical
background of a quantum theory on very small distances, The first one comes
from the idea of of spacetime coordinates as noncommuting operators

[x̂i, x̂j ] = iθij . (1)

Some noncommutativity of configuration space should not be a surprise in physics
since quantum phase space with the canonical commutation relation

[x̂i, k̂j ] = i�δij , (2)

where xi are coordinates and kj are the corresponding momenta, is the well-
known example of noncommutative (pointless) geometry. This relation is con-
nected in a natural way with the uncertainty principle and a “fuzzy” spacetime
pictures at distances θ1/2. Altough, it seems to have good physical sense for
θ1/2 ∼ lp, characteristic noncommutative distances could be related to gauge
couplings [1], closer to observable distances. It should be noted that deriving of
uncertainty relation (δx > lp) leads to an “strange” notion of quantum line and
probably beyound archimedean geometry, because a coordinate always commute
with itself [2]!
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The second promising approach to the physics at the Planck scale, based
on non-archimedean geometry was suggested [3]. The simplest way to describe
such a geometry (oftenly called also ultrametric) is by using p-adic number fields
Qp (p is a prime). On the basis of the Ostrovski theorem [4] there is no other
nontrivial possibilities (besides field of real numbers R) to complete field of
rational numbers Q in respect to a (nontrivial) norm. Remind that all physical
numerical experimental data belong Q.

There have been many interesting applications of p-adic numbers and non-
Archimedean geometry in various parts of modern theoretical and mathematical
physics (for a review, see [4,5]). However we restrict ourselves here mainly to p-
adic [6] and adelic [7] quantum mechanics (QM). It should be noted that adelic
QM have appeared quite useful in quantum cosmology. The appearance of space-
time discreteness in adelic formalism (see, e.g. [8]), as well as in noncommutative
QM, is an encouragement for the further investigations. We emphasize the role
of Feynman’s p-adic path integral method on nonarchimedean spaces.

The p-adic analysis and noncommutativity also play a role in some areas
of “macroscopic” physics [9]. We list shortly a few of similarities between non-
Archimedean and noncommutative structures them and discuss in more details
a new observed relation between an ordering on commutative ring in frame of
deformation quantization [10] and an ordering on p-adic spaces in an intention
to develop path integration on p-adics by “slicening” of trajectories [11].

2 p-adic Numbers and Adeles

Any x ∈ Qp can be presented in the form [4]

x = pν(x0 + x1p + x2p
2 + · · ·) , ν ∈ Z, (3)

where xi = 0, 1, · · · , p − 1 are digits. p-Adic norm of any term xip
ν+i in the

canonical expansion (3) is |xipν+i|p = p−(ν+i) and the strong triangle inequality
holds, i.e. |a + b|p ≤ max{|a|p, |b|p}. It follows that |x|p = p−ν if x0 �= 0.
Derivatives of p-adic valued functions ϕ : Qp → Qp are defined as in the real
case, but with respect to the p-adic norm. There is no integral

∫
ϕ(x)dx in a sense

of the Lebesgue measure [4], but one can introduce
∫ b
a
ϕ(x)dx = Φ(b)− Φ(a) as

a functional of analytic functions ϕ(x), where Φ(x) is an antiderivative of ϕ(x).
In the case of map f : Qp → C there is well-defined Haar measure. One can use
the Gauss integral∫

Qυ

χυ(ax2 + bx)dx = λυ(a)|2a|−
1
2

υ χv
(
− b2

4a
)
, a �= 0, υ =∞, 2, 3, 5, · · ·, (4)

where index υ denotes real (υ =∞) and p-adic cases, χυ is an additive character:
χ∞(x) = exp(−2πix), χp(x) = exp(2πi{x}p), where {x}p is the fractional part
of x ∈ Qp. λυ(a) is the complex-valued arithmetic function [4]. An adele [12] is
an infinite sequence a = (a∞, a2, ..., ap, ...), where a∞ ∈ R ≡ Q∞, ap ∈ Qp with
a restriction that ap ∈ Zp for all but a finite set S of primes p. The set of all
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adeles A may be regarded as a subset of direct topological product Q∞×
∏
p Qp.

A is a topological space, and can be considered as a ring with respect to the
componentwise addition and multiplication. An elementary function on adelic
ring A is

ϕ(x) = ϕ∞(x∞)
∏
p

ϕp(xp) =
∏
v

ϕv(xv) (5)

with the main restriction that ϕ(x) must satisfy ϕp(xp) = Ω(|xp|p) for all but
a finite number of p. Characteristic function on p-adic integers Zp is defined by
Ω(|x|p) = 1, 0 ≤ |x|p ≤ 1 and Ω(|x|p) = 0, |x|p > 1.

The Fourier transform of the characteristic function (vacuum state) Ω(|xp|)
is Ω(|kp|). All finite linear combinations of elementary functions (5) make the
set D(A) of the Schwartz-Bruhat functions. The Hilbert space L2(A) is a space
of complex-valued functions ψ1(x), ψ2(x), . . ., with the scalar product and norm.

3 Adelic Quantum Mechanics

In foundations of standard QM one usually starts with a representation of the
canonical commutation relation (2). In formulation of p-adic QM [6] the mul-
tiplication q̂ψ → xψ has no meaning for x ∈ Qp and ψ(x) ∈ C. In the real
case momentum and hamiltonian are infinitesimal generators of space and time
translations, but, since Qp is disconnected field, these infinitesimal transforma-
tions become meaningless. However, finite transformations remain meaningful
and the corresponding Weyl and evolution operators are p-adically well defined.

Canonical commutation relation (2) in p-adic case can be represented by the
Weyl operators (h = 1)

Q̂p(α)ψp(x) = χp(αx)ψp(x) (6)

K̂p(β)ψ(x) = ψp(x + β). (7)

Q̂p(α)K̂p(β) = χp(αβ)K̂p(β)Q̂p(α). (8)

It is possible to introduce the family of unitary operators

Ŵp(z) = χp(−
1
2
qk)K̂p(β)Q̂p(α), z ∈ Qp ×Qp, (9)

that is a unitary representation of the Heisenberg-Weyl group. Recall that this
group consists of the elements (z, α) with the group product (z, α)·(z′, α′) = (z+
z′, α +α′ + 1

2B(z, z′)), where B(z, z′) = −kq′ + qk′ is a skew-symmetric bilinear
form on the phase space. Dynamics of a p-adic quantum model is described by
a unitary operator of evolution U(t) formulated in terms of its kernel Kt(x, y),
Up(t)ψ(x) =

∫
Qp

Kt(x, y)ψ(y)dy. In this way [6] p-adic QM is given by a triple
(L2(Qp),Wp(zp), Up(tp)).

Keeping in mind that standard QM can be also given as the corresponding
triple, ordinary and p-adic QM can be unified in the form of adelic QM [7]

(L2(A),W (z), U(t)). (10)
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L2(A) is the Hilbert space on A, W (z) is a unitary representation of the Heisenberg-
Weyl group on L2(A) and U(t) is a unitary representation of the evolution op-
erator on L2(A). The evolution operator U(t) is defined by

U(t)ψ(x) =
∫

A

Kt(x, y)ψ(y)dy =
∏
v

∫
Qv

K
(v)
t (xv, yv)ψ(v)(yv)dyv. (11)

Note that any adelic eigenfunction has the form

Ψ(x) = Ψ∞(x∞)
∏
p∈S

Ψp(xp)
∏
p
∈S

Ω(|xp|p), x ∈ A, (12)

where Ψ∞ ∈ L2(R), Ψp ∈ L2(Qp). In the low-energy limit adelic QM becomes
ordinary one.

A suitable way to calculate propagator in p-adic QM is by p-adic generaliza-
tion of Feynman’s path integral [6]. There is no natural ordering on Qp. However,
a bijective continuous map ϕ from from the set of p-adic numbers Qp to the sub-
set ϕ(Qp) of real numbers R [4] was proposed. This map can be defined by (for
an older injective version see [11])

ϕ(x) = |x|p
∞∑
k=0

xkp
−2k. (13)

Than, a linear order on Qp is given by the following definition: x < y if |x|p < |y|p
or when |x|p = |y|p there exists such index m ≥ 0 that digits satisfy x0 = y0, x1 =
y1, · · · , xm−1 = ym−1 , xm < ym. One can say: ϕ(x) > ϕ(y) iff x > y.

In the case of harmonic oscillator [11], it was shown that there exists the
limit

Kp(x′′, t′′;x′, t′) = lim
n→∞K(n)

p (x′′, t′′;x′, t′) = lim
n→∞N (n)

p (t′′, t′)

×
∫

Qp

· · ·
∫

Qp

χp

(
− 1

h

n∑
i=1

S̄(qi, ti; qi−1, ti−1)
)
dq1 · · · dqn−1 , (14)

where N
(n)
p (t′′, t′) is the corresponding normalization factor for the harmonic

oscillator. The subdivision of p-adic time segment t0 < t1 < · · · < tn−1 < tn is
made according to linear order on Qp. In a similar way we have calculated path
integrals for a few quantum models. For the references see [13]. Moreover, we
were able to obtain general expression for the propagator of the systems with
quadratic action (for the details see [14]), without ordering

Kp(x′′, t′′;x′,t′) =λp

(
− 1

2h
∂2S̄

∂x′′∂x′

) 1
h

∂2S̄

∂x′′∂x′

 1
2

p
χp

(
− 1

h
S̄(x′′, t′′;x′,t′)

)
. (15)

Replacing an index p with v in (15) we can write quantum-mechanical amplitude
K in ordinary and all p-adic cases in the same, compact (and adelic) form.
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4 Relations Between Noncommutative and p-adic QM

Noncommutative geometry is geometry which is described by an associative
algebra A whici is usually noncommutative and in which the set of points, if it
exists at all, is relegated to a secondary role. Noncommutative spaces have arised
in investigation of brane configurations in string and M-theory. Since the one-
particle sector of field theories leads to QM, a study of this topic has attracted
much of interest. For single particle QM, the corresponding Heisenberg algebra
is needed. In addition to (1) and (2) one choose

[pi, pj ] = iΦij (16)

There are a lot of possibilities in choosing θ and Φ. Although one can take
θij and Φij are antisymetric nonconstant tensors (matrices), often, the simplest
nontrivial case is considered: θij = const and Φij = 0. Another realization of
noncommutativity is possible by q-deformation of a space, for example, Manin
plane xy = qyx and q-deformed “classical” phase space px = qpx. This approach
leads to to latticelike (discrete) structure of space-time [15].

A field Ψ(x) as a function of the noncommuting coordinates x can be used
as Schrod̈inger wave function obeying the free field equation. Other realization,
based on star product (v ∗ Ψ) instead of standard multiplication (V · Ψ) of a
potential and wave funaction have been considered in corresponding Schrödinger
equation too (i.e. see [16]).

The passage from one level of physical theory to more refined another, using
what mathematicians call deformation theory is nothing extraordinary new. In
a similar way, there is an old idea that QM is some kind of deformed classical
mechanics. For a review see [17]. In fact, deformation quantization is closely
related to Weyl quantization, shortly sketched in the previous section.

One direction of the investigation led to Moyal bracket and Moyal (star)
product, widely used now in noncommutative QM

f ∗m g = χ∞

(
− h

8π2P

)
(f, g) = fg +

∞∑
r=1

(
ih

4π

)r
P r(f, g). (17)

Several integral formulas have been introduced for the star product and an (for-
mal) parameter of deformation is finally related to some form of Planck constant
h. Quantisation can be taken as a deformation of the standard associative and
commutative product, now called a star product, of classical observables driven
by the Poissone bracket P . By the intuition, classical mechanics is understood
as the limit QM when h→ 0.

Some connections between p-adic analysis and quantum deformations has
been noticed during the last ten years. It has been observed that the Haar mea-
sure on SUq(2) coincides with the Haar measure on the field of p-adic numbers
Qp if q = p−1 [2]. There is a potential such that the spectrum of the p-adic
Schrödinger-like (diffusion) equation [4]

Dψ(x) + V (|x|p)ψ(x) = Eψ(x) (18)
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is the same one as in the case of q-deformed oscillator found by Biedenharn [18]
forq = 1/p. For more details see [2].

In a develop of the representation theory for the star product algebras in
deformation quantization some non-Archimedean behavior is noted[10]. We find
this relation very intrigue and discuss it in more details. Recall, that a star
product ∗, on a Poisson manifold (M,π) is a (formal) associative C[[λ]] - bilinear
product for C∞(M)[[λ]]

f ∗ g =
∞∑
r=0

λrCr(f, g), (19)

with bidiffererential operators Cr. C[[λ]] is an algebra of formal (in a formal
parameter λ) series

∑∞
r=0 λrCr, Cr ∈ C (a convergence of this series is still

not under a consideration). C∞(M)[[λ]] is the space of formal series of smooth
functions (x ∈ M, fr(x) ∈ C∞(M)), for a fixed but variable x. With inter-
pretation λ ↔ � we identify C∞(M)[[λ]] with the algebra of observables of the
quantum system corresponding to (M,π). Let R be on an ordered (commu-
tative associative unital) ring R [10], Let us note, that a concept of ordered
ring is neccesary one wish to define the positive functionals on a C∗ algebra
(C = R(i) = {a + bi, a, b ∈ R}). It is related with Gelfand-Naimark’s theorem
on commutative spaces. By means of the positive functionals on C∗ algebras
we can reconstruct the (points on) “starting” manifold, that one on which an
algebra of complex function will give the “original” C∗ algebra. This is a motiva-
tion for generalization on noncommutative space. In this case, the corresponding
product of formal functions will be the ∗ product. Now, R[[λ]] will be an algebra
of formal series on the ordered ring R. Then, if R is an ordered ring, R[[λ]] will
be ordered in a canonical way, too, by the definition

∞∑
r=r0

λrar > 0, if ar0 > 0. (20)

In other words, a formal series in R[[λ]] will be a “positive“ one, if first nonzero
coeficient (an element of ordered ring R is positive).

It should be noted that the concept of ordered ring fits naturally to formal
power series and thus to Gerstenhaber’s deformation theory [19]. Then R[[λ]]
will be non-Archimedean. For example, if we take that a0 = −1, and a1 = n
(n ∈ N, because for any commutative ordered ring with unit, set of integers is
embedded in R, N ⊂ R, all others coeficients can be zero, we have −1 + nλ <
0 or nλ < 1 for all n ∈ Z. The interpretation in formal theory is that the
deformation parameter λ is “very small” compared to the other numbers in
R. We see that Waldmann’s definition of the ordered algebra of formal series
on ordered ring R immediately leads to the non-archimedean “structure”. It
could be a good indication to use ultrametric spaces and p-adics when physical
deformation parameter is very small. We would like to underline that Zelanov’s
ordering by means of map (13) Qp, i.e. on normed, ultrametric algebra, in frame
of p-adic QM for λ = 1/p2 is related to the ordering of formal series on ordered
rings in the frame of deformation quantization!
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5 The Adelic Moyal Product and Noncommutative QM

The presented connections noncommutative vs. “nonarchimedean” QM suggest
a need to formulate a quantum theory that may connect as much as possible
nonarchimedean and noncommutative effects and structures. At the present level
of quantum theory on adeles, a formulation of Noncommutative Adelic QM seems
as the most prommising attempt.

An enough simple frame for that might be representation of an algebra of
operators (1), (2) and (16). It could be done by linear transformations on cor-
responding simplectic structure and deformed and extended bilinear product
B. Correpondance between classical functions and quantum operators would be
provided by Weyl quantisation. An equivalent formulation of noncommutative
adelic QM by the triple (L2(Aθ),Wθ(z), Uθ(t)), does not seem to have principles
obstacles. In this approach an adele of coordinates xA would be replaced by a
serie of noncommutative operators x̂A, where adelic properties of corresponding
eigenvalues is still “conserved”.

Now, we has to consider a p-adic and adelic generalization of the Moyal
product. Let us consider classical space with coordinates x1, x2, · · · , xD. Let
f(x) be a classical function f(x) = f(x1, x2, · · · , xD). Then, with the respect to
the Fourier transformations and the usual Weyl quantization, we have

f̂(x) =
∫

QD∞

dk χ∞(−kx̂)f̃(k) ≡ f(x̂). (21)

Let us now have two classical functions f(x) and g(x) and we are interested in
operator product f̂(x)ĝ(x). In the real case this operator product is

(f̂ · ĝ)(x) =
∫ ∫

dkdk′ χ∞(−kx̂)χ∞(−k′x̂)f̃(k)g̃(k′). (22)

Using the Baker-Campbell-Hausdorff formula, the relation (1) and then the co-
ordinate representation one finds the Moyal product in the form

(f ∗ g)(x) =
∫

QD
p

∫
QD

p

dkdk′ χυ

(
−(k + k′)x +

1
2
kik

′
jθ
ij

)
f̃(k)g̃(k′). (23)

Note that we already used our generalization from Q∞ to Qυ. In the real case
we use ki → −(i/2π)(∂/∂xi) and obtain the well known form (f ∗ g)(x) =
χ∞

(
− θij

2(2π)2
∂
∂yi

∂
∂zj

)
f(y)g(z)|y=z=x. In the p-adic case such an straightforward

generalization is not possible (but, some kind of psudodifferentiaton could be
useful). Thus, as the p-adic Moyal product we take

(f ∗ g)(x) =
∫

QD
p

∫
QD

p

dkdk′ χp(−(xiki + xjk′
j) +

1
2
kik

′
jθ
ij)f̃(k)g̃(k′). (24)

We can writedown the adelic Moyal product of “classical” adelic functions fA =
(f∞, f2, ..., fp, ...), gA = (g∞, g2, ..., gp, ...) on R×

∏
p∈S Qp ×

∏
p
∈S Zp space

(f ∗ g)(x) =
∫

AD

∫
AD

dkdk′ χ(−(xiki + xjk′
j) +

1
2
kik

′
jθ
ij)f̃A(k)g̃A(k′) (25)
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Taking into account (5), (22) and the property of the Fourier transform of Ω
function, one has

(f ∗ g)(x) = χ∞

(
− θij

2(2π)2
∂

∂yi
∂

∂zj

)
f(y)g(z)|y=z=x

×
∏
p∈S

∫
QD

p

∫
QD

p

dkdk′ χp(−(xiki + xjk′
j) +

1
2
kik

′
jθ
ij)f̃p(k)g̃p(k′)

×
∏
p/∈S

∫
ZD

p

∫
ZD

p

dkdk′ χp(−(xiki + xjk′
j) +

1
2
kik

′
jθ
ij). (26)

It can be shown that if for all p, ϕ(x) = Ω(x), the adelic Moyal product becomes
real one.
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Three Loop Leading Top Mass Contributions
to the ρ Parameter

Michael Faisst

Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe,
Germany

Abstract. We present analytic results for the three loop heavy top quark contributions
of the electroweak ρ parameter. The calculation is carried out using the standard model
lagrangian with vanishing gauge couplings. Within this gaugeless limit the masses of
the Higgs boson MH and of the top quark mt are the single relevant mass scales. In
the present calculation [1] we have investigated the behaviour of the ρ parameter in
the limit of a Higgs mass equal to zero.

1 Introduction

The standard model predicts heavy top quark corrections in the low energy limit
of four-fermion processes by means of virtual effects in the W and Z boson self
energies [2]. The precise knowledge of such heavy particle effects is important in
the context of searches for small effects originating from Higgs bosons or possible
contributions from new physics.

The heavy top quark corrections to the W and Z self energies emerge in
particular in a deviation of the so called ρ parameter from the tree level result.

The ρ parameter is usually defined by the ratio of neutral current JNC to
charged current JCC at zero momentum transfer:

ρ =
1

1−∆ρ
=

JNC(0)
JCC(0)

. (1)

JCC(0) is given by the Fermi coupling constant GF determined from the µ decay
rate and JNC(0) is measured by neutrino scattering on electrons or hadrons.

This definition of the ρ parameter is not process independent as the radiative
corrections depend on the value of the hypercharge of the particles involved in the
studied processes. However, the leading terms in the yukawa coupling are process
independent and can be related to the transversal parts of the self energies of
the exchanged vector bosons W and Z by

ρ =
1
c2

M2
W −ΠWW

T (0)
M2
Z −ΠZZ

T (0)
. (2)

Here c = M2
W /M2

Z represents the cosine of the weak mixing angle, defined in
the standard on-shell scheme. Corrections from vertex and box diagrams always
involve extra powers of the weak coupling constant gweak and are therefore sup-
pressed by powers of gweak/g

top
Y ukawa, i.e. MW /mt.

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 33–36, 2003.
c© Springer-Verlag Berlin Heidelberg 2003



34 Michael Faisst

Within this formula ΠWW
T (0) and ΠZZ

T (0) can be taken as the bare irre-
ducible graphs. In this form the results would appear infinite, but these infinities
are canceled by the Higgs mass, top mass and W boson mass renormalization.
Up to the two loop level the leading yukawa coupling correction to ρ can be
expressed in a number of equivalent ways, i.e. in terms of G2

Fm
4
t or m4

t/M
4
W . At

the three loop level one must be more precise. At this level the difference be-
tween low energy parameters and on-shell vector boson masses plays a role even
in the leading mt effects. In the following the final result is expressed in terms
of the on-shell top mass and the low energy Fermi constant GF from µ-decay.

An outline of the calculation, including a short discussion of the renormal-
ization, is given in the next section. In Sect. 3 we present our current results.

2 Treatment of Diagrams and Renormalization

In the investigated limit MH = 0 we are able to treat all particles besides the top
quark as massless. Due to this fact we are faced with different types of diagrams
containing just a sole mass scale. As stated in equation (2) the leading top mass
contributions to ρ stem from the transversal part of the W and Z boson self
energy. We have calculated the relevant three loop self energy diagrams using
an asymptotic expansion [3] with respect to the small external momentum.

The second class of diagrams we had to deal with were on-shell self energy
diagrams of the Higgs boson and the top quark. As far as the mass renormal-
ization of Higgs boson is concerned the diagrams were computed in the limit
of vanishing external momentum. In addition, this mass renormalization is only
needed up to the one loop order in our calculation. By contrast, the mass renor-
malization of the top quark in the on-shell scheme leads to two loop on-shell
diagrams. As these diagrams contain only one mass scale, they can be computed
by using the packages TARCER [4] and ONSHELL2 [5].

The renormalization of the vacuum expectation value of the Higgs field is
fixed by the requirement of vanishing Higgs tadpoles. It also influences the Higgs
mass renormalization and the mass renormalization of the goldstone bosons. We
need this renormalization constant up to two loops and the computation of the
tadpoles is straightforward.

The whole calculation is done using dimensional regularization and anti-
commuting γ5. This prescription preserves the Ward-Takahashi identities which
relate the self energies of the gauge bosons to the non-diagonal self energies
of the gauge-to-goldstone and the goldstone boson self energies, as we checked
explicitly.

Throughout this computation we have used several computer programs and
packages. The diagrams were generated using QGRAF [6] and the asymptotic
expansion in limit of a large Higgs mass was performed by EXP [7]. The resulting
three loop integrals were evaluated with the help of the program packages MINCER
[8] and MATAD [9] written in FORM [10].
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3 Results

We have reproduced the one and two loop results for the ρ parameter at orders
GF , G2

F and GFαs that can be found in [2,11–13]. Providing a better survey we
are parameterizing the radiative corrections to ∆ρ as

∆ρ = nc xt + nc x
2
t ( 19− 12 ζ2 )

+ nc x
3
t ∆ρ(ncx

3
t ) + n2

c x
3
t ∆ρ(n2

cx
3
t )

+
αs
π

CF nc xt

(
−1

2
− ζ2

)
+

αs
π

CF nc x
2
t ∆ρ(ncαsx

2
t ) + · · · . (3)

Here xt is the typical parameter of the problem given by

xt =
GFm

2
t

8
√

2π2
≈ 3.2 · 10−3 (4)

and αs is the strong coupling constant. In addition nc represents the number of
quark colours and CF = (n2

c−1)/(2nc) is the casimir operator of the fundamental
representation of the quark colour group. In the limit MH = 0 the analytical
results for the leading top mass contributions to the ρ parameter are given by
[1]:

∆ρ(ncαsx
2
t ) =

185
3
− 48 ζ2 ln 2− 48 ζ2 ln2 2− 151

6
ζ2 + 29 ζ3 − 102 ζ4

+ 27
√

3 Cl2 + 8 ln4 2 + 192 Li4

(
1
2

)
(5)

∆ρ(ncx
3
t ) = 68 + 96 ζ2 ln 2 + 288 ζ2 ln2 2 + 6 ζ2 − 396 ζ3 + 657 ζ4

+ 108
√

3 Cl2 − 216 Cl22 − 48 ln4 2− 1152 Li4

(
1
2

)
(6)

∆ρ(n2
cx

3
t ) = − 6572

15
+

1472
15

ζ2 + 440 ζ3 −
648
5

√
3 Cl2 (7)

where ζn is used for the values of the Riemann ζ-function at n. The abbreviation
Cl2 stands for Cl2(π/3) = Im[Li2(eiπ/3)] where Li2 and Li4 represent the Di- and
Quadrilogarithm respectively. Numerically we find

∆ρ = 3xt − 2.2176x2
t + 249.74x3

t

−8.5797
αs
π

xt + 0.9798
αs
π

x2
t . (8)

The pure electroweak three loop contribution leads to a correction of 36% of
the two loop result to the ρ parameter. In contrast, the order αs x

2
t yields an

enhancement of about 4% in comparison with the order x2
t and is therefore

negligible.
The program packages mentioned above allow for an extension of the pre-

sented analysis to the case of MH = mt and the limit MH � mt. Analytical
results for the corresponding three loop contributions will appear elsewhere [14].



36 Michael Faisst

Acknowledgments

The author thanks the organizers of the Adriatic 2001 meeting for their kind
hospitality and the pleasant atmosphere during the workshop. I am greatful to
my collaborator T. Seidensticker with whom this calculation has been worked
out, and to K.G. Chetyrkin and J.H. Kühn for useful discussions.
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Abstract. The ∆S = 2 transitions of the B mesons in the Standard Model are very
rare. We investigate the three - body B− → K−K−π+ and two - body B− → K∗−K̄∗0,
B− → K−K̄0, B− → K∗−K̄0, B− → K−K̄∗0 decays in the Standard Model and in
the Minimal Supersymmetric Model with and without R parity conservation. All five
modes are found to have branching ratios of the order of 10−13− 10−11 in the Standard
Model, while the expected branching ratio in the different extensions vary between
10−9 − 10−6, for a reasonable set of assumed parameters.

The rare B meson decays are very important in current searches of physics
beyond Standard Model (SM) at low energies [1]. Recently, the decays b→ ssd̄ or
b→ dds̄ have been analyzed [2–4] to investigate possible effects of new physics.
As shown in [2], the b → ssd̄ transition is mediated in the standard model
by the box-diagram and its calculation results in a branching ratio of nearly
10−11, the exact value depending on the relative unknown phase between t,
c contributions in the box. The authors of [2,3] have calculated the b → ssd̄
transition in various extensions of the SM. It appears that for certain plausible
values of the parameters, this decay may proceed with a branching ratio of
10−8− 10−7 in the minimal supersymmetric standard model (MSSM) [3]. Thus,
decays related to the b→ ssd̄ transition which was calculated to be very rare in
the Standard Model, provide a good opportunity for investigating beyond the
Standard Model physics. Moreover, when one considers supersymmetric models
with R-parity violating couplings, it turned out that the existing bounds on the
involved couplings of the superpotential did not provide any constraint on the
b→ ssd̄ mode [2]. Recently, the OPAL collaboration [5] has set lower bounds on
a combination of these couplings from the establishment of an upper limit for
the B− → K−K−π+ decay BR(B− → K−K−π+) ≤ 8.8 × 10−5. The BELLE
Collaboration has lowered this limit to 3.2× 10−6 [6].

Here we describe an investigation of this decay mode in MSSM, with and
without R parity and two Higgs doublet models as possible alternatives to the
SM. Then we comment on another possibilty for the observation of the b →
ssd̄ transition: the two body decays of B−. First, we proceed to describe the
framework used in our analysis in which we concentrate on MSSM, with and
without R parity and two Higgs doublet models.

The minimal supersymmetric extension of the Standard Model leads to the
following effective Hamiltonian describing the b→ ssd̄ transition [2,7]

H = C̃MSSM (s̄γµdL)(s̄γµbL), (1)
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where we have denoted

C̃MSSM = −α2
sδ
d∗
12δ

d
23

216m2
d̃

[24xf6(x) + 66f̃6(x)] (2)

with x = m2
g̃/m

2
d̃
, and the functions f6(x) and f̃6(x) are given in [7]. The cou-

plings δdij parametrize the mixing between the down-type left-handed squarks.
At the scale of b quark mass and by taking the existing upper limits on δdij
from [7] and [2] the coupling C̃MSSM is estimated to be |C̃MSSM | ≤ 1.2× 10−9

GeV −2 for an average squark mass md̃ = 500 GeV and x = 8, which leads to
an inclusive branching ratio for b→ ssd̄ of 2× 10−7 [2]. The corresponding fac-
tor calculated in SM, taking numerical values from [8] and neglecting the CKM
phases is estimated to be |CSM | � 4× 10−12 [2].

The authors of [2] have also investigated beyond MSSM cases by including
R- parity violating interactions. The part of the superpotential which is relevant
here is W = λ′

ijkLiQjdk, where i, j, k are indices for the families and L,Q, d are
superfields for the lepton doublet, the quark doublet, and the down-type quark
singlet, respectively. Following notations of [9] and [2] the tree level effective
Hamiltonian is

H = −
∑
n

fQCD
m2
ν̃n

[λ′
n32λ

′∗
n21(s̄RbL)(s̄LdR) + λ′

n21λ
′∗
n32(s̄RdL)(s̄LbR)]. (3)

The QCD corrections were found to be important for this transition [10]. For our
purpose it suffices to follow [2] retaining the leading order QCD result fQCD � 2,
for mν̃ = 100 GeV .

Most recently an upper bound on the specific combination of couplings en-
tering (12) has been obtained by OPAL from a search for the B− → K−K−π+

decay [5] CR =
∑
n(|λ′

n32λ
′∗
n21|2+|λ′

n21λ
′∗
n32|2)1/2 < 10−4. Here we take the order

of magnitude, while the OPAL result is 5.9 × 10−4 based on a rough estimate
Γ (B− → K−K−π+) � 1/4 Γ (b→ ssd̄).

We proceed now to study the effect of Hamiltonians (9), (12) on the various
∆S = 2 decays of charged B - mesons. In order to calculate the matrix elements
of the operators appearing in the effective Hamiltonian, we use the factorization
approximation [12–14], which requires the knowledge of the matrix elements of
the current operators or the density operators. Here we use the standard form
factor representation [12,13] of the matrix elements described in detail in [4,16].

For the F1 and F0 form factors appearing in the decomposition of the ma-
trix element of the weak current between two pseudoscalar states, one usually
assumes pole dominance [13,15]. For the vector and axial vector form factor,
appearing in the decomposition of the matrix element of the week current be-
tween the vector and pseudoscalar states, we use again pole dominance [13,15].
The relevant parametrs are taken from [12,14] FBK

0 (0) = 0.38, ABK∗
0 (0) = 0.32.

For the calculations of the density operators we use derivatives of the vector or
axial-vector currents [16]. In our numerical calculation we use fK = 0.162 GeV ,
gK∗ = 0.196 GeV 2 [14]. Now we turn to the analysis of the specific modes.
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We denote O = (s̄γµ(1 − γ5)d) (s̄γµ(1 − γ5)b), and then we use H = CO
with C being 1/4C̃MSSM , 1/4CSM [16]. Using factorization and introducing
s = (pB − k1)2, t = (pB − k2)2 = and u = (pB − pπ)2, one finds for the
B− → K−K−π+ decay

〈K−(k1)K−(k2)π+(pπ)|O|B−(pB)〉 = FKπ
1 (s)FBK

1 (s)[m2
B + 2m2

K − s− 2t−

−m2
K −m2

π

s
(m2

B −m2
K)]

+FKπ
0 (s)FBK

0 (s)
m2
K −m2

π

s
(m2

B −m2
K). (4)

Within MSSM the branching ratio is found to be

BR(B− → K−K−π+)MSSM ≤ 4.7× 10−9, (5)

while SM gives this rate to be 5.2× 10−14. The MSSM which includes R parity
breaking terms can occur in this decay. The matrix element of the operator
OR = (s̄(1± γ5)d) (s̄(1∓ γ5)b) is found to be

〈K−(k1)K−(k2)π+(pπ)|OR|B−(pB)〉 =

FKπ
0 (s)FBK

0 (s)
(m2

B −m2
K)(m2

K −m2
π)

(ms −md)(mb −ms)
. (6)

Taking the values of the quark masses as in [12] mb = 4.88 GeV , ms = 122 MeV ,
md = 7.6 MeV and using the bound given above, we estimate the upper limit of
the branching ratio BR(B− → K−K−π+)R ≤ 1.8× 10−7 for CR < 10−4. This
limit is raised to 6× 10−6 for the upper bound on CR of 5.9× 10−4 given in [5].

The long distance effects (LD) are usually suppressed in the B meson decays.
However, in any search of new physics one has to include their contributions also
[4]. In the case of B− → K−K−π+ decay, we have analyzed two contributions [4]:
(I) the box diagram, which is essentially the LD analog of the SD calculation in
the standard model [2] of the b→ ssd̄ transition. (II) the contribution of virtual
”D0” and ”π0” mesons, via the chain B− → K−”D0”(”π0”)→ K−K−π+. This
contribution arises as a sequence of two ∆S = 1 transitions and may lead to
final K−K−π+ state as well. It is therefore necessary to have an estimate of
its relevance vis - à - vis the ”direct” ∆S = 2 transition. The box diagrams
contributes to the real and imaginary part of the amplitude for the B− →
K−K−π+ decay.

The final result for the decay rate is

Γ (B− → K−K−π+) =
1

2(2π)332m3
B

∫ (mB−mK)2

(mπ+mK)2
ds2

∫ (s1)2

(s1)1
ds1|A|2, (7)

where

(s1)1,2 = m2
K + m2

π −
1

2s2
[(s2 −m2

B + m2
K)(s2 + m2

π −m2
K)

± λ1/2(s2,m
2
B ,m2

K)λ1/2(s2,m
2
π,m

2
K)] (8)
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and λ(a, b, c) = a2 +b2 +c2−2ab−2ac−2ab. The Aboxr denotes the leading term
of the amplitude, which results after using the primitive cut-off regularization:

Aboxr (B− → K−K−π+) � G2VcbV
∗
csVcdV

∗
cs

1
16π2Λ

2(m2
D −m2

π). (9)

There is obviously the uncertainty in the value to be taken for Λ. The momentum
in the box cannot exceed mB , and by taking Λ � 10 GeV we obtain

BR(B− → K−K−π+)(box)(r) � 8× 10−15 (10)

for the real part of this contribution, using Γ (B− → all) = 4 × 10−13 GeV [8].
Turning now to the imaginary part of the B− → K−K−π+ amplitude provided
by the DD and Dπ intermediate states, it is given by [4]

Aboxi (B− → K−K−π+) = − G2

32π2VcbV
∗
csVcdV

∗
cs∫

d4q1δ(q2
1 −m2

D)[δ((q1 − k1 − k2)2 −m2
D)− δ((q1 − k1 − pπ)2 −m2

π)]

{−q4
1 +−2k2 · q1q

2
1 + 2pπ · q1q

2
1 + q2

1(m2
K + 2k1 · pπ + m2

B − 2k2 · pB)
+2pπ · q12k2 · q1 + 2pπ · q1(−m2

B + 2k2 · pB)
+2k2 · q1(m2

K + 2pπ · k1) + (−m2
B + 2k2 · pB)(m2

K + 2k1 · pπ)
+(k1 ↔ k2)}. (11)

Introducing now s1 = (pB−k1)2 = (k2+pπ)2 and s2 = (pB−k2)2 = (k1+pπ)2

one arrives at

Aboxi (B− → K−K−π+) = − G2

32π2VcbV
∗
csVcdV

∗
cs

×{F (m2
D, s1, s2)− F (m2

π, s1, s2) + (s1 ↔ s2)}, (12)

with

F (mP , s1, s2) =
λ1/2(m2

D,m2
P , s1)

m2
D −m2

P + s1

{−m4
D + m2

D(2s1 −
3
2
m2
K −

3
2
m2
π −

1
2
s2) + (s1 −mπ)(−s1 + m2

K)

+(s1 ↔ s2)}. (13)

Using the expression for the decay width we find

BR(B− → K−K−π+)(box)(i) � 6× 10−12. (14)

The part of the decay amplitude due to the ”D0” pole is then given by

ApoleD0 (B− → K−K−π+) = −G2

2
VcbV

∗
csVcdV

∗
csa

(b)
1 a

(c)
1 fKfπ

×FBD
0 (m2

K)FDK
0 (m2

π)
(m2

B − q2)(q2 −m2
K)

q2 −m2
D + imDΓD

. (15)
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The decay width due to this contribution is given by

Γ (B− → K−K−π+) =
1

2(2π)332m3
B

|C|2|FBD
0 (m2

K)FDK
0 (m2

π)|2

×
∫ (mB−mK)2

(mπ+mK)2
ds

(m2
B − s)2(s−m2

K)2

(s−m2
D)2 + (mDΓD)2

×1
s
λ1/2(s,m2

B ,m2
K)λ1/2(s,m2

π,m
2
K), (16)

with C = (G2/2)VcbV ∗
csVcdV

∗
csa

(b)
1 a

(c)
1 fKfπ, for the resonance in a s channel and

the same for the resonance in a crossed channel.
Using for a

(b)
1 , a(c)

1 , FDK
0 and FBD

0 the value of Bauer, Stech and Wirbel [14]
we calculate the virtual ”D0” contribution by deleting a width of 2∆ around D
mass in the s variable. The size of ∆ is related to the experimental accuracy of the
D - determination in the final K−π+ state. In the various experiments it ranges
between 1 and 10 MeV. One should keep in mind that average accuracy of D0

- mass determination is 0.5 MeV [8]. Thus, in order to delete the physical D0’s
one must take at least ∆ = 1 MeV. However, we shall check the ∆ dependence
for a range of values to make sure that our conclusions are not affected.

For ∆ = 20, 5, 1, 0.1 MeV we find the nonresonant D0 contribution to be [4]

BR(B− → K−K−π+)pole(D0) = (0.31; 1, 2; 6.2; 61)× 10−15. (17)

In all cases the result is much smaller than (13), though one should remember
that ∆ = (1− 5) MeV is the realistic option. A similar calculation for π0 inter-
mediate contribution, i.e. B− → K−”π0” ”π0”→ K−π+ yields a value smaller
by four orders of magnitude, especially as a result of CKM angles. The pole
contribution is therefore considerablly smaller than the LD box contribution
calculated with DD and Dπ intermediate states; thus the total branching ratio
from all diagrams we included is [4]

BR(B− → K−K−π+)LD = 6× 10−12. (18)

As a check, we used our Apole(D0) amplitude to calculate B− → K−K−π+ as given
by decay via a physical D0 and we find a branching ratio of 7×10−6. This agrees
very well with the experimental expectation of (9.9 ± 2.8) × 10−6, obtained by
using BR(B− → D0K−) = (2.57±0.65±0.32)×10−4 and BR(D0 → K−π+) =
3.85× 10−2 [8]. Therefore, we have shown that the long - distance contributions
to B− → K−K−π+ in the SM are smaller or comparable to the short - distance
box diagram, and have the branching ratio in a 10−12 − 10−11 range. This is a
most welcome feature since it strengthens the suitabilty of the B− → K−K−π+

decay as an ideal testing ground for physics beyond the standard model, as
originally suggested in [2].

We briefly discuss the various two - body ∆S = 2 decays of B− meson. Using
factorization and the definitions given above, one finds the following helicity
amplitudes for the B− → K∗−K̄∗0 decay [16]

H00(B− → K∗−K̄∗0) = CgK∗(mB + mK∗)[αABK
∗

1 (m2
K∗)− βA2(m2

K∗)] (19)
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H±±(B− → K∗−K̄∗0) = CgK∗(mB + mK∗)[αABK
∗

1 (m2
K∗)∓ γV BK∗(m2

K∗)]
(20)

where

α =
1− 2r2

2r2 , β =
k2

2r2(1 + r)2
, γ = (1− 4r2) (21)

with r = mK∗/mB , k2 = 1 + r4 + t4−2r2 −2t2−2r2t2. The decay width is then

Γ (B− → K∗−K̄∗0) =
|p|

8πm2
B

[|H00|2 + |H++|2 + |H−−|2]. (22)

Within MSSM model the branching ratio becomes ≤ 6.2× 10−9, while SM gives
this rate to be 6.8 × 10−14. The R - parity term described by the effective
Hamiltonian cannot be seen in this decay mode when factorization approach is
used, since the density operator matrix element 〈K̄∗0|(s̄d)|0〉 vanishes.

Turning now to B− → PV decays we have

〈K̄0(k0)K∗−(k−, ε)|O|B−(pB)〉 = −2mK∗fKABK
∗

0 (m2
K∗)ε

∗ · k0. (23)

Denoting the B− → K0K∗− decay amplitude by A, one finds∑
pol

|A|2 = |C|2f2
K |A0(m2

K)|2λ(m2
B ,m2

K ,m2
K∗) (24)

with the λ(a, b, c) = a2 + b2 + c2 − 2(ab + bc + ac). The branching ratio is
straightforwardly found to be BR(B− → K∗−K̄0)MSSM ≤ 1.6× 10−9, which is
comparable to the SM prediction of [12] for the ∆S = 0 B− → K∗−K0 decay,
given as BR(B− → K∗−K0) = 1 × 10−9, 5 × 10−9, 2 × 10−9 obtained for the
number of colours Nc = 2, Nc = 3, Nc =∞, respectively.

The SM calculation for the ∆S = 2 transition leads to BR(B− → K∗−K̄0)SM
= 1.7×10−14 [16]. The MSSM which includes R parity breaking terms can occur
in this decay. The matrix element of the operator OR = (s̄(1+γ5)d) (s̄(1−γ5)b)
can be found to be [16]

〈K̄0(k0)K∗−(k−, ε)|OR|B−(pB)〉 =
m2
KfK

(ms + md)(ms + mb)
(2mK∗ε∗ · k0)ABK

∗
0 (m2

K). (25)

Taking the values of the quark masses as in [12] mb = 4.88 GeV , ms = 122 MeV ,
md = 7.6 MeV and using the constraint on the R parity breaking parameter
CR < 10−4, we obtain the estimation of the upper limit of the branching ratio
BR(B− → K∗−K̄0)R to be 4.4× 10−8. This limit is raised to 1.5× 10−6 for the
upper bound on CR of 5.9× 10−4 given in [5]. For the other possible V P decay
with ∆S = 2 B− → K−K̄∗0, the relevant operator is

〈K̄∗0(k0, ε))K−(k−)|O|B−(pB)〉 = 2gK∗fKFBK∗
1 (m2

K∗)ε∗ · k− (26)
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giving the branching ratio in MSSM with an upper limit

BR(B− → K−K̄∗0)MSSM < 5.9× 10−9 (27)

in comparison with SM result 6.5× 10−14.
Finally, for the B− → PP case one has

〈K̄0(k0)K−(k−)|O|B−(pB)〉 = ifKFBK
0 (m2

K)(m2
B −m2

K). (28)

The multiplication with the corresponding 1/4C̃MSSM gives the required ampli-
tude Ã. The branching ratio is then

Γ (B− → K−K̄0) =
1

16πm2
B

√
m2
B − 4m2

K |Ã|2, (29)

The branching ratio for MSSM is found to be BR(B− → K−K̄0)MSSM ≤
2.3 × 10−9, in comparison with the 2.5 × 10−14 found in the SM. The matrix
element of the R parity breaking MSSM operator leads to the decay width

Γ (B− → K−K̄0)R =
1

16πm2
B

√
m2
B − 4m2

K |〈K−K̄0|O(1)|B−〉/4|2

×
f2
QCD

m4
ν̃

(
∑
i=n

|λ′
n32λ

′∗
n21|2 + |λ′

n21λ
′∗
n32|2) (30)

where we have used O(1) = (s̄γ5d)(s̄b) [16]. The corresponding branching ratio
BR(B− → K−K̄0)R can be as large as 3.3× 10−6.

One might wonder if the long distance effects are important in two - body
∆S = 2 B− decays. We have estimated the tree level contribution of the D(D∗)
which then goes into K(K∗) via weak annihilation. We found that these con-
tributions give a branching ratio of the order 10−18 and therefore they can
be safely neglected. One might think that the exchange of two intermediate
states D(D∗), K(K∗) can introduce certain long distance contributions. In de-
cay B → ”D” ”K” → ”K” ”K” the first weak vertex arises from the decay
B → ”D” ”K” and the second weak vertex (see e.g. [4]) can be generally ob-
tained from the three body decays of D → KKK. Therefore, we are quite
confident to suggest that the long distance effects are not important in the two
- body ∆S = 2 B decays.

At this point we have to emphasize that although in principle two body
decays would appear to be simpler to analyze, there is the process of K0 − K̄0

mixing which complicates the possibilty of detection.
We can summarize that in the B− → K−K−π+ and two - body B− decays,

the MSSM with the chosen set of parameters gives rates of the order 10−9 −
10−8, while the R parity breaking terms in the MSSM can be seen only in
the B− → K−K−π+, B− → K∗−K̄0 and B− → K−K̄0 decays. Presently,
the experimental limit on CR allows these modes to have branching ratios as
high as 10−6, mainly due to possible R-parity terms in MSSM. Turning to the
possibility of detecting these decay modes, the B− → K−K−π+ seems to be the
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best candidate, since in the other modes we discussed, having K̄0 in the final
states complicates the possibilty of a detection because of K0 −K̄0 mixing [16].

Thus, among the ∆S = 2 decay modes of the B− meson, the B− → K−K−π+

decay is the ideal candidate to look for physics beyond SM, while B− → K∗−K̄∗0,
B− → K−K̄∗0 decays offer this possibility too, although for a more restricted
set of models.
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Charmonium Hadro–Production at HERA-B
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Abstract. HERA-B is a fixed target experiment at DESY(Hamburg). The target
consists of 8 thin wires of various materials inside the HERA proton beam. The trigger
is primarily designed to select J/ψ → l+l− events. The detection of both charged and
neutral tracks permits reconstruction of excited charmonium states such as χc, η′

c,
hc and therefore allows studies of their production mechanism. The acceptance of the
detector covers the largely uncharted region of negative xF as well as the more common
positive xF . The negative xF acceptance and the variation of target material allows a
systematic study of nuclear suppression models.

The potential of HERA-B for measurements of charmonium production as well as
preliminary results of data taking in the year 2000 are presented.

1 Introduction

The charmonium system and its production in hadronic collisions has recently
attracted considerable attention from both theoretical and experimental sides
due to two different problems, namely, understanding of the production mecha-
nism and the influence of the nucleus on production rates.

The production mechanism includes the creation of a cc̄ pair in the inter-
action of gluons and/or quarks and the formation of a charmonium state from
an unbound pair. The first step is calculated in pQCD. However the process of
formation of the bound state is not understood. Three different models compete
to describe production of heavy quarkonium: the Color Singlet Model (CSM )[1],
non relativistic QCD (NRQCD)[2] and the Color Evaporation Model (CEM )[3].
To distinguish between the models new measurements are required, such as the
production rates of all charmonium states below DD̄ threshold as a function of
transverse momentum pT , the Feynman variable xF

1, and the polarization.
The production rate is also influenced by the presence of the nucleus. The

(anti)nuclear shadowing[4], energy loss[5], or an intrinsic charm component[6]
affect initial parton density distributions. Those effects influence also other pro-
cesses, e.g. Drell–Yan production. The absorption of the produced cc̄ by the
nucleus[7], comovers[8], or energy loss by the cc̄ pair[9] have been claimed to be
responsible for the observed charmonium suppression.

It has been suggested that the change in the production rate of charmonium
due to the presence of the nucleus factorizes with the production mechanism and

1 xF is the longitudinal momentum fraction xF = pz/p
max
z in the c.m. system.

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 45–52, 2003.
c© Springer-Verlag Berlin Heidelberg 2003
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can be expressed by the function

σpA = σpN ·Aα , (1)

where σpN is the production cross section of a given state in proton–nucleon
interactions and A is the atomic mass of the nucleus. The parameter α represents
the combination of different nuclear effects. To distinguish between models one
could study the dependence of α on xF [10]. As was shown in [11] the χc states
are more sensitive to nuclear effects than J/ψ or ψ′.

Measurements of the hadro–production of different charmonium states are
available only for J/ψ and ψ′ and only in the positive xF region. Measurements
of the fraction of J/ψ produced via χc states are very limited. No measurement
of the nuclear dependence of χc production is available.

2 Detector

HERA-B is a fixed target experiment located at the HERA proton storage ring
at DESY (Hamburg). The energy of the proton beam is 920 GeV which gives
the energy in the c.m. frame

√
s = 41.6 GeV. The target consists of 8 wires

of different materials, namely C, Al, Ti, W. During operation, the wires are
inserted into the halo of the beam. Good resolution of reconstructed vertices
allows for separation of the primary interactions between the different wires.
The interaction rate varies in the range 5–20 MHz. At 5 MHz interaction rate
one event contains in average 0.5 primary interactions distrubuted according to
Poissonian statistics.

The detector scheme is presented in Fig.1. The tracker consists of 3 parts : a
silicon vertex detector, micro strip gas chambers (the inner tracker) and honey-
comb drift chambers (the outer tracker). The 2.2 Tm magnet is positioned in the
middle of the spectrometer and gives a 0.64 GeV/c transverse momentum kick
to the charged particles. Particle identification devices include a ring imaging
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Fig. 1. The HERA-B detector
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Cherenkov counter (RICH), an electromagnetic calorimeter and a muon system.
A detailed description of the detector can be found elsewhere[12].

The detector covers a large pseudo–rapidity interval η ∈ [2, 5], corresponding
to the x

J/ψ
F interval [−0.4, 0.3]. During the year 2000 run the inner part of the

tracker was not in use and therefore the coverage of detector was restricted to
x
J/ψ
F ∈ [−0.4, 0.1].

The detector allows complete event reconstruction including the neutral par-
ticles γ and π0. Therefore, HERA-B can search for excited charmonium states
such as χc, η

′
c → J/ψ + γ, ψ′ → J/ψ + ππ, hc(1P1)→ J/ψ + π0.

The cross section for J/ψ production is small compare to the inelastic cross
section σJ/ψ/σin = 3 · 10−5. HERA-B uses a J/ψ oriented trigger which selects
lepton pairs e+e−, µ+µ− with a high invariant mass. Tracks with hits in at least
three muon superlayers are classified as muon tracks. The transverse momentum
of muons is required to be greater than 0.7 GeV/c. For the electron trigger the
transverse energy deposited in the calorimeter by each candidate is required to
be greater than 1 GeV/c. HERA-B also makes use of triggers of other kinds (e.g.
hard photon or single lepton triggers) which are not discussed in this article.

3 Analysis

The year 2000 data were collected in parallel with commissioning of the detector.
Only the carbon and titanium wires were used. The collected sample consists
of about 16 · 106 events with varying trigger conditions. Among them we have
reconstructed approximately 4000 J/ψ → µ+µ− decays and 105 J/ψ → e+e−.
The detailed analysis of the events included a precise calculation of track pa-
rameters, a common vertex constraint, and particle identification. The muon
identification included data from the muon system, RICH, and tracker. Electron
identification was based on the calorimeter and tracker information. To reduce
background from hadrons, the presence of a bremsstrahlung cluster in the direc-
tion of the track in front of the magnet was required for at least one of the 2
electron candidates.

The invariant mass distribution is shown in Fig.2. The main background
contribution is due to random combinations of hadrons misidentified as muons
or electrons. The Drell–Yan contribution is estimated to be at the level of a few
percent. The fraction of charm or beauty decays with 2 muons or electrons in the
final state is negligible. The mass resolution σ(Mµµ) ≈ 50 MeV/c2, σ(Mee) ≈
130 MeV/c2 agrees with the expectation based on full detector simulation. The
larger width of the mass in the electron channel is explained by significant loss
of energy in the magnet area which was not recovered.

4 Preliminary Results

The total cross section of J/ψ production in p–C interactions was measured with
a subsample of the J/ψ → e+e− candidates. The obtained value is σ(J/ψ)tot =
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Fig. 2. Invariant mass distribution (a) e+e−, (b) µ+µ−

403±52±103 nb/nucleon where we assumed nuclear dependence according to (1)
with α = 0.94. A comparison of the HERA-B result with the measurements of
other experiments is shown in Fig.3. As the data were taken in parallel to detector
and trigger commissioning, the data taking conditions were relatively unstable
which results in a large systematic uncertainty. The results are in agreement
with measurements of experiments E771[13] and E789[14], which ran at a similar
c.m. energy. The prediction of NRQCD tuned at other energies is higher than
the HERA-B measurement but it is closer to the data than the CSM prediction.

The muon channel data was used to measure the pT , xF spectra of J/ψ (see
Fig.4). The data were fit with functions used by E789:

dN
dp2

T

= a

(
1 +

(
pT
p0

)2
)−6

, (2a)

dN
dxF

= b (1− |xF |)c . (2b)
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Fig. 3. Measured total cross section of J/ψ as a function of the c.m.s energy
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Fig. 4. Number of J/ψ observed as a function of pT , xF for C and Ti data. The re-
sults of E789[14] and E866[15] are normalized to the total number of J/ψ observed by
HERA-B

The shapes of the distributions are determined by parameters p0 and c. The
average transverse momentum < pT > is of interest to study < pT > broadening
as a function of nucleus and

√
s [17]. Using (2a) it is determined as < pT >=

35πp0/256. The HERA-B results are summarized in Table 1.
The nuclear dependence of J/ψ hadro–production can be extracted from the

comparison of J/ψ rates for p–C and p–Ti collisions. Using formula 1 we esti-
mated the parameter α to be 1.027±0.043±0.02 where the first error is statistical

Table 1. Parameters of the pT and xF distributions of J/ψ . Only the statistical errors
are shown

Interaction p0 < pT > c

p–C 2.71 ± 0.06 1.16 ± 0.03 6.24 ± 0.48

p–Ti 2.90 ± 0.09 1.25 ± 0.04 6.31 ± 0.60
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Fig. 5. Difference of the invariant mass of (l+l−γ) and the mass of (l+l−) where l is
electron or muon. The hatched histogram shows the invariant mass of J/ψ candidates
and photons from the different events.

and the second one is systematic. The value corresponds to the kinematic range
of J/ψ shown in Fig.4. The result is in good agreement with more precise
measurements of other experiments [15],[16] estimated for positive xF region.

Figure 5 shows the χc signal reconstructed in the J/ψ+γ channel for J/ψ can-
didates within a J/ψ invariant mass window of 2 standard deviations. The data
corresponds to interactions on the carbon wire. The photons from χc are recon-
structed in the calorimeter with an efficiency (εγ) of 22%. The signal is seen
both in electron and muon samples. The shifts of the mass signals from χc are
explained by the high occupancy of low energy clusters in the calorimeter, which
increases the energy of the photon from χc but hardly affects energetic leptons
from J/ψ . The random combinations of J/ψ and photons from different events
describe the background under χc very well. Analysis of J/ψ sidebands does not
reveal any excess in the χc mass region. The estimated fraction of J/ψ produced
via χc1 and χc2 is 0.42± 0.12 where the major uncertainty is determined by the
statistical error. A comparison of the HERA-B result with other experiments
and theoretical predictions is shown in Fig.6.

5 Outlook

During the year 2002 we aim to collect about 106 J/ψ in both channels. Running
conditions will be more stable than in the year 2000, therefore, the systematic
error in estimation of the total cross section or in the ratio of J/ψ for different
wires will be significantly reduced. The statistics collected will be enough to pro-
vide a measurement of the nuclear dependence of charmonium hadro–production
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Fig. 6. Comparison of the HERA-B results with theoretical predictions and the results
of other experiments. The value of E771 is deduced from the published cross sections
of σ(J/ψ)tot, σ(χc1), σ(χc2). The references could be found at [18].

as a function of pT and xF . It will be a first measurement in the negative xF
region while the positive xF region can be used for comparison with E866 results.

The fraction of J/ψ produced via χc channels is an important observable
to distinguish between different models of J/ψ hadro–production and nuclear
suppression. We expect to reconstruct of the order of 105 χc events which will be
by far the largest sample of recorded χc produced in proton–nucleus interactions.
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Finite Chern-Simons Matrix Model –
Algebraic Approach

Larisa Jonke� and Stjepan Meljanac

Theoretical Physics Division, Rudjer Bošković Institute, P.O. Box 180, HR-10002
Zagreb, Croatia

Abstract. We analyze the algebra of observables and the physical Fock space of the
finite Chern-Simons matrix model. We observe that the minimal algebra of observables
acting on that Fock space is identical to that of the Calogero model. Our main result is
the identification of the states in the l-th tower of the Chern-Simons matrix model Fock
space and the states of the Calogero model with the interaction parameter ν = l + 1.

1 Introduction

It is well known that the canonical quantization of the system of particles in a
strong magnetic field gives a natural realization of noncommutative space. A nice
discussion of that physical situation is given by R. Jackiw in this proceedings.
One can speculate whether it is possible to describe a real physical system –
Quantum Hall fluid – using quantum field theory on noncommutative plane.
It was conjectured [1] that the Laughlin state of electrons at a filling fraction1

1/k was described by the noncommutative version of the U(1) Chern-Simons
theory at level k. The fields in that theory were infinite matrices corresponding
to an infinite number of electrons on infinite plane. Later, Polychronakos [2]
proposed a regularized version of the same model that could describe a finite
number of electrons localized on a plane. The complete minimal basis of exact
wavefunctions for the theory at an arbitrary level k and rank N was given in
[3]. Using the properties of the energy eigenvalues of the Calogero model [4], an
orthogonal basis for the Chern-Simons (CS) matrix model was identified [5].

The relation between the Calogero model and Quantum Hall (QH) physics
was investigated using the algebraic approach [6,7] and the collective-field the-
ory [8]. In [6] it was conjectured and then proved in [7] that one could map
anyons in the lowest Landau level into the Calogero model, using the complex
representation of the SN -extended Heisenberg algebra underlying the Calogero
model. On the other hand, it was shown in [8] that the correlation functions of
the QH edge state and the Calogero model were related for the integer interac-
tion parameter ν. Also, the relation between the Calogero model and the matrix
model was established [9]. Finally, an interesting link between noncommutative
CS theory and QH fluid was provided using branes in massive Type IIA string
� talk given by L. Jonke
1 Actually, it was shown by Polychronakos that owing to the quantum effects the

corresponding filling fraction is 1/(k + 1).

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 53–60, 2003.
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theory [10]. Taking into consideration all these relations between the Calogero
model, the matrix model and QH physics, one hopes that this intricate network
of connections between the apparently different physical systems will provide
useful insight into common underlying structure.

2 Calogero Model

First, we give a short overview of the Calogero model. The Hamiltonian of the
(rational) Calogero model describes N identical particles (bosons) interacting
through an inverse square interaction subjected to a common confining harmonic
force:

H = − �2

2m

N∑
i=1

∂2

∂x2
i

+
mω2

2

N∑
i=1

x2
i +

ν(ν − 1)�2

2m

N∑
i 
=j

1
(xi − xj)2

. (1)

After performing a similarity transformation on the Hamiltonian (1), we obtain
the reduced Hamiltonian acting on the space of symmetric functions:

H ′ =
N∏
i<j

|xi − xj |νH
N∏
i<j

|xi − xj |−ν =
N∑
i=1

a†
iai + E0, (2)

where the ground-state energy is E0 = ωN [1 + (N − 1)ν]/2. Here, we have
introduced the creation and annihilation operators

a†
i =

1√
2

−∂i − ν

N∑
j,j 
=i

1
xi − xj

(1−Kij) + ωxi

 ,

ai =
1√
2

∂i + ν

N∑
j,j 
=i

1
xi − xj

(1−Kij) + ωxi

 , (3)

satisfying the following commutation relations

[ai, aj ] = [a†
i , a

†
j ] = 0, [ai, a

†
j ] =

(
1 + ν

N∑
k=1

Kik

)
δij − νKij . (4)

The elementary generators Kij of the symmetry group SN exchange labels i and
j. The Fock space representation is defined by ai|0〉 = 0 and Kij |0〉 = |0〉. The
physical Fock space is defined by SN -symmetric states FCal

symm = {
∏
nk

B†nk

k |0〉},
where Bk =

∑
i a
k
i are collective, SN -symmetric operators. Then one can write

H ′ ∏
nk

B†nk

k |0〉ν = [E0 + ω

N∑
k=1

knk]
∏
nk

B†nk

k |0〉ν . (5)
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The SN -symmetric observables B†
n creating the symmetric Fock space satisfy

the following commutation relations:

[Bm, Bn] = [B†
m, B†

n] = 0,

[Bm, B†
n] = n

m−1∑
r=0

N∑
i=1

ari a
†n−1
i am−r−1

i = m

n−1∑
s=0

N∑
i=1

a†s
i am−1

i an−s−1
i . (6)

Including the observables of the type Bm,n =
∑

a†m
i ani , m + n ≤ N into con-

sideration leads to the closed polynomial Lie algebra BCal
N described in [11].

The the observables Bn satisfy the following algebraic relation:

[Bi1 , [Bi2 , [. . . , [Bin , B
†
n] . . .]] = n!

n∏
α=1

iαBI−n, (7)

where I =
∑n
α=1 iα and i1, . . . , in, n = 1, 2, . . . , N . The representation of algebra

(19) in Fsym(ν) is completely characterized by the minimal set of the generalized
vacuum conditions:

B2B
†
2|0〉ν = 2N(Nν + 1− ν)|0〉ν ,

B3B
†
3|0〉ν = 3N [2(ν − 1)2 + ν − 3Nν(ν − 1) + N2ν2]|0〉ν = y|0〉ν ,

B3B
†2
3 |0〉ν = 54{νB†

1B
†
2 + [N + (N − 2)(ν − 1) + y/27]B†

3}|0〉ν . (8)

One can show that all other generalized vacuum conditions can be calculated
using the algebra (19) and relations (8). The action on Bn on any state in the SN -
symmetric Fock space, and all matrix elements of the form ν〈0|(

∏
Bni
i )(

∏
B

†nj

j )|0〉ν
are uniquely determined by (19) and (8).

3 CS Matrix Model

3.1 Introduction – The Physical Fock Space

Let us start from the action proposed in [2]:

S =
∫

dt
B

2
Tr

{
εab

(
Ẋa + i [A0, Xa]

)
Xb + 2θA0 − ωX2

a

}
+ Ψ †

(
iΨ̇ −A0Ψ

)
.

(9)
Here, A0 and Xa, a = 1, 2, are N×N hermitian matrices and Ψ is a complex N -
vector. The eigenvalues of the matrices Xa represent the coordinates of electrons,
A0 is a gauge field, and Ψ acts like a boundary field. We choose the gauge A0 = 0
and impose the equation of motion for A0 as a constraint:

−iB [X1, X2] + ΨΨ † = Bθ. (10)

The trace part of (10) gives
Ψ †Ψ = NBθ. (11)
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Notice that the commutators have so far been classical matrix commutators.
After quantization, the matrix elements of Xa and the components of Ψ become
operators satisfying the following commutation relations:[

Ψi, Ψ
†
j

]
= δij ,[

(X1)ij , (X2)kl
]

=
i

B
δilδjk. (12)

It is convenient to introduce the operator A =
√

B
2 (X1 + iX2) and its hermitian

conjugate A† obeying the following commutation relations:[
Aij , A

†
kl

]
= δilδjk, [Aij , Akl] =

[
A†
ij , A

†
kl

]
= 0. (13)

Then, one can write the Hamiltonian of the model at hand as

H = ω

(
N2

2
+ Tr(A†A)

)
= ω

(
N2

2
+NA

)
, (14)

NA being the total number operator associated with A’s. Upon quantization, the
constraints (10) become the generators of unitary transformations of both Xa

and Ψ . The trace part (11) demands that (the l.h.s. being the number operator
for Ψ ’s) Bθ ≡ l be quantized to an integer. The traceless part of the constraint
(10) demands that the wavefunction be invariant under SU(N) transformations,
under which A transforms in the adjoint2 and Ψ in the fundamental representa-
tion.

Energy eigenstates will be SU(N) singlets; generally, some linear combina-
tions of terms with at least lN(N −1)/2 A† operators and Nl Ψ † fields. Explicit
expressions for the wavefunctions were written in [3]:

|Φ〉 =
N∏
j=1

(TrA†j)cjC†l|0〉, (15)

where
C† ≡ εi1...iN Ψ †

i1
(Ψ †A†)i2 . . . (Ψ †A†N−1)iN , (16)

and Aij |0〉 = Ψi|0〉 = 0.
The system contains N2 + N oscillators coupled by N2 − 1 constraint equa-

tions in the traceless part of (10). Effectively, we can describe the system wih
N + 1 independent oscillators. Therefore, the physical Fock space that consists
2 Note that as A transforms in the reducible representation (N2 − 1) + 1, with the

singlet B1 ≡ Tr A, one can introduce a pure adjoint representation as Āij = Aij −
δijB1/N . This slightly modifies the commutator (13), and completely decouples B1

from the Fock space. Physically, this correspond to the separation of the centre-of-
mass coordinate as it has been done for the Calogero model in [11]. For the sake of
simplicity, this will not be done here.
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of all SU(N)-invariant states can be spanned by N + 1 algebraically indepen-
dent operators: B†

n ≡ TrA†n with n = 1, 2, . . . , N , and C†. The operators B†
k

for k > N can be expressed as a homogeneous polynomial of total order k in
{B†

1, . . . , B
†
N}, with constant coefficients which are common to all operators A†

[14]. Since
Tr AkC†l|0〉 ≡ BkC

†l|0〉 = 0, ∀k,∀l, (17)

the state C†l|0〉 ≡ |0, l〉 can be interpreted as a ground state – vacuum with
respect to all operators Bk. Note that the vacuum is not normalized to one, i.e.,
〈0, l|0, l〉 �= 1. The whole physical Fock space can be decomposed into towers
(modules) built on the ground states with different l:

FCS
phys =

∞∑
l=0

FCS
phys(l) =

∞∑
l=0

{
∏

B†nk

k |0, l〉}.

Clearly, the states from different towers are mutually orthogonal.
The action of the Hamitonian (14) on the states in the physical Fock space

is

H
∏

B†nk

k |0, l〉 = ω

[
N2

2
+

∑
k

knk + l

(
N

2

)]∏
B†nk

k |0, l〉, (18)

and the ground-state energy is E0(l) = ω[N2 + lN(N − 1)]/2. Comparing this
result with the known one for the Calogero model (see (18)) we see that the
spectra of the two models are identical provided ν = l+1. This has already been
noticed in Refs.[9,5]. However, from the identification of spectra it only follows(∏

B†ni

i

)N
|0, l〉 =

∑(∏
B†nk

k

)N
|0〉l+1,

where the r.h.s. of this relation is, in general, a sum of different terms of total
order N in the observables of the Calogero model. We use the same letter to
denote observables in both models. In CS matrix model, Bn = Tr An and in
the Calogero model, Bn =

∑
i a
n
i , but from the context it should be clear what

Bn represent. The vacuum in the CS matrix model is denoted as |0, l〉 and the
vacuum in the Calogero model is denoted as |0〉ν .

3.2 Algebraic Structure of the CS Matrix Model

We restrict ourselves to the minimal algebra including only observables of the
type Bn and B†

n, defined with the following relations (including corresponding
hermitian conjugate relations):

[Bi1 , [Bi2 , [. . . , [Bin , B
†
n] . . .]] = n!

n∏
α=1

iαBI−n, (19)

where I =
∑n
α=1 iα and i1, . . . , in, n = 1, 2, . . . , N . These relations can be viewed

as a generalization of triple operator algebras defining para-Bose and para-Fermi
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statistics [15]. The identical successive commutators relations (19) holds for the
observables acting on the SN -symmetric Fock space of the Calogero model [11].
The action of Bk on any state in the Fock space is of the form:

Bk
∏
i

B†ni

i |0, l〉 =
∑(∏

B
†nj

j

)N−k
|0, l〉, N =

∑
i

ini ≥ k, (20)

In order to calculate the precise form of the r.h.s. of (9) we apply the hermitian
conjugate relation (19) on the l.h.s. of (9) shifting the operator Bk to the right,
at least for one place. We repeat this iteratively as long as the number of B†’s
on the right from Bk is larger or equal to the index k. For k >

∑
ni, one directly

calculates a finite set of relations from (13), the so-called generalized vacuum
conditions. We show that the minimal set of generalized vacuum conditions
needed to completely define the representation of the algebra (19) on the Fock
space is

B2B
†
2|0, l〉 = 2N(N + lN − l)|0, l〉,

B3B
†
3|0, l〉 = 3N [N2 + 1 + l(N − 1)(2N − 1) + l2(N − 1)(N − 2)]|0, l〉 = y|0, l〉,

B3B
†2
3 |0, l〉 = 54{(l + 1)B†

1B
†
2 + [N + (N − 2)l + y/27]B†

3}|0, l〉. (21)

Namely, the operators B2, B3 and hermitian conjugates play a distinguished role
in the algebra, since all other operators Bn, B†

n for n ≥ 4 can be expressed as
successive commutators (19), using only B2, B3 and their hermitian conjugates.
Therefore, one can derive all other generalized vacuum conditions using (19) and
(21).

The relations (19) and the generalized vacuum conditions (21) represent the
minimal algebraic structure defining the complete physical Fock space represen-
tation. Using these relations one can calculate the action of Bn on any state in
the physical Fock space, and calculate all matrix elements (scalar product) of
the form 〈0, l|(

∏
Bni
i )(

∏
B

†nj

j )|0, l〉, up to the norm of the vacuum.

4 Results

Our main observation is that the generalized vacuum conditions for the CS
matrix model (21) and for the Calogero model (8) coincide for ν = l + 1. This
follows entirely from the common algebraic structure (19) and the structure of
the vacuum conditions. As we have already said, the algebraic relations (19) and
the generalized vacuum conditions uniquely determine the action of observables
on the Fock space, so we conclude that

Bk(
∏

B†ni

i )|0, l〉 = Bk(
∏

B†ni

i )|0〉l+1, (22)

and that all scalar products in FCS
phys can be identified with the corresponding

matrix elements in the Fock space of the Calogero model:

〈0, l|(
∏

Bni
i )(

∏
B

†nj

j )|0, l〉 = l+1〈0|(
∏

Bni
i )(

∏
B

†nj

j )|0〉l+1. (23)
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Note that the vacuum is unique in both models, so we set |0, l〉 = |0〉l+1, up
to the norm. Now we can identify all states in FCS

phys(l) with the corresponding
states in FCal

symm(l + 1) as

(
∏

B†nk

k )|0, l〉 = (
∏

B†nk

k )|0〉l+1. (24)

One can prove these results in different ways. For example, we can restrict our-
selves to the subspace of the Fock space generated by {B†

1, B
†
2, B

†
3} and prove

the relations (22), (23) and (24) in this subspace, by straightforward calculation
and by induction. Then, using the algebraic relation (19) we simply generate
the rest of the needed results on the full (physical) Fock space. The other way
to obtain our result is to notice that from the equivalence of spectra it follows
ν = l + 1. Also, from the fact that the algebraic relations (19) hold for both
models we know that the states in the Calogero model and the CS matrix model
are identical, but we have no information on the relation between l and ν. The
combination of these two results leads again to the identification of the states in
FCS

phys(l) and FCal
symm(l+1), (24). We point out that our algebraic proof of (22),(23)

and (24) relies only on the identical algebra (19) and the identical minimal set
of generalized vacuum conditions for both models, and not on the structure of
their Hamiltonians.

In conclusion, we have discussed the Fock-space picture in detail and eluci-
dated the A-representation of the CS matrix model. We have precisely formu-
lated the connection between the states in the Fock spaces of the CS matrix and
the Calogero model. We stress that although the models have similar Fock spaces
and a common minimal algebraic structure, the complete algebraic structures
are quite different. [18].
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Expectations for Charged Higgs in CMS

Ritva Kinnunen

Helsinki Institute of Physics, Helsinki, Finland

Abstract. Expectations for the production of the heavy charged Higgs in the CMS
experiment are discussed in the associated production channel gb → tH± with H± →
τν and H± → tb decay and in the s-channel process qq′ → H± with the H± → τν
decay. The pp → tH± +X, H± → τν channel with fully hadronic final state is found
to be the most promising for the charged Higgs search at LHC. The expected discovery
ranges are evaluated for CMS for the integrated luminosity of 30fb−1.

1 Introduction

While a variety of decay channels and final states have been shown to serve for
the discovery of the neutral MSSM Higgs bosons at LHC [1] only few decay
channels, mainly H± → τν and H± → tb, seem to be useful for the search of
the charged MSSM Higgs boson. However, the discovery of the charged Higgs
is highly desirable in an early stage of LHC running as it provides the most
straightforward way to disentangle between the SM and MSSM Higgs boson
spectra. Here we discuss two SM decay modes and demonstrate that the charged
Higgs can be found in a large part of the MSSM parameter space already with
30 fb−1 and a specially clean signature is expected in the the H± → τν decay
channel from pp→ tH± + X as has been proposed in ref. [2].

If charged Higgs is light, mH± < mtop, it can be produced in top decays
through t → H±b in the tt production. The expected discovery range using
the H± → τν decay channel has been shown to be for mA

<∼ 160 GeV almost
independent on tanβ [3]. The main production processes for a heavy Higgs,
mH± > mtop, are the production in association with a top quark in gb → tH±

and gg → tbH± processes and the s-channel production qq′ → H±. At low
masses and large tanβ, before opening of the H± → tb decay mode, H± decays
almost exclusively to τν. Above the H± → tb threshold the branching ratio
to τν decreases rapidly to about 10% at tanβ ∼ 10, the H± → tb is at ∼ 70%
level and the SUSY decay channels start to dominate with increasing Higgs mass
especially at low tanβ values. The branching ratios at high tanβ are found to
be insensitive to the amount of stop mixing and the sign of the µ parameter.

The PYTHIA (version 6.1) [4] is used to generate the events for the associated
production. The SUSY parameter spectrum used in LEP2 Higgs searches is
assumed with MSUSY = 1 TeV, M2 = -µ = 200 GeV, mg̃ = 800 GeV and Xt = 0
(no-mixing) or Xt = 2450 geV (maximal stop mixing) [5]. The polarized τ decays
are included using TAUOLA package [6]. The jets and the missing transverse
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energy are reconstructed with the fast CMS detector response simulation package
CMSJET [7]. For b-tagging the impact parameter method is used with tagging
efficiencies from full simulation and reconstruction of the CMS tracker [8].

CMS experiment has developped an efficient hadronic τ trigger, based on
Level-1 calorimeter selection, Level-2 electromagnetic calorimeter isolation [4]
and a Level-3 tracking (isolation) [5]. This trigger, combined with a multi-jet
trigger, will allow an efficient triggering and control of the background rates
even for the fully hadronic final states discussed here.

2 pp → tH± + X, H± → τν

The processes gb→ tH± and gg → tbH± contribute to the production in associ-
ation with a top quark at LHC. The first process has larger cross section but the
calculation of the cross section is more difficult due to the large uncertainty of the
b-quark structure function in the proton. The production cross sections of ref.
[11] are calculated eliminating the double counting between the two processes.
Event generation in PYTHIA is performed through the process gb→ tH± alone.
The cross sections evaluated with the CTEQ5L structure fuctions for mH± =
200 and 400 GeV at tanβ = 40 are ∼ 8 pb and ∼ 0.9 pb, respectively. The cor-
responding cross sections from ref. [11] are ∼ 4.2 pb and ∼ 0.9 pb. For this work
the Pythia cross sections are used although there is a significant disagreement
relative to the theoretical calculations at low Higgs masses.

The main backgrounds are due to the tt events with W1 → τν, W2 → qq′,
W + jet events with W → τν and Wt events with W1 → τν, W2 → qq′. When
purely hadronic events are selected, the reconstructed transverse mass mT (τ −
jet, Emiss

t ) has an endpoint at mW for the backgrounds, i.e. much below the
endpoint for the signal. Since all these backgrounds contain the W → τν decay
they can be reduced efficiently thanks to the τ polarization when appropriate
τ selection cuts are used. A detailed discussion of the polarization effecs in
H± → τν and W± → τν decay can be found in ref. [2].

The τ+ from H± → τ+ν is produced in a left-handed polarization state.
In the simplest case of τ+ → π+ν decay the right-handed ν is preferentially
emitted in the direction opposite to the τ+ in the τ rest frame to preserve the
polarization. In the dominant tt background the τ+ from the W+ → τ+ν decay
is produced right-handed due to the vector nature of W forcing the ν from
τ+ → π+ overlineν to be emitted in the direction of the τ+ in the τ rest frame.
Thus harder pions are expected from the H± decays than from the W± decays
in the case of τ decaying to one charged pion.

The τ± → π±ν decay represents a 12.5% fraction of the τ decays. The
one charged prong final states can also be produced through the τ± → ρ±ν
and τ± → a±

1 ν decays with branching ratios of 26% and 7.5%, respectively.
In these decays harder pions are produced from the longitudinal vector meson
components relative to the background while the situation is opposite for the
transverse components. As a consequenc e the polarization effects are smeared for
the τ± → ρ±ν and τ± → a±

1 ν channels as compared to the τ+ → π+ν channel.
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In order to suppress the backgrounds with real τ ’s more than 80% of the
energy of the τ jet canditate, reconstructed in the calorimeter in a cone of ∆R <
0.4, is required to be carried by a single charged pion, r = pπ/Eτjet > 0.8. Figure
1a shows the variable r for the signal events with mH±=200 and 400 GeV and for
the tt events including all hadronic τ decay modes. Efficiency of this τ selection
including the jet Et threshold (Eτ−jet

t >100 GeV) is ∼ 8% for mH± = 200 GeV,
∼ 20% for mH± = 400 GeV whilst it is only 0.3% for the tt events.

Fig. 1. a) Distribution of pπ/Eτ with Eτ−jet
t > 100 GeV for gb → tH±, H± → τν

with mH± = 200 and 400 GeV and for the tt events with W± → τν, b) Distribution of
the azimuthal angle in the transverse plane between the τ − jet and the Emiss

t vector
with Eτ−jet

t , Emiss
t >100 GeV for mH± = 200 and 400 GeV and for the tt events.

To suppress further the potentially large W + jet and QCD backgrounds
the mass of the associated top quark is reconstructed from a tagged b-jet and
two other remaining jets. The efficiency for tagging a b-jet in the signal events
is ∼ 58% while the mistagging rate in the W + jet events is ∼ 2%. Further
reduction of the tt background is still possible using a veto an addidional jet
with Et >40 GeV and |η| <2.5 or (and) a veto on the second top present in the
tt events. For the reconstruction of the second top from the τ jet, missing energy
and one of the remaining jets the longitudinal component of the missing energy
is first resolved from the W mass constraint selecting the smaller of the two
solutions for pνL. Distribution of the relative azimuthal angle in the transverse
plane between the τ jet and the Emiss

t vector, ∆φ(τ − jet, Emiss
t ), is shown in

Fig. 1b for the signal with mH± = 400 and 200 GeV and for the tt events. The
mass difference between W and H±, and the hard Et cuts (Eτ−jet

t , Emiss
t > 100

GeV), are reflected in the ∆φ distribution which for the background events (with
W → τν) is limited to small opening an gles. A cut in the ∆φ angle (∆φ >∼ 60o)
practically eliminates the low mass background.

The distribution of the transverse mass from the τ jet and the missing trans-
verse energy m2

T = 2 Eτ−jet
t Emiss

t (1 − cosφ(τ − jet, Emiss
t )) superimposed

on the total background after the τ selection cuts, top mass reconstruction, b-
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Fig. 2. a) Transverse mass reconstructed from τ jet and Emiss
t for gb → tH±, H± → τν

with mH±=400 GeV and tanβ=40 superimposed on the total background for 30 fb−1.
b) the same as in a) but with the cut ∆φ(τ − jet, Emiss

t ) > 60o and for mH±=300
GeV, tanβ=25 including the a fit with the function of (1).

tagging and the jet and second top veto cuts is shown in Fig. 2a for mH± =
400 GeV and tanβ = 40. The signal component is well separated at high mT

values from the bulk of the background events. The sharp endpoint of the mT

spectrum allows to determine the Higgs mass in this channel. For this the mT

distribution is fitted with the following 4-parameter function:

mT = F0 ×
∫ 1

0

D(z)√
(m2

fit −m2
T )

dz . (1)

where D(z) is the τ → jet fragmentation function of the form D(z) ∼ z1.02 ×
(1− z)0.28.

Figure 2b shows an example of the fit for mH± = 300 GeV with tanβ =
25, which is a point near the limit of the expected discovery range. The statis-
tical precision of the mass determination is better than 2 % for tanβ >∼ 15 for
this Higgs mass. The main source of the systematic uncertainty is the Emiss

t

measurement presently under investigation in CMS.

3 pp → tH± + X, H± → tb

The H± → tb decay channel profits from a large branching ratio for all tanβ
values (∼ 70%) in the large Higgs mass range but extraction of the Higgs boson
signal is difficult due to the background from tt production in association of jets
(ttbb, ttcc, ttjj...). This channels relies heavily on an efficient b-tagging capability
as at least 3 b-jets has to be detected to identify the event and to reconstruct the
Higgs boson mass. The events are required to contain one isolated lepton from
the decay of one of the top quarks, 3 tagged b-jets with Et > 30 GeV and two
non-b-jets with Et > 20 GeV from W → qq′ decay. The leptonic and hadronic
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Fig. 3. a) Reconstructed Higgs mass for gb → tH±, H± → tb with mH± = 250 GeV
and tanβ = 30 superimposed on the total background for 30 fb−1, b) the same as in
a) but for qq′ → H±, H± → τν with mH± = 250 GeV and tanβ = 50.

top are reconstructed. For the reconstruction of the leptonic top the W mass
constraint is used.

Figure 3a shows the signal for mH± = 250 GeV and tanβ = 30 superimposed
on the total background for 30 fb−1. The main background component is found
to be the tt events with two mistagged light quark or gluon jets. The signal
distribution contains contribution from both the leptonic and the hadronic top.
This combinatorics may be reduced by selecting the correct top quark by ex-
ploiting the somewhat harder pt distribution of the top from H± → tb decay.
Due to the hard Et cuts applied the background is forced to peak in the signal
region. Significantly softer Et thresholds could improve the background shape
but may not be possible due to additional backgrounds entering and due to the
triggering requirements.

4 qq′ → H±, H± → τν

The cross section for the s-channel production of the charged Higgs at LHC
from qq′ → H± is comparable to that for the associated production but the
signal is embedded in an overwhelming direct W production. However, it is
shown in ref. [12] that extraction of the Higgs boson signal is still possible in
the H± → τν decay channel at high tanβ values. The cross section is calculated
to the next to leading order including the 2 → 2 and 2 → 3 processes [12].
The cross section has strong dependence on the light quark mass through the
m2
ucot

2β + m2
dtan

2β term. Assuming the Particle Data Group values [13] for
the light quark masses the cross sections of ∼ 5 pb and ∼ 1 pb are obtained
for tanβ = 50 and mH± = 200 and 400 GeV, respectively. Event generation is
performed with the TopRex Monte-Carlo generator [14] using PYTHIA [4] for
the fragmentation and TAUOLA [6] for the polarized τ decays.
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Main background is the direct W production with W → τν decay. It can be
efficiently reduced exploiting the τ polarization requiring 80% of the τ -jet energy
to be carried by a single charged pion but remains still high under the signal
component. Event selection for this channel is similar to the associated channel
with H± → τν decay except somewhat softer Et thresholds have to be applied
for the τ jet and for Emiss

t . Figure 3b shows an example of the reconstructed
Higgs mass superimposed on the total background for mH± = 250 GeV and
tanβ = 50 for an integrated luminosity of 30 fb−1. The expected number of
signal events is 344 with a total background of 1756 events.

In order to determine the Higgs mass in this channel the transverse mass
distribution, mT (τ − jet, Emiss

t ), is fitted with the 4 parameter function shown
in (1). In this case the form ∼ z6.5× (1.22− z)3.5 is taken for the function D(z).
For the background the exponential 4-parameter function mT = exp(a0 + a1 ×
mT + a2 ×md

T ) is used.
The fits to the mT distributions of a Higgs boson with mH± = 200 GeV

yield for the expected statistical error of the Higgs mass measurement <∼ 6%
for tanβ > 15. The error expected for tanβ measurement is 5 - 65% for 15
< tanβ < 50.

5 Conclusions

Figure 4 shows the expected 5σ-discovery region for the MSSM Higgs bosons
in the mA, tanβ parameter plane for 30 fb−1 in CMS. The parameter space
excluded by LEP in the maximal mixing scenario is also shown in the figure
[15]. For the charged Higgs in pp → tH± + X, H± → τν the discovery range
is for tanβ >∼ 15 around mA=200 GeV, for tanβ >∼ 20 around mA=400 GeV
and for tanβ >∼ 40 around mA=600 GeV. The H± → tb decay channel and
s-channel process with H± → τν have smaller reach in mA, mA < 400 GeV and
mA <300 GeV, respectively, with the lowest tanβ values about 20 for H± → tb
and about 15 for the s-channel process around mA=200 GeV. The reach for the
light charged Higgs in tt events is for mA

<∼ 160 GeV.
For the H± → τν decay mode the τ polarization, producing harder single

pions from τ decay when the τ originates from H± → τν than in the case
when the τ is from the W± → τν can be used to reduce efficiently all the main
backgounds, by demanding that a single pion carries more than 80% of the τ
jet energy. With fully hadronic final sates the transverse mass reconstructed
from the τ -jet and Emiss

t has a quasi-Jacobian peak shape with an endpoint
at mT ∼ mH± for the signal, and at mT ∼ mW for the backgrounds. For
pp→ tH± + X, H± → τν an almost background-free signal is expected limited
by the signal production rate. The source of possible background are the large
accidental measurement errors in Emiss

t diluting the background mT distribution
towards large masses. B-tagging reduces the potentially large W + jet and QCD
backgrounds and is a key element for the pp → tH± + X, H± → tb channel
where at least 3 b-jets have to detected. Search for charged Higgs is a challenge
for the LHC experiments requiring exellent tracking and calorimetry.
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Fig. 4. Expected 5σ-discovery limits for the MSSM Higgs bosons in CMS for 30fb−1

assuming maximal stop mixing.
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Abstract. The possibility to measure dimuons from Υ and J/Ψ families, hard jets
and photons produced in ultra-relativistic heavy ion collisions at LHC energies have
been investigated. The simulations were carried out for the CMS detector. A strong
correlation between the transverse energy gathered in the calorimeters and event cen-
trality is observed. The invariant mass spectrum for Pb-Pb events is presented and the
signal to background ratios for Υ and J/Ψ masses are calculated. Expected statistics
will be large enough to look for the correlations with centrality of events and transverse
momentum of the resonance state. The jets and photons with ET > 100GeV will be
measured with good efficiency and purity. γ-jet and Z-jet events give a good possibility
to evaluate the energy losses of hard partons in dense matter.

The primary goal of the heavy ion physics program on LHC (Large Hadronic
Colider) is to study the plasma of quarks and gluons (QGP). The critical tem-
perature for deconfinement Tc ∼ 170 − 260 MeV depending on the scenario is
expected to be reached with heavy ion beams (E ∼ 5.5 TeV/n-n) [1]. One of
strongest signatures proposed as evidence for QGP is the heavy quark vector
mesons suppression [2]. At the same time, the detection of the Z → µ+µ− will
provide a good reference to estimate the suppression as long as the point-like
Z-boson is supposed to remain unchanged even at the very high energy densities
expected [3]. The other hard probe of QGP is the jet production as the energy
loss of the gluon(quark) in traversing dense matter leads to a quenching, i.e. a
suppression of high PT jets. The dijet quenching and enhancement of the mono-
jet/dijet ratio [4], as well as the study of jets in Z+jet [3] and γ+jet [5] channels
are possible probes we intend to investigate.

1 Compact Muon Solenoid (CMS)

The CMS detector [6] was designed for the study of pp interactions, but some of
its features provide in a unique way the possibility to search for the hard probes
of deconfinement described above.

CMS is very well suited to study the Υ family and to a lesser extent the J/ψ
and Ψ ′. The detector will have large acceptance for muons covering almost five
units in pseudorapidity from -2.4 to 2.4. The large magnetic field allows to put
calorimeters at the distance of about 1.3 m from the beam pipe which reduces
in this way the background in the dimuon mass spectrum due to pion and kaon
decays. A resolution in dimuon mass near 0.5 % obtained thanks to the high
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precision tracker detector. So the different states of the Υ and J/Ψ families can
be resolved.

The hadron and electromagnetic calorimeters are located inside coil and cover
(including Very Forward Calorimeter) from -5 to 5 pseudorapidity units. Almost
80% of transverse energy will be gathered in this rapidity range [7]. The design of
calorimeters also allows to look for the hard jet production and the hard photon
measurements in this wide pseudorapidity region.

2 Vector Meson Production

2.1 General Conditions for Background and Signal Simulation

Hard processes (production of heavy resonances) are superimposed on the “ther-
mal” background events. Resonances suppression in the dense matter is not in-
cluded. The cross-sections for the hard events are rescaled from the pp ones
according to:

σAA = A2α × σpp (1)

with α=0.9 for (J/Ψ), α=0.95 for (Υ ). The cross-sections in pp collisions are
evaluated using the PYTHIA [8] event generator and extrapolations from CDF
data [9].

Soft particles (mainly pions and kaons) generated in the heavy ion collision
are one of the important sources of background [10], dominating in the dimuon
mass spectrum in the Pb-Pb central events. The crucial parameters are the
multiplicity and the transverse momentum distribution of particles.

The most pessimistic case is considered. We take 8000 charged particles per
unit of rapidity in the central Pb-Pb collision, with a pseudorapidity shape dis-
tribution according to HIJING [11]; for the transverse momentum spectrum the
SHAKER [12] parametrisation is used.

The next most important source of background for the dimuon spectrum are
pairs from bb and cc decays, and the mixed cases where one muon is from the one
source (π/K, Υ decays) and the other from another source (semileptonic bb, cc
decays). bb and cc decay events are generated with PYTHIA.

Both “thermal” and hard events are passed through the full GEANT simula-
tion of the CMS detector, including all material interactions with low thresholds.

2.2 Dimuon Production

Reconstruction Algorithm. One of the key issues in the CMS Heavy Ion
program is to recognize real Υ− > µµ in the condition of highly occupied tracker.
Uncorrelated decays from soft pions and kaons are the main cause of mismatching
muons and thus the main source of the false reconstructed pairs.

A reconstruction algorithm [13] based on δφ, PT roads has been developed
for the central rapidity region (|y| < 1.2). This algorithm allows to find and
reconstruct heavy resonances with an efficiency varying from 90 % to 75 % de-
pending on the event multiplicity (up to 8000 charged particles per rapidity unit
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i.e. 60000 particles in the CMS tracker acceptance). At the same time it sup-
presses uncorrelated pairs from pions and kaons by a factor of 6 times (Table 1)
for |η| < 0.8 and about 2 times for 0.8 < |η| < 1.2. The other background sources
mentioned above are also suppressed when compared to the hard events.

The Z coordinate (longitudinal) of the primary vertex of the heavy ion event
is determined with the two barrel pixel layers. The clusters obtained in the two
pixel layers are combined to form track candidates, the transverse momentum
of which is calculated assuming that the primary vertex transverse coordinates
are (0,0). In order to increase the number of real tracks in the candidate sample
only pairs with 0.5 GeV/c< PT <5 GeV/c are selected. For each pair the Z-
coordinate of the primary vertex is estimated by extrapolating a straight line
in the (r, z) -plane to the beam axis. The distribution of Z-coordinates of the
intersection point with beam line is shown in Fig.1 for two different particle
multiplicities. The peak due to real tracks can easily be distinguished from the
uniform back ground originating from fake (combinatorial) pairs.
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Fig. 1. Distribution of Z-position of the primary vertex. a) dN±/dy=25 00, b)
dN±/dy=8000.
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A fit of these distributions using the following function:

F = exp((Z − Z0)/(2× σ2)) + const (2)

gives Z0 = 5 cm and σ=140 µm (The events were generated at Z=5 cm.).

Muon reconstruction is seeded from muon chambers. Separate propagations
are performed in the transverse (R/Zφ) and longatudinal (RZ) planes. In the
RZ plane, using a linear parametrization including the primary vertex one can
predict the wheel of the cylinder or ring of the forward disks where the muon
track can appear. In the transverse plane the parametrisation of the trajectory in
the tracker barrel and tracker endcap is different. In the tracker barrel region the
difference between the azymuthal angles (dφ(l, l+1)) between two clusters of the
trajectory located on different cylinders (with radius rl and rl+1) is proportional
to drl,l+1/PT

|dφl,l+1| =
k × |rl − rl+1|

PT
(3)

while in the forward region dφ(l, l + 1) is proportional to dZ/PL.

|dφl,l+1| = |
k × dZ

PL
| (4)

The efficiency and sample purity for a multiplicity up to 3000 charged par-
ticles per unit of rapidity is found to be 90% and above 97% correspondingly.
For higher multiplicity the efficiency starts to fall and reaches 75 % (with 97 %
purity) for the case of central Pb Pb collisions assuming 8000 charged particles
per rapidity unit.

Υ and J/Ψ Mass Range. The expected statistics and signal/background
ratios for indicated luminosities and for different nuclei are shown in Table 1. The
large statistics available should give the possibility to investigate the dependence
on the impact parameter of event and transverse momentum of the resonances.

Table 1. Expected number of events and Signal/Background ratio for one month run
with indicated luminosity.

Resonances J/Ψ J/Ψ
′

Υ Υ
′

CaCa Statistics 220000 5800 340000 115000
Lum.1029 S/B 9.7 9.4

PbPb Statistics 10600 350 22000 7500
Lum.1027 S/B 1.0 1.6

The dimuon mass spectrum in the Υ mass range (Fig. 2a) is built using all
combinations of track pairs from those reaching the muon stations and applying
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the reconstruction efficiency according to the track pair origin. The uncorrelated
background can be subtracted using the like-sign dimuon spectrum:

S = OS − 2×
√
N++N− (5)

where substraction is made in each bin of the dimuon opposite-sign spectrum
(Fig. 2b).

Z Mass Range. In the high dimuon invariant mass region M(µ+µ−) > 20GeV
Drell-Yan, Z boson and semileptonic decays of the open flavors (cc, bb) are the
main sources of dimuons [16]. Applying a cut on the PT of > than 5 GeV/c makes
the contribution of the uncorrelated decays from the soft particles negligible. A
clear signal of Z− > µµ decays is seen [3]. The expected number of the Z− > µµ
decays is 11000 and of (Z+jet) events with Ejet

T > 50GeV is 600 for a one month
Pb-Pb run. The spectrum of dimuons from B-decay is also an interesting object
for investigation of medium-induced energy losses of quarks [14].

3 Jet Quenching

In case of quark gluon plasma formation the hard quark is expected to have an
additional medium - induced loss, which leads to softenning of the jet spectrum.
As a result a number of effects are expected to be observed:

• the number of dijet events decreases significantly,
• the monojet/dijet ratio increases,
• the maximum of the distribution of Eγ

T − Ejet
T will be shifted,

• the jet energy flow will strongly depend on the angle between the jet and
the reaction plane.
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3.1 General Conditions for Signal and Background Simulation

The other important task is to extract hard jets and photons from the back-
ground of AA events which generates large energy deposition in CMS calorime-
ters. Jets spectrum is generated with PYTHIA and rescaled for AA events
according to ratio (1) with α = 1. The background is generated with either
FRITIOF [15] or HIGING and SHAKER parametrisations as described above.

3.2 Jet Detection

The photon and jet reconstruction efficiency and energy resolution have been
studied using detailed version of CMS calorimeters. Modified cone and window
algorithms for hard jet extraction have been developed. The key point is to search
for “jet-like” clusters above the average energy [17] deposition for tower/cell.

• In the first step the average transverse energy Ecell
T (η) and dispersion Dcell

T (η)
in a cell are calculated over all cells included in barrel and endcap parts of
calorimeter as a function of pseudorapidity η.

• All possible rectangular windows (including overlaps) in calorimeter map
in η − ϕ space are constructed. The window consists of an integer number
of calorimeter cells. The number of cells in window in η (Nwind

η ) and in ϕ

(Nwind
ϕ ) is calculated separately by expressions:

Nwind
η = R ∗N total

η /ηmax,

Nwind
ϕ = R ∗N total

ϕ /2π,

where N total
η and N total

ϕ are the total number of cells in calorimeters in η
and ϕ; ηmax is the maximal value of pseudorapidity η; R is the external
parameter of the algorithm.
• The window energy is calculated as the sum of cell transverse energies Ecell

T

over all nc cells included into this window minus the background energy per
cell:

Ewind
T =

∑
nc

{Ecell
T − [Ecell

T (η) + Dcell
T (η)]},

where Ecell
T (η) is the average transverse energy,

Dcell
T (η) =

√
(Ecell

T (η))2 −
(
Ecell
T (η)

)2
is the dispersion in cell as a function

of η. If the value of transverse cell energy after subtraction of the background
energy per cell becomes negative it is set equal to zero.
Then the search for a jet-containing window and the evaluation of the jet
energy starts from the window with maximum transverse energy.
• The non-overlapping windows with energy Ewind

T > 2
√∑

Dc(η)2 are con-
sidered as candidates for the jets.
• The center of gravity of the window is considered as the center of the jet.
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• For correction of the jet axis, the cell with the maximum transverse energy
in cone is chosen and considered as a new center of this jet.
The correction procedure acts independently and can be added or removed
from the algorithm.
• Cells of the cone within the radius R around the jet center are collected.
• The value Ecell

T (η) and Dcell
T (η) are recalculated using cells which are not

covered by jets.
• The jet energy is calculated as energies of collected cells minus mean back-

ground energy per cell:

Ejet
T =

∑
{Ecell

T − [Ecell
T (η) + Dcell

T (η)]}.

3.3 γ+Jet Channel

Some investigations have been recently performed on possibility to observe the
shift of the maximum in the difference between ET of photon and ET of jet with
the CMS detector [18], see Fig. 3.

Fig. 3. Difference between ET of photon and ET of jet. a) without background. b)
with background.

Jets with a transverse energy exceeding 100 GeV can be observed with excel-
lent efficiency and purity. The shift of the mean value of the difference between
the transverse energy of photon (or Z) and the hard jet gives the possibility to
evaluate energy losses of hard partons. The main source of background for γ-jet
events are jet-jet events, where one of the jets has a leading π0.
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4 Trigger and Data Aquizition

Muon, e/γ and jet trigger rates have been estimated for the case of Pb-Pb events
assuming 1 or 2 experiments. In the case of 1 experiment, a single muon first
level trigger gives a rate of 500 Hz and for 2 experiments the rate is 160 Hz.
Dimuon first level trigger gives a 60 and 20 Hz rate correspomdingly [19]. As
for jets the first level trigger rate is found to be 400-200 Hz for thresholds 40-50
GeV; correspondingly the e and γ trigger algorithms used in pp and modified
for conditions of high occupancy of electromagnetic calorimeter - and obtained
rates already at level one are around 10 Hz [20]. The data aquisition system
developped for pp interactions will allow to record 70 events/sec on tape [21].
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Tracking in a High Rate Environment

Gordana Medin (for the HERA-B Collaboration)

Humboldt University in Berlin

Abstract. HERA-B, a fixed target experiment to study heavy flavour production in
proton-nucleon interactions at HERA, has to cope with high particle densities. The
reconstruction program for the main tracking system consisting of drift and microstrip
gas chambers requires an efficient pattern recognition method. The method should be
robust enough with respect to large occupancies and tracking detector imperfections
like dead, inefficient and noisy channels. In this paper we present different track finding
algorithms.

1 Introduction

The HERA-B experiment at DESY is a large acceptance spectrometer originally
planned to detect B mesons produced in fixed target proton (920 GeV) nucleus
interactions. The detector is designed to reconstruct 4 to 5 interactions per bunch
crossing (every 96 ns) with about 120 charged tracks from primary interactions
(and with a similar number of tracks from secondary interactions). This leads
to a high particle density with a radial distribution of the particle flux (R is the
distance from the beam) as shown in Fig. 1:

φ ≈ 4 · 107

cm2s
1

R2/cm2 (1)

Due to the strongly forward oriented kinematics the detector is build as a
forward magnet spectrometer covering polar angles varying from about 10 to
200 mrad (see Fig. 1). The main detector components are the multi-wire target,
the vertex detector system installed inside a vacuum vessel, the dipole mag-
net providing a magnetic-field integral of 2.2 Tm, the tracking system for the
track reconstruction and momentum measurement, the Ring-Imaging Cherenkov
counter (RICH) for kaon/pion/proton separation, an electromagnetic calorime-
ter (ECAL) for electron and photon measurement, and the muon system.

HERA-B has suffered significant delays compared to its ambitious original
schedule. These delays were mainly due to operational problems of the tracking
detectors in a harsh high-radiation environment. The detector were completed
at the beginning of the year 2000. The first 6 months of data-taking were mainly
devoted to the commissioning of the apparatus.
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Fig. 1. Particle flux as a function of the radial distance from the beam for HERA-B
and LHC experiments. The flux in the Outer Tracker region is comparable to the flux
which the ATLAS TRT straws will see in LHC.

2 Main Tracking System

One of the challenging components of this spectrometer is the tracking system.
It has to cope with the extremely high particle fluxes and high radiation doses
which are comparable to LHC conditions. Because of a strong radial dependence
of the particle flux on the distance to the beam pipe, different granularities
for the tracking detectors had to be chosen to keep occupancies at a reasonable
level. The different granularities were achieved by choosing different technologies
for the inner and outer tracking region. MSGC-GEM detectors are used in the
inner region (Inner Tracker) to cover the distance between 6cm and 30cm around
the beam pipe. The outer region is covered by honeycomb drift chambers. The
diameter of the honeycomb drift cells is 10mm for the outer and 5 mm for the
inner sectors. The Outer Tracker consists of 13 planar superlayers comprising a
total of about 115 000 channels. Each superlayer consists of six individual layers,
and each of them is subdivided into 12 sectors to adjust the channel count to the
track density. In half of the layers, the wires are vertical (0o layers), the other
layers are stereo ones with the wires rotated by± 5o. Four MSGC-GEM detectors
form one Inner Tracker layer. Similar to the outer tracker, the orientation of
sensitive strips in a half of layers is vertical, the strips in the stereo layers are
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Fig. 2. Top view of the HERA-B spectrometer. The proton beam coming from the
right.

rotated by ± 5o. The layers are grouped in three blocks: “magnet chambers”
inside the dipole magnet, “pattern chambers” in the field-free region between
the magnet and the RICH and “trigger chambers” in front of the ECAL. The
pattern chambers have the highest density of single measuring planes and are
used for pattern recognition. An isometric view of the multiplanar geometry of
the pattern tracker is shown in Fig. 3.

Fig. 3. Isometric view of the HERA-B pattern tracker.
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3 Track Reconstruction

The pattern recognition, as the first step of the track reconstruction, starts in
the field-free region of the pattern chambers. Using a Kalman Filter algorithm,
track segments are reconstructed [1]. The tracks are continued further upstream
using the magnet chambers and joined with reconstructed tracks from the vertex
detector. This is illustrated in Figure 2. The downstream propagation of the
tracks uses the trigger chambers in front of the ECAL. The track momentum is
determined from a global fit to the full reconstructed track.

4 Methods for Track Recognition

In the past few years, members of the HERA-B collaboration have performed
an extensive analysis of different track recognition methods. These efforts have
resulted in the reconstruction packages RANGER [1] and OTR/ITR-CATS [2].

RANGER is based on the track following and concurrent track evolution ap-
proach. The pattern recognition procedure first searches for 2D straight track
candidates in the xz projection using only the hit information from the 0o layers.
Then it finds for each of these candidates the corresponding vertical track candi-
date in the yz projection using simultaneously the hit information from the ±5o

Fig. 4. Layout of the HERA-B vertex and main tracking system (top view) [1].
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Fig. 5. Illustration of the concurrent track evolution strategy for an ambiguous situa-
tion caused by three nearby tracks in a superlayer of the HERA-B outer tracker. The
propagation proceeds upstream from the right to the left [1]

stereo layers. After the vertical track candidate was found, its hits are combined
with those of the xz projection, and a three-dimensional track candidate is fitted
using a Kalman filter.

The concurrent track evolution strategy is illustrated in Fig. 3. A starting
initial set of track parameters for a track candidate, called a “seed” is necessary.
Given a seed, the algorithm performs the track following procedure in the course
of which it tries to find the next hit and improves the track parameters with
each new hit added. The method splits the tracks whenever more than one hit
is observed in the neighbourhood of the predicted hit location. In order to keep
the number of simultaneously propagated track branches at a reasonable level,
the algorithm must discard some of them relying upon a quality index of the
track. One of the problems with which the algorithm had to cope when applied
to the first data was a lower hit efficiency and hit resolution than expected, and
a large fraction of “dead” channels (caused by hardware problems). To provide
a reasonable track reconstruction efficiency and ghost rate RANGER must work
with a higher number of simultaneously explored track branches.

A new algorithm was developed as an alternative approach for track recon-
struction that would be more robust and tolerant to hardware problems. The
track reconstruction techniques implemented in OTR/ITR-CATS package com-
bine features of cellular automata for track recognition with the advantages of
the Kalman filter for track fitting. The input information for the cellular automa-
ton is given by space-points which are considered as elementary units or cells.
In the framework of the OTR/ITR-CATS algorithm, space-points are defined
as short 3D track segments inside superlayers. The three-dimensional track seg-
ments inside superlayers are reconstructed by first searching for hit multiplets in
the 00- layers and then attaching multiplets in the stereo layers. The combined
00 and stereo multiplets are then fitted by a Kalman filter. To create track can-
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didates of space-points and collect hits missed in the layers where space-points
could not be reconstructed the cellular automaton procedure was performed. A
cellular automaton is a discrete-time dynamical system that evolves in a phase
space consisting of cells [2]. Disadvantage of this algorithm is that, if in an inter-
mediate superlayer there is no neighbouring space-points, the cellular automaton
cannot jump over such a hole, as caused by a dead region in the tracker. The
solution is that a cellular automaton is accompanied by a track following pro-
cedure. As seeds are used the track candidates found by the cellular automaton
and space-points for which the automaton could not find any neighbours.

The tracking efficiency is larger than 95 % for the reference tracks coming
from the target region, and about 80-95% in average for all tracks. The ghost
rate is roughly 14%.

5 Summary

The operation of tracking detectors under conditions close to what is expected
at the LHC and efficient track reconstruction at detector occupancies of up to
20% makes the HERA-B apparatus a pioneer in the field of high-rate tracking.
Two pattern recognition algorithms, described in this paper, show comparable
results with high reconstruction efficiency, reasonable behaviour of CPU time
consumption and robustness of the algorithm in case of low hit efficiencies of the
detectors and increased track multiplicity.
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Abstract. We study new strong resonances associated with the physics responsible
for the strong electroweak symmetry breaking. We write down the lowest order effective
chiral Lagrangians describing the couplings of these new resonances to the Standard
Model fields and calculate signals for I = J = 0 S-resonances and for I = J = 1
ρ-resonances in the WWtt̄ scattering in the process e+e− → νν̄tt̄ at the Next Linear
Collider. We also find low-energy constraints on the ρ-resonance couplings to the top
quark.

1 Introduction

One of the most important problems of today’s particle physics is the mechanism
of electroweak symmetry breaking (ESB). The mechanism of ESB is responsible
for giving the W and Z bosons their masses. Despite some progress in the ex-
perimental limits on the Higgs mass [1], the ESB sector of the Standard Model
(SM) is still rather weakly constrained by the experimental data and the physics
behind the mechanism of ESB remains unknown.

In this work we study some phenomenological consequences of the strongly-
coupled ESB sector. Typical representatives of the strongly-coupled scenario are
technicolor models built in analogy to chiral symmetry breaking in QCD. The
strong ESB gives rise to massless Goldstone bosons — electroweak (EW) pi-
ons — which, just like QCD pions, are assumed to be bound states of some
more fundamental strongly interacting objects (e.g. technifermions). According
to Higgs mechanism, EW pions are absorbed by W and Z bosons and become
their longitudinal components (WL, ZL). Thus any collider process which in-
volves the longitudinal weak gauge bosons can in principle give us an access to
the interactions connected to the mechanism of ESB [2].

Since VLVL (V = W,Z) scattering amplitudes start to violate unitarity at
1-3 TeV range we expect new strongly interacting ESB resonances (equivalent
of lowest QCD resonances such as ρ and ω) to appear at or below this scale.
We will not be able to see the substructure of these new resonances and EW
pions at the Large Hadron Colider (LHC) and at the Next Linear Collider (NLC)
operating at 1-3 TeV range, but the question is if we can distinguish at least the
resonances themselves and measure their masses and couplings.

A lot of attention has been devoted to the testing of the strongly-interacting
scenario in the longitudinal vector boson scattering VLVL → VLVL [3]. The
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studies concentrated on signatures of either a new I = J = 1 ESB ρ-resonance
or a new I = J = 0 ESB S-resonance (parameters of the S-resonance can be
tuned to immitate the SM Higgs boson — SM-like S-resonance) at either the
NLC or the LHC. The results have shown that it will be possible to establish
the presence of strong ESB at the LHC and the NLC and that, to a degree, it
will be possible to distinguish new strong resonances [2].

Another potentially powerful process for the study of strong ESB is the
scattering of longitudinal vector bosons to top quarks, VLVL → tt̄. Its main
appeal is in the possibility to test whether the extraordinarily large top quark
mass is generated by the same new strong interactions which are responsible for
ESB, or by yet additional new strong interactions introduced just for that sake.
In the former case (represented, e.g., by the extended technicolor theories [4]) we
expect the top quark to couple significantly to the resonances which unitarize
VLVL → VLVL scattering [5,6]. This could lead to significant event rates in
VLVL → tt̄. In the latter case, when the mechanism of the top mass generation is
different from the W mass generation (as in topcolor-assisted technicolor models
[4]), we expect that the top quark does not couple significantly to the new
resonances of the strong ESB sector. This would imply that the new resonances
observed in the VLVL → VLVL channel are suppressed in the VLVL → tt̄ channel
[2,5].

When studying the VLVL → tt̄ process, we can make use of another unique
property of the top quark. Unlike all the other known quarks the top quark de-
cays so rapidly that the information about its spin is transferred directly to the
final state with negligible hadronization uncertainties. This raises an interesting
possibility to measure polarized cross sections in VLVL → tt̄ and use this infor-
mation to distinguish between S- and ρ resonances which contribute to different
helicity combinations of the top quarks [2,5].

For these reasons the VLVL → tt̄ process at the NLC has recently attracted
growing interest. There have been studies within the SM [7–9], within the Hig-
gsless SM below the scale of new physics (no-resonance model) [10,6], and also
within models above the scale of a new S-resonance and ρ-resonance [2,5,11,12].

In this work we study the new S- and ρ-resonances in the process WLWL → tt̄
which is being considered as a subprocess of e+e− → νν̄tt̄ at the NLC with
the CM energy of 1.5 TeV and 2 TeV. Three cases, the no-resonance, the S-
resonance, and the ρ-resonance are considered with various values of parameters.
We show the importance of low energy constraints for ρ-resonance signals at
NLC. We calculate total and differential cross sections with polarized (anti-)top
quarks in the final state using the Effective-W Approximation and considering
longitudinal weak gauge bosons only. The number of events obtained is for the
assumed integrated luminosity of 200 fb−1.

This contribution is organized as follows. In Section 2 we introduce the low-
est order effective chiral Lagrangians describing models with no resonance, S-
resonance, and ρ-resonance. Our calculations and results obtained for the models
under consideration are presented in Section 3 and conclusions in Section 4.
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2 No-, S- and ρ-Resonance Models

Due to our ignorance of details of new strong physics behind ESB the most con-
venient approach to the analysis of its possible consequences is the effective field
theory framework. In this approach, if energy available is below the threshold
of new resonances production, one starts with EW pions as the only particles in
the spectrum which are subject to new strong interactions. The Lagrangian of
EW pions is the familiar nonlinear σ-model based on global SU(2)L × SU(2)R
spontaneously broken down to SU(2)V custodial or isospin symmetry. This sym-
metry breaking pattern is supported by the relation MW /MZ = cos θW which is
satisfied to high accuracy.

If we assume to have enough energy to produce a new resonance it must be
added to the set of building elements of the effective Lagrangian. In our work
beside the no-resonance case we also assume the production of either the S-
resonance or ρ-resonance. They are added to the Lagrangian respecting chiral
SU(2)L×SU(2)R symmetry. For S-resonance it is a straightforward procedure,
for ρ-resonance one can follow either Weinberg [13] or hidden symmetry approach
[14]. The gauge interactions of the SM are introduced by requiring the S and ρ
Lagrangians to be gauge invariant under SU(2)L × U(1)Y .

Let us begin with the gauged no-resonance Lagrangian given by

L0 = −
nonlinear σ model︷ ︸︸ ︷
v2Tr{AµAµ} −

t couples to π; mt,mb︷ ︸︸ ︷
ψ̄Lu

†u†MψR +h.c. + Lkin(W̃, Ỹ)

+ψ̄L iγµ
[
∂µ + W̃µ +

i

2
g′(B − L)Yµ

]
ψL

+ψ̄R iγµ
[
∂µ + Ỹµ +

i

2
g′(B − L)Yµ

]
ψR (1)

where Aµ = [u†(∂µ + Ỹµ)u − u(∂µ + W̃µ)u†]/2 ; u = exp(iπ.τ/2v) with v =
246 GeV, π is the isospin triplet of the EW pions, and τ are Pauli matrices;
ψ denotes fermion field doublet, (t, b), the B − L is the baryon minus lepton
number operator, and the M = diag(mt,mb) is the fermion doublet mass matrix.
Lkin(W̃, Ỹ) is the kinetic energy term of the SU(2)L gauge field, Wµ and the
U(1)Y gauge field, Yµ; W̃µ = igW µ.τ/2; Ỹµ = ig′Yµτ3/2.

The gauged S-resonance model can be described by the following leading
order effective Lagrangian

LS = L0 + Lkin(S)− 1
2
M2
SS

2 − 2g′′′vTr{AµAµ} S

−α

v
ψ̄Lu

†u†MψRS + h.c. (2)

where L0 is given by (1), the Lkin(S) is the kinetic energy term of the S-
resonance, S denotes the scalar (I = J = 0) ESB resonance field, MS is its
mass. The g′′′, α and MS are free parameters.

The gauged ρ-resonance model is given by

Lρ = L0 + Lkin(ρ)− a
v2

4
Tr[(ωµ + ρµ)(ωµ + ρµ)]
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+b1 ψ̄L iγµ
[
u∂µ − uρµ + u

i

2
g′(B − L)Yµ

]
u† ψL

+b2 ψ̄R P iγµ
[
u∂µ − uρµ + u

i

2
g′(B − L)Yµ

]
u† P ψR

+λ1 ψ̄L iγµ u† Aµ γ5u ψL + λ2 ψ̄R P iγµu Aµ γ5 u† P ψR (3)

where ωµ = [u†(∂µ + Ỹµ)u + u(∂µ + W̃µ)u†]/2; ρµ = ig′′ρµ.τ/2, ρµ denotes
the vector (I = J = 1) ESB ρ-resonance field, L0 is given by (1), the Lkin(ρ) is
the kinetic energy term of the ρ-resonance, the a, g′′, b1, b2, λ1 and λ2 are free
parameters and P = diag(1, 0). The P matrix ensures that the ρ only couples to
the right-handed top quark but not to the right-handed bottom quark (to avoid
constraints on the ρ couplings from the Zbb̄ vertex), which spoils the custodial
symmetry in much the same fashion as does the top-bottom mass splitting.

The low energy experiments place the following constraints on the parameters
of the ρ-resonance Lagrangian [15]: g′′ >∼ 10, |b2−λ2|

<∼ 0.04 and |b1−λ1|
<∼ 0.01.

3 Signals from the S- and the ρ-Resonances at the NLC

The question is if the ρ coupling constants which respect constraints of Sec. 2 can
generate significant signals in the WLWL → tt̄ scattering at the NLC. Here we
consider this scattering as a subprocess of the process e+e− → νν̄tt̄, see Fig. 1.

We have chosen to calculate signals for three ρ-resonances of the same mass
Mρ = 1 TeV but different couplings and widths Γρ, summarized in Table 1. For
comparison we also calculate signals from two S-resonances — 800 GeV SM-like
Higgs boson with the width ΓH = 285 GeV (g′′′ = α = 1) and the nonstandard

Fig. 1. Feynman diagrams for (a) e+e− → νν̄tt̄, (b-f) WLWL → tt̄
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Table 1. Parameters of the three ρ-resonances; b1 = λ1 = 0, λ2 = 0.04. Γρ is uniquely
defined by Mρ and the coupling constants

Mρ(TeV ) b2 g′′ Γρ(GeV )

ρ1 1 0.04 15 4.99

ρ2 1 0.08 10 9.42

ρ3 1 0.04 40 21.66

800 GeV S-resonance with the width ΓS = 158 GeV (g′′′ = 0.7, α = 1) — and
from the no-resonance model.

To calculate cross sections of the process e+e− → νν̄tt̄ we used Effective-W
Approximation (EWA) [16] in which one convolutes the cross section for the
subprocess WLWL → tt̄ with the corresponding distribution functions of the
WL boson. For the EWA to be valid the invariant energy scales of the process
should be much larger than the W mass. Since the distribution function for
longitudinal W -bosons is largely independent of the W beam energies the EWA
describes more accurately WL contributions than contributions of transverse
W -bosons. Fortunately, sensitivity of WT channels to the ESB sector is much
weaker than sensitivity of WL channels. Therefore to extract the signal of new
physics without having the transverse W contributions calculated the following
quantity can be used [12]

σnew physics − σSM (MH = 100 GeV) (4)

Here the transverse W contributions are expected to subtract each other. Thus
the difference (4) should be a good estimate of what we would get if much more
complete calculations of the studied process were performed.

To calculate the subprocess cross sections we used the ET theorem according
to which we replaced WL boson with the corresponding EW pion π. The sub-
process diagrams are shown in Figs. 1b – 1f. The main contribution comes from
the diagrams 1b – 1e, while the contribution of the diagram 1f is small. We note
that the helicity cross sections σ++ = σ−− (the signs refer to helicities of the t
and t̄, respectively) receive their contributions mainly from the diagrams 1b and
1d, σ+− mainly from 1c and 1e while σ−+ is negligible.

We show the results of our calculations in Fig. 2. Figure 2a shows the total
cross section σ+− for the process e+e− → νν̄tt̄ in femtobarns as a function of
the CM energy

√
s of the NLC. The signals from the ρ resonances rise above the

solid line which represents both the S-resonances and the no-resonance model at
the same time (they have approximately the same σ+−). The best signal comes
from the ρ-resonance with the width Γρ = 9.42 GeV (b2 = 0.08, g′′ = 10) —
for
√
s = 1.5 TeV and

√
s = 2 TeV we get cross sections 0.8 fb and 1.9 fb,

respectively. Assuming integrated luminosity L = 200 fb−1 we get for the ρ-
resonance 160 events at

√
s = 1.5 TeV and 380 events at

√
s = 2 TeV. For

S-resonances and the no-resonance model we get 102 events at
√
s = 1.5 TeV



88 Mikuláš Gintner and Ivan Melo

1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

���

σ+
-   

 (
fb

)
s

1/2
   (TeV)

1.0 1.5 2.0

0.01

0.1

1
���

σ+
+

(-
-)
  

 (
fb

)

s
1/2

   (TeV)

Fig. 2. Helicity cross sections for e+e− → νν̄tt̄ as a function of CM energy: (a) σ+−

for the three ρ-resonances of Table 1: ρ1 (dotted line), ρ2 (dashed line), ρ3 (dash-dotted
line). The solid line is for both the S-resonance and the no-resonance signal; (b) σ++

(= σ−−) for the nonstandard 800 GeV S-resonance with ΓS = 158 GeV (dotted line),
the 800 GeV SM-like Higgs boson (dashed line), all ρ-resonances and the no-resonance
model (dash-dotted line), the 100 GeV SM Higgs (solid line)

and 208 events at
√
s = 2 TeV. We note that the only cut performed on data

was the cut on the invariant mass of the tt̄ pair mtt > 500 GeV. Further cuts are
needed to reduce the backgrounds which are not treated here. Following previous
studies [12] we estimate that the efficiency of these cuts for the signal is about
εcut = 80 % and that the remaining events will be fully reconstructed (including
b-tagging) with the efficiency of about εrec = 30 % [5]. Hence, for the final event
numbers Nf = Nεcutεrec. For the ρ-resonance we thus finally get 38 (91) events
at 1.5 TeV (2 TeV), and for S-resonances and the no-resonance case 24 (50)
events at 1.5 TeV (2 TeV).

In Fig. 2b we show the total cross section σ++ = σ−− for the process e+e− →
νν̄tt̄ in femtobarns as a function of the CM energy

√
s. In this case the S-

resonances dominate: for the SM-like Higgs we get σ++ + σ−− = 3.8 (8.3) fb at√
s = 1.5 (2) TeV, while for the ρ-resonances and the no-resonance model we get

the same results σ+++σ−− = 0.9 (1.8) fb at
√
s = 1.5 (2) TeV. After the cuts and

the reconstruction we get for the SM-like Higgs 182 (398) events at 1.5 (2) TeV
and for the ρ- and the no-resonance case 43 (86) events at 1.5 (2) TeV.

Differential cross sections for e+e− → νν̄tt̄ as a function of the invariant
mass mtt at

√
s = 1.5 TeV are shown for (+−) helicity combination in Fig.
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Fig. 3. Differential cross sections for e+e− → νν̄tt̄ as a function of the invariant mass
mtt at

√
s = 1.5 TeV: (a) dσ+−

dmtt
for ρ2 (solid line), the S-resonances and the no-

resonance case (dashed line); (b) dσ++

dmtt
for the 800 GeV SM-like Higgs boson (solid

line), the 800 GeV nonstandard S-resonance with ΓS = 158 GeV (dashed line), all
ρ-resonances and the no-resonance model (dotted line)

3a and for (++) helicity combination in Fig. 3b. The measurement of these
differential cross sections could provide the resonance mass if the resonance has
a well defined peak with sufficient number of events contributing to the peak.
For ρ2 (solid line in Fig. 3a), we get 37 events in the peak before the cuts and
reconstruction, assuming integrated luminosity L = 200 fb −1.

4 Conclusions

We have studied the new strong resonances associated with the physics responsi-
ble for the strong electroweak symmetry breaking and signals of these resonances
in the process e+e− → νν̄tt̄. We have provided the comprehensive treatment of
the ρ Lagrangian including the low-energy constraints on its parameters. The
analysis presented in this work shows that the total signal from the ρ-resonance
summed through all helicity channels at the energy of 1.5 TeV and the inte-
grated luminosity of 200 fb−1 is 81 events after the cuts and reconstruction. The
corresponding numbers for 800 GeV SM-like Higgs is 206 events and for the no-
resonance case 67 events. The SM-like 800 GeV Higgs (and heavy S-resonances
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in general) is thus well separated from the ρ-resonance and the no-resonance
cases. To distinguish the ρ-resonance signal from the no-resonance one and to
confirm the spin of the S-resonance it is very useful to study individual helicity
channels and distributions in invariant mass mtt. The ρ-resonance contributes
mainly to the helicity cross section σ+− for the process e+e− → νν̄tt̄, while the
S-resonance contributes mainly to the cross section σ++. This underlines the
importance of the measurement of the top quark helicity (see [5] for more on
this). Another way to improve on signals is to go to the CM energy of 2 TeV.

This work was supported by grant VEGA 1/8307/01.
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Predictions for Deeply Virtual Compton
Scattering on a Spin-One Target
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Abstract. We consider hard leptoproduction of a photon on a spin-one target and give
the general azimuthal angular dependence of the differential cross section. Furthermore,
we estimate the beam spin asymmetry for an unpolarized deuteron target at HERMES.

1 Introduction

Exclusive two-photon processes in the light-cone dominated region, i.e., in the
generalized Bjorken limit, are most suitable for the exploration of the partonic
content in hadrons, since in leading order (LO) both photons directly couple
to one quark line [1]. In such processes one can measure, for instance, different
photon-to-meson form factors, i.e., γ∗γ → M , the production of hadron pairs
and also processes like γ∗N → Nγ or γN → Nl+l−. The latter two are denoted
as deeply virtual Compton scattering (DVCS) in the space- and time-like regions
[2–7].

The factorization of short- and long-range dynamics is formally given by the
operator product expansion (OPE) of the time ordered product of two elec-
tromagnetic currents, which has been worked out at leading twist-two in next-
to-leading order (NLO) and at twist-three level in LO of perturbation theory
(for references see [7]). However, one should be aware that the partonic hard-
scattering part, i.e., the Wilson coefficients, contains collinear singularities, which
are absorbed in the non-perturbative distributions by a factorization procedure,
which has been proven at twist-two level [8].

The non-perturbative distributions are defined in terms of light-ray opera-
tors with definite twist sandwiched between the corresponding hadronic states.
These process dependent correlation functions are sensitive to different aspects
of hadronic physics. Especially, in DVCS one can access the so-called generalized
parton distributions (GPDs). The second moment of the flavour singlet GPDs
is related to the expectation value of the energy momentum tensor. Thus, it
gives in principle information on the angular orbital momentum fraction of the
nucleon spin carried by quarks [9]. We should stress that this process is a new
tool to probe the partonic content of the nucleon on the level of amplitudes and,
thus, it provides us new information [10].

Recently, the DVCS process has been measured by the H1 collaboration [11]
in the small xB region (see also [12]) as well as in single beam spin asymmetries
by the HERMES [13] and CLAS [14] collaborations. The theoretical predictions
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c© Springer-Verlag Berlin Heidelberg 2003



92 Axel Kirchner and Dieter Müller

depend on the GPDs, which are unknown. However, they are constrained by sum
rules and the reduction to the parton densities in the forward kinematics. All
experimental data are consistent with an oversimplified model, which satisfies
the constraints and, thus, also with each other [7].

It is appealing to employ DVCS for the investigation of other hadrons and
nuclei. An appropriate candidate is deuteron, which has been widely used as a
target in lepto-scattering experiments. This nucleus has been extensively studied
in both deep-inelastic [15] and elastic [16,17] scattering. From the theoretical
point of view it would be desired to have complementary information, which
could give us a deeper understanding of this nucleus in terms of its fundamental
degree of freedom [18].

In this paper we outline the OPE approach applied to DVCS. Moreover, we
determine the azimuthal angular dependence of the cross section for a spin-1
target. Relying on qualitative properties of GPDs, which are consistent with
the DVCS data for the proton target, we estimate the size of the beam spin
asymmetry for HERMES kinematics.

2 General Formalism

For the leptoproduction of a photon

l±(k)h(P1)→ l±(k′)h(P2)γ(q2) (1)

on a hadronic target h with the mass M the five-fold cross section

dσ

dxBdyd|∆2|dφdϕ =
α3xBy

16π2Q2
√

1 + ε2

∣∣∣∣ Te3

∣∣∣∣2 , ε ≡ 2xB
M

Q , (2)

depends on the Bjorken variable xB = Q2/2P1 · q1, where Q2 = −q2
1 with

q1 = k − k′, the momentum transfer square ∆2 = (P2 − P1)2, the lepton energy
fraction y = P1 · q1/P1 · k and, in general, two azimuthal angle. We use the
target rest frame, where the virtual photon three-momentum points towards the
negative z-direction. φ is the angle between the lepton and hadron scattering
planes and ϕ = Φ − φN is the difference of the azimuthal angle Φ of the spin
vector

Sµ = (0, cosΦ sinΘ, sinΦ sinΘ, cosΘ) (3)

and the azimuthal angle φN of the recoiled hadron (see [7]).
In the following we consider this process in the (generalized) Bjorken limit,

Q2 ∼ P1 · q1 = large, ∆2 and M2 are comparably small. The amplitude T is the
sum of the DVCS TDVCS and Bethe-Heitler (BH) TBH amplitudes:

T 2 =
∑
λ′,Λ′

{
|TBH|2 + |TDVCS|2 + I

}
, (4)

with the interference term

I = TDVCST ∗
BH + T ∗

DVCSTBH, (5)
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where the recoiled lepton (λ′) and hadron (Λ′) polarization will not be observed.
Each of these three terms in (4) can be calculated in a straightforward manner

by the contraction of a known leptonic tensor Lµ... with the DVCS tensor TDVCS
µν

or/and hadronic current Jα. The former one is given in terms of GPDs, while
the latter one is parametrized in terms of elastic electromagnetic form factors.
For instance, the interference term reads∑

λ′
I =

±e6

Q2∆2L
µνα(k, k′)TDVCS

µν (P,∆, q)J†
α(∆) + h.c.

{
+ for e−

− for e+ , (6)

where P = P1 + P2 and q = (q1 + q2)/2. The resulting predictions for the spin-0
and -1/2 targets are presented at the twist-three level in [5,7].

Let us now consider the spin-1 target in more detail. The hadronic current

Jµ = −ε∗
2 ·ε1PµG1 +

(
ε∗
2 ·Pε1µ + ε1 ·Pε∗

2µ
)
G2 − ε∗

2 · P ε1 ·P
Pµ

2M2 G3 (7)

is given by three form factors Gi(∆2) with i = {1, 2, 3}, where ε1µ (ε2µ) denote
the three polarization vectors for the initial (final) hadron. The form factors
Gi(∆2) have been measured and their parametrizations are available in the lit-
erature, see [17] and references therein.

The DVCS hadronic tensor is given by the time-ordered product of the elec-
tromagnetic currents jµ, which is sandwiched between hadronic states with dif-
ferent momenta. In LO of perturbation theory and at twist-two accuracy it reads
[4]

Tµν(ξ,∆2,Q2) =
i

e2

∫
dxeix·q〈P2|Tjµ(x/2)jν(−x/2)|P1〉 (8)

= −PµσgστPτν
q · V1

P · q − PµσiεστqρPτν
A1 ρ

P · q ,

where the projection operator Pµν = gµν − q1µq2ν/q1 · q2 ensures gauge invari-
ance. For convenience we introduced the scaling variable ξ ≈ xB

2−xB
. At twist-two

level the amplitudes V1 and A1 can be decomposed in a complete basis of nine
Compton form factors (CFFs). Adopting the notation of [18], they read in the
vector case

Vµ = −ε∗
2 ·ε1PµH1 +

(
ε∗
2 ·Pε1µ + ε1 ·Pε∗

2µ
)
H2 − ε∗

2 · P ε1 ·P
Pµ

2M2 H3 (9)

+
(
ε∗
2 ·Pε1µ − ε1 ·Pε∗

2µ
)
H4 +

(
2M2

{
ε∗
2 ·qε1µ + ε1 ·qε∗

2µ
}

P · q +
ε∗
2 ·ε1
3

Pµ

)
H5,

and in the axial-vector case

Aµ = iεµε∗2ε1P H̃1 −
iεµ∆Pε1 ε∗

2 ·P + iεµ∆Pε∗2 ε1 ·P
M2 H̃2 (10)

−
iεµ∆Pε1 ε∗

2 ·P − iεµ∆Pε∗2 ε1 ·P
M2 H̃3 −

iεµ∆Pε1 ε∗
2 ·q + iεµ∆Pε∗2 ε1 ·q

q ·P H̃4,
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where 1/Q-power suppressed effects have been neglected. The remaining loga-
rithmical Q-dependence is governed by perturbation theory.

The CFFs in (9) and (10) are given by a convolution of perturbatively cal-
culable coefficient functions C(±) and twist-two GPDs via

Hk(ξ) =
∑
i=u,...

∫ 1

−1
dxC

(−)
i (ξ, x)Hi

k(x, η)|η=−ξ, for k = {1, . . . , 5}, (11)

H̃k(ξ) =
∑
i=u,...

∫ 1

−1
dxC

(+)
i (ξ, x)H̃i

k(x, η)|η=−ξ, for k = {1, . . . , 4}. (12)

For each quark species i we have nine GPDs. The two sets {Hi
1, . . . , H

i
5} and

{H̃i
1, . . . , H̃

i
4} are defined by off-forward matrix elements of vector and axial-

vector light-ray operators. The coefficient functions C(∓) have perturbative ex-
pansion. In LO they read for the even (−) and odd (+) parity sectors

ξ C
(∓)
(0)i (ξ, x) =

Q2
i

1− x/ξ − i0
∓ Q2

i

1 + x/ξ − i0
, (13)

where Qi is the fractional quark charge.
Employing the parametrizations (7), (9) and (10), the contractions of leptonic

and hadronic tensors provide the kinematically exact expression for the squared
BH term (of course, in tree approximation), while the interference term∑
λ′
TBHT ∗

DVCS = (14)

2− 2y + y2

y2P1(φ)P2(φ)
4ξ

∆2Q4

(
kσ − qσ

y

)[(
Jσ + 2∆σ

q ·J
Q2

)
q ·V †

1 + 2iεσq∆J
q ·A†

1

Q2

]

+
λ(2− y)y

y2P1(φ)P2(φ)
4ξ

∆2Q4

(
kσ − qσ

y

)[(
Jσ + 2∆σ

q ·J
Q2

)
q ·A†

1 + 2iεσq∆J
q ·V †

1

Q2

]
,

and the squared DVCS amplitude

∑
λ′
|TDVCS|2 = 8

2− 2y + y2

y2

ξ2

Q6

(
q ·V1 q ·V †

1 + q ·A1 q ·A†
1

)
+8

λ(2− y)
y

ξ2

Q6

(
q ·V1 q ·A†

1 + q ·A1 q ·V †
1

)
(15)

are expanded with respect to 1/Q. In contrast to the squared DVCS amplitude
the interference as well as the squared BH terms have an additional φ-dependence
due to the (scaled) BH propagators

P1 ≈ −
1
y
{1− y + 2K cos(φ)} , P2 ≈

1
y
{1 + 2K cos(φ)} . (16)
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The kinematical factor

K ≈

√
−∆2

Q2 (1− xB)(1− y)
(

1− ∆2
min

∆2

)
. (17)

vanishes at the kinematical boundary ∆2 = ∆2
min ≈M2x2

B/(1− xB).

3 Observables for Leptoproduction of a Photon

In our frame the contractions of leptonic and hadronic tensors, see (6), yield
finite sums of Fourier harmonics, whose form is governed by general principles.
After summation over the final polarization states, which is not indicated below,
the three parts of the squared amplitude read for massless leptons [7]:

|TBH|2 =
e6(1 + ε2)−2

x2
By

2∆2 P1(φ)P2(φ)

{
cBH
0 +

2∑
n=1

[
cBH
n cos (nφ) + sBH

n sin (φ)
]}

, (18)

|TDVCS|2 =
e6

y2Q2

{
cDVCS
0 +

2∑
n=1

[
cDVCS
n cos(nφ) + sDVCS

n sin(nφ)
]}

, (19)

I =
±e6

xBy3P1(φ)P2(φ)∆2

{
cI
0 +

3∑
n=1

[
cI
n cos(nφ) + sI

n sin(nφ)
]}

, (20)

where the + (−) sign in the interference stands for the negatively (positively)
charged lepton beam.

The Fourier coefficients can be calculated from (14), (15), and an analogous
one for the squared BH amplitude by summing over the polarization Λ′, where
we can employ the common projector technique. For a spin-1 particle we have
(see for instance [19])

ε∗
1µ(Λ = 0)ε1ν(Λ = 0) = SµSν , (21)

ε∗
1µ(Λ = ±1)ε1ν(Λ = ±1) =

1
2

(
−gµν +

P1µP1ν

M2 − SµSν +
iΛ

M
εµνP1S

)
,

where Λ = {+1, 0,−1} denotes the magnetic quantum number with respect to
the quantization direction given by the spin vector Sµ defined in (3). Obviously,
the spin sum of the recoiled hadron is

1∑
Λ′=−1

ε∗
2µ(Λ′)ε2ν(Λ′) = −gµν +

P2µP2ν

M2 . (22)

As we see, for a spin-1 target the Fourier coefficients quadratically depend
on the spin vector Sµ and, thus, we find the following decomposition

cTn = cTn,unp + cTn,LP cos(Θ) + cTn,TP(ϕ) sin(Θ) + cTn,LTP(ϕ) sin(2Θ)

+cTn,LLP cos2(Θ) + cTn,TTP(ϕ) sin2(Θ) (23)
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for T = {BH, I,DVCS}. An analogous decomposition holds true for the odd har-
monics sTn . The unpolarized and the longitudinally polarized coefficients c/sTn,unp,
c/sTn,LP, and c/sTn,LLP, respectively, are independent of ϕ. The transverse coeffi-
cients c/sTn,TP and the transverse-longitudinal interference terms can be decom-
posed with respect to the first harmonics in the azimuthal angle ϕ

cTn,TP(ϕ) = cTn,TP+ cos(ϕ) + sTn,TP− sin(ϕ), (24)

cTn,LTP(ϕ) = cTn,LTP+ cos(ϕ) + sTn,LTP− sin(ϕ), (25)

while c/sTn,TTP may be written as

cTn,TTP(ϕ) = cTn,TTPΣ + cTn,TTP∆ cos(2ϕ) + sTn,TTP± sin(2ϕ). (26)

Analogous equations hold true for the odd harmonics (just replace c↔ s). Let us
add that with this notation the c(s) harmonics are given by the real (imaginary)
part of certain linear combinations of form factors and/or CFFs.

Altogether we have for a given harmonic in φ nine possible observables1. In
principle, they can be measured by an appropriate adjustment of the spin vector
and Fourier analysis with respect to the azimuthal angle ϕ. The interference
term linearly depends on the CFFs and is, thus, of special interest. In facilities
that have both kinds of leptons it can be separated by means of the charge
asymmetry. The dominant harmonics are c/sI

1 , predicted at leading twist-two.
We write them as product of leptonic prefactors L and ‘universal’ functions CI

i :{
cI
1,i

sI
1,i

}
=

{
LIc

1,i

LIs
1,i

}{
�e
�m

}
CI
i , for i = {unp, · · · ,TTP−}. (27)

As mentioned before, they depend on nine CFFs

CI
i = (G1 · · ·G3)MI

i

H1
...
H̃4

 , (28)

where the matrixM will be presented elsewhere [20]. Single spin-flip and unpo-
larized as well as double spin-flip contributions provide the imaginary and real
part, respectively, of the nine linear combinations CI

i .

4 Estimate of the Beam-Spin Asymmetry

In this section we estimate the size of the beam spin asymmetry

ALU(φ) =
dσ↑(φ)− dσ↓(φ)
dσ↑(φ) + dσ↓(φ)

, (29)

1 Note that cTn,TTPΣ does not belong to an independent frequency, rather it can be
included in the constant and cos2(θ) terms of (23).
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at large y and small momentum transfer for the HERMES experiment. We should
also ensure that M2/Q2 corrections are under control. Since M = 1875.6 MeV
we require Q2 ≥ 4 GeV2. Because of large y, the BH amplitude dominates the
DVCS one and thus the beam spin asymmetry is approximately determined by

ALU(φ) ∼ ±xB

y

sI
1,unp

cBH
0,unp

sin(φ) with
{

+ for e−

− for e+ . (30)

For −∆min � −∆2 � M2 and xB � 0.3 the Fourier coefficients can be drasti-
cally simplified due a crude approximation of kinematical factors

ALU(φ) ∼ ±
√
−∆2

Q2 (1− y)
xB�mH1(ξ,∆2,Q2)|ξ=xB/2

G1(∆2)
sin(φ). (31)

For a spin-1/2 target one finds the analogous equation, i.e., G1 → F1 and H1 →
H. Note that the sume rule∫ 1

−1
dx

(
Qu

{
H1

H

}
uv

(x, ξ,∆2,Q2) + Qd

{
H1

H

}
dv

(x, ξ,∆2,Q2)

)
=

{
G1

F1

}
(∆2) (32)

suggest that the ∆2−dependence of the valence-quark GPDs is essentialy given
by G1 and F1, respectively. The analyses of the H1, HERMES and CLAS data
at LO indicate that the ∆2 fall-off of the sea-quark GPDs is steeper than the
valence quark ones. Thus, we neglect the sea quark contribution and write the
valence like GPDs as a product of form factor and quark distribution function

�mH(ξ,∆2)
F1(∆2)

∼ π
{
Q2
uquv

(ξ) + Q2
dqdv

(ξ)
}

|ξ=xB/2
, (33)

�mH1(ξ,∆2)
G1(∆2)

∼ π
Q2
u + Q2

d

2
{quv

(ξ) + qdv
(ξ)}|ξ=xB/2 . (34)

For HERMES kinematics with central values 〈xB〉 = 0.11, 〈∆2〉 = −0.27 GeV2

and 〈Q2〉 = 2.6 GeV2 we find with the MRS A′ parametrization ALU(φ) ∼
0.3 sin(φ) for positron-proton scattering, which is consistent with experimental
data [13]. For Q2 = 4 GeV2, xB = 0.1 and ∆2 = −0.3 GeV2 we estimate

ALU(φ) ∼ −0.13 sin(φ) for deuteron target, (35)
ALU(φ) ∼ −0.16 sin(φ) for proton target.

5 Summary

We gave the general azimuthal angular dependence of the leptoproduction cross
section of a photon on a spin-1 target. Such experiments allow to study the
deuteron from a new perspective. Compared to DIS or elastic lepton-deuteron
scattering, they provide additional information, contained in the CFFs.
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At twist-two level there are nine CFFs. In the case of a polarized beam and
target, with an adjustable quantization direction, the imaginary and real part of
all these CFFs can be separately measured by means of the charge asymmetry.
Moreover, an appropriate Fourier analysis allows to eliminate the twist-three
contamination. In this way one gets the maximal access to the deuteron GPDs
at twist-two level, with a contamination of M2/Q2 and ∆2/Q2 contributions.

As discussed, for certain kinematics the beam spin asymmetry is essentially
determined by one CFF only. Although the approximations are rather crude,
the result can serve to obtain a qualitative understanding of this GPD. The
LO analysis of the pioneering measurements of DVCS [11,13,14] on the proton
suggest for −∆2 ∼ 0.3 GeV2 the dominance of valence-quark GPDs with no
essential enhancement by the skewedness effect. Assuming the same features
also for the deuteron GPDs, we estimated the size of the beam spin asymmetry.
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H → ττ Studies in CMS

Alexander Nikitenko

Imperial College, London, UK

Abstract. We present a current status of the studies on possibility to observe with
CMS detector A and H bosons (in the framework of the Minimal Super Symmetry
Model) decaying into two τ leptons and Standard Model Higgs boson produced via
weak boson fusion and decaying into two τ ’s.

1 CMS Reach on SUSY A, H → ττ

It has been shown with fast simulations of the CMS detector that A, H → ττ
decay may be a discovery mode in a significant region of MA, tan(β) parameter
space already with 30 fb−1 of the data [1–3]. CMS is currently optimising with
full simulations the trigger and off-line selections for all final states : lepton-
lepton, lepton+τ jet and two τ jets. We describe here the most recent results on
selection of Higgs decays with two τ jets.

A,H → ττ with 2 τ jet hadronic final states have been shown to extend
significantly the SUSY Higgs discovery reach into the large mass (600 - 800 GeV)
range [2]. To exploit fully the 2 τ jet final states - especially in the low (∼
200 GeV) mass range - an efficient hadronic τ trigger has been developed based
on Level-1 calorimeter selection, Level-2 electromagnetic calorimeter isolation
[4] and a Level-3 tracking (isolation) using the only pixel detector information
[5].

Level-1 calorimeter single or double Tau trigger with thresholds 80 and 65
GeV for L = 2 × 1033cm−2s−1 selects A,H → ττ → 2τ jet events useful for
off-line analysis with an efficiency of about 0.9 while giving an output QCD
background rate of about 6 kHz. A further reduction of the QCD background
rate by a factor ∼ 103 is possible at the High Level Trigger path (Level2 calorime-
ter and Level3 Pixels) with an efficiency of ∼ 40% for the signal at mH = 200
and 500 GeV [6] as one can see in Fig. 1. Similar performance is expected using
the regional tracking option of the CMS High Level Trigger once the CPU per-
formance is proven to be satisfactory. For the off-line τ identification the tracker
information is used. The fast simulation of the CMS detector [7] is used to study
the signal to background ratios. The track reconstruction efficiency evaluated
with full simulation of CMS tracker is included as a function of pt and η for
the track. The τ jet candidate (Et > 60 GeV) is required to contain a hard
(pt >40 GeV) charged track within ∆R < 0.1 around the calorimeter jet axis.
Around this leading track in a cone of ∆R < 0.03 two other tracks with pt > 1
GeV are accepted to include the 3-prong τ decays. This narrow cone with one or
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Fig. 1. Efficiency of QCD background and Higgs signal at High Level Trigger when
the size of the pixel isolation cone is varied.

three hard tracks is required to be isolated demanding that no track with pt >
1 GeV is found in the surrounding larger cone of ∆R < 0.4. Efficiency for this
τ selection is 7.2% for mA = 200 GeV and 34% for mA = 500 GeV. Accepting
the 3-prong decays in the narrow cone of ∆R < 0.03 increases the event rate for
A,H → ττ → 2 τ jets in the high mass range ( mA = 500 GeV) by ∼ 1.7 but
also degrade significantly the QCD rejection factor for hard QCD jets. Figure
2 (left plot) shows the rejection factor against the QCD jets for the 1/3 prong
selection a function of Et jet compared to the one prong selection with one hard
(pt >40 GeV) charged track within ∆R(jet, track) < 0.1. Optimisation is still
needed for the low mass range for more efficient selection mainly by increasing
the size of the narrow cone.

A further suppression can be obtained exploiting the τ lifetime using τ vertex
reconstruction or impact parameter measurement or a combination of them. A
full simulation study indicates that an additional rejection factor of ∼ 5 against
the 3-prong QCD jets and an efficiency of ∼ 80% for the τ jets can be obtained
with τ vertex reconstruction as it is shown in Fig. 2 (right plot). Promising
results are also obtained from the impact parameter method in the channel
A, H → ττ → !+!− + X using full simulation combining the impact parameter
measurements for the two leptons from τ decays to reduce the backgrounds with
W → !ν and Z → !! decays [3].

The resolution of the reconstructed Higgs mass and even more so the mass
reconstruction efficiency in A,H → ττ events is very sensitive to the Emiss

t
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Fig. 2. Left plot - rejection factor against the QCD jets as a function of Ejet
t for the

1 and 1/3 prong τ selection; Right plot - rejection factor against the QCD jet v.s.
efficiency for τ jet with cut on the distance between reconstructed primary and the
secondary vertex of τ jet candidate

measurement. The absolute value of Emiss
t is relatively small in these events

making the mass reconstruction and background reduction with a cut in Emiss
t

a difficult task. Figure 3 (left plot) shows the Higgs mass reconstructed with
full simulation for bbA, A → ττ → 2 τ jets with mA = 500 GeV and tanβ=
20 [8]. Resolution of the reconstructed Higgs mass is 14.5% for mA = 200 GeV
and 14.9% for mA = 500 GeV and the corresponding reconstruction efficiencies
are 37% and 36%, respectively (including ∆φ < 1750 cut and requiring positive
neutrino energies). This confirms the earlier results of the fast simulation study
[2].
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Fig. 3. Left plot - reconstructed Higgs mass for bb H → ττ → 2 τ jets with mH = 500
GeV; Right plot - Higgs mass for H → ττ → 2 τ jets with mH = 500 GeV and tanβ=25
superimposed on the total background for 30 fb−1. One tagged b-jet is required.
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The large Z, γ∗ → ττ background can be reduced efficiently only with b-
tagging in the associated production processes bbHSUSY . The associated b-jets
are soft and uniformly distributed over |η| < 2.5. Nevertheless, a study with full
simulation shows that a b-tagging efficiency of ∼ 34% per jet can be obtained
for the signal events with a mistagging rate less than 1% for Z + jets events
[3]. Requiring one tagged b-jet reduces efficiently also QCD background thus
improving significantly the signal visibility. Figure 3 (right plot) shows the sig-
nal for mH = 500 GeV and tanβ = 25 superimposed on the total background
with b-tagging. The missing transverse energy Emiss

t plays a major role in the
Higgs mass reconstruction as discussed above. However, a cut in Emiss

t does not
improve significantly the mass resolution and therefore, in order to retain the
signal statistics, is not used in this study. Figure 4 shows the expected discovery
reach for for 30 fb−1 assuming maximal stop mixing scenario [9]. The expecta-
tions for other important MSSM Higgs discovery channels in CMS [10] and the
exclusion region from LEPII [11] are also shown in the figure. The A, H → ττ
channels are found to be insensitive for stop mixing, the SUSY scale and for the
sign of the Higgsino mass parameter µ for high enough tanβ ( >∼ 10). A system-
atic study of the A, H → ττ with !+!− and lepton+τ jet final states is also
presently in progress in CMS including full simulation the combined triggers, τ
identification, τ tagging with impact parameter and vertex reconstruction, Higgs
mass reconstruction and b-tagging in the associated production channels.

Fig. 4. Expected 5σ discovery reach for the MSSM Higgs bosons in CMS in the max-
imal mixing scenario for 30fb−1 as a function of mA and tanβ. The shaded area is
excluded by LEP
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2 Observability of SM Higgs qq → qqH, H → ττ

It has been shown in [12] that observability at LHC of the light Standard Model
Higgs boson produced via weak boson fusion and decaying into γγ, ττ and WW
may significantly extend the measurement of the Higgs boson couplings. We
present here the CMS fast simulation study on ττ mode with lepton+τ jet final
state and comparison with parton level simulation done in [14].

2.1 Signal and Background Generation

Higgs events produced via weak boson fusion have been generated with PYTHIA5.7
[13]. Backgrounds considered in this study are QCD and EW production of
Z + jj (Z → ττ → l + τ jet) and W + 3j (W → e(µ) + ν). We didn’t con-
sider bb̄+ jj background, however it’s expected to be relatively small [14]. QCD
Z + jj production has been generated with LO matrix element from D. Zeppen-
feld interfaced with PYTHIA. EW Z + jj production has been simulated with
COMPHEP [15] interfaced with PYTHIA. W + 3j events have been produced
with PYTHIA which may underestimate cross-section.

Fast detector simulation with CMSJET [7] has been performed both for the
signal and background events. One of the key point of all searches for the light
Higgs produced via weak boson fusion is a mini jet veto : veto events with addi-
tional soft (ET > 20 GeV) jet(s) inside rapidity gap between two tagging jets.
An efficiency of mini jet veto is extremely sensitive to a such effects as calibra-
tion, electronic noise and readout thresholds, interaction of soft particles in the
tracker in front of the calorimeter, magnetic field, pile up activity. Since we didn’t
expect that fast CMSJET simulation can properly reproduce some of those ef-
fects, we did not evaluate mini jet veto efficiency from CMSJET simulation. We
use instead the efficiency of mini jet veto Psurv taken from [16] : 0.87 for the
signal and EW Z + jj background and 0.28 for QCD backgrounds as a multi-
plicative factor. Psurv calculated in [16] is a probability to radiate an additional
jet (parton) in the rapidity gap between two tagging jets. It’s assumed that a
such jets is reconstructed with 100 % efficiency. CMS full simulation study on
soft jet reconstruction [17] shows that with a dedicated window algorithm it’s
possible to reconstruct 20 GeV jets at low luminosity with a good purity and
about 100 % efficiency. The problem of the false jet reduction however has still
to be investigated.

We use off-line τ jet identification efficiency with calorimeter and tracker 0.32
and jet misidentification as τ jet 0.0019 obtained from the full simulations [18].
A realistic efficiency of the lepton triggering and reconstruction of 0.9 is used.

2.2 Event Selections and Results

In the event selection the following cuts are applied:

• plT > 15GeV, |ηl| < 2.4;
• Eτ−jet

T > 30 GeV, |ητ−jet| < 2.4;
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• ηj min + 0.7 < η l,τ−jet < ηj max − 0.7;
• |ηj1 − ηj2| > 4.4, ηj1ηj2 < 0;
• Mj1j2 > 1000 GeV ;
• mt(l, /pT ) < 30 GeV ;
• 0 < xτl < 0.75, 0 < xτh < 1;
• |mττ −mH | < 15 GeV ;

where xτl and xτh is a fraction of the visible (measured) energy of τ leptons and
j1 and j2 means tagging jets.

Number of signal events for MH=135 GeV and number of different back-
ground events expected after all selections for an integrated luminosity 30 fb−1

are shown in Table 1. An errors correspond to MC statistics used in this study.
For comparison a number of events estimated in [14] are also shown in the second
row.

Table 1. Number of signal and different background events expected after all selections
for an integrated luminosity 30 fb−1

Higgs, MH=135 GeV QCD Z+jj EW Z+jj W+3j

6.7±0.3 0.63±0.10 0.74±0.08 0.14±0.05
6.2 (from [14]) total background from [14] is 1.1

Table 2. Number of signal and total number of background events expected after all
selections for an integrated luminosity 30 fb−1. Higgs production cross-section in pb
and Br(H → ττ) as calculated by VV2H and HDECAY are shown in the first two
rows

MH , GeV 115 125 135 145
σ(qq → qqH), pb 4.49 4.15 3.81 3.57
Br(H → ττ), % 7.2 6.1 4.5 2.6

Signal 12.6 9.9 6.7 3.6
Total background 5.5 2.3 1.5 1.1

Number of signal and total number of background events expected after all
selections for an integrated luminosity 30 fb−1 are shown in Table 2. Higgs
production cross-section in pb and Br(H → ττ) as calculated by VV2H and
HDECAY packages [19] are presented in the first two rows of Table 2.

The reconstructed effective mass of two τ leptons for the background QCD
and EW Z + jj (Z → ττ → l + τ jet) and Higgs of MH=135 GeV is shown
in Fig. 5 . Distributions are normalised on expected number of events after all
selections (not including mττ window) for integrated luminosity 30 fb−1.
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Self-gravitating Bosons at Finite Temperature
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Theoretical Physics Division, Rudjer Bošković Institute, P.O.B. 180, HR-10002
Zagreb, Croatia

Abstract. A general-relativistic formalism describing a system of self-gravitating
charged bosons is given. It describes the system at zero as well as at finite temper-
ature and chemical potential. A phase transition (Bose-Einstein condensation) occurs
at some critical temperature.

1 Introduction

Boson stars are candidates for dark matter ([6]). They are composed of mas-
sive spin 0 particles, such as Higgs, axion, and supersymmetric partners. Their
description is based on the assumption that non-gravitational interactions can
be neglected ([2]). In this paper we study their properties at finite temperature,
assuming thermodynamical equilibrium with the rest of the Universe. Today,
T � m, so the temperature effects are irrelevant to their present properties.
However, in an early stage of the Universe evolution, T ∼ m, so the temperature
effects are important for understanding the formation of boson stars.

A maximal mass M , above which the pressure cannot compensate for the
gravitational attraction, is typical of systems described by general relativity.
The mass is related to the radius r of the system as

GM ∼ r . (1)

Denoting the energy density by ρ and using M ∼ ρr3, we find

r ∼ (ρG)−1/2 , (2)

M ∼ (ρG3)−1/2 . (3)

A boson condensate at T = 0 is described by the Klein-Gordon equation, so
we estimate

r ∼ m−1 , (4)

M ∼M2
Pl/m , (5)

ρ ∼ m2M2
Pl , (6)

where
MPl =

√
�c/G = G−1/2 (7)

is the Planck mass.
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In the gas phase, bosons have the Bose-Einstein distribution, so for T ∼ m
we estimate

ρ ∼ m4 , (8)

M ∼M3
Pl/m

2 , (9)

r ∼MPl/m
2 . (10)

The transition from one phase to another occurs through a phase transition.
In this paper we present the formalism that describes both phases at finite tem-
perature. The formalism determines the order and temperature of the transition,
as well as the dependence of the mass, entropy and radius on the temperature
and number of particles.

2 Einstein Equations

The metric is described by the Einstein equations

1
2
gµνR−Rµν = 8πGTµν . (11)

In the case of spherical symmetry and time independence, the metric takes the
form

ds2 = eν(r)dt2 − eλ(r)dr2 − r2(dϑ2 + sin2 ϑdϕ2) . (12)

In this case, the Einstein equations reduce to

ν′ = −8πGT rr reλ +
1
r

(eλ − 1) , (13)

λ′ = 8πGT 0
0 reλ − 1

r
(eλ − 1) . (14)

In the case of a perfect fluid, the energy-momentum tensor takes the form

Tµν = (ρ + p)uµuν − gµν p . (15)

Therefore, T 0
0 = ρ, T rr = −p.

We define the function M(r) through the relation

eλ =
1

1− 2GM/r
. (16)

This implies that M(r) is the mass contained inside the radius r, i.e.

M(r) =
∫ r

0
dr 4πr2ρ . (17)
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3 Complex Scalar Field in Curved Space-Time for T = 0

The action of the complex scalar field is

S =
∫

d4x
√
−g [gµν(∂µφ∗)(∂νφ)−m2φ∗φ] . (18)

We study a particular class of solutions of the corresponding equation of motion,
such that it takes a form

φ(r, t) = e−iωt P (r)√
2

. (19)

The equation of motion (Klein-Gordon equation in curved space-time) reduces
to

P ′′ +
(
ν′ − λ′

2
+

2
r

)
P ′ + eλ(ω2e−ν −m2)P = 0 . (20)

The relevant components of the energy-momentum tensor resulting from (18)
and (19) are

T 0
0 ≡ ρ =

1
2

[ω2P 2e−ν + P ′2e−λ + m2P 2] , (21)

−T rr ≡ p =
1
2

[ω2P 2e−ν + P ′2e−λ −m2P 2] . (22)

Similarly, the corresponding conserved current is

jµ = igµν(φ∗∂νφ− φ∂νφ
∗) (23)

=
(

1
g00

2ω φ∗φ, 0, 0, 0
)

. (24)

The soliton solutions P (r) of the equations given above are extensively dis-
cussed by [2].

4 Generalization to Finite Temperature

The system at finite temperature is described by the partition function

Z = Tr e−β(H−µN) =
∫

[dg][dΦ][dΦ∗]e−Sg−SKG , (25)

where β = 1/T is the inverse temperature, H is the Hamiltonian, µ is the
chemical potential and N is the conserved number of particles (charge). The
action ([4])

Sg = − 1
16πG

∫
Y

d4x
√
gR− 1

8πG

∫
∂Y

d3x
√

g(3) (K(g)−K(η)) (26)
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is the effective Euclidean gravitational action. Here∫
Y

d4x =
∫ β

0
dτ

∫
Σ

dx1dx2dx3 , (27)

so the variable τ is related to finite temperature, not to the physical-time evo-
lution. The boundary term in the action appears because the integration is over
a manifold with a boundary, which is related to finite β = 1/T and finite radius
R. The Klein-Gordon effective action is

SKG =
∫
Y

d4x
√
g(gµν∂µΦ∗∂νΦ + m2|Φ|2) , (28)

where ([5])

∂0Φ
∗ ≡

(
∂

∂τ
+ µ

)
Φ∗ , (29)

∂0Φ ≡
(

∂

∂τ
− µ

)
Φ . (30)

We decompose Φ(x) as
Φ(x) = φ(x) + ψ(x) , (31)

where φ is the condensate equal to the expected value of Φ. The field φ extrem-
izes the action, i.e. satisfies the classical equation of motion. The field ψ is a
fluctuation about the expected value. In our calculations we neglect the metric
fluctuations, so the partition function can be written as

Z = ZgZcdZth , (32)

where
Zg = e−Sg , Zcd = e−Scd (33)

are classical actions and

Zth =
∫

[dψ][dψ∗]e−SKG[ψ,ψ∗] (34)

describes the thermal fluctuations. It can be written as

lnZth =
∫

d3x
√

g(3) ln z(x) , (35)

where

ln z(x) = −
∫

d3q

(2π)3
[ln(1− e−β̄(E−µ̄)) + ln(1− e−β̄(E+µ̄))] (36)

has a form similar to that in flat space-time. Here

E =
√

q2 + m2 , µ̄(x) = µ/
√

g00(x) , β̄(x) = β
√

g00(x) , (37)
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where µ̄(x) and β̄(x) are the local chemical potential and the local inverse tem-
perature, respectively. The thermal contributions to the pressure, energy density,
particle-number density and entropy density are given by

pth =
1
β̄

ln z , (38)

ρth = − ∂

∂β̄
ln z

∣∣∣∣
β̄µ̄

, (39)

nth =
1
β̄

∂

∂µ̄
ln z , (40)

σ = β̄(pth + ρth − µ̄nth) , (41)

respectively. Recall that the particle-number density actually represents the den-
sity of the difference of the number of particles and that of antiparticles.

We introduce the thermodynamical potential given by

Ω(β, µ) = − 1
β

lnZ = M −
∫
Σ

d3x
√
g
[
g00ω2P 2 + pth + ρth

]
, (42)

and the free energy
F (β,N) = Ω(β, µ) + µN . (43)

For ω = µ, which corresponds to the thermodynamic equilibrium in which the
periodic condition φ(β) = φ(0) is satisfied, (43) becomes

F = M − TS , (44)

which is a relation well known from thermodynamics because the mass M is
equal to the total energy of the system. The free energy is an important quantity
because, at a given temperature, the system in thermodynamic equilibrium takes
the configuration which has the minimal free energy.

5 Details of the Model

Since all equations have to be solved numerically, it is convenient to introduce
the dimensionless variables x, ϕ, M̃, Ñ , F̃ , defined by

x = mr , ϕ =
P

MPl
, (45)

M =
M2

Pl

m
M̃ , N =

M2
Pl

m2 Ñ , F =
M2

Pl

m
F̃ . (46)

We also introduce dimensionless parameters

α =
µ

T
, γ =

ω

µ
, η =

m2

M2
Pl

. (47)
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While other dimensionless parameters are chosen such that they are of the order
of unity, the parameter η is typically a very small parameter. The dimensionless
energy density is

ρ̃ =
ρ

m2M2
Pl

=
1
2

[
(χ + 2)ϕ2 +

x− 2M̃
x

(
dϕ

dx

)2
]

+ η ρ̃th . (48)

The dimensionless thermal contribution to the energy density ρ̃th is chosen such
that it is of the order of unity ([1]). We see that the thermal contributions to
the energy density are suppressed because η is very small. Similar relations are
also valid for the pressure p and the particle density n ([1]).

We introduce a new variable χ defined by

eν(x) =
ω2

m2

1
χ(x) + 1

. (49)

To avoid the divergences at x = 0, we have to require

M̃(0) = 0 ,
dϕ

dx

∣∣∣∣
x=0

= 0 . (50)

The other two initial conditions ϕ(0) and χ(0) are simultaneously found from
the requirement that ϕ(∞) = 0 and that the total particle-number Ñ is fixed.

The radius R is not fixed by the model itself. To fix it, we use the following
physical arguments. In an early stage of the Universe evolution, bosons are in a
purely gas phase, in lumps with a huge number of particles and a huge radius:

Ngas ∼M3
Pl/m

3 , (51)

Rgas ∼MPl/m
2 . (52)

By cooling, the initial huge lump of bosons decays into a number of small boson
stars Nstars ∼ Ngas/Ncd ∼MPl/m. The volume occupied by each of these small
boson stars is of the order V ∼ R3

gas/Nstars, so the radius R ∼ V 1/3 is

R ∼ 1
η1/3m

. (53)

We see that, for η � 1,
Rcd � R� Rgas . (54)

For T ∼ m, the contributions to the total number of particles from gas and the
condensed phase are of the same order inside the radius R.

The results of detailed numerical calculations are presented in the paper of
[1]. It appears that the quantities like the mass M and the entropy S change
continuously and smoothly at the critical temperature of the phase transition,
provided that η � 1. This corresponds to a second-order phase transition. How-
ever, when η is comparable to 1, then M and S do not change continuously at the
critical temperature of the phase transition, which corresponds to a first-order
phase transition.
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6 Conclusions

Boson stars are candidates for dark matter. A phase transition (Bose-Einstein
condensation) occurs by cooling the self-gravitating system of bosons. If the mass
of the boson is much smaller than the Planck mass, then the density of gas is
much smaller than the condensed-soliton density, so the influence of gravity on
the gas phase is negligible. Consequently, the phase transition is a second-order
transition, similarly to the case of non-interacting bosons ([3]). If the mass of the
boson is close to the Planck mass, then the transition is a first-order transition.
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Abstract. We review the determination of the NLO Brodsky-Lepage-Mackenzie (BLM)
renormalization scale for the pion transition form factor. We argue that the prediction
for the pion transition form factor is independent of the factorization scale at every
order in the strong coupling constant.

1 Introduction

The pion transition form factor, the simplest exclusive quantity, offers an excel-
lent testing ground for QCD. For large virtualities of the photons (or at least
for one of them) perturbative QCD (PQCD) is applicable [1]. A specific feature
of this process is that the leading-order (LO) prediction is zeroth order in the
QCD coupling constant, and one expects that PQCD for this process may work
at accessible values of spacelike photon virtualities.

The pion transition form factor Fγπ(Q2) is defined in terms of the amplitude
γ∗(q, µ) + γ(k, ν)→ π(P )

Γµν = i e2 Fγπ(Q2) εµναβ Pαqβ , (1)

and for large-momentum transfer Q2 = −q2, it can be represented [2,1] as a
convolution

Fγπ(Q2) = Φ∗(x, µ2
F ) ⊗ TH(x,Q2, µ2

F ) , (2)

where⊗ stands for the usual convolution symbol (A(z)⊗B(z) =
∫ 1
0 dzA(z)B(z) ).

In (2), the function TH(x,Q2, µ2
F ) is the hard-scattering amplitude for producing

a collinear qq pair from the initial photon pair; Φ∗(x, µ2
F ) is the pion distribution

amplitude (DA) representing the probability amplitude for finding the valence qq
Fock state in the final pion with the constituents carrying fractions x and (1−x)
of the meson’s total momentum P ; µ2

F is the factorization (or separation) scale
at which soft and hard physics factorize. In this standard hard-scattering ap-
proach, pion is regarded as consisting only of valence Fock states, transverse
quark momenta are neglected as well as quark masses.

The hard-scattering amplitude TH is obtained by evaluating the γ∗γ → qq
amplitude, and has a well–defined expansion in αS(µ2

R), with µ2
R being the renor-

malization (or coupling constant) scale of the hard-scattering amplitude. Thus,
� Talk given by K. Passek at the 8th Adriatic Meeting, Dubrovnik 2001.
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one can write

TH(x,Q2, µ2
F ) = T

(0)
H (x,Q2) +

αS(µ2
R)

4π
T

(1)
H (x,Q2, µ2

F )

+
α2
S(µ2

R)
(4π)2

T
(2)
H (x,Q2, µ2

F , µ
2
R) + · · · . (3)

The process-independent function Φ(x, µ2
F ) is intrinsically nonperturbative,

but it satisfies an evolution equation of the form

µ2
F

∂

∂µ2
F

Φ(x, µ2
F ) = V (x, u, αS(µ2

F )) ⊗ Φ(u, µ2
F ) , (4)

where V (x, u, αS(µ2
F )) is the perturbatively calculable evolution kernel. If the

distribution amplitude Φ(x, µ2
0) is determined at an initial momentum scale µ2

0
(using some nonperturbative methods), then the differential-integral evolution
equation (4) can be integrated using the moment method to give Φ(x, µ2

F ).
The perturbative expansion of the pion transition form factor takes the form

Fγπ(Q2) = F (0)
γπ (Q2) +

αS(µ2
R)

4π
F (1)
γπ (Q2) +

α2
S(µ2

R)
(4π)2

F (2)
γπ (Q2, µ2

R) + · · · . (5)

The choice of the expansion parameter represents the major ambiguity in
the interpretation of the perturbative QCD predictions. We see that the cou-
pling constant αS(µ2

R), as well as, the coefficients F
(i)
γπ (i > 1) from (5), depend

on the definition of the renormalization scale and scheme. The truncation of
the perturbative expansion at any finite order causes the residual dependence
of the prediction on the choice of the renormalization scale and scheme, and
introduces the theoretical uncertainty. If one can optimize the choices of the
scale and scheme according to some sensible criteria, the size of the higher-order
correction as well as the size of the expansion parameter, i.e. the QCD running
coupling constant, can then serve as sensible indicators of the convergence of the
perturbative expansion.

The simplest and widely used choice (the justification for the use of which
is mainly pragmatic), is to take the µ2

R scale equal to characteristic momentum
transfer of the process, i.e. in our case µ2

R = Q2. But since each external mo-
mentum entering an exclusive reaction is partitioned among many propagators of
the underlying hard-scattering amplitude, the physical scales that control these
processes are inevitably much softer than the overall momentum transfer.

Several scale setting procedure were proposed in the literature [3–5]. In the
Brodsky-Lepage-Mackenzie (BLM) procedure [5], all vacuum-polarization effects
from the QCD β-function are resummed into the running coupling constant. Ac-
cording to BLM procedure, the renormalization scale best suited to a particular
process in a given order can be, in practice, determined by computing vacuum-
polarization insertions in the diagrams of that order, and by setting the scale
demanding that nf -proportional terms should vanish. The optimization of the
renormalization scale and scheme for exclusive processes by employing the BLM
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scale fixing was elaborated in [6]. The renormalization scales in the BLM method
are physical in the sense that they reflect the mean virtuality of the gluon prop-
agators and the important advantage of this method is “pre-summing” the large
(β0αS)n terms, i.e., the infrared renormalons associated with coupling constant
renormalization ([6] and references therein).

In our recent work [7] we have determined the BLM scale for the pion tran-
sition form factor, i.e., for the γ∗γ → π process. The LO prediction for the
pion transition form factor is zeroth order in the QCD coupling constant, the
NLO corrections [8] represent leading QCD corrections and the vacuum polariza-
tion contributions appearing at the next-to-next-to-leading order (NNLO) were
needed to fix the BLM scale from from the requirement

F
(2,nf )
γπ (Q2, µ2

R = µ2
BLM ) = 0 , (6)

where F
(2,nf )
γπ (Q2, µ2

R) represents the nf -proportional NNLO term from (5).
In this work we outline important points of this calculation and present the

results that follow from the consistent calculation up to nf -proportional NNLO
contributions to both the hard-scattering and the distribution amplitude.

2 Analytical Calculation

We first outline the calculational procedure and its ingredients which are illus-
trated in Fig. 1.

The γ∗ + γ → qq amplitude denoted by T contains collinear singularities,
and it factorizes as

T (u,Q2) = TH(x,Q2, µ2
F ) ⊗ ZT,col(x, u;µ2

F ) . (7)

Here, µ2
F denotes a factorization scale at which the separation of collinear singu-

larities takes place, and all collinear singularities are factorized in ZT,col, since
TH is, by definition, a finite quantity.

T

q

k

Φ

u P

(1-u) P

P

φ π

t P t P

(1-t) P (1-t) P

Fig. 1. Pictorial representation of the pion transition form factor calculational ingre-
dients.
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On the other hand, a process-independent distribution amplitude for a pion
in a frame where P+ = P 0 + P 3 = 1, P− = P 0−P 3 = 0, and P⊥ = 0 is defined
[1,9] as

Φ(u) =
∫

dz−

2π
ei(u−(1−u))z−/2

〈
0
∣∣∣∣Ψ̄(−z)

γ+γ5

2
√

2
Ω Ψ(z)

∣∣∣∣π〉
(z+=z⊥=0)

, (8)

where Ω = exp
{
ig

∫ 1
−1 dsA+(zs)z−/2

}
is a path-ordered factor making Φ gauge

invariant. The unrenormalized pion distribution amplitude Φ(u) given in (8) and
the distribution amplitude Φ(v, µ2

F ) renormalized at the scale µ2
F are related by

a multiplicative renormalizability equation

Φ(u) = Zφ,ren(u, v;µ2
F )⊗ Φ(v, µ2

F ) . (9)

By convoluting the “unrenormalized” (in the sense of collinear singularities)
hard-scattering amplitude T (u,Q2) with the unrenormalized pion distribution
amplitude Φ(u), given by (7) and (9), respectively, one obtains

Fγπ(Q2) = Φ†(u) ⊗ T (u,Q2) . (10)

The divergences of T (u,Q2) and Φ(u) cancel

ZT,col(x, u;µ2
F )⊗ Zφ,ren(u, v;µ2

F ) = δ(x− v) , (11)

and the usual expression (2) emerges. It is worth pointing out that the scale µ2
F

representing the boundary between the low- and high-energy parts in (2) is, at
same time, the separation scale for collinear singularities in T (u,Q2), on the one
hand, and the renormalization scale for UV singularities appearing in Φ(u), on
the other hand.

We note also that the pion distribution amplitude as given in (8), with |π〉
being the physical pion state, of course, cannot be determined using perturbation
theory. We can write Φ(u) as

Φ(u) = φ̃(u, t)⊗ 〈qq̄; t|π〉 , (12)

where φ̃(u, t) is obtained from (8) by replacing the meson state |π〉 by a |qq; t〉
state composed of a free quark and antiquark. The amplitude φ̃ can be treated
perturbatively, making it possible to investigate the high-energy tail of the pion
DA, to obtain Zφ,ren and to determine the DA evolution.

We proceed to calculation. This is the first calculation of the hard-scattering
amplitude T (u,Q2) of an exclusive process with the NNLO terms taken into
account. The subtraction (separation) of collinear divergences at the NNLO is
significantly more demanding than that at the NLO. Owing to the fact that the
process under consideration contains one pseudoscalar meson, the calculation is
further complicated by the γ5 ambiguity related to the use of the dimensional
regularization method to treat UV and collinear divergences. The consistent
calculation of T and φ̃ enable us to resolve these problems and, hence, we have
calculated the LO, NLO, and nf -proportional NNLO contributions to the pertur-
bative expansions of both the hard-scattering amplitude and the perturbatively
calculable part of the distribution amplitude.
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3 Discussing the Factorization Scale Independence
of the Finite Order Result

The dependence of pion distribution amplitude Φ(x, µ2
F ) on µ2

F is specified by
the evolution equation (4). This dependence is completely contained in the evo-
lutional part φV

Φ(v, µ2
F ) = φV (v, s;µ2

F , µ
2
0)⊗ Φ(s, µ2

0) , (13)

which satisfies the evolutional equation

µ2
F

∂

∂µ2
F

φV (v, s, µ2
F , µ

2
0) = V (v, s′, µ2

F ) ⊗ φV (s′, s, µ2
F , µ

2
0) , (14)

while Φ(s, µ2
0) represents the nonperturbative input determined at the scale µ2

0.
By differentiating (2) with respect to µ2

F and by taking into account (4), one
finds that the hard-scattering amplitude satisfies the evolution equation

µ2
F

∂

∂µ2
F

TH(x,Q2, µ2
F ) = −TH(y,Q2, µ2

F ) ⊗ V (y, x;µ2
F ) , (15)

which is similar to (4). The µ2
F dependence of TH(x,Q2, µ2

F ) can be, analogous
to (13), factorized in the function φV (y, x,Q2, µ2

F ) as

TH(x,Q2, µ2
F ) = TH(y,Q2, µ2

F = Q2)⊗ φV (y, x,Q2, µ2
F ) . (16)

Using (14) one can show by partial integration that (16) indeed represents the
solution of the evolution equation (15).

By substituting (13) and (16) in (2), we obtain

Fγπ(Q2) = TH(y,Q2, Q2) ⊗ φV (y, s,Q2, µ2
0) ⊗ Φ∗(s, µ2

0) , (17)

where

φV (y, x,Q2, µ2
F ) ⊗ φV (x, s, µ2

F , µ
2
0) = φV (y, s,Q2, µ2

0) , (18)

has been taken into account. It is important to realize that the expression (18)
is valid at every order of a PQCD calculation, and this can be easily shown (see
[7]). Hence, the factorization scale µ2

F disappears from the final prediction at
every order in αS and therefore does not introduce any theoretical uncertainty.
The crucial point is that both the resummation of (αS ln(µ2

F /µ
2
0))n terms in Φ as

well as the resummation of (αS ln(Q2/µ2
F ))n terms in TH , have to be performed

using (13) and (16) along with the results from (14). We note here that by
adopting the common choice µ2

F = Q2, we avoid the need for the resummation
of the (αS ln(Q2/µ2

F ))n terms in the hard-scattering part, making the calculation
simpler.
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4 Numerical Predictions

We refer to [7] for the complete analytical expressions for the pion transition
form factor calculated up to nf proportional NNLO terms.

The prediction for the pion transition form factor and the BLM scale µ2
BLM

depend on the form of the distribution amplitude. There is increasing theoret-
ical evidence coming from different calculations [10] that the low energy pion
distribution amplitude does not differ much from its asymptotic form.

The expression for the pion transition form factor Q2Fγπ(Q2) corresponding
to the asymptotic distribution reads

Q2Fγπ(Q2) = 2Cπfπ

{
3 +

αS(µ2
R)

4π
(−20) +

α2
S(µ2

R)
(4π)2

×
[(
−2

3
nf

)(
−43.47− 20 ln

µ2
R

Q2

)
+ · · ·

]
+ · · ·

}
, (19)

where Cπ =
√

2/6 is a flavour factor, while fπ = 0.131 GeV. The nf -proportional
NNLO contribution determines the value of the BLM scale

µ2
R =

(
µ2
BLM

)as ≈ Q2

9
. (20)

One notes that this scale is considerably softer than the total momentum transfer
Q2, which is consistent with partitioning of Q2 among the pion constituents.

The NLO predictions obtained in the MS scheme are displayed in Fig. 2. The
predictions based on the asymptotic DA are, in contrast to the ones obtained
using the CZ DA [11], in good agreement with the experimental data [12].

Nevertheless, the rather low BLM scale given in (20), and consequently the
large αS(µ2

BLM ), questions the applicability of the perturbative prediction at

LOCZ
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2
=Q

2
)

NLOCZ  (µ
2

R=µ2

BLM)

0 4 8 12 16 20
Q2 [GeV

2
]

0.0

0.1

0.2

0.3

0.4

0.5

Q
2  F

γ∗
γπ

(Q
2 ) 

[G
eV

]

CLEO (1998)

LOas

NLOas  (µR

2
=Q

2
)

NLOas  (µ
2

R=µ2

BLM)

=> RELIABILITY LIMIT

> αS(µ
2

BLM)<0.5

Fig. 2. The LO and NLO predictions for the pion transition form factor obtained using
the MS scheme (and the usual one-loop formula for αS with ΛMS = 0.2 GeV2).
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experimentally accessible momentum transfers. The NLO predictions obtained
assuming the asymptotic DA and the BLM scale (20) satisfy the requirement
αS(µ2

R) < 0.5 for Q2 ≥ 6 GeV2. This reliability limit is indicated on Fig. 2. The
transition to the more physical αV scheme, may offer a way out of this problem.

In [6] the exclusive hadronic amplitudes were analysed in the αV scheme, in
which the effective coupling αV (µ2) is defined from the heavy-quark potential
V (µ2). The αV scheme is a natural, physically based scheme, which by definition
automatically incorporates vacuum polarization effects into the coupling. The µ2

V

scale reflects the mean virtuality of the exchanged gluons.
If use is made of the scale-fixed relation between the couplings αMS and αV

[6] then, to the order we are calculating, the NLO prediction in the αV scheme
is obtained by taking µ2

R = µ2
V = e5/3 µ2

BLM , i.e. for the asymptotic DA

(µ2
V )as = e5/3 (µ2

BLM )as ≈ Q2

2
. (21)

The NLO prediction for Q2Fγπ(Q2) obtained in αV scheme is depicted in Fig. 3.
As can be seen, it is in good agreement with experimental data. We note that,
since αV is an effective running coupling defined from the physical observable,
it must be finite at low momenta, and the appropriate parameterization of the
low-energy region should in principle be included (see [13] for various proposals).
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Fig. 3. The LO and NLO predictions for the pion transition form factor in the αV

scheme (ΛV = 0.16 GeV2).

5 Conclusions

In this paper we have reviewed the determination of the NLO BLM scale for the
pion transition form factor. A consistent calculation of both the hard-scattering
and the perturbatively calculable part of the pion distribution amplitude has
been performed up to nf -proportional NNLO terms.
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It has been demonstrated that the prediction for the pion transition form
factor is independent of the factorization scale µ2

F at every order in the strong
coupling constant αS . Provided both the hard-scattering and the distribution
amplitude are treated consistently regarding their µ2

F dependence, the factor-
ization scale disappears from the final prediction at every order in αS without
introducing any theoretical uncertainty. One can use µ2

F = Q2 to simplify the
calculation, but any other choice would lead to the same result.

The renormalization scale µ2
R fixed according to the BLM scale setting pre-

scription within the MS scheme and corresponding to the asymptotic pion distri-
bution amplitude, turns out to be µ2

BLM ≈ Q2/9. Thus, in the region of Q2 < 8
GeV2, in which the experimental data exist, µ2

BLM < 1 GeV2. Consequently,
the prediction obtained with µ2

R = µ2
BLM cannot, in this region, be considered

reliable.
In addition to the results calculated in the MS renormalization scheme, the

numerical prediction assuming the same distribution but in the αV scheme, with
the renormalization scale µ2

R = µ2
V = e5/3µ2

BLM ≈ Q2/2, has also been obtained.
It is displayed in Fig. 3 and, as seen, is in good agreement with experimental
data. Due to the fact that the scale µ2

V reflects the mean gluon momentum in
the NLO diagrams, it is to be expected that the higher-order QCD corrections
are minimized, so that the leading order QCD term gives a good approximation
to the complete sum.
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Radiatively Induced Conversions
of Massive Neutrinos	
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1 Massive Neutrinos and Lepton Mixing

In the present exciting moment of neutrino physics we have two important pieces
of evidence for neutrino conversions:

(i) A conversion of νµ dominantly to ντ , from νµ deficit in atmospheric neu-
trinos [1], with the up/down asymmetry established in νµ induced events;

(ii) A conversion of the solar νe into νµ or ντ , inferred by combining Su-
perKamiokande [1] and SNO [2] data.

This robust evidence can be accommodated within the standard model (SM)
by assuming masses and mixing of three standard (active) neutrinos, as follows.

The known matter fields are grouped, generation by generation, within five
different representations of the Standard Model gauge group GSM = SU(3)C ×
SU(2)L × U(1)Y,

QI
Li(3, 2)+1/6, uIRi(3, 1)+2/3, dIRi(3, 1)−1/3,

LILi(1, 2)−1/2, !IRi(1, 1)−1, [noNRi] .

Here the index I denotes gauge-interaction eigenstates, and the index i = 1, 2, 3
is the generation index. The easiest way to introduce neutrino masses is to
go slightly beyond the minimal SM, by introducing additional SU(2)L-singlet,
“sterile”, right-handed neutrinos N I

Ri(1, 1)0 ≡ νIRi. This results in the Dirac
neutrino mass matrix

(MD
ν )ijνILiν

I
Rj . (1)

The mass matrix of charged leptons Ml and the Dirac neutrino mass matrix MD
ν

can be diagonalized by bi-unitary transformations

Mdiag
l = VlLMlV

†
lR = diag{me, mµ, mτ} ,

MDdiag
ν = VνLM

D
ν V †

νR = diag{m1, m2, m3} .
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124 Krešimir Kumerički and Ivica Picek

In the basis of the neutrino mass eigenstates (ν1, ν2, ν3), there is a 3× 3 flavour
mixing matrix entering the charged lepton current interactions,

UMNS ≡ VlLV
†
νL ,

which in the standard parametrization of the mixing among neutrinos reads

UMNS =

 1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

 . (2)

This leptonic analogue od the Cabibbo-Kobayashi-Maskawa (CKM) matrix, νe
νµ
ντ

 = UMNS

 ν1
ν2
ν3

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

 ν1
ν2
ν3

 , (3)

generalizes the 2× 2 lepton flavour mixing, first introduced by Maki, Nakagawa
and Sakata [3].

An input from short-baseline reactor neutrino experiments [4,5], the small
value |Ue3| = s13 ≤ 0.16 which decouples solar and atmospheric neutrino oscil-
lations, enables the separate two-flavour fits:

∆m2
12 ≤ 2 · 10−4 eV2 (solar neutrino oscillations) ;

∆m2
23 � 3 · 10−3 eV2 (atmospheric neutrino oscillations) .

Basically, this will give ν3 mass eigenstate above or below the “solar doublet”
(ν1 and ν2). In addition, one can construct the lepton flavour mixing matrix with
a reasonable accuracy [6]. The preferable solution corresponds to the oscillation
in matter with a large mixing angle. This LMA solution to the solar neutrino
problem (where only moduli of the elements can be shown [6])

UMNS =

 0.74− 0.90 0.45− 0.65 < 0.16
0.22− 0.61 0.46− 0.77 0.57− 1/

√
2

0.14− 0.55 0.36− 0.68 1/
√

2− 0.82

 , (4)

shows a “democratic” mixing, very different from the “hierarchical” one in the
quark sector. Apart from being unanticipated, this bears some profound conse-
quences [7]. Note that all matrix elements are of the order unity, with an ex-
ception of the already mentioned upper-right entry |Ue3|. Essentially, the LMA
solution provides a rather restrictive scenario with small neutrino masses, so that
the most significant observable effect of the mixing is that of neutrino oscillations.
Neutrino decay and spin resonant rotation are not completely excluded, as well
as more exotic possibilities, such as non-standard flavour-changing interactions
or violation of equivalence principle.
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2 Radiative Corrections to Neutrino–Electron Scattering

Is there some information which neutrino decays could give us on the lepton
mixing? In fact, this will depend very much on the values of neutrino masses.
For example, the νH(P ) → νL(p)e+(k+)e−(k−) decay (originally considered in
[8], and reconsidered more recently in [9]), was used [10] for constraining the |Ue3|
MNS matrix element. Although allowed by the existing direct laboratory mass
limit of ∼18 MeV for ντ , the global fit which leads to (4) requires simultaneously
sub-eV mass eigenstates that exclude this decay. Accordingly, one is left with
the scattering variant of this process which might play some role in astrophysical
environments.

The S-matrix for scattering of the massive neutrinos on the electron contains
the diagrams in Figs. 1 and 2 which will generate the nondiagonal, heavy(νH)-
to-light(νL), transition

HHL(x) =
GF√

2
ēγµ(fV − fAγ5)e ν̄Lγµ(1− γ5)νH . (5)

We study the form-factors fV and fA in the adopted framework for massive
neutrinos, which is the standard electroweak theory extended by extra parame-
ters. Recently, we employed the same framework (providing also charged-lepton,
flavour-violating transitions) in calculating the radiative annihilation of muo-
nium [11,12]. Here, the quantities fV and fA are finite and calculable within
such a renormalizable gauge theory.
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Fig. 1. Tree-level Feynman diagram (a), describing the nondiagonal neutrino electron
interaction, and the corresponding radiative correction diagram (b)
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Fig. 2. One-loop nondiagonal radiative neutrino-electron interaction (a), and the
photonic-loop diagram (b) induced by the νHνLγγ vertex (the shaded circle)
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The referent tree-level amplitude corresponding to the diagram on Fig. 1(a)
reads (after a Fierz transformation)

Atree =
GF√

2

∑
α=µ,τ

λαū(p)γµ(1− γ5)u(P )

× ū(k−)γµ(1− γ5)v(k+) , (6)

where the summation over combinations λα ≡ UαHU∗
αL appears on account of

the unitarity of UMNS.
Let us note that the radiative correction displayed on Fig. 1(b) preserves

the pure V-A structure of the tree amplitude, and can accordingly be absorbed
by the Fermi coupling. On top of it there are one-loop electroweak corrections
to the tree-level process, which change its V-A structure. We refer to [9] for a
more complete exposition of the electroweak W-box diagrams (that are power
suppressed), and the Z-triangle diagrams (that are suppressed by the q2/M2

Z

factor). On Fig. 2(a) we explicate only the one-loop (1L) radiative contribution
that dominates in the set of electroweak diagrams considered in [9]. The pertinent
amplitude

A1L
rad =

GF√
2

e2

24π2

[ ∑
α=µ,τ

λα ln
m2
α

m2
e

]
ū(p)γµ(1− γ5)u(P )

× ū(k−)γµv(k+) , (7)

contains purely vector electron current in comparison to the V-A one contained
in (6). Thus, in the sum of (6) and (7)

Atree +A1L
rad =

GF√
2
ū(p)γµ(1− γ5)u(P )

× ū(k−)γµ(fV − fAγ5)v(k+) , (8)

this one-loop radiative correction modifies only the vector form factor

fV =
∑
α=µ,τ

λα(1 + f1L
α ) , (9)

leaving fA = 1 intact. The correction term in (9) acquires a simple leading
logarithmic form,

f1L
α =

α

3π
ln

mα

me
. (10)

In what follows we focus to the next order radiative correction shown on
Fig. 2(b) which will modify (in complementary way) the axial-vector form fac-
tor fA in (8). This contribution corresponds to the two-loop electroweak dia-
grams considered by us [13] in the context of the flavour-changing sd̄ → µ+µ−

transitions. In the neutrino nondiagonal transition at hand, we employ the one-
particle-irreducible diagrams in ’t Hooft-Feynman gauge, displayed on Fig. 3.
These diagrams replace the shaded blob on Fig. 2(b).



Selected Conversions of Massive Neutrinos 127

γ

W W

γ

φ

γ

W

γ

γ

γ

γγ

(A3)

γ

W

γ

φφ

W W WW

φ

(A2) (A2b) (A2c)

(A3b)

γγ

φ

(A1b)(A1)

γ

W

γ

=

γ

γ

�� ��

+

+ + +

+ +

l

l

l

l l

l l

l

l l l l

Fig. 3. Electroweak one-loop Feynman diagrams contributing to νH → νLγγ in the ’t
Hooft-Feynman gauge

In [13] we exposed in detail the dominant diagrams having a leading log
form. Table 1 displays the contributions denoted by the respective insertions of
the diagrams from Fig. 3. They build up the two-loop radiative amplitude

A2L
rad =

GF

4
√

2
9
4
α2

π2

∑
α=µ,τ

λαA(α,e)ū(p)γµ(1− γ5)u(P )

×ū(k−)γµγ5v(k+) , (11)

which modifies the axial-vector form factor fA. The net result

fA =
∑
α=µ,τ

λα(1 +
9α2

16π2A(α,e)) , (12)

is expressed in terms of GIM-like combinations A(µ,e) and A(τ,e), displayed in
Table 1.

Since the dominant contribution comes from the first diagram in Fig. 3, one
can rely on the simple analytical form of these functions (A(α,e) ∝ f2L

α ) deduced
previously [14,13]. In close analogy to the one-loop radiative correction in (9)
and (10), our two-loop radiative correction reads

fA =
∑
α=µ,τ

λα(1 + f2L
α ) , (13)
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Table 1. Contributions A1, . . . , A3b from Fig. 3 leading to the pertinent GIM-like
loop-diagram factors A(τ,e) and A(µ,e)

Diagram A(τ,e) A(µ,e)

A1 21.4 14.0
A1b −0.002 ∼ 0
A2 0.0007 ∼ 0

A2b 0.12 0.0007
A2c 0.009 ∼ 0
A3 0.4 0.0001

A3b 0.03 ∼ 0
Total 21.6 14.0

f2L
α =

3
4
α2

π2 ln
m2
α

m2
e

. (14)

The dominant τ -loop (α = τ) corrections to the referent tree-loop amplitude,
given by expressions (10) and (14), are numerically

f1L
τ � 6.3 · 10−3 , f2L

τ � 6.6 · 10−5 . (15)

In order to estimate fV and fA, one has to include also the MNS-matrix pref-
actors, for which we now have the first strong experimental hints.

3 Conclusions

In the present account we provide the interaction (5) where the form-factors are
given by (9)–(10) and (12)–(14). These form-factors have a simple leading-log
behaviour and describe the nondiagonal neutrino transition in SM, as probed
by photons. In this sense, our interaction (5) provides a starting point for some
future considerations of the neutrino electromagnetic properties beyond the SM.

Actually, recent consideration of the νH → νL neutrino conversion in hot
media [15] resides on the variant of our interaction (5) with fV = fA = 1.
Although we calculate only small departures from this purely V-A interaction,
it is conceivable [16] that their effects might be considerably amplified (the MSW
resonant oscillations [17,18] being a well known example). Thus, our study may
be of relevance for some astrophysical and cosmological considerations.
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Abstract. We formulate the nonlocal NJL model with a momentum dependent con-
stituent quark mass and calculate pion light cone wave functions of twist 2 and 3. The
leading twist wave function is not asymptotic and agrees well with the new CLEO
data. Normalization conditions for the twist 3 wave functions are used to calculate
the quark condensate. A prescription to calculate the gluon condensate is proposed.
The numerical value of the gluon condensate nicely agrees with the phenomenologi-
cal value, whereas the quark condensate is larger than the phenomenological value of
−(250 MeV)3. The relation between the k2

T moments and mixed condensates are used
to estimate the mixed quark-gluon condensate of dimension 5.

1 Introduction

In this short note we shall describe a simple and tractable model for the pion
light cone wave functions which is based on the instanton model of the QCD
vacuum. Hadron light cone wave functions were theoretically introduced more
than 20 years ago [1]-[5]. Recently the analysis of [6] based on the latest CLEO
measurements [7] put some limits on the expansion coefficients of the axial-
vector (AV) pion wave function in terms of the Gegenbauer polynomials. This
analysis indicates that the pion wave function measured at Q2 = 1.5− 9.2 GeV2

is neither asymptotic φAVas (u) = 6 u(1−u) (with u being the fraction of the pion
momentum carried by the quark) nor of the form proposed by Chernyak and
Zhitnitsky in 1977 [8]: φAVCZ (u) = 30 u(1−u)(1−2u)2. These two wave functions
together with a typical prediction of the present model are shown in Fig. 1a. In
Fig. 1b we show the 95% and 68% confidence level contour plots in the a2 − a4
parameter space from the analysis of Schmedding and Yakovlev (Fig. 6 in [6])
together with the values of a2 and a4 for φAVas , φAVCZ and various parameters of
the present model.

The instantanton model, after integrating out gluons and performing the
bosonization, reduces to a simple Nambu-Jona Lasinio type model where the
quarks interact nonlocally with an external meson field U [9,10]:

SI =
∫

d4kd4l

(2π)8
ψ̄(k)

√
M(k)Uγ5(k − l)

√
M(l)ψ(l) (1)

� Talk given by M. Prasza�lowicz
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Fig. 1. Left: Asymptotic and Chernyak-Zhytnitsky leading twist pion wave functions
together with a typical wave function from the present model. Right: The parameter
space (a2, a4) of [6]. Black dots represent different model predictions, solid contour
corresponds to 68% confidence level, whereas the dashed one to 95%

and Uγ5 can be expanded in terms of the pion fields:

Uγ5 = 1 +
i

Fπ
γ5τAπA − 1

2F 2
π

πAπA + . . . (2)

Here Fπ = 93 MeV and M(k) = MF 2(k) is a momentum dependent constituent
quark mass which also plays a role of the pion-quark coupling. Let us note that
in the instanton model both quark and gluon condensation occur at the same
scale µ0 which is associated with the average instanton size 1/ρ = 600 MeV.

In principle F (k) has been calculated in the instanton model in the Euclidean
space time. Here, following Refs.[11,12], we will perform calculations directly in
the Minkowski space. To this end we shall choose a simple pole formula [12]

F (k) =
(
− Λ2

k2 − Λ2 + iε

)n
(3)

which for n ∼ 2− 3 and for k2 < 0 reproduces the k dependence obtained from
the instantons reasonably well [12] (see Fig. 2a). Here M = M(0) is a model
parameter which we choose to be of the order of 350 MeV.

As we shall see, the model is technically very simple and allows to calculate
pion wave functions (not only the axial-vector, but also the pseudo-scalar (PS)
and the pseudo-tensor (PT) ones) analytically up to a numerical solution of a
certain algebraical equation of the order 4n + 1. Given this simplicity it is of
importance to perform various tests in order to gain confidence in the model as
well as to find its limitations. In this paper we provide 4 kinds of tests.

First we calculate the leading twist pion wave function and compare with the
existing data. Next we calculate the non-leading twist wave functions, which are
normalized to the quark condensate. This allows us to calculate 〈q̄q〉.
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Fig. 2. Left: F (k) for Euclidean momentum k2 < 0, for n = 1 (dashed), 5 (dashed-
dotted) and for the instanton model (solid). Right: Axial-vector pion wave function
for M = 350 MeV and for n = 1 (dashed) and 5 (dashed-dotted) together with the
asymptotic one (solid)

It is important to note that in our approach we calculate not only the u
dependence but also the dependence on the transverse momentum kT :

φπ(u) =

∞∫
0

dk2
T ψπ(u, k2

T ), φ̃π(k2
T ) =

1∫
0

duψπ(u, k2
T ). (4)

By calculating k2
T moments we get the mixed condensate of dimension 5.

Another advantage of our method is that the analytical expression for the
quark condensate is given in terms of a Minkowskian integral which in a limit of
a constant M(k) and k2 → −k2

E reduces to the well known Euclidean form. By
comparing the two expressions one can by inspection guess a continuation pre-
scription which allows to rewrite certain Euclidean integrals as the Minkowskian
ones. We use this in some respect ad hoc prescription to calculate the gluon
condensate 〈α/πGG〉, which provides another test of our approach.

2 Pion Wave Functions in the Nonlocal Quark Model

We shall be dealing with the leading twist axial-vector (AV), twist 3 pseudo-
scalar (PS) and pseudo-tensor (PT) wave functions defined as follows [13,14]:

φAVπ (u) =
1

i
√

2Fπ

∞∫
−∞

dτ

π
e−iτ(2u−1)(nP ) 〈0| ψ̄(nτ)/nγ5ψ (−nτ)

∣∣π+(P )
〉
, (5)

φPSπ (u) =−(nP )
Fπ√
2 〈q̄q〉

∞∫
−∞

dτ

π
e−iτ(2u−1)(nP ) 〈0| ψ̄(nτ)iγ5ψ (−nτ)

∣∣π+(P )
〉
,

φPTπ (u) =
−6Fπ√
2〈q̄q〉

u∫
0

dw

∞∫
−∞

dτ

π
e−iτ(2w−1)(nP )nαP β〈0|ψ̄(nτ)σαβγ5ψ(−nτ)|π+(P )〉.
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where we have chosen n = (1, 0, 0,−1) as a light-cone vector parallel to zµ = τnµ
and ñ = (1, 0, 0, 1) parallel to Pµ. All three wave functions are normalized to
1. The normalization condition for φPSπ and yield φPSπ therefore the expression
for 〈q̄q〉, whereas normalization of φAVπ is used to fix the model parameter Λ for
given M and n.

Technically speaking all three wave functions (6) are given in terms of a loop
integral with a momentum dependent quark mass M(k), which also acts as a
quark-pion coupling. In order to calculate the loop integral we have to find zeros
of the propagators which are generically of the form

k2 −M2
[

Λ2

k2 − Λ2 + iε

]4n

+ iε = 0. (6)

Equation (6) can be conveniently rewritten as:

z4n+1 + z4n − µ2 = 0 (7)

where z = k2/Λ2 − 1 + iε and µ2 = M2/Λ2. In the light cone parametrization
d4k = 1/2 dk+dk−d2kT where kµ = k+ñµ/2 + k−nµ/2 + kµT . Since k+ = uP+

is fixed, (6) should be understood as an equation for k−. Generally, equation
(7) has 4n + 1 complex solutions which in the following will be denoted as zi.
These solutions depend on the specific value of µ2 and have to be calculated
numerically.

Here one faces immediately the problem how to choose the integration con-
tour in the complex k− plane. The prescription is very simple and has been at
length discussed in [12]. As a result the dk− integrals yield real wave functions
which vanish for u outside the region 0 < u < 1. Moreover for Λ → ∞, i.e. for
a constant M(k), this prescription reduces in a continuous way to the standard
one of Feynman.

With this prescription the calculations are rather straightforward and we
obtain:

ψAVπ (u, k2
T ) =

Nc

(2π)2
M2

Λ2F 2
π

4n+1∑
i,k=1

fifk
uzni z

3n
k + (1− u)z3n

i znk
t + 1 + uzi + (1− u)zk

, (8)

ψPSπ (u , k2
T ) =

Nc

(2π)2
M

〈q̄q〉

4n+1∑
i,k=1

fifk
z3n
i z3n

k (1 + zi+zk

2 )− µ2zni z
n
k

t + 1 + uzi + (1− u)zk
, (9)

ψPTπ (u , k2
T ) =

3Nc

(2π)2
MΛ2

〈qq〉

4n+1∑
i,k=1

fifkz
3n
i z3n

k ln(1 + t + uzi + (1− u)zk). (10)

(where t = k2
T /Λ

2). Factors fi obey the following properties:

fi =
4n+1∏
k=1
k 
=i

1
zi − zk

,

4n+1∑
i=1

zmi fi =


0 for m < 4n

1 for m = 4n
(11)
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which are crucial for the convergence of the dt integrals.
It is now straightforward to perform either the dt integration in order to get

φπ, or the du integration to get the kT -dependent functions φ̃π.

3 Properties of the Pion Wave Functions

In order to study the model dependence on the choice of M and n we have
calculated pion wave functions for M = 325 − 400 MeV and n = 1 − 5. The
cutoff parameter Λ was adjusted by imposing the normalization condition on
φAVπ . In fact, as discussed in [12], the leading twist pion wave function φAVπ (u)
does not change any more if we increase n above 5. On the other hand for n > 5
the cutoff function (3), if continued to the Euclidean metric, starts to deviate
significantly from the one obtained in the instanton model. Therefore we have
chosen to work with nmax = 5. In Figs. 2b and 3 we have plotted φAVπ , φPSπ and
φPTπ for M = 350 MeV and n = 1, 5.

Fig. 3. Pseudo scalar (left panel) and pseudo-tensor (right panel) pion wave function
for M = 350 MeV and for n = 1 (dashed) and 5 (dashed-dotted) together with the
asymptotic one (solid)

Let us shortly summarize our findings. The axial-vector wave function, φAVπ ,
vanishes at the end points as un (or (1−u)n) and shows a plateau around u = 0.5
with a small dip for n = 5. It differs from the asymptotic wave function φAVas
and, as seen from Fig. 1b, the best agreement with the recent analysis of the
CLEO data is obtained for M = 325 MeV and n = 2 − 5 or M = 350 MeV
and n = 2. The fact that the true pion distribution amplitude may be broader
than the asymptotic one has been already pointed out in [15]. Such a behavior
was found then in [16] where not only the nonlocality (within the sum rules
approach) but also the radiative corrections have been taken into account.

The pseudo-scalar pion wave function, φPSπ , was calculated within the QCD
sum rules in Refs.[13,14]. It had a u− shape and did not vanish at the end points.
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In our case φPSπ vanishes at the end points for n > 1. Indeed

φPSπ (1) ∼
∑
i

fi ln(1 + uzi)
∑
k

fk

[
z3n
i z3n

k +
1
2
z3n+1
i z3n

k +
1
2
z3n
i z3n+1

k − µ2zni z
n
k

]
(12)

(and similarly for u = 0) which is equal to 0 due to the property (11) except
for n = 1 where 3n + 1 = 4n. Interestingly, the vanishing of φPSπ for u = 0, 1
is correlated with the nonconvexity of φAVπ at the end points, which, as stated
above, behaves like un (or (1 − u)n) for u → 0 (or 1). In any case φPSπ differs
from its asymptotic form φPSas ≡ 1.

Both pseudo-scalar and pseudo-tensor wave functions show stronger n de-
pendence than φAVπ . For n = 1 φPTπ coincides with the asymptotic expression
φPTas = φAVas , while for n = 5 its is depleted at the end points and peaked in the
center.

4 Condensates

Since the model parameters are fixed by the normalization of the axial-vector
wave function we could use the normalization condition for φPSπ or φPTπ to cal-
culate the quark condensate. The results are presented in Table 1. We see that
the quark condensates obtained from the two normalization conditions do not
coincide. In fact, for almost all model parameters considered, we find

3

√
〈q̄q〉PS / 〈q̄q〉PT � 0.9. (13)

In absolute values the quark condensate calculated within our model overshoots
the phenomenological value of −(250 MeV)3. This is mostly due to the rather
poor convergence of the dk2

T integrals (4). Indeed for large k2
T :

φ̃AVπ (k2
T ) ∼

(
1
k2
T

)4n+1

, φ̃PSπ (k2
T ) ∼

(
1
k2
T

)2n

, φ̃PTπ (k2
T ) ∼

(
1
k2
T

)2n

. (14)

This is also the reason of rather strong n dependence of φPSπ and φPTπ .
The Euclidean formula for the gluon condensate in the instanton model of

the QCD vacuum reads [9]:〈α

π
GG

〉
= 32Nc

∫
d4kE
(2π)4

M2(kE)
k2
E + M2(kE)

. (15)

Table 1. Condensates for M = 350 MeV

n Λ
〈

α
π
GG

〉 〈q̄q〉PS 〈q̄q〉PT 〈ig q̄ σ ·Gq〉AV

1 1156 MeV (399 MeV)4 −(318 MeV)3 −(357 MeV)3 −(553 MeV)5

5 2819 MeV (389 MeV)4 −(271 MeV)3 −(301 MeV)3 −(475 MeV)5
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Apart from the numerical factor in front it differs from 〈q̄q〉 by an additional
power of M(kE) in the numerator. In [12] we have suggested the continuation
prescription of (15) to the Minkowski metric with the result

〈α

π
GG

〉
= −8NcM

2Λ2

(2π)2

∫
du dt

∑
i,k

fifk
z2n
i z2n

k (1 + zi+zk

2 )− µ2

t + 1 + uzi + (1− u)zk
. (16)

Numerical result (Table 1) depends very weakly on n and is compatible with the
phenomenological value [17]: 〈α/π GG〉 = (393+29

−38 MeV)4.
Soft pion theorems provide link between dynamical objects like the light cone

wave functions [1–4] and static properties of the physical vacuum [5,18]. It has
been shown in Refs.[5,18] that moments of φ̃π(k2

T ) are given in terms of the
mixed quark-gluon condensates

〈
k2
T

〉
AV

=
5
36
〈ig q̄ σ ·Gq〉
〈q̄q〉 ,

〈
k2
T

〉
PS

=
1
4
〈ig q̄ σ ·Gq〉
〈q̄q〉 . (17)

Here Ga
µν is a gluon field strength and σ ·G = σµνG

µν , Gµν = λa/2 Ga
µν .

Unfortunately the ratio
〈
k2
T

〉
AV

/
〈
k2
T

〉
PS
∼ 5/9 which follow from (17) is

not reproduced within our approach1 due to the slow convergence of the dk2
T

integration in the case of
〈
k2
T

〉
PS

. In order to estimate the value of the mixed
condensate of dimension 5, 〈ig q̄ σ ·Gq〉, we choose therefore the first equation of
(17). Interestingly, for the parameters which are closest to the original instanton
model, M = 350 MeV and n = 2, we get −(493 MeV)5 in perfect agreement
with the direct calculation of 〈ig q̄ σ ·Gq〉 in the instanton model [19] which gives
−(490 MeV)5.

5 Summary and Outlook

The nonlocal NJL model with the momentum dependent constituent quark mass
has been applied to calculate pion light cone wave functions [12]. It gives a satis-
factory description of the leading twist AV wave function, whereas for the twist
3 wave functions we find a somewhat larger sensitivity to the model parameters.

Present prescription can be easily extended to describe kaon wave functions
with an explicit symmetry breaking due to the non zero current strange quark
mass. Also two meson generalized parton distributions both for pions and kaons
can be easily calculated. By crossing symmetry one can also apply our method
to calculate the skewed distributions and structure functions [22,23].

On the theoretical side one has to investigate more closely the PCAC rela-
tion within the present approach. It is known that the properly defined currents
should include additional terms with respect to those considered here [20,21]. Al-
though these new terms are not unique and suppressed by the instanton packing
fraction, their influence on our results should be investigated.
1 It is of the order of 0.2 instead of 0.54
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Black Hole Entropy from Horizon CFT
in Gauss-Bonnet Gravity
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University of Zagreb, Bijenička c. 32, pp. 331, 10001 Zagreb, Croatia

Abstract. We obtain correct expression for the entropy of spherically symmetric black
holes in general D-dimensional Gauss-Bonnet gravity from the asymptotic CFT near
the horizon.

1 Introduction

From the early seventies it is known that to preserve the laws of thermodynamics
when gravity is included one should add to the total entropy a term Sh, which
in Einstein gravity is given by Bekenstein-Hawking (BH) formula [1]

Sbh = SBH =
Ah

4�G
(1)

where A is the total proper area of all event horizons (not just those connected
to black holes, black strings and all types of black branes, but also cosmological
horizons).1

Formula (1) has a number of puzzling properties. It gives enormous entropy
(comparing to the entropy of the star which could colapse to the given black
hole). Also, the entropy is not proportional to the bulk volume, which would be
normally expected, but to the surface area. And last but not least, it suggests
that black hole (a microscopic state in classical gravity) is in fact intrinsicaly
a macroscopic state (a “termal” state with temperature measured from infinity
given by Hawking formula TH = �κ/2π, where κ is the surface gravity). Now one
can ask what are the corresponding microscopic degrees of freedom. Obviously,
the classical gravity alone could hardly provide satisfactory explanation because
of the no-hair theorem (not to mention explicit dependence on �). So, it appeares
that one needs quantum theory to explain (1), and we mention here three most
popular frameworks for explaining/deriving it:

• Quantum fluctuations of matter fields near horizon [2]. Doing standard QFT
calculation, but in classical black hole background, one obtains Sbh ∝ A, but
with formally divergent coefficient (“natural” Planck lenght cutoff gives cor-
rect order of magnitude). But, one also obtains Sbh ∝ number of matter
fields, which means that this explanation works only in some “induced grav-
ity” theory.

1 We are using units in which the speed of light and Boltzman’s constant are set to
one, but keeping � and Newton’s constant G explicit. In this units Planck length is
lP = (G�)1/2.
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• Loop quantum gravity [3]. Gives (1), although there are some open questions
about the coefficient.
• String theory [4]. Gives (1) for large class of extremal and near extremal

black holes (SUSY is crucial).

It should be emphasized that in loop gravity and string theory a calculation of
the entropy is fully microscopic and it uses mathematical machinery which is
apparently completely different in two frameworks, but with the same result.
A natural explanation would be that BH entropy formula does not depend on
detail how the gravity is quantized, but only on some (semi)classical properties.
Indeed, this reasoning, combined with the results for (2+1)-dimensional black
holes [5], inspired Carlip [6,7] to derive (1) from classical asymptotic diffeomor-
phism symmetries near the horizon. The crucial property was that for some class
of boundary conditions on the horizon (which is treated as a sort of boundary)
the corresponding symmetry algebra contains Virasoro algebra with nonvanish-
ing classical central charge. The number of microstates could be obtained using
Cardy formula [8], and the logarithm gave BH formula (1).

One way of testing the above idea is to see does it work for black holes in
more general gravity theories. It was shown [9] that in general diffeomorphism
invariant theories black hole entropy formula is not given by BH area law (1) but
it contains additional terms. Here we concentrate on one class of such general-
ized theories called Gauss-Bonnet (GB) gravity (also known as Lovelock gravity
[10]). Using Solodukhin’s method (originally used for Einstein gravity in [11]) we
obtain correct entropy formula for spherically symmetric black holes in general
D-dimensional GB gravity from asymptotic CFT near the horizon [12].

2 Gauss-Bonnet Gravity

It is generally believed today that Einstein’s general relativity (i.e., teory of
gravity described by Einstein action) is just low energy limit of some yet unknown
more fundamental theory, where the most prominent candidate looks to be string
theory. Such a view predicts that as we probe higher energies new interactions
become important and one should add additional terms in effective action. If
the general covariance is still satisfied new terms are constructed as products
of Riemann tensor and its covariant derivatives. Also, as in string theory, it is
possible that in the process new dimensions would open, so we are led to consider
actions in D ≥ 4 dimensions.

It was realised long time ago [10] that among all the possible terms there is a
class of them called extended Gauss-Bonnet (GB) terms with some very special
properties. They are defined with Lagrangian2

Lm(g) =
(−1)m

2m
δρ1σ1...ρmσm
µ1ν1...µmνm

Rµ1ν1
ρ1σ1 · · ·Rµmνm

ρmσm (2)

2 We use conventions from Weinberg’s book [13] except that our g = det(gµν).
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where Rµνρσ is Riemann tensor for metric gµν and δβ1...βk
α1...αk

is totally antisymmet-
ric product of k Kronecker deltas, normalized to take values 0 and ±1. By defi-
nition, we take L0 = 1 (cosmological constant term). Notice also that L1 = −R,
i.e. ordinary Einstein action. General GB action (also known as Lovelock gravity
[10]) is now given as

IGB = −
[D/2]∑
m=0

λm

∫
dDx
√
−gLm(g) (3)

where g = det(gµν) and [z] denotes integer part of z. Notice that coupling con-
stant λ1 is related to more familiar D-dimensional Newton gravitational constant
GD through λ1 = (16πGD)−1.

This action has many interesting properties:

• In D-dimensional space all terms for which m > D/2 are identically equal
to zero. Term m = D/2 is a topological term (Euler character). So, only
terms for which m < D/2 are contributing to equations of motion. It means
that in D = 4 GB action is (neglecting topological effects) just the Einstein
action.
• Only GB terms have the property that resulting equations of motion contain

no more than second derivative of metric [10]. They are also free of ghosts
when expanded not only about flat space [14] but also about some Randall-
Sundrum brane solutions in 5D [15].
• It has a good boundary value problem [16], in the sense that we can add

surface terms such that the action can be extremized on space M while
keeping only the metric fixed on the boundary ∂M (if non-GB terms are
present in the action we have to also fix derivatives of components of the
metric tensor on ∂M).
• Analysis of spherically symmetric classical solutions in empty space is almost

as simple as for pure Einstein case. But, unlike the Einstein case where
there was unique solution (Schwarzschild), for general GB action there are
black hole solutions having more complicated global topologies with multiple
horizons and/or naked singularities [17].
• The entropy of GB black holes can be written (at least in stationary cases)

as a sum of intrinsic curvature invariants integrated over a cross section of
the horizon. As far as is known only GB actions have this property. Explicit
expresion for the entropy of general stationary black hole in GB theory is
[18]

SGB =
4π
�

[D/2]∑
m=1

mλm

∮
dD−2x

√
g̃Lm−1(g̃ij) (4)

where the integration can be made on any (D−2)-dimensional spacelike slice
of the Killing horizon and g̃ij is the induced metric on it. Interesting property
that the entropy has the same form as the action (3) can be described as
dimensional continuation of the Gauss-Bonnet theorem.



142 Maro Cvitan, Silvio Pallua, and Predrag Prester

• The entropy of GB black holes is negative for some region of parameter
space. It is speculated that this is connected with the existence of a new
type instability [19].
• It can be supersymmetrised.
• It is nonrenormalisable.

This properties suggest that GB action could be considered as a natural gener-
alisation of Einstein action.

3 Effective CFT near the Horizon

Now we turn our attention to particular microscopic derivation of “macroscopic”
expression (4) for entropy of spherically symmetric black holes in general D-
dimensional GB gravity [12]. Following [11] we neglect matter and restrict ourself
to spherically symmetric perturbations (S-wave sector), which means that the
metric takes the form

ds2 = γab(x)dxadxb + r(x)2dΩD−2 (5)

where dΩD−2 is metric on (D−2)-dimensional sphere of unit radius, x = {xa, a =
0, 1} = (t, r) are coordinates on “t−r plane” and γab(x) is corresponding effective
two-dimensional metric. Using (5) it is easy to show that Lagrangian (3) can
be written in the form of an effective two-dimensional “higher-order Liouville
theory” given with

IGB = ΩD−2

[D/2]∑
m=0

λm
(D − 2)!

(D − 2m)!

∫
d2x
√
−γ rD−2m−2 [1− (∇r)2

]m−2

×
{

2m(m− 1)r2 [(∇a∇br)2 − (∇2r)2
]

+2m(D − 2m)r∇2r
[
1− (∇r)2

]
+ mRr2 [1− (∇r)2

]
−(D − 2m)(D − 2m− 1)

[
1− (∇r)2

]2}
(6)

where R is two-dimensional Ricci scalar.
We now suppose that black hole with horizon is existing and we are interested

in fluctuations (or better quantum states) near it. In the spherical geometry
apparent horizon H (a line in x-plane) can be defined by the condition

(∇r)2
∣∣
H ≡ γab∂ar∂br

∣∣
H = 0 . (7)

Notice that (7) is invariant under (regular) conformal rescalings of the effective
two-dimensional metric γab. Near the horizon (7) is approximately satisfied.

After partial integration and implementation of horizon condition (∇r)2 ≈ 0,
action (6) becomes near the horizon approximately

IGB = −ΩD−2

[D/2]∑
m=0

λm
(D − 2)!

(D − 2m− 2)!

∫
d2x
√
−γ rD−2m−2
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×
{
m(∇r)2 − m

(D − 2m)(D − 2m− 1)
Rr2 + 1

}
(8)

If we make reparametrizations

φ ≡ 2Φ2

qΦh
, γ̄ab ≡

dφ

dr
e
− 2φ

qΦh γab (9)

where

Φ2 ≡ 2ΩD−2

[D/2]∑
m=1

mλm
(D − 2)!

(D − 2m)!
rD−2m (10)

the action (8) becomes

IGB = −
∫

d2x
√
−γ̄

[
1
2

(∇̄φ)2 − 1
4
qΦhφR̄+ U(φ)

]
(11)

which is simmilar to the Liouville action. The difference is that potential U(φ)
is not purely exponential but its exact form will turn out to be irrelevant for our
purpose.

Action (11) is of the same form as that obtained from pure Einstein action.
In [11] it was shown that if one imposes condition that the metric γ̄ab is non-
dynamical then the action (11) describes CFT near the horizon3. We therefore
fix γ̄ab near the horizon and take it to be metric of static spherically symmetric
black hole:

ds̄2
(2) ≡ γ̄abdx

adxb = −f(w)dt2 +
dw2

f(w)
(12)

where near the horizon f(wh) = 0 we have

f(w) =
2
β

(w − wh) + O
(
(w − wh)2

)
(13)

We now make coordinate reparametrization w → z

z =
∫ w dw

f(w)
=

β

2
ln

w − wh
f0

+ O(w − wh) (14)

in which 2-dim metric has a simple form

ds̄2
(2) = f(z)

(
−dt2 + dz2) (15)

and the function f behaves near the horizon (zh = −∞) as

f(z) ≈ f0e
2z/β (16)

i.e., it exponentially vanishes. It is easy to show that equation of motion for φ
which follows from (11,15,16) is(

−∂2
t + ∂2

z

)
φ =

1
4
qΦhR̄f + fU ′(φ) ≈ O

(
e2z/β

)
(17)

3 Carlip showed that above condition is indeed consistent boundary condition [20].
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and that the “flat” trace of the energy-momentum tensor is

−T00 + Tzz =
1
4
qΦh

(
−∂2

t + ∂2
z

)
φ− fU(φ) ≈ O

(
e2z/β

)
(18)

which is exponentially vanishing near the horizon. From (17) and (18) follows
that the theory of the scalar field φ exponentially approaches CFT near the
horizon.

Now, one can construct corresponding Virasoro algebra using standard pro-
cedure. Using light-cone coordinates z± = t ± z right-moving component of
energy-momentum tensor near the horizon is approximately

T++ = (∂+φ)2 − 1
2
qΦh∂

2
+φ +

qΦh
2β

∂+φ (19)

It is important to notice that horizon condition (7) implies that r and φ are
(approximately) functions only of one light-cone coordinate (we take it to be
x+), which means that only one set of modes (left or right) is contributing.

Virasoro generators are coefficients in the Fourier expansion of T++:

Tn =
!

2π

∫ �/2

−�/2
dz ei2πnz/�T++ (20)

where we compactified z-coordinate on a circle of circumference !. Using canon-
ical commutation relations it is easy to show that Poisson brackets of Tn’s are
given with

i{Tn, Tm}PB = (n−m)Tn+m +
π

4
q2Φ2

h

(
n3 + n

(
!

2πβ

)2
)

δn+m,0 . (21)

To obtain the algebra in quantum theory (at least in semiclassical approxima-
tion) one replaces Poisson brackets with commutators using [ , ] = i�{ , }PB , and
divide generators by �. From (21) it follows that “shifted” generators

Ln =
Tn
�

+
c

24

((
!

2πβ

)2

+ 1

)
δn,0 , (22)

where

c = 3πq2Φ
2
h

�
, (23)

satisfy Virasoro algebra

[Ln, Lm] = (n−m)Ln+m +
c

12
(
n3 − n

)
δn+m,0 (24)

with central charge c given in (23).
Outstanding (and unique, as far as is known) property of the Virasoro algebra

is that in its representations a logarithm of the number of states (i.e., entropy)
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with the eigenvalue of L0 equal to ∆ is asymptoticaly given with Cardy formula
[8]

SC = 2π
√( c

6
− 4∆g

)(
∆− c

24

)
(25)

where ∆ is the eigenvalue of Virasoro generator L0 for the state we calculate the
entropy and ∆g is the smallest eigenvalue. If we assume that in our case ∆g = 0
in semiclassical approximation (more precisely ∆g � c/24), one can see that
number of microstates (purely quantum quantity) is in leading approximation
completely determined by (semi)classical values of c and L0. Now it only remains
to determine ∆. In a classical black hole solution we have

r = w = wh + (w − wh) ≈ rh + f0e
2z/β (26)

so from (9) and (10) follows that near the horizon φ ≈ φh. Using this configura-
tion in (20) one obtains T0 = 0, which plugged in (22) gives

∆ =
c

24

((
!

2πβ

)2

+ 1

)
(27)

Finally, using (23) and (27) in Cardy formula (25) one obtains

SC =
c

12
!

β
=

π

4
q2 !

β

Φ2
h

�
(28)

Let us now compare (28) with classical formula (4). For spherically symmetric
metric (5) where horizon is a (D− 2)-dimensional sphere with radius rh one can
show that (4) can be written as

SGB =
4π
�

ΩD−2

[D/2]∑
m=1

mλm
(D − 2)!

(D − 2m)!
rD−2m = 2π

Φ2
h

�
(29)

Using this our expression (28) can be written as

SC =
q2

8
!

β
SGB (30)

so it gives correct result apart from dimensionless coeficient, which can be de-
termined in the same way as in pure Einstein case [20]. First, it is natural to set
the compactification period ! equal to period of Euclidean-rotated black hole,
i.e.,

! = 2πβ (31)

The relation between eigenvalue ∆ of L0 and c then becomes

∆ =
c

12
(32)

One could be tempted to expect this to be valid for larger class of black holes
and interactions then those treated so far.
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To determine q, one may consider λm = 0, m ≥ 2 case and compare expres-
sion for central charge (23) with that obtained in [7], which is

c =
3Ah

2π�GD
(33)

where Ah = ΩD−2r
D−2
h is the area of horizon. One obtains that

q2 =
4
π

(34)

One could also perform boundary analysis of Ref. [7] for GB gravity [21]. This
procedure confirms relation (34).

Using (31) and (34) one finally obtains desired result

SC = SGB (35)
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An Overview of the Sources
for Electroweak Baryogenesis

Tomislav Prokopec

Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, D-69120
Heidelberg, Germany

Abstract. After a short review of electroweak scale baryogenesis, we consider the
dynamics of chiral fermions coupled to a complex scalar field through the standard
Yukawa interaction term at a strongly first order electroweak phase transition. By
performing a systematic gradient expansion we can use this simple model to study
electroweak scale baryogenesis. We show that the dominant sources for electroweak
baryogenesis appear at linear order in the Planck constant �. We provide explicit
expressions for the sources both in the flow term and in the collision term of the
relevant kinetic Boltzmann equation. Finally, we indicate how the kinetic equation
sources appear in the fluid transport equations used for baryogenesis calculations.

1 Introduction

The necessary requirements on dynamical baryogenesis at an epoch of the early
Universe are provided by the following Sakharov conditions:

• baryon number (B) violation
• charge (C) and charge-parity (CP) violation
• departure from thermal and kinetic equilibrium

The Sakharov conditions may be realised at the electroweak transition [1], pro-
vided the transition is strongly first order. Namely, C and CP violation are re-
alised in the standard model (SM) for example through the Cabibbo-Kobayashi-
Maskawa (CKM) matrix of quarks. B violation is mediated through the Adler-
Bell-Jackiw (ABJ) anomaly. At high temperatures the ABJ anomaly is mani-
fest via the unsuppressed sphaleron transitions, and may be responsible for the
observed baryon asymmetry today, which is usually expressed as the baryon-to-
entropy ratio:

nB
s

= 3− 7× 10−11. (1)

This is obtained both as a nucleosynthesis constraint and from recent cosmic
microwave background observations.

The standard model (SM) of elementary particles and interactions cannot
alone be responsible for the observed matter-antimatter asymmetry (1), primar-
ily because the LEP bound on the Higgs mass mH

>∼ 112 GeV is inconsistent
with the requirement that the transition be strongly first order. A strongly first
order transition is namely required in order for the baryons produced in the
symmetric phase not be washed-out by the sphaleron transitions in the Higgs

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 147–156, 2003.
c© Springer-Verlag Berlin Heidelberg 2003
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(‘broken’) phase. And this is so provided the transition is strong enough. This
is usually expressed as the requirement ∆φ >∼ 1.1T on the jump in the Higgs
expectation value φ of the phase transition [2].

Supersymmetric extensions of the Standard Model on the other hand may
result in a strongly first order transition. For example, in the Minimal super-
symmetric standard model the sphaleron bound can be satisfied provided the
stop and the lightest Higgs particles are not too heavy, mt̃ ∼ 120 GeV and
mH

<∼ 120 GeV [3].
An efficient mechanism for baryon production at the electroweak phase tran-

sition is the charge transport mechanism [4], which works as follows. At a first
order transition, when the Universe supercools, the bubbles of the Higgs phase
nucleate and grow. In presence of a CP-violating condensate at the bubble in-
terface, as a consequence of collisions of chiral fermions with scalar particles in
presence of a scalar field condensate, CP-violating currents are created and trans-
ported into the symmetric phase, where they bias baryon number production.
The baryons thus produced are transported back into the Higgs phase where
they are frozen-in. The main unsolved problem of electroweak baryogenesis is
systematic computation of the relevant CP-violating currents generated at the
bubble interface. Here we shall reformulate this problem in terms of calculating
CP-violating sources in the kinetic Boltzmann equations for fermions.

The techniques we report here are relevant for calculation of sources in the
limit of thick phase boundaries and a weak coupling to the Higgs condensate.
In this case one can show that, to linear order in the Planck constant �, the
quasiparticle picture for fermions survives [5,6]. In presence of a CP-violating
condensate there are two types of sources: the semiclassical force in the flow
term of the kinetic Boltzmann equation, and the collisional sources. The semi-
classical force was originally introduced for baryogenesis in two-Higgs doublet
models in [7], and subsequently adapted to the chargino baryogenesis in the Min-
imal Supersymmetric Standard Model (MSSM) in [8]. The semiclassical force
corresponds to tree level interactions with the condensate shown in Fig. 1 and
it is universal in that its form is independent on interactions. The collisional
sources on the other hand arise when fermions in the loop diagrams interact
with scalar condensates. In Fig. 2 we show typical CP-violating one-loop contri-
butions to the collisional source. This source arises from one-loop diagrams in
which fermions interact with a CP-violating scalar condensate. When viewed in
the kinetic Boltzmann equation, these processes correspond to tree-level inter-

Fig. 1. The tree level interactions of fermions with the scalar field condensate which,
when expanded in gradients, lead to the CP-violating semiclassical force in the kinetic
Boltzmann equation.
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Fig. 2. The one-loop fermion-scalar diagrams, where interactions of fermions with the
scalar field condensate are explicitly shown. The condensate interactions, when ex-
panded in gradients, result in a CP-violating collisional source in the kinetic Boltzmann
equation. Upon projecting (or ‘cutting’) the loop propagators on-shell one obtains the
CP-violating scalar particle absorption and emission processes.

actions in which fermions absorb or emit scalar particles, whilst interacting in
a CP-violating manner with the scalar condensate. The precise form of the col-
lisional source depends on the form of the interaction. In the following sections
we discuss how one can study the CP-violating collisional sources induced by a
typical Yukawa interaction term.

2 Kinetic Equations

Here we work in the simple model of chiral fermions coupled to a complex scalar
field via the Yukawa interaction with the Lagrangian of the form [5,6]

L = iψ̄∂
/
ψ − ψ̄LmψR − ψ̄Rm

∗ψL + LYu, (2)

where LYu denotes the Yukawa interaction term

LYu = −yφψ̄LψR − yφ∗ψ̄RψL, (3)

and m is a complex, spatially varying mass term

m(u) ≡ y′Φ0 = mR(u) + imI(u) = |m(u)|eiθ(u). (4)

Such a mass term arises naturally from an interaction with a scalar field con-
densate Φ0 = 〈Φ̂(u)〉. This situation is realised for example by the Higgs field
condensate of a first order electroweak phase transition in supersymmetric mod-
els. When φ in (3) is the Higgs field the coupling constants y and y′ coincide.
Our considerations are however not limited to this case.

The dynamics of quantum fields can be studied by considering the equations
of motion arising from the two-particle irreducible (2PI) effective action [9] in
the Schwinger-Keldysh closed-time-path formalism [10,11]. This formalism is
suitable for studying the dynamics of the non-equilibrium fermionic and bosonic
two-point functions

iSαβ(u, v) = 〈Ω|TC
[
ψα(u)ψ̄β(v)

]
|Ω〉 (5)

i∆(u, v) = 〈Ω|TC
[
φ(u)φ†(v)

]
|Ω〉, (6)
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where |Ω〉 is the physical state, and the time ordering TC is along the Schwinger
contour shown in Fig. 3. For our purposes it suffices to consider the limit when
t0 → −∞. The complex path time ordering can be conveniently represented in
the Keldysh component formalism. For example, for nonequilibrium dynamics
of quantum fields the following Wightman propagator is relevant

iS<(u, v) = −〈Ω|ψ̄(v)ψ(u)|Ω〉. (7)

t

C+

C

t
0

−
Fig. 3. The complex time contour for the Schwinger-Keldysh nonequilibrium formal-
ism.

For thick walls, that is for the plasma excitations whose de Broglie wavelength
!dB is small in comparison to the phase interface thickness Lw, it is suitable to
work in the Wigner representation for the propagators, which corresponds to the
Fourier transform with respect to the relative coordinate r = u− v, and expand
in the gradients of average coordinate x = (u + v)/2. This then represents an
expansion in powers of !dB/Lw. When written in this Wigner representation, the
kinetic equations for fermions become [12]

DS< ≡
( i

2
∂/ + k/− (mPR −m∗PL)e− i

2

←
∂ · ∂k

)
S< = Cψ, (8)

where for simplicity we neglected the contributions from self-energy corrections
to the mass and the collisional broadening term [12]. When the collision term
Cψ is approximated at one loop, equation (8) corresponds to the nonequilibrium
fermionic Schwinger-Dyson equation shown in Fig. 4. Since the scalar equation
(also shown in Fig. 4) does not yield CP-violating sources at first order in gra-
dients [5,14], we shall not discuss it here.

0=
S S 0S

= + 0

S
+

S

S

0∆∆ ∆
y

∆
y

∆

yy

Fig. 4. The one-loop Schwinger-Dyson equations for the out-of-equilibrium fermionic
(S) and scalar (∆) propagators. When projected on-shell and expanded in gradients,
these equations reduce to the kinetic Boltzmann equations.
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As the bubbles grow large, they tend to become more and more planar.
Hence, it suffices to consider the limit of a planar phase interface, in which the
mass condensate in the wall frame becomes a function of one coordinate only,
m = m(z). Further, we keep only the terms that contribute at order � to (8),
which implies that we need to keep second order gradients of the mass term

me− i
2

←
∂ · ∂k = m +

i

2
m′∂kz −

1
8
m′′∂2

kz
+ o(∂3

z ), (9)

where m = m(z), m′ ≡ ∂zm and m′′ ≡ ∂2
zm. On the other hand, in the collision

term Cψ we need to consider terms only up to linear order in derivatives

Cψ = Cψ0 + Cψ1 + ..

Cψ0 = −1
2

(
Σ>S< −Σ<S>

)
Cψ1 = − i

4
(∂(1)
z ∂

(2)
kz
− ∂

(1)
kz

∂(2)
z )

(
Σ>S< −Σ<S>

)
, (10)

where Σ< and Σ> represent the fermionic self-energies, and the derivatives ∂
(1)
z ,

∂
(1)
kz

(∂(2)
z , ∂(2)

kz
) act on the first (second) factor in the parentheses.

An important observation is that, when G = G(kµ, t−x‖ ·k‖, z), the spin in
the z-direction (of the interface motion)

Sz ≡ L−1(Λ)S̃zL(Λ) = γ‖
(
S̃z − i(v‖ ×α)z

)
(11)

is conserved
[D, Sz]S< = 0, (12)

where D is the differential operator in (8), α = γ0γ, S̃z = γ0γ3γ5, and γ‖ =
1/(1− v2

‖)1/2. This then implies that, without a loss of generality, the fermionic
Wigner function can be written in the following block-diagonal form

S< =
∑
s=±

S<s

S< = L(Λ)−1S̃<L(Λ)

−iγ0S̃<s =
1
4

(1 + sσ3)⊗ ρag̃sa, (13)

where σ3 and ρi (i = 1, 2, 3) are the Pauli matrices and ρ0 = 1 is the 2× 2 unity
matrix and L(Λ) is the following Lorentz boost operator

L(Λ) =
k0 + k̃0 − γ0γ · k‖√

2k̃0(k0 + k̃0)
, (14)

with k̃0 = sign(k0)(k2
0 − k2

‖)1/2. The boost Λ corresponds to a Lorentz transfor-
mation that transforms away k‖.
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With the decomposition (13) the trace of the antihermitean part of (8) can
be written as the following algebraic constraint equation [6](

k2 − |m|2 +
s

k̃0
(|m|2θ′)

)
gs00 = 0, (15)

where gs00 = γ‖g̃s<0 denotes the particle density on phase space {kµ, xν}. Equa-
tion (15) has a spectral solution

gs00 ≡
∑
±

2π
Zs±

ns δ(k0 ∓ ωs±), (16)

where ωs± denotes the dispersion relation

ωs± = ω0 ∓ s
|m|2θ′

2ω0ω̃0
, ω0 =

√
k2 + |m|2, ω̃0 =

√
ω2

0 − k 2
‖ (17)

and Zs± = 1∓s|m|2θ′/2ω̃3
0 . The delta functions in (16) project ns(kµ, t−x‖·k‖, z)

on-shell, thus yielding the distribution functions fs+ and fs− for particles and
antiparticles with spin s, respectively, defined by

fs+ ≡ ns(ωs+, kz, t− x‖ · k‖, z)
fs− ≡ 1− ns(−ωs−,−kz, t + x‖ · k‖, z). (18)

This on-shell projection proves the implicit assumption underlying the semi-
classical WKB-methods, that the plasma can be described as a collection of
single-particle excitations with a nontrivial space-dependent dispersion relation.
In fact, the decomposition (13), (15) and the subsequent discussion imply that
the physical states that correspond to the quasiparticle plasma excitations are
the eigenstates of the spin operator (11).

Taking the trace of the Hermitean part of (8), integrating over the positive
and negative frequencies and taking account of (16) and (18), one obtains the
following on-shell kinetic equations [6]

∂tfs± + v‖ · ∇‖fs± + vs±∂zfs± + Fs±∂kzfs± = Cψs±[fs±], (19)

where fs± = fs±(kµ, z, t − v‖ · x‖), Cs±[fs±] is the collision term obtained
by integrating (10) over the positive and negative frequencies, respectively, the
quasiparticle group velocity vs± ≡ kz/ωs± is expressed in terms of the kinetic
momentum kz and the quasiparticle energy ωs± (17), and the semiclassical force

Fs± = −|m|
2 ′

2ωs±
± s(|m|2θ ′) ′

2ω0ω̃0
. (20)

In the stationary limit in the wall frame the distribution function simplifies to
fs± = fs±(kµ, z, ). When compared with the 1+1 dimensional case studied in [5]
the sole, but significant, difference in the force (20) is that the CP-violating θ′-
term is enhanced by the boost-factor γ‖ = ω0/ω̃0, ω̃0 = (ω2

0 − k 2
‖ )1/2, which,

when integrated over the momenta, leads to an enhancement by about a factor
two in the CP-violating source from the semiclassical force.
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3 Sources for Baryogenesis in the Fluid Equations

Fluid transport equations are usually obtained by taking first two moments of
the Boltzmann transport equation (19). That is, integrating (19) over the spa-
tial momenta results in the continuity equation for the vector current, while
multiplying by the velocity and integrating over the momenta yields the Euler
equation. The physical content of these equations can be summarized as the
particle number and fluid momentum density conservation laws for fluids, re-
spectively. This procedure is necessarily approximate simply because the fluid
equations describe only very roughly the rich momentum dependence described
by the distribution functions of the Boltzmann equation (20). The fluid equa-
tions can be easily reduced to the diffusion equation which has so far being
used almost exclusively for electroweak baryogenesis calculations at a first or-
der electroweak phase transition. A useful intermediate step in derivation of the
fluid equations is rewriting (19) for the CP-violating departure from equilibrium
δfsi = δfsi+ − δfsi− as follows(

∂t +
kz
ω0i

∂z −
|mi|2

′

2ω0i
∂kz

)
δfsi + vwδFsi(∂ωfω)ω0i

+ vwF0iδωsi

[(∂ωfω
ω

)
ω0i

− (∂2
ωfω)ω0i

]
= Cψsi, (21)

where i is the species (flavour) index, fω = 1/(eβω + 1), and

F0i = −|mi|2
′

2ω0i

δωsi = s
(|mi|2θi)′

ω0iω̃0i

δFsi ≡ Fsi+ − Fsi− = s
(|mi|2θ′

i)
′

ω0iω̃0i

Cψsi ≡ Cψsi+ − Cψsi−. (22)

When integrating (21) over the momenta, the flow term yields two sources in
the continuity equation for the vector current. The former comes from the CP-
violating spin dependent semiclassical force, and has the form

Sasi = vw

∫
d3k

(2π)3
δFsi(∂ωfω)ω=ω0i

= −svw
(|mi|2θ′

i)
′

4π2 Ja(xi) (23)

with xi = |mi|/T , while the latter comes from the CP-violating shift in the
quasiparticle energy, and can be written as

Sbsi = vw

∫
d3k

(2π)3
F0iδωsi

[(
∂ωfω/ω

)
ω0i
− (∂2

ωfω)ω0i

]
= svw

(|mi|2θ′
i)

2π2T
|mi|′ Jb(xi). (24)
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The total source is simply the sum of the two, Ssi = Sasi + Sbsi. To get a more
quantitative understanding of these sources, in Fig. 5 we plot the integrals Ja
and Jb in equations (23) and (24). A closer inspection of the sources Sasi and
Sbsi indicates that the total source Ssi can be also rewritten as the sum of two
sources: the source ∝ |mi|2

′
Θ′
i, characterized by x2

iJa + x3
iJb, and the source

∝ |mi|2Θ′′
i , characterized by x2

iJa. We note that in the spin state quasiparticle
basis the flow term sources appear in the continuity equation for the vector
current, while in the helicity basis, which is usually used in literature [7,8], the
flow term sources appear in the Euler equation. In Fig. 6 we show recent results
of baryogenesis calculations of [8] based on the CP-violating contribution to
the semiclassical force in the chargino sector of the Minimal Supersymmetric
Standard Model (MSSM). This calculation is based on the quasiparticle picture
based on helicity states. The analysis suggests that one can dynamically obtain
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Fig. 5. The flow term sources (23)-(24) characterised by the integrals x2
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i Jb(xi) (green dashed) as a function of the rescaled mass xi = |mi|/T . The
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Fig. 6. The semiclassical force baryogenesis mediated by charginos of the MSSM cal-
culated in the helicity basis. The figures show contours for the baryon-to-entropy ratio
in the units of 10−11 for two wall velocities vw = 0.01 and vw = 0.03 as a function of
the soft susy breaking parameters µ and m2. A maximal CP violation in the chargino
sector is assumed. The shaded (yellow) regions are ruled out by the LEP measurements.
The observed baryon asymmetry is in these units 3 − 7. (The figure is taken from the
latter reference in [8].)
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baryon production marginally consistent with the observed value (1), provided
m2 ∼ µ ∼ 150 GeV and vw ∼ 0.03c.

We now turn to discussion of the collision term sources in (19) and (21). We
assume that the self-energies Σ>,< are approximated by the one-loop expressions
(cf. Fig. 4)

Σ<,>(k, x) = iy2
∫

d4k′d4k′′

(2π)8
[
(2π)4δ(k − k′ + k′′)PLS<,>(k′, x)PR∆>,<(k′′, x)

+(2π)4δ(k − k′ − k′′)PRS<,>(k′, x)PL∆<,>(k′′, x)
]
, (25)

where ∆< and ∆> denote the bosonic Wigner functions. This expression con-
tains both the CP-violating sources and relaxation towards equilibrium. The
CP-violating sources can be evaluated by approximating the Wigner functions
S>,< and ∆>,< by the equilibrium expressions accurate to first order in deriva-
tives. The result of the investigation is as follows. There is no source contributing
to the continuity equation, while the source arising in the Euler equation is of
the form [12]

2
∫

±

d4k

(2π)4
kz
ω0
Cψsi = vwy

2 s|m|2θ′

32π3T
If (|m|,mφ), (26)

where the function If (|m|,mφ) is plotted in Fig. 7. It is encouraging that the
source vanishes for small values of the mass parameters, which suggests that the
expansion in gradients we used here may yield the dominant sources. Note that
the source is nonvanishing only in the kinematically allowed region, mφ ≥ 2|m|.
When the masses are large, |m|,mφ � T , the source is as expected Boltzmann
suppressed. It would be of interest to make a detailed comparison between the
sources in the flow term and those in the collision term. This is a subject of an
upcoming publication.
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Quantum Corrections for BTZ Black Hole
via 2D Reduced Model

Maja Burić, Marija Dimitrijević, and Voja Radovanović
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Abstract. The one-loop quantum corrections for BTZ black hole are considered using
the dimensionally reduced 2D model. In 3D minimal case Unruh vacuum states is
defined and the corresponding semiclassical corrections of the geometry are found.

For a long time it was believed that black hole solutions do not exist in three
dimensions, and therefore the discovery of Banados, Teitelboim and Zanelli [1]
came as a surprise. This solution has many properties which the familiar black
hole solutions in four dimensions (4D) do not possess. BTZ black hole can be
obtained by identifications of points in 3D anti-de Sitter (AdS) space [2], the
space of constant negative curvature. BTZ black hole is locally anti-de Sitter
space, and therefore its singularity is not a curvature singularity.

One of the most interesting questions in the analysis of black holes is the
Hawking radiation. A considerable work has been done in the last couple of years
in an effort to find 2D effective models which can describe the properties of 4D
black holes and radiated field. The main idea of this approach is to consider the
effective action obtained by functional integration of scalar field as semiclassical
correction to the gravitational action. There are a couple of different variants of
2D effective action but usually it describes the effects of s-modes of scalar field
to the one-loop order. A similar analysis has been recently extended [3] to the
reduction of BTZ black hole from three to two dimensions in the case of minimal
3D coupling with scalar matter.

Our goal is to define the Unruh vacuum by means of dimensionally reduced
model. The definition of the Unruh vacuum seems still to be an open question
for BTZ black hole.

We start with the three dimensional gravitational action with negative cos-
mological constant (−2Λ = −2l−2 < 0) coupled to the scalar field f :

Γ
(3)
0 =

1
16πG

∫
d3x

√
−g(3)

(
R(3) +

2
l2

)
− 1

16πG

∫
d3x

√
−g(3)(∇f)2. (1)

We consider the BTZ black hole solution which is locally AdS3 space:

ds2
(3) = −

(
r2

l2
− lM

)
dt2 + Jldtdθ + r2dθ2 +

(
r2

l2
− lM +

J2l2

4r2

)−1

dr2 . (2)

If we construct the metric reduced from (2) to two-dimensional t, r hypersurface
by the standard procedure , we obtain

ds2 = −gcldt2 +
1
gcl

dr2 , (3)
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where the metric function gcl(r) is given by

gcl =
r2

l2
− lM +

J2l2

4r2 =
(r2 − r2

+)(r2 − r2
−)

r2l2
. (4)

As showed in [2], quantities M and J have the meaning of mass and angular
momentum. The last equality holds when Ml ≥ J ; the case Ml = J is the
extremal BTZ black hole. Let us assume the axially symmetric metric ansatz in
three dimensions:

ds2
(3) = gµνdx

µdxν + l2Φ2(αdθ + Aµdx
µ)2 , (5)

where gµν , Φ,Aµ are two-dimensional metric, dilaton and U(1) gauge field. All
quantities do not depend on θ. The constant α will be fixed later.

Introducing the reduction formula (5) into the action (1) and integrating over
the angular variable θ, we obtain 2D action

Γ =
lα

8G

∫
d2x
√
−gΦ

(
R− l2Φ2

4
F 2 +

2
l2
− (∇f)2

)
, (6)

In the following, we will choose α such that lα
8G = 1. Also, instead of the dilaton

field Φ, we will use its logarithm ϕ = log Φ.
In order to analyze the vacuum fluctuations of the scalar field f , one has to

integrate it functionally to the first order in �. Our approximation consists of the
fact that we do the functional integration of f in 2D action and not in the full
3D action. We use the methods developed in [4,5]. The result which we obtained
for the one-loop effective action is

Γ1 = − 1
96π

∫
d2x
√
−gR 1

∇2R +
1

8π

∫
d2x
√
−g

(
1
4
R

1
∇2 (∇ϕ)2 +

1
2
Rϕ

)
. (7)

It is easier to use the local form of the action (6); it can be obtained by a suitable
introduction of auxiliary fields [6]. The local form is given by

Γ1 = − 1
96π

∫
d2x
√
−g

(
2R(ψ−3

2
χ)+(∇ψ)2−3(∇ψ)(∇χ)−3(∇ϕ)2ψ−6Rϕ

)
,

(8)
where the auxiliary fields ψ and χ satisfy equations

∇2ψ = R , (9)

∇2χ = (∇ϕ)2 . (10)

The equations of motion are

∇µ
(
e3ϕFµν

)
= 0 , (11)

R +
2
l2
− 3l2

4
e2ϕF 2 = 6κe−ϕ (−R +∇µ(ψ∇µϕ)) , (12)
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gαβ∇2Φ−∇α∇βΦ− Φgαβ

( 1
l2
− l2

8
Φ2FµνF

µν
)
− l2

2
Φ3FβµF

µ
α

= Tαβ/2

= κ
(
∇αψ∇βψ −

3
2
∇αψ∇βχ−

3
2
∇αχ∇βψ (13)

− 3ψ∇αϕ∇βϕ− 2∇β∇α(ψ − 3ϕ− 3
2
χ)

− 1
2
gαβ

(
(∇ψ)2 − 3∇ψ∇χ− 3ψ(∇ϕ)2

)
+ 2gαβ∇2(ψ − 3ϕ− 3

2
χ)

)
,

where κ = 1/96π. Tαβ is the energy-momentum tensor of the radiated matter.
The Unruh vacuum can be defined as the state of matter whose energy-

momentum tensor is regular on the future event horizon. From this demand we
find expression for Tµν .

Now we will find the corrected geometry. The one-loop ansatz for the metric
is

ds2 = −ge2κωdv2 + 2eκωdvdr , (14)

where g = gcl − κlm. Solving the equations of motion we obtain the one-loop
correction for the metric:

m = −v
r2
+ − r2

−
l4r+r3

(
−3r4 + 8r+r3 − 3(r2

+ + r2
−)r2 + r2

+r2
−
)

+
4r2 − 6(r2

+ + r2
−)

l2r
+ 16

r−
l2

log
r + r−
r − r−

(15)

+
3r4 + 3(r2

+ + r2
−)r2 − r2

+r2
−

l2r3

(
log

(r + r+)2(r2 − r2
−)

r2l2
− r−

r+
log

r + r−
r − r−

)
,

ω =
l(3r− − r+)(r+ + r−)
r+(r + r−)(r− − r+)

− l(r− − r+)(r+ + 3r−)
r+(r − r−)(r− + r+)

−
2l(3r2

+ + r2
−)

(r + r+)(r2
+ − r2−)

+
8lr−

(r2
+ − r2−)2

(
(r2

+ + r2
−) log

r − r−
r + r−

+ 2r+r− log
(r + r+)2

r2 − r2−

)
(16)

− 3l
r

(
log

(r + r+)2(r2 − r2
−)

r2l2
− r−

r+
log

r + r−
r − r−

)
+

l

r
− 3v

r2
+ − r2

−
lr+r

.

The value for the apparent horizon in this case is

rAH = r+ + κ
l

r+(r2
+ − r2−)

(
r+(3r2

+ + r2
−) log

4(r2
+ − r2

−)
l2

(17)

− r−(r2
− − 5r2

+) log
r+ + r−
r+ − r−

− r+(r2
+ + 3r2

−)− v

l2
(r2

+ − r2
−)2

)
.

In this paper we treated the one-loop corrections of dimensionally reduced
BTZ black hole. The main result is the analysis of the Unruh vacuum for reduced
BTZ model. This state is defined demanding that EMT is regular on the future
horizon. It has peculiar properties.
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We would like to mention that the one-loop geometry for conformal case is
found in [7] and it is in a relatively good agreement with Neumann boundary
conditions for the scalar field.

Note that the energy density in the asymptotic region does not obey Stefan-
Boltzman law. This is not surprising if we keep in mind that the Hawking radi-
ation is not a free boson gas in this region. The one-loop correction of entropy
are logarithmic as it is often the case.
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Squarks and Gluino Searches with CMS at LHC

Gabriele Segneri
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Abstract. In this paper the studies about squarks and gluino searches with the CMS
detector are reviewed. Inclusive squarks and gluino searches are described and the
5 sigma discovery contours are shown. The scalar bottom quark (sbottom or b̃) and
gluino (g̃) reconstructions using the process g̃ → b̃b are discussed and the resolutions
on sbottom and gluino masses are presented. The scalar top quark (stop or t̃) search
is also described and it is shown how the stop signal can be separated from the tt̄
background and the background due to the overall supersymmetric production.

1 Introduction

One of the main goals of the experiments at the Large Hadron Collider (LHC)
[1] will be to find out new physics beyond the Standard Model. The Super-
symmetry (SUSY) [2] and in particular the Minimal Supersymmetric Standard
Model (MSSM) are possible extensions of this theory. Thanks to the centre of
mass energy of 14 TeV which will be available at the LHC, it will be possible to
extend the searches of the particles predicted by SUSY up to masses of 2.5 TeV.

The paper is dedicated to the searches with the CMS detector [3] of the new
strongly interacting SUSY particles, the squarks and the gluino. The first part
of the paper provides some general remarks about the MSSM-mSUGRA model
which is assumed in the analyses. The inclusive squarks and gluino searches are
described and for each of them the reach of the CMS experiment is provided.
The reconstruction of the decay g̃ → b̃b and the stop search are also discussed
and some preliminary results are shown.

2 General Remarks

These studies are performed in the framework of the Minimal Supergravity
(mSUGRA) model, a constrained version of the MSSM model. In this model
Supersymmetry breaking occurs through the mediation of the universal gravita-
tional interaction. At the Grand Unification (GUT) scale (mGUT ∼ 2 ·1016 GeV)
gauginos and scalars have common masses and couplings. Masses and couplings
at the Electroweak scale are derived from those at GUT scale through Renor-
malisation Group Equations. The independent parameters of the model are: the
common scalar mass m0, the common gaugino mass m1/2, the common trilinear
coupling among the scalars A0, the ratio between the vacuum expectation values
of the two Higgs doublets tanβ and the sign of the higgsino mixing parameter µ.
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Fig. 1. Total mSUGRA cross-section contours as function of m0 and m1/2 for A0 = 0,
µ > 0 and tanβ = 2 (left figure) and tanβ = 35 (right figure) [5]

An additional requirement is the R-parity conservation: as a consequence of
this assumption, the SUSY particles can only be produced in even numbers at
accelerator experiments. Moreover, the lightest SUSY particle (LSP) should be
stable and each SUSY particle would decay into Standard Model particles and
one LSP. The LSP in this model is the lightest neutralino χ̃0

1.
Contours corresponding to constant cross sections obtained with ISAJET

7.32 [4] are shown in Fig. 1 for A0 = 0, µ > 0, different values of m0 and
m1/2 and tanβ = 2 (left plot) and tanβ = 35 (right plot) [5]. The µ < 0 case
is very similar and it is omitted. The overall SUSY production cross section
(continuous line) is compared with the total cross section for processes with at
least one strongly interacting SUSY particle (dashed line). At low values of m0
and m1/2 the two lines are very close since squarks and gluino are relatively light
and dominate the SUSY particles production. Contours separate at higher m0
and m1/2 as squarks and sleptons become more massive.

3 Inclusive Searches

The inclusive searches are based on peculiar features which are common to all
the SUSY processes involving squarks and gluino. A very high tagging efficiency
can be achieved since the identification of the specific processes is not required.

The most remarkable features of squarks and gluino decays are:

• a large number of leptons produced by Z0 → !+!−, W± → !ν, χ̃0
2 → !!̃, !!̃∗,

!̃→ !χ̃0
1 decays
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• high ET hadron jets from squarks and gluino decays (q̃ → qχ̃0
i , q̃ → q′χ̃±

i ,
g̃ → qq̃)
• large missing transverse momentum due to LSPs which do not interact with

the detector
• a large number of b quarks (from decays of t̃, b̃, h, t) and τ leptons (specially

at high tanβ).

Several search strategies based on some of these peculiarities are investigated
[5] and for each of them the region of sensitivity of the CMS experiment is
calculated.

Signal events are generated for several m0 and m1/2 values, tanβ = 2 and 35,
A0 = 0 and both signs of µ. The SUSY processes are simulated with ISAJET 7.32
and the backgrounds (tt̄, Z0 plus jets, W± plus jets, QCD) with PYTHIA 5.7[6].
The detector response is reproduced with a fast detector simulation package
(CMSJET[7]). For each of these points the SUSY selection cuts are optimised in
order to achieve the best sensitivity. Sensitivity is defined as S/

√
S + B being S

and B the expected SUSY signal and the Standard Model background.
Five analyses, called 0l, 1l, 2lOS, 2lSS, 3l are based on the requirements of no

leptons, at least one lepton, two leptons with opposite charge, two leptons with
the same charge and three lepton respectively and one analysis is based only on
missing transverse momentum (Emiss

T ). The basic requirements of Emiss
T > 200

GeV and at least 2 jets with Ejet
T > 40 GeV and |ηjet| < 3 are common to all

the analyses.
Figure 2 shows the five sigma discovery contours (corresponding to S/

√
S + B

= 5) for an integrated luminosity
∫
Ldt = 100 fb−1, A0 = 0, µ > 0, tanβ = 2

(left plot) and 35 (right plot). The explorable regions lie below the contours.
The µ < 0 case is very similar. The isomass contours of some SUSY particles
and countours corresponding to Ωh2 = 1 and 0.4 are also superimposed. The
Emiss
T search, which has the best performance, allows to explore regions with

mq̃ ∼ 2.5 TeV. The muon isolation, pile-up and uncertainty on cross-sections
effects have been investigated as well and do not show a dramatic degradation
in performance.

4 Scalar Bottom and Gluino Reconstructions

The gluino and the sbottom are the strongly interacting SUSY particles which
are the simplest to reconstruct. The decay g̃ → bb̃, where b̃→ bχ̃0

2, χ̃0
2 → !̃!̄(¯̃!!)→

χ̃0
1!

+!− would allow to reconstruct both particles simultaneously.
In this decay two b−jets, two same flavour and opposite charge leptons and

large missing transverse momentum are produced and leptons have a peculiar
!+!− invariant mass distribution with a sharp edge. If mχ̃0

2
< m�̃ + m� the χ̃0

2
decay would be a three body decay mediated by a virtual slepton and the edge
would be placed at mχ̃0

2
−mχ̃0

1
. An example of lepton invariant mass distribution

is shown in the left plot of Fig. 3. In the case mχ̃0
2
> m�̃ + m� the neutralino
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Fig. 2. Five sigma discovery contours for various final states in
∫
Ldt = 100fb−1 for

A0 = 0, µ > 0 and tanβ = 2 (left figure) and tanβ = 35 (right figure) [5]

decay is a two body decay and the edge would be placed at:

m�+�− =

√
(m2

χ̃0
2
−m2

l̃
)(m2

l̃
−m2

χ̃0
1
)

ml̃

. (1)

The point corresponding to the values of the mSUGRA parameters m0 = 200
GeV, m1/2 = 100 GeV, tanβ = 2, A0 = 0 and µ < 0 is examined. The signal
events as well as the main background events are generated with PYTHIA 6.136
and detector simulation is performed with CMSJET. The statistics corresponds
to an integrated luminosity of 3 fb−1.

The b̃ reconstruction is performed in two steps. Opposite charge leptons with
an invariant mass distribution close to the edge are selected. This requirement
allows to select a kinematical condition in which the leptons are emitted back
to back in the χ̃0

2 reference frame. In this condition and under the assumption
mχ̃0

2
∼ 2mχ̃0

1
, which is usually valid, the χ̃0

2 momentum is reconstructed through
the formula:

−→
P χ̃0

2
=

(
1 +

mχ̃0
1

m�+�−

)
−→
P �+�− . (2)

The χ̃0
2 momentum is then summed with the momentum of the highest ET

b−tagged jet and the b̃ can be reconstructed. The gluino is reconstructed from
the sbottom momentum and that of the closest b−tagged jet.

The mass distributions for these mSUGRA parameters values are shown in
the right plot of Fig. 3. The resolutions on the b̃ and g̃ masses are 32 GeV and
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m(l+l-) (GeV)

signal
background

m(bχ
~
 0 2) (GeV)

mean=263

σ=32

m(bbχ
~
 0 2) (GeV)

mean=295

σ=40

Fig. 3. m
+
− distribution for leptons coming from χ̃0
2 decay (left side) and invariant

b̃ and g̃ mass distributions (right side) at m0 = 200 GeV, m1/2 = 100 GeV, tanβ = 2,
A0 = 0 and µ < 0

40 GeV respectively. The measured values of mb̃ and mg̃ are 263 GeV and 295
GeV which are not far from the corresponding Monte Carlo input values 275
GeV and 299 GeV.

5 Scalar Top Quark Search

The stop eigenstate with the lowest mass would be the lightest scalar quark for a
large set of values of the mSUGRA parameters. It can be abundantly produced
at LHC and has special decay topologies. The possibility to observe a stop signal
over the Standard Model and SUSY backgrounds is here discussed[9].

The main production processes would be the t̃̄t̃ pair production and the
production from the gluino decay g̃ → t̄t̃ (t̄t̃). The study is concentrated on the
t̃̄t̃ process since it would be the simplest one: despite its lower cross section it
would provide a simpler event topology.

The dependence of the t̃ mass with respect to m0 is shown in the left plot of
Fig. 4 for different values of m1/2 at tanβ = 10, µ > 0 and A0=0: no remarkable
dependence is foreseen on tanβ and the sign of µ.

The t̃̄t̃ production cross-section is shown in the right plot of Fig. 4 as a func-
tion of the t̃ mass. It rapidly decreases with mt̃ and depends on other parameters
only through higher order corrections[8].

The t̃→ tχ̃0
1 (with t→ bW±) and t̃→ bχ̃±

1 (χ̃±
1 →W±χ̃0

1) decay modes are
considered in the analysis since they would dominate in most of the parameter
space points examined. Both channels provide one b−jet, one W± and one χ̃0

1.
The analysis is concentrated on t̃̄t̃ events where one of the two W± (from t
or χ̃±

1 ) decays leptonically to provide lepton trigger and the other one decays
hadronically to achieve high statistics.
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Fig. 4. t̃ mass with respect to m0 for different values of m1/2 (left) and t̃̄t̃ production
cross section as a function of mt̃ (right)[9]

This study is performed with PYTHIA 6.152 and detector simulation is per-
formed with CMSJET. The analysis is split in two parts: in the first part the
possibility to discriminate this signal from the known Standard Model back-
grounds is investigated, while in the second part the backgrounds due to the
other SUSY processes are also included.

The main Standard Model background is tt̄ since it has the same final state
particles of the signal. W± plus jets, Z0 plus jets, W±W∓, W±Z0 backgrounds
are also considered. The variables which are used to perform the Standard Model
backgrounds rejection are Emiss

T , the total transverse mass (mtot
T ) and the trans-

verse mass of the highest pT lepton-Emiss
T system (m�ν

T ). The distributions of
Emiss
T and m�ν

T are shown in Fig. 5 for the t̃̄t̃ signal and tt̄ background: the
distributions are broader for signal events. The Standard Model backgrounds
rejection is accomplished by lower cuts on these variables.

The largest contribution to SUSY backgrounds would come from from q̃g̃
and g̃g̃ production. A large number of these events is expected to pass the t̃̄t̃
selection because squarks and gluino would produce a large number of hadron
jets, leptons and Emiss

T in their decays. These backgrounds can be rejected only
using the general features of the event because the number of decay topologies
is very large.

Since squarks and gluino are heavier than t̃ for almost all points in the pa-
rameter space considered, the Emiss

T and mtot
T distributions for the SUSY back-

grounds are concentrated at higher values with respect to the signal. SUSY
backgrounds are reduced by upper cuts on these variables. An additional ET
cut on the hardest jet in the event is also applied because very high ET jets
are produced in the q̃ → qχ̃0

i and q̃ → q′χ̃±
i decays. The existence of a t̃−like

particle can thus be indicated by an excess of events in the intermediate mass
range.
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Fig. 5. Emiss
T (left side) and m
ν

T (right side) distributions for the t̃̄t̃ signal and the tt̄
background at m0=400 GeV, m1/2=400 GeV, A0 = 0, tanβ = 10 and µ > 0 [9]
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Fig. 6. S/
√
B as a function of m0 and m1/2 for only Standard Model backgrounds

(left) and Standard Model plus SUSY backgrounds (right) [9]

For each point examined cuts are tuned in order to maximise the signal sig-
nificance defined by S/

√
B, being S and B the expected signal and background

respectively. The signal significance is calculated with the Standard Model back-
grounds and the Standard Model backgrounds together with the SUSY ones
separately. Figure 6 shows the highest signal significance which can be obtained
with this analysis for the low luminosity period (

∫
Ldt =30 fb−1) as a function of

m0 and m1/2 in the Standard Model background case (left) and in the Standard
Model plus SUSY backgrounds case (right). The region excluded by theory and
the LEP Higgs mass bound is also displayed.

The signal is visible over the Standard Model backgrounds with a significance
higher than 5 for m1/2 < 450 GeV and m0 < 700 GeV. At higher m0 values
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the signal significance decreases because the t̃ → χ̃0
2b branching ratio becomes

higher than that of the signal processes considered. At higher m1/2 the low value
of the significance is due to a lower cross section.

The effect of tanβ on the expected signal is negligible since the t̃ mass is
almost independent on it. The only difference would be observed at low m1/2

values where the χ̃±
1 → τ̃ ντ decay mode is enhanced. A different search is re-

quired in this case.
In the presence of SUSY backgrounds, the t̃ discovery with a signal signif-

icance of 5 would not be possible in the low luminosity period for most of the
parameter space points examined. However, assuming a comparable detector
performance at high luminosity, the 5-sigma discovery would be possible with
an integrated luminosity of 500 fb−1 in most of the points. At a large A0, the
t̃ would be lighter and the t̃̄t̃ cross section would be high enough to allow the
5-sigma observability even in the low luminosity period[9].

6 Conclusions

The CMS detector will allow the discovery of Supersymmetry in a very large
range of mSUGRA parameters up to masses of 2.5 TeV. The squarks and gluino
decays offer many special signatures to discriminate the SUSY processes from the
Standard Model ones. Although studies are still preliminary, it will be possible
in many cases to separate some signals from the overall SUSY production and
perform measurements. In particular the decay g̃ → b̃b would allow to reconstruct
both sbottom and gluino masses. An excess of stop-like events can be observed
over the Standard Model backgrounds and in some cases also over the SUSY
backgrounds.
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Abstract. A method of studying target mass effects in inelastic lepton-hadron scatter-
ing is suggested. The Jost-Lehmann-Dyson integral representation for structure func-
tions which accumulates general principles of local quantum field theory is used. It is
shown that a new expression obtained for the structure function that depends on the
target mass has a correct spectral property.

1 Introduction

The inclusive cross section for inelastic lepton-hadron scattering is expressed as
the Fourier transform of the expectation value of the current product J(z)J(0)
in the target state. The operator product expansion (OPE) is a powerful tool to
study inelastic scattering processes. This method has been applied to define the
contribution of target mass terms to the structure functions in paper [1]. The
scheme that has been elaborated is the following. The first step is to organize
the OPE by using the operators with definite twist and to take the leading twist
contribution to get the free-field OPE. The second step is to collect the terms in
the OPE of the form (q·P )n and relate corresponding coefficients to the moments
of the structure function. Then, one can restore physical structure functions by
inverting the moments through the Mellin transformation. These functions are
parameterized by the quark distribution function F (x) that appears with the
argument

ξ =
2x

1 +
√

1 + 4x2ε
, (1)

where x is the Bjorken scaling variable x = Q2/2ν = Q2/2(q · P ), and ε is
expressed through the target mass M and the transfer momentum Q as ε =
M2/Q2. The scaling variable (1) is usually called the Nachtmann variable [2].
The trouble with the ξ scaling has widely been discussed in the literature (see,
for example, [3–6]). For example, the structure function W2(x,Q2) within this
method reads [5]

W2(x,Q2) = x2 ∂2

∂x2

[
xG(ξ)

ξ(1 + ξ24M2/Q2)

]
, G(x) =

∫ 1

x

dy (y − x)F (y) ,

where F (x) is the quark distribution function. The defect of this equation is that
there is a clear mismatch at x = 1. The physical structure function W2(Q2, x)
in the left hand side vanishes at x = 1, whereas in the right hand side does not.
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The fact that an approximation can conflict with general principles of a the-
ory is not rare event in quantum physics. For example, it is well known that
when the renormalization group equation for the running coupling is solved di-
rectly, there arise unphysical singularities, for example, the ghost pole in the
one-loop approximation, and they subsequently appear in physical quantities.
This trouble can be resolved within the analytic approach proposed in [7,8]
and elaborated in [9–15,17,16,18]. This method combines the renormalization
invariance and the Q2-analyticity of the Källén–Lehmann type has revealed new
important properties of the analytic coupling [7,8,15]. The invariant analytic
formulation essentially modifies the behavior of the analytic running coupling
in the infrared region by making it stable with respect to higher-loop correc-
tions. This is radically different from the situation encountered in the standard
renormalization-group perturbation theory, which is characterized by strong in-
stability with respect to the next-loop corrections in the domain of small energy
scale. The analytic perturbation theory leads to new non-power-series expan-
sions with new nonsingular functions [16]. Applying this algorithm to analyze
the amplitudes of processes like the e+e−-annihilation into hadrons [13], the
inclusive τ -decay [11,17,18], and the sum rules for the inelastic lepton-hadron
scattering [14], it has been demonstrated that, in addition to loop stability, the
analytic perturbation theory results are much less sensitive to the choice of the
renormalization scheme than those in the standard approach. The three-loop
level practically insures both the loop saturation and the scheme invariance of
the relevant physical quantities in the entire energy or momentum range. An in-
vestigation of hadronic form-factors by using the analytic running coupling has
been performed in [19].

In this paper, following [20], we will apply the Jost–Lehmann–Dyson (JLD)
integral representation for the structure function accumulating general principles
of the theory. We argue that in this case it is possible to get an expression for
the structure function in terms of the quark distribution incorporating the target
mass effects and having the correct spectral property.

The method that will be considered is a generalization of the idea used in
the analytic approach to quantum chromodynamics [7,8]. We base our consider-
ation on the JLD representation for structure functions of the inelastic lepton-
hadron process that has been suggested in [21,22]. The structure functions de-
pend on two arguments, and the corresponding representation that accumu-
lates the fundamental properties of the theory (such as relativistic invariance,
spectrality, and causality) have a more complicated form in our analysis than
in the representation of the Källén–Lehmann type for functions of one vari-
able. We use the 4-dimensional integral representation proposed by Jost and
Lehmann [21] for the so-called symmetric case. A more general case has been
considered by Dyson [22], and similar representation are therefore often called
the Jost–Lehmann–Dyson representation. Applications of this representation
to automodel asymptotic structure functions were considered by Bogoliubov,
Vladimirov, and Tavkhelidze [23]; some of these results and notation will be
used in what follows.
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2 The Jost-Lehmann-Dyson Representation

The proof of the JLD representation is based on the most general properties of
the theory, such as covariance, Hermiticity, spectrality, and causality [24]. For the
function W (ν,Q2) satisfying all these conditions, there exists a real moderately
growing distribution ψ(u, λ2) such that the JLD integral representation holds;
in the nucleon rest frame, this can be written as [23]

W (ν,Q2) = ε(q0)
∫

du dλ2 δ
[
q2
0 − (Mu− q)2 − λ2]ψ(u, λ2) (2)

where the function ψ(u, λ2) has a support for

ρ = |u| ≤ 1, λ2 ≥ λ2
min = M2(1−√

1− ρ2
)2

.

For the process under consideration, the physical values of ν and Q2 are pos-
itive. We, thus, can neglect the factor ε(q0) = ε(ν) and keep the same notation
for W (ν,Q2). Taking into account that the weight function ψ(u, λ2) = ψ(ρ, λ2)
is radial-symmetric, as follows from covariance, we write down the JLD repre-
sentation for W in the covariant form,

W (ν,Q2) =
∫ 1

0
dρ ρ2

∫ ∞

λ2
min

dλ2
∫ 1

−1
dz (3)

× δ
(
Q2 + M2ρ2 + λ2 − 2zρ

√
ν2 + M2Q2

)
ψ(ρ, λ2) .

As follows from representation (3), a natural scaling variable is given by

s = x

√
1 + 4ε

1 + 4x2ε
, (4)

which accumulates the root structure determined by the δ-function argument.
At the same time, in the physical region of the process, the s variable changes
in the same way as the Bjorken variable x does, i.e., from zero to one (cf. [25]).
The variable s depends on the mass of the target (the nucleon) and is different
from both the Bjorken variable and the Nachtmann variable. However, only the s
variable leads to the moments that have the analytic properties in Q2 that we
need.

Defining the modified s-moments of the structure functions [15], Mn(Q2),
and introducing the weight function

Un(σ) =
1
n

∫ 1

0
dρ ρn+1θ(σ − σmin)ψ(ρ, σ −M2ρ2) ,

we obtain the representation

Mn(Q2) = (Q2)n−1
∫ ∞

0
dσ

Un(σ)
(σ + Q2)n

, (5)
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which implies the analyticity ofMn(Q2) in the complex Q2 plane cut along the
negative semi-axis, i.e., the Källén–Lehmann type analyticity. Note here that
in [26], the Deser–Gilbert–Sudarshan integral representation [27] was used to
arrive at a similar statement regarding the analyticity of the Källén–Lehmann
type for x-moments. However, the status of this representation in quantum field
theory is less clear, since it cannot be obtained starting only with the funda-
mental principles of the theory (see the discussion in [28]). The relation between
analytic moments and the x-moments can be found in [15].In this paper a dis-
persion relation with respect to the s-variable has been obtained, and a relation
with the OPE has been established.

The JLD representation (3) can be rewritten in the form [20]

W (ν,Q2) =
∫ 1

0
dβ

∫ ∞

0
dσ (6)

× δ

[
σ + Q2 + 2M2

(
1−

√
1− β2

)
− β

s
Q2√1 + 4ε

]
H(β, σ)

convenient for our further consideration, where we introduced the new weight
function H(β, σ) connected with the initial weight function ψ(ρ, λ2) via an inte-
gral expression and supported in: {0 < β < 1; σ > 0}.

Introducing the function F(x,Q2) that corresponds to the structure function
W (ν,Q2), when the target mass M is neglected, one finds the representation

F(x,Q2) =
∫ 1

x

dy H
[
y,

(y

x
− 1

)
Q2

]
. (7)

Define a parton distribution function F (x) as the limit of F(x,Q2) as Q2 →∞.
The limit of the weight function H(x, σ), when the second argument goes to
infinity, is determined by H(x). From (7) we find the simple relation

F (x) =
∫ 1

x

dy H (y) , (8)

and, therefore, the weight function H(x) connects with the parton distribution
F (x) as follows H(x) = −dF (x)/dx. Thus, in the Bjorken limit, the weight
function H in the JLD representation is associated with the derivative of the
parton distribution.

3 ξ-Scaling

Now we consider the method of incorporating the target mass corrections. To
make our explanation more transparent and not to obscure an essence of the
approach with details of technical character we here consider the case of scalar
currents. Following the approach suggested in [1], consider the twist-two sym-
metrical local operators ψ̄ ∂µ1 · · · ∂µ2N ψ . For massless quarks 〈P |Oµ1···µ2N |P 〉 =
O2N {Pµ1 · · ·Pµ2N } , where {Pµ1 · · ·Pµ2N } is a traceless combination of the
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products of vectors Pµi . By using the expression for the scalar combination
of {Pµ1 · · ·Pµ2N } with the tensor qµ1 · · · qµ2N

and relating the parameters Ok
according to [1] to the moments of the quark distribution function F (x) of the
parton language

Ok =
∫ 1

0
dxxk−2 F (x) , (9)

for the moments of the ‘physical’ structure function W (x,Q2), we find

Mn(Q2) =
∫ 1

0
dxxn−2 W (x,Q2) =

1
n!

∞∑
m=0

(n + m)!
m!

εmOn+2m . (10)

The formal Mellin transformation of (10) gives

W (x,Q2) =
x

ξ

F (ξ)
1 + ε ξ2 . (11)

This relation has obvious an trouble with the spectrality at x = 1 that has been
mentioned above.

4 The JLD Representation and Target Mass Dependence

The difficulty with the spectrality condition which is appear in the ξ-scaling
approach can be overcome by applying the JLD representation in a manner as
the momentum analyticity is used for resolving the ghost pole problem.

The analytic moments can be written as follows

Mn(Q2) =
∫ 1

0
dx

xn−2

(1 + εx2)n+1 F (x) .

The first step of our procedure is to find the weight function Un(σ) in the rep-
resentation (5) for the analytic moments. As a result, we have

Un(σ) = Un(∞) +
σ2

n
Φ
′
n(σ)− 2σ

n− 1
n

Φn(σ)− (n− 1)
∫ ∞

σ

dsΦn(s) . (12)

Here Un(∞) is defined by the relation Mn(∞) = Un(∞)/(n − 1) and Φn(σ) =(
σ/M2

)(n−3)/2
F (

√
σ/M2).

The weight functions H(β, σ) in (6) and Un(σ) in the integral representation
for the analytic moments (5) are related as follows

Un(σ) =
∫ 1

0
dβ βn−1 H̃(β, σ) , (13)

where H̃(β, σ) = H(β, σ−2M2(1−
√

1− β2)). Thus, the functions Un(σ) are the
moments of the weight function H(β, σ) and, therefore, Un(σ) can be restored
by the Mellin transformation.
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Then, we represent the function H(β, σ) in the form

H(β, σ) = H0(β) + h(β, σ) ,

where the function H0 is connected with the parton distribution function, and
define the function h̃(β, σ) = h(β, σ − 2M2(1 −

√
1− β2)) , for which one can

write

h̃(β, σ) =
1

2πi

γ+i∞∫
γ−i∞

dnβ−n [Un(σ)− Un(∞)] ,

where the difference Un(σ) − Un(∞) is expressed via the parton distribution
function as follows

Un(σ)− Un(∞) =
1

2M2

σ2

n

∂

∂σ

[( σ

M2

)(n−3)/2
F

(√
σ

M2

)]

− σ

M2

n− 1
n

[( σ

M2

)(n−3)/2
F

(√
σ

M2

)]
(14)

− n− 1
2M2

∫ ∞

σ

ds

[( s

M2

)(n−3)/2
F

(√
s

M2

)]
.

Next, we represent the structure function as

W (x,Q2) = W0(x,Q2) + w(x,Q2) ,

where W0(x,Q2) corresponds to the weight function H0(β); and w(x,Q2), to
h(β, σ), and express W0(x,Q2) in the form

W0(x,Q2) =
∫ 1

0
dβ θ[f(β;x, ε)]H0(β),

f(β;x, ε) =
β

s

√
1 + 4ε− 1− 2ε(1−

√
1− β2) . (15)

The variables β− and β+, if x > x̃ ≡ 1/
√

1 + 4ε2,

β± =
x
√

1 + 4εx2

1 + 4εx2 + 4ε2x2

[
1 + 2ε± 2ε

√
1− x2

1 + 4εx2

]
, (16)

are the roots of the equation f(β;x, ε) = 0. Thus, we have

W0(x,Q2) =

F (β−)− F (1), 0 ≤ x < x̃,

F (β−)− F (β+), x̃ ≤ x ≤ 1.
(17)

The spectral property of W0(x,Q2), its vanishing at x = 1, comes from the re-
lation β−(x = 1) = β+(x = 1). The function W0(x,Q2) is a continuous function
at x = x̃ because β+(x̃) = 1.



Target Mass Effects and the Jost-Lehmann-Dyson Representation 175

0.00 0.25 0.50 0.75 1.00
0.00

0.25

0.50

0.75

1.00

=0.5ε

x

η

ξβ -βτ
β+

 

 

0.00 0.25 0.50 0.75 1.00
0.000

0.005

0.010

0.015

0.020

0.025

=0.5ε

x

 

  

 

   F(x)
   W(x,ε)  ("ξ"-function)
   W(x,ε)  (JLD-function)

Fig. 1. Behavior of functions β±, βτ , ξ,
and η as function of x for ε = 0.5.

Fig. 2. Behavior of structure functions for
ε = 0.5.

For the function w(x,Q2), one finds

w(x,Q2) =
∫ 1

0
dβ θ[f(β;x, ε)] θ[g(β;x, ε)]φ(β;x, ε) , (18)

where f(β;x, ε) is defined by (15) and

g(β;x, ε) =
[
(β/s)

√
1 + 4ε− 1

]
/ε− β2 , (19)

φ(β;x, ε) =
1

4
√
τ
θ(τ) θ(1− τ)

∂

∂(
√
τ)

[√
τF (
√
τ)
]
, (20)

with τ ≡ τ(β;x, ε) =
[
(β/s)

√
1 + 4ε− 1

]
/ε. The equation τ(β;x, ε) = 1 has the

root βτ = (1 + ε)s/
√

1 + 4ε. The solutions of the equation g(β; η, ε) = 0 are con-
nected with the ξ-variable (ξ−=ξ) and are of the form ξ± = (

√
1+4εx2±1)/2εx.

The relative behavior of the functions β±, βτ , ξ, and η = s/
√

1 + 4ε as a
function of x for ε = 0.5 is shown in Fig. 1. This figure demonstrates that the ξ
does not appear in the expression for the structure function, because the range
of integration in (18) includes the interval from β− to βτ .

In Fig. 2, we plot the structure functions as functions of x for ε = 0.5. The
parton distribution is taken in the form F (x) = x2(1 − x)4 (dashed curve).
The physical structure functions, W (x, ε), that depend on the target mass are
obtained in two ways: the dotted curve was constructed by the “ξ”-scaling ex-
pression (11), and the solid line was constructed by using the JLD representation.
This figure demonstrates the difference between these methods. The structure
function obtained by the JLD representation has the correct spectral behavior
at x = 1 as compared with the “ξ”-scaling prediction.

5 Conclusions

The JLD representation reflecting the general principles of the local quantum
field theory (covariance, Hermiticity, spectrality, and causality) has been ap-
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plied for studying the inelastic lepton-hadron process. Here we have concen-
trated on the well-known trouble that is a characteristic feature of the so-called
“ξ”-scaling approach. We have argued that the approach proposed here gives
the self-consistent method of incorporating the target mass dependence into the
structure function and does not lead to the conflict with the spectral condition.
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Family Replicated Calculation of Baryogenesis
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Abstract. In our model with a Standard Model gauge group extended with a baryon
number minus lepton number charge for each family of quarks and leptons, we calculate
the baryon number relative to entropy produced in early Big Bang by the Fukugita-
Yanagida mechanism. With the parameters, i.e., the Higgs VEVs already fitted in a
very successful way to quark and lepton masses and mixing angles we obtain the order
of magnitude pure prediction YB = 2.59 +17.0

−2.25 × 10−11 which according to a theoretical
estimate should mean in this case an uncertainty of the order of a factor 7 up or down
(to be compared to YB = (1.7−8.1)×10−11) using a relatively crude approximation for
the dilution factor, while using another estimate based on Buchmüller and Plümacher
a factor 500 less, but this should rather be considered a lower limit. With a realistic
uncertainty due to wash-out of a factor 100 up or down we even with the low estimate
only deviate by 1.5σ.

1 Introduction

Using the model for mass matrices presented by us in an other contribution [1]
at this conference we want to compute the amount of baryons produced in the
early universe. This model works by having the mass matrix elements being
suppressed by approximately conserved quantum numbers from a gauge group
repeated for each family of quarks and leptons and also having a (B−L) charge
for each family.

The baryon number density relative to entropy density, YB , is one of the
rather few quantities that can give us information about the laws of nature
beyond the Standard Model and luckily we have from the understanding of
the production of light isotopes at the minute scale in Big Bang fits to this
quantity [2]. The “experimental” data of the ratio of baryon number density to
the entropy density is

YB

∣∣∣
exp

= (1.7− 8.1)× 10−11 . (1)

We already had a good fit of all the masses and mixings [3,4] for both quarks and
leptons measured so far and agreeing with all the bounds such as neutrinoless
beta decay and proton decay not being seen and matching on the borderline but
consistent with the accuracy of our model and of the experiment of CHOOZ the
electron to heaviest left-handed neutrino mixing, and that in a version of our
model in which the dominant matrix element in the right-handed neutrino mass
matrix is the diagonal one for the “third” (i.e. with same (B − L)i as the third

Josip Trampetić and Julius Wess (Eds.): LNP 616, pp. 178–185, 2003.
c© Springer-Verlag Berlin Heidelberg 2003
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family) family νR3 right-handed neutrino. This version of our model which fits
otherwise very well does not give sufficient (B−L) excess, that survives, but the
by now the best model in our series should have the right-handed mass matrix
dominated by the off-diagonal elements (2, 3) and (3, 2), so that there appears
two almost mass degenerate see-saw neutrinos, in addition to the third one (first
family) which is much lighter.

2 Mass Matrices and Results for Masses
and Mixing Angles

Our model produces mass matrix elements – or effective Yukawa couplings –
which are suppressed from being of the order of the top-mass because they are
forbidden by the conservation of the gauge charges of our model and can only be-
come different from zero using the 6 Higgs fields [4,5] which we have in addition
to the field replacing the Weinberg-Salam one. In the neutrino sector according
to the see-saw mechanism [6] we have to calculate Dirac- and Majorana-mass
matrices, Meff ≈MD

ν M−1
R (MD

ν )T , to obtain the effective mass matrix Meff for
the left handed neutrinos we in practice can “see”. Here we present all mass
matrices as they follow from our choice of quantum numbers for the 7 Higgs
fields in our model and for the quarks and leptons (as they can be found in the
other contribution). Only the quantum numbers for the field called φB−L is –
in order to get degenerate see-saw neutrinos – changed into having the B − L
quantum numbers of family 2 and 3 equal to 1, i.e., (B − L)2 = (B − L)3 = 1,
while the other family quantum numbers are just zero:

the up-type quarks:

MU �
〈
(φWS)†〉
√

2

 (ω†)3W †T 2 ωρ†W †T 2 ωρ†(W †)2T
(ω†)4ρW †T 2 W †T 2 (W †)2T

(ω†)4ρ 1 W †T †

 (2)

the down-type quarks:

MD �
〈φWS〉√

2

 ω3W (T †)2 ωρ†W (T †)2 ωρ†T 3

ω2ρW (T †)2 W (T †)2 T 3

ω2ρW 2(T †)4 W 2(T †)4 WT

 (3)

the charged leptons:

ME �
〈φWS〉√

2

 ω3W (T †)2 (ω†)3ρ3W (T †)2 (ω†)3ρ3WT 4χ
ω6(ρ†)3W (T †)2 W (T †)2 WT 4χ
ω6(ρ†)3(W †)2T 4 (W †)2T 4 WT

 (4)

the Dirac neutrinos:

MD
ν �

〈
(φWS)†〉
√

2

 (ω†)3W †T 2 (ω†)3ρ3W †T 2 (ω†)3ρ3W †T 2χ
(ρ†)3W †T 2 W †T 2 W †T 2χ

(ρ†)3W †T †χ† W †T †χ† W †T †

 (5)
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and the Majorana (right-handed) neutrinos:

MR � 〈φB−L〉

 (ρ†)6χ† (ρ†)3χ†/2 (ρ†)3/2
(ρ†)3χ†/2 χ† 1
(ρ†)3/2 1 χ

 (6)

We shall remember that it is here understood that all the matrix elements are
to be provided with order of unity factors which we do not know and in practice
have treated by inserting random order of unity factors over which we then
average at the end (in a logarithmic way).

3 Renormalisation Group Equations

The model for the Yukawa couplings we use gives, in principle, these couplings
at the fundamental scale, taken to be the Planck scale, at first, and we then use
the renormalisation group to run them down to the scales where they are to be
confronted with experiment. From the Planck scale down to the see-saw scale
or rather from where our gauge group is broken down to SMG × U(1)B−L we
use the one-loop renormalisation group running of the Yukawa coupling constant
matrices and the gauge couplings [3] in GUT notation including the running of
Dirac neutrino Yukawa coupling:

16π2 dg1

dt
=

41
10

g3
1 , 16π2 dg2

dt
=−19

16
g3
2 , 16π2 dg3

dt
=−7 g3

3 ,

16π2 dYU

dt
=

3
2
(
YU(YU)†−YD(YD)†)YU +

{
YS−

(
17
20

g2
1 +

9
4
g2
2 + 8g2

3

)}
YU ,

16π2 dYD

dt
=

3
2
(
YD(YD)†−YU(YU)†)YD +

{
YS−

(
1
4
g2
1 +

9
4
g2
2 + 8g2

3

)}
YD,

16π2 dYE

dt
=

3
2

(
YE(YE)† − Yν(Yν)†) YE +

{
YS −

(
9
4
g2
1 +

9
4
g2
2

)}
YE ,

16π2 dYν

dt
=

3
2

(
Yν(Yν)† − YE(YE)†) Yν +

{
YS −

(
9
20

g2
1 +

9
4
g2
2

)}
Yν ,

YS =Tr( 3Y †
U YU + 3Y †

D YD + Y †
E YE + Y †

ν Yν ) ,

where t = lnµ and µ is the renormalisation point.
In order to run the renormalisation group equations down to 1 GeV, we use

the following initial values:

U(1) : g1(MZ) = 0.462 , g1(MPlanck) = 0.614 , (7)
SU(2) : g2(MZ) = 0.651 , g2(MPlanck) = 0.504 , (8)
SU(3) : g3(MZ) = 1.22 , g3(MPlanck) = 0.491 . (9)

We varied the 6 free parameters and found the best fit, corresponding to the low-

est value for the quantity g.o.f. ≡
∑[

ln
( 〈m〉pred

mexp

)]2
= 3.38, with the following
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Table 1. Best fit to conventional experimental data. All masses are running masses
at 1 GeV except the top quark mass which is the pole mass. Note that we use the
square roots of the neutrino data in this Table, as the fitted neutrino mass and mixing
parameters 〈m〉, in our goodness of fit (g.o.f.) definition.

Fitted Experimental Fitted Experimental
mu 5.2 MeV 4 MeV md 5.0 MeV 9 MeV
mc 0.70 GeV 1.4 GeV ms 340 MeV 200 MeV
Mt 208 GeV 180 GeV mb 7.4 GeV 6.3 GeV
me 1.1 MeV 0.5 MeV Vus 0.10 0.22
mµ 81 MeV 105 MeV Vcb 0.024 0.041
mτ 1.11 GeV 1.78 GeV Vub 0.0025 0.0035
∆m2

� 9.0 × 10−5 eV2 4.5 × 10−5 eV2 ∆m2
atm 1.8 × 10−3 eV2 3.0 × 10−3 eV2

tan2 θ� 0.23 0.35 tan2 θatm 0.83 1.0
tan2 θchooz 3.3 × 10−2 <∼ 2.6 × 10−2 g.o.f. 3.38 −

values for the VEVs:

〈φW S〉 = 246 GeV , 〈φB−L〉 = 1.23× 1010 GeV , 〈ω〉 = 0.245 ,

〈ρ〉 = 0.256 , 〈W 〉 = 0.143 , 〈T 〉 = 0.0742 , 〈χ〉 = 0.0408 , (10)

where, except for the Weinberg-Salam Higgs field and 〈φB−L〉, the VEVs are
expressed in Planck units. Hereby we have considered that the Weinberg-Salam
Higgs field VEV is already fixed by the Fermi constant. The results of the best
fit, with the VEVs in eq. (10), are shown in Table 1.

4 Quantities to Use for Baryogenesis Calculation

Since the baryogenesis in the Fukugita-Yanagida scheme [7] arises from a nega-
tive excess of lepton number being converted by Sphalerons to a positive baryon
number excess partly and this negative excess comes from the CP violating
decay of the see-saw neutrinos we shall introduce the parameters εi giving the
measure of the relative asymmetry under C or CP in the decay of neutrino
number i: Defining the measure εi for the CP violation

εi ≡
∑
α,β Γ (NR i → !αφβW S)−

∑
α,β Γ (NR i → !̄αφβ†

W S)∑
α,β Γ (NR i → !αφβW S) +

∑
α,β Γ (NR i → !̄αφβ†

W S)
, (11)

where Γ are NR i decay rates (in the NR i rest frame), summed over the neutral
and charged leptons (and Weinberg-Salam Higgs fields) which appear as final
states in the NR i decays one sees that the excess of leptons over anti-leptons
produced in the decay of one NR i is just εi. The total decay rate at the tree level
is given by

ΓNi = ΓNi� + ΓNi�̄ =
((M̃D

ν )†M̃D
ν )ii

4π 〈φW S〉2
Mi , (12)
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where M̃D
ν can be expressed through the unitary matrix diagonalising the right-

handed neutrino mass matrix VR:

M̃D
ν ≡MD

ν VR , (13)

V †
RMRM†

R VR=diag
(
M2

1 ,M
2
2 ,M

2
3
)

. (14)

The CP violation rateis computed according to [8,9]

εi =

∑
j 
=i Im[((M̃D

ν )†M̃D
ν )2ji]

[
f
(
M2

j

M2
i

)
+ g

(
M2

j

M2
i

) ]
4π 〈φW S〉2 ((M̃D

ν )†M̃D
ν )ii

(15)

where the function, f(x), comes from the one-loop vertex contribution and the
other function, g(x), comes from the self-energy contribution. These ε’s can be
calculated in perturbation theory only for differences between Majorana neutrino
masses which are sufficiently large compare to their decay widths, i.e., the mass
splittings satisfy the condition, |Mi −Mj | � |Γi − Γj |:

f(x) =
√
x

[
1− (1 + x) ln

1 + x

x

]
, g(x) =

√
x

1− x
. (16)

We as usual [2] introduce the dacay rate relative to

Ki ≡
Γi
2H

∣∣∣
T=Mi

=
MPlanck

1.66 〈φW S〉2 8πg1/2
∗ i

((M̃D
ν )†M̃D

ν )ii
Mi

(i = 1, 2, 3) , (17)

where Γi is the width of the flavour i Majorana neutrino, Mi is its mass and
g∗ i is the number of degrees of freedom at the temperature Mi (in our model
∼ 100).

In order to estimate the effective K factors we first introduce some normalized
state vectors for the decay products:

|i〉 ≡
(

3∑
k=1

∣∣∣ [M̃D
ν (Mi)

]
ki

∣∣∣2)− 1
2 ( [

M̃D
ν (Mi)

]
1i

,
[
M̃D
ν (Mi)

]
2i

,
[
M̃D
ν (Mi)

]
3i

)
,

(18)
Then we may take an approximation for the effective K factors:

Keff1 = K1(M1) , (19)

Keff2 = K2(M2) + |〈2|3〉|2 K3(M3) + |〈2|1〉|2 K1(M1) , (20)

Keff3 = K3(M3) + |〈3|2〉|2 K2(M2) + |〈3|1〉|2 K1(M1) . (21)

5 Result for Baryogenesis

Using the Yukawa couplings – as coming from the VEVs of our seven different
Higgs fields – the numerical calculation of baryogenesis were performed using
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our random order unity factor method. In order to get baryogenesis in Fukugita-
Yanagida scheme, we calculated the see-saw neutrino masses, Keff i factors and
CP violation parameters using N = 10, 000 random number combinations and
logarithmic average method:

M1 = 2.1× 105 GeV , Keff1 = 31.6 , |ε1| = 4.62× 10−12

M2 = 8.8× 109 GeV , Keff2 = 116.2 , |ε2| = 4.00× 10−6

M3 = 9.9× 109 GeV , Keff3 = 114.7 , |ε3| = 3.27× 10−6

The sign of εi is unpredictable due to the complex random number coefficients
in mass matrices, therefore we are not in the position to say the sign of ε’s. Using
the complex order unity random numbers being given by a Gaussian distribution
we get after logarithmic averaging using the dilution factors as presented by [2,3]

YB = 2.59
+17.0
−2.25

× 10−11 , (22)

where we have estimated the uncertainty in the natural exponent according [10]
to be 64 % ·

√
10 ≈ 200 %.

The understanding of how this baryon to entropy prediction YB comes about
in the model may be seen from the following (analytical) estimate

YB ≈
1
3
· χ
√
g∗ T 2 ·

M3

MPlanck
≈ 1

3
· 10−9 (23)

where we left out for simplicity the lnK factor in the denominator of the dilution
factor κ and where M3 is the mass of one of the heavy right-handed neutrinos in
our model M3 ≈ 〈φB−L〉. Since the atmospheric mass square difference square
root

√
∆m2

atm ≈ 0.05 eV ≈ 〈φWS〉2 (WT )2/M3 we see that keeping it leaves us
with the dependence

YB ≈
〈φWS〉2 χ

3
√

0.05 eV · g∗ MPlanck W 2T 4
≈ 1

5
× 10−4 · χ

√
g∗ W 2T 4 (24)

6 Problem with Wash-Out Effects?

To make a better estimate of the wash-out effect we may make use of the calcu-
lations by [11] by putting effective values for the see-saw neutrino mass M and
m̃. The most important wash-out is due to “on-shell” formation of right-handed
neutrinos and only depends on K or the thereto proportional m̃, but next there
are wash-out effects going rather than by K or m̃ as Mm̃2. In the presentation
of the results by [11] fixed ratios between right-handed neutrino masses were
assumed. However, in reality a very important wash-out comes form the off-shell
inverse decay and that goes as

M1

∑
j

M2
j

M2
1
m̃2
j with m̃j ≡

[(M̃D
ν )†M̃D

ν ]jj
Mj

(25)
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Here we use the notation with m̃j from [11]: m̃j ≈ Kj · 2.2 · 10−3eV.
Using such a term (see eq. 25) with the ansatz ratios used in [11], M2

3 =
106 M2

1 and M2
2 = 103 M2

1 one gets for eq. (25) ≈ 106 M1 m̃2
3, while we would

with our mass ratios (eq. 22) M2
3 ≈ 1/4 ·1010 M2

1 and M2
2 ≈ 1/4 ·1010 M2

1 obtain
correspondingly 2 · 105 GeV · 1/4 · 1010 m̃2

3 ≈ 1/2 · 1015 GeV m̃2
3, which then

being identified with 106 M1 use m̃2
3 would lead to that we should effectively

use for simulating our model the mass of the right handed neutrino – which
is a parameter in the presentation of the dilution effects in [11] – M1 use =
1/2 · 1015 GeV/106 = 1/2 · 109 GeV. Inserting this M1 use value for our estimate
m̃2 ≈ m̃3 ≈ 0.1 eV gives a dilution factor κ ≈ 10−4, i.e., a factor 500 less than
what we used with our estimate using the Keff ’s. (Our m̃3 = m̃2 are surprisingly
large compared to the

√
∆m2

atm because of renormalzation running .) Using the
better calculation of [11] which has a very steep dependence – a fourth power
say – as function of m̃ our uncertainty should also be corrected to a factor 100
up or down. So then we have one and a half standard deviations of getting too
little baryon number.

7 Conclusion

We calculated the baryon density relative to the entropy density – baryogenesis
– from our model order of magnitudewise. This model already fits to quark and
lepton masses and mixing angles using only six parameters, vacuum expectation
values. We got a result for the baryon number predicting about a factor only
three less than the fitting to microwave background fluctuations obtained by
Buchmüller et al. [12], when we used our crude Keff ’s approximation. However,
using the estimate extracted from the calculations of [11] we got three orders of
magnitude too low prediction of the baryon number. This estimate must though
be considered a possibly too low estimate because there is one scattering effect
that is strongly suppressed with our masses but which were included in that
calculation. But even the latter estimate should because of the steep dependence
of the result on the parameters be considered more uncertain and considering
the deviation of our prediction only 1.56σ is not unreasonable.

Since we used the Fukugita-Yanagida mechanism of obtaining first a lepton
number excess being converted (successively by Sphalerons) into the baryon
number, our success in this prediction should be considered not only a victory
for our model for mass matrices but also for this mechanism. Since our model
would be hard to combine with supersymmetry – it would loose much of its
predictive power by having to double the Higgs fields – we should consider it in
a non SUSY scenario and thus we can without problems take the energy scale
to inflation/reheating to be so high that the plasma had already had time to
go roughly to thermal equilibrium before the right-handed neutrinos go out-of-
equilibrium due to their masses. We namely simply have no problem with getting
too many gravitinos because gravitinos do not exist at all in our scheme.

Another “unusual” feature of our model is that the dominant contribution to
the baryogenesis comes from the heavier right-handed neutrinos. In our model it
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could be arranged without any troubles that the two heaviest right-handed neu-
trinos have masses only deviating by 10% namely given by our VEV parameters
χ. This leads to significant enhancement of the ε2 and ε3 which is crucial for the
success of our prediction. There is namely a significant wash-our taking place,
by a factor of the order of κ = 10−3 to 10−6. It is remarkable that we have here
worked with a model that order of magnitudewise has with only six adjustable
parameters been able to fit all the masses and mixings angles for quarks and
leptons measured so far, including the Jarlskog CP violation area and most im-
portantly and interestingly the baryogenesis in the early Universe. To confirm
further our model we are in strong need for further data – which is not already
predicted by the Standard Model, or we would have to improve it to give in prin-
ciple accurate results rather than only orders of magnitudes. The latter would,
however, be against the hall mark of our model, which precisely makes use of
that we can guess that the huge amount of unknown coupling constants in our
scheme with lots of particles can be counted as being of order unity.

Acknowledgments

We wish to thank W. Buchmüller, P. Di Bari and M. Hirsch for useful discussions.
We thank the Alexander von Humbold-Stiftung and DESY for financial support.

References

1. H. B. Nielsen and Y. Takanishi, these proceedings; hep-ph/0203147.
2. E. W. Kolb and M. S. Turner, The Early Universe, Addison-Wesley, Redwood

City, USA, 1990.
3. H. B. Nielsen and Y. Takanishi, hep-ph/0204027.
4. C. D. Froggatt, H. B. Nielsen and Y. Takanishi, hep-ph/0201152.
5. H. B. Nielsen and Y. Takanishi, Nucl. Phys. B 588 (2000) 281; Nucl. Phys. B 604

(2001) 405; Phys. Lett. B 507 (2001) 241.
6. T. Yanagida, in Proceedings of the Workshop on Unified Theories and Baryon

Number in the Universe, Tsukuba, Japan (1979), eds. O. Sawada and A. Sug-
amoto, KEK Report No. 79-18; M. Gell-Mann, P. Ramond and R. Slansky in Su-
pergravity, Proceedings of the Workshop at Stony Brook, NY (1979), eds. P. van
Nieuwenhuizen and D. Freedman (North-Holland, Amsterdam, 1979).

7. M. Fukugita and T. Yanagida, Phys. Lett. B174 (1986) 45.
8. L. Covi, E. Roulet and F. Vissani, Phys. Lett. B384 (1996) 169.
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Measurement of sin(2β) with BaBar
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Abstract. The measurement of sin(2β) presented here establishes CP violation in
the B0 meson system at the 4.1σ level. The probability of obtaining this value of
sin(2β) or higher in the absense of CP violation is consistent with the range implied by
measurement and theoretical estimates of the magnitudes of CKM matrix elements.

1 Introduction

CP violation was observed for the first time in 1964 in the decay of K0
L mesons [1]

and since its discovery it has been the subject of many experiments and the
motivation of many theoretical developments in particle physics. In Standard
Model CP violation arises from the existence of a complex irremovable phase in
the three-generation CKM quark mixing matrix [2]. The unitarity of this matrix
can be expressed in geometric form by six triangles of equal area in the complex
plane. A non-zero area of the triangles directly implies CP violation.

The most experimentally accessible unitarity relation, involving the smallest
elements of the CKM matrix, Vub and Vtd, is known as Unitarity Triangle. The
primary goal of the BaBar experiment is to overconstrain the Unitarity Triangle
through CP violation measurements of its angles α , β and γ and the deter-
mination of its sides |Vub|, |Vcb| in semileptonic B decays and |Vtd| in B0B̄0

mixing.
We present here the measurement of time-dependent CP -asymmetry in a

sample of fully reconstructed B meason decays to CP eigenstates containing
charmonium: b → cc̄s. This measurement is used to probe the angle β = arg[-
VcdV

∗
cb/VtdV

∗
tb] [3].

The data for this study were recorded by the BaBar detector at the PEP-II B
factory at SLAC, that consists of two storage rings producing asymmetric e+e−

collisions, at a centre-of-mass energy corresponding to the mass of the Υ (4S)
resonance (10.58 GeV). The Υ (4S) decays almost exclusively to B+B− or to
coherent B0B̄0 pairs.

The two neutral B mesons oscillate coherently between B0B̄0 and B̄0B0.
If one of them, Btag, decays at a time t = ttag into a state that identifies its
flavour, the flavour of the other B meson, Brec, is also know at that time. Brec
then oscillates until it also decays at a time t = trec into a CP (BCP ) or flavour
(Bflav) eigenstate which are fully recostructed.
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The coherent B0B̄0 state is in a p-wave state, so that its time evolution [4]
is governed by the expression

f±(∆t) =
e−|∆t|/τB0

4τB0
[1± S sin (∆md∆t)∓ C cos (∆md∆t)] , (1)

where ∆t = trec − ttag is the signed difference between the two B decay times,
τ is the B0 lifetime [6] and ∆md is the B0B̄0 mixing frequency [6].

The sine term in 1 is due to the interference between direct decay and the
decay after mixing. The cosine term is due to direct CP violation.

The CP violating parameters S and C can be defined in terms of the complex
parameter λ that depends on both B0B̄0 mixing and on the amplitudes Af or
Āf̄ describing B0 and B̄0 decays to a final state f :

S =
2 Imλ

1 + |λ|2 and C =
1− |λ|2
1 + |λ|2 . (2)

For Brec decaying into a flavour eigenstate, either Af or Āf̄ are null, so
that Imλ = 0 and λ = 0 and expression (1) gives in this case τB0 from the
exponential term and ∆md from the oscillating term.

For Brec decaying into a CP eigenstate, a difference between B0 and B̄0

∆t distributions or an asymmetry between negative and positive ∆t for either
flavor tag is evidence of CP violation. In the Standard Model λ = ηfe

−iβ for
charmonium-containing b → cc̄s decays, where ηf is the CP eigenvalue of the
final state f and β is the angle of the Unitarity Triangle of the three-generation
CKM matrix [2].

The time-dependent CP asymmetry is:

ACP (∆t) =
f+(∆t)− f−(∆t)
f+(∆t) + f−(∆t)

= −ηf sin 2β sin(∆md∆t). (3)

2 The BaBar Detector

A detailed description of the BaBar detector can be found in [5]. Charged parti-
cles are detected and their momenta measured by a combination of silicon vertex
tracker (SVT) consisting of five layers of double side silicon microstrip detectors
and a drift chamber (DCH) placed inside a 1.5 T superconducting solenoid. The
average vertex resolution in the z direction is 70µm for a fully reconstructed
B meson. Leptons and hadrons are identified with measurements from all de-
tector systems, including the energy loss (dE/dx) in the DCH and SVT. The
identification of electrons and photons is done by a CsI crystal electromagnetic
calorimeter (EMC). Muons are identified in the instrumented flux return (IFR)
consisting of layers of iron alternate with resistive plate counters. A Cherenkov
ring imaging detector (DIRC) covering the central region, together with dE/dx
information, provides K/π separation of at least three standard deviations for
B decay products with momentum greater than 250 MeV/c in the laboratory.
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3 B Reconstruction

The Bflav sample of fully reconstructed decays of B0 and B+ mesons to flavour
eigenstates, contains approximately 23 million BB̄ pairs1.

The reconstructed modes are :B0 → D(∗)−π+, D(∗)−ρ+, D(∗)−a+
1 , J/ΨK∗0

and B+ → D(∗)0π+, J/ΨK+, Ψ(2S)K+. Charged and neutral D∗ candidates
are reconstructed in the decay channels K+π−, K+π−π0, K+π+π−π− and
K0
Sπ

+π− and D− candidates in the decay channels K+π−π− and K0
Sπ

−. We
reconstruct J/Ψ and Ψ(2S) in the decays to e+e− and µ+µ− and the Ψ(2S)
decay to J/Ψπ+π−.

We extract sin(2β) from a sample of fully reconstructed B0 decays into fi-
nal states with ηf = −1 (J/ΨK0

S , Ψ(2S)K0
S , χc1K

0
S), ηf = +1 (J/ΨK0

L) and
ηf (effective) = +0.65± 0.07 (J/ΨK∗0 with K∗0 → K0

Sπ
0).

B candidates are identified by the difference ∆E between the reconstructed B
energy and the beam energy

√
s/2 in the Υ (4S) frame, and by the beam-energy

substituted mass mES calculated from
√
s/2 and the reconstructed B momen-

tum. We require mES > 5.27GeV/c2 and |∆E| < 3σ∆E . The |∆E| resolution is
mode dependent and ranges from 10 to 40 MeV.

4 Flavor Tagging

Each event is assigned to one of four hierarchical, mutually exclusive tagging
categories or excluded from the analysis. The Lepton and Kaon categories contain
events with high momentum leptons (pCM > 1.0 and 1.1 GeV/c for electrons and
muons respectively) from semileptonic B decays or with kaons, whose charge is
correlated with the flavour of the decaying b quark. The NT1 and NT2 categories
are based on a neural network algorithm that exploits the information carried by
non-identified leptons and kaons and by soft pions from D∗ decays. The yields,
efficiencies, purities and mistag rates w for each tagging category are listed in
Table 1.

Table 1. Tagging Performances

Category Fraction of tagged events Wrong tag fraction Q=ε(1-2w)2

ε(%) w (%) (%)

Lepton 10.9 ± 0.3 8.9 ± 1.3 7.4 ± 0.5

Kaon 35.8 ± 0.5 17.6 ± 1.0 15.0 ± 0.9

NT1 7.8 ± 0.3 22.0 ± 2.1 2.5 ± 0.4

NT2 13.8 ± 0.3 35.1 ± 1.9 1.2 ± 0.3

1 Charge-conjugation is implied throughout this document unless otherwise noted.
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5 ∆t Measurement and Resolution

The measured distance between the two B decay vertices along the detector axis,
∆z ∼ βγc∆t, provides a good estimate of ∆t.

The Brec vertex is reconstructed from the charged Brec daughters, with a
resolution σz = 70µm (the core of the distribution, describing 80% of the events
has a width, σz = 45µm).

The Btag vertex is determined from the charged tracks not belonging to Brec.
An additional constraint is provided by the calculated Btag production vertex
and three-momentum. These quantities are determined by the measured three-
momentum of the Brec candidate, its decay vertex and the average position of
the interaction point and the Υ (4S) boost. Reconstructed Λ and KS candidates
are used as input to the fit instead of their daughters, to reduce the bias due to
long-lived particles.

The overall ∆z reconstruction efficiency is 97%. The ∆z resolution, domi-
nated by the z resolution of the Btag vertex, is σ∆z = 190µm (65% of the events
have σ∆z = 110µm).

The ∆t resolution function for signal events is represented as a sum of three
Gaussian distributions. All offsets are modeled to be proportional to the event-
by-event error, σ∆t, which is correlated with the weight that the daughters of
long-lived charm particles have in the tag vertex reconstruction. The “core” and
“tail” Gaussian distributions have widths scaled by the event-by-event measure-
ment error derived from the vertex fits. A separate offset for the core distribution
is allowed for each tagging category to account for small shifts caused by inclu-
sion of residual charm decay products in the tag vertex. The third Gaussian
has a fixed width of 8 ps and accounts for fewer than 1% of events with incor-
rectly reconstructed vertices. Identical resolution function parameters are used
for all modes, since the ∆t resolution is dominated by the Btag vertex precision.
Separate resolution function parameters have been used for data collected in
1999-2000 and 2001, due to the significant improvement in the SVT alignment.

6 CP Analysis and sin(2β)

The measurement is made with a simultaneous unbinned likelihood fit to the ∆t
distribution of the flavour and the CP tagged events. The oscillation amplitudes
on both CP and B0

flav samples are reduced by the same (1 − 2w) factor due
to wrong tags. Both distributions are also convoluted with the same resolution
function described in the previous section. Background terms are included in the
likelihood, each with its own time distribution and resolution function. Events
are assigned signal and background probabilities based on the ∆E (J/ΨK0

L) or
mES (all other modes) distributions shown in Fig. 1.

Including sin(2β), a total of 45 parameters are floated in the fit: the average
signal mistag fractions w and differences ∆w (8 parameters), the signal ∆t reso-
lution parameters (16) and all the background parameters: time dependence(9),
∆t resolution (3) and mistag fractions(8). The determination of the signal mistag
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Fig. 1. a) Distribution of mES for BCP candidates having a K0
S in the final state; b)

distribution of ∆E for J/ΨK0
L candidates.

fractions and resolution parameters are dominated by the large Bflav sample;
the background parameters by the events with mES < 5.27GeV/c2. As a result,
the largest correlation between sin(2β) and any linear combination of all the
other free parameters is only 0.13. We fix τB = 1.548 ps and ∆md = 0.472 ps−1

[6].
Figure 2 shows the ∆t distributions of the events overlaid with the fit results

for the ηf = −1 and ηf = +1 samples. In a sample of 32 million BB̄ pairs, the
simultaneous fit to all CP modes and flavour decays yields:

sin(2β) = 0.59± 0.14(stat)± 0.05(syst). (4)

The probability to obtain a lower likelihood value than the one from the fit
is 27%.

The main contributions to the systematic error are the parameterization
of the ∆t resolution function (0.03), due in part to residual uncertainties in
the alignment, possible differences in the mistag fractions between the BCP
and Bflav samples (0.03) and uncertainties in the level, composition and CP
asymmetry of the background in the selected CP events (0.02).

The results split into categories and classes are shown in Fig. 3.
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Fig. 2. Number of ηf = −1 candidates in the signal region a) with a B0 tag, NB0 and
b) with a B̄0 tag, NB̄0 and c) the asymmetry (NB0 −NB̄0)/(NB0 +NB̄0) as a function
of ∆t. The solid curves represent the result of the combined fit to all selected CP events
and the shaded regions represent the background contributions. Figures d)-f) contain
the corresponding information for the ηf = +1 candidates.

7 Conclusions and Outlook

The measurement of sin(2β) presented here establishes CP violation in the B0

meson system at the 4.1σ level, 37 years after its discovery in the Kaon system.
The probability of obtaining this value of sin(2β) or higher in the absence of
CP violation is 3× 10−5. This direct measurement is consistent with the range
implied by measurements and theoretical estimates of the magnitudes of CKM
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Sample Ntag Purity (%) sin 2β
J/ψK0

S ,ψ(2S)K0
S ,χc1K

0
S 480 96 0.56 ± 0.15

J/ψK0
L

(ηf = +1) 273 51 0.70 ± 0.34
J/ψK∗0, K∗0 → K0

S
π0 50 74 0.82 ± 1.00

Full CP sample 803 80 0.59 ± 0.14

J/ψK0
S
, ψ(2S)K0

S
, χc1K

0
S

only (ηf = −1)
J/ψK0

S
(K0

S
→ π+π−) 316 98 0.45 ± 0.18

J/ψK0
S (K0

S → π0π0) 64 94 0.70 ± 0.50
ψ(2S)K0

S
(K0

S
→ π+π−) 67 98 0.47 ± 0.42

χc1K
0
S

(K0
S
→ π+π−) 33 97 2.59 ± 0.55

0.67

Lepton tags 74 100 0.54 ± 0.29
Kaon tags 271 98 0.59 ± 0.20
NT1 tags 46 97 0.67 ± 0.45
NT2 tags 89 95 0.10 ± 0.74
B0 tags 234 98 0.50 ± 0.22
B0 tags 246 97 0.61 ± 0.22

Bflav non-CP sample 7591 86 0.02 ± 0.04
Charged B non-CP sample 6814 86 0.03 ± 0.04

Fig. 3. Number of tagged events, signal purity and result of fitting for CP asymmetries
in the full CP sample and in various subsamples, as well as in the Bflav and charged
B control samples. Errors are statistical only.

matrix elements. By the summer of 2002, with a data sample of more than 100
million BB pairs a measurement of sin(2β) with a precision of less than 0.1 will
be possible.
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Abstract. We present main results of the investigation of the rare decay mode D0 →
γγ, in which the long distance contributions are expected to be dominant. Using the
Heavy Quark Chiral Lagrangian we have considered the anomaly contribution which
relates to the annihilation part of the weak Lagrangian and the one - loop π, K dia-
grams. The loop contributions which are proportional to g and contain the a1 Wilson
coefficient are found to dominate the decay amplitude. The branching ratio is then cal-
culated to be (1.0±0.5)×10−8. Observation of an order of magnitude larger branching
ratio could signal new physics.

In the past years the rare decays of B mesons came under the spotlights as the
source of possible signals of new physics. In the meanwhile studies of rare D
decays have received much less attention. Partially this is because theoretical
investigations of D weak decays are rather difficult, also due to the presence of
many resonances close to this energy region. The penguin effects on the other
hand, which are very important in B and also in K decays, are usually suppressed
in the case of charm mesons due to the presence of d, s, b quarks in the loop
with the respective values of CKM elements.

Nevertheless, D meson physics has produced some interesting results in the
past year. Experimental results on time dependent decay rates of D0 → K+π−

by CLEO [1] and D0 → K+K− and D0 → K−π+ by FOCUS [2] have stimulated
several studies on the D0− D̄0 oscillations [3]. The recently measured D* decay
width by CLEO [4] has provided the long expected information on the value
of D∗Dπ coupling. Among the rare D decays, the decays D → V γ and D →
V (P )l+l− are subjects of CLEO and FERMILAB searches [5]. On the theoretical
side, these rare decays of charm mesons into light vector meson and photon or
lepton pair have been considered lately by several authors (see, e.g., [6]-[11],
for radiative leptonic D meson decay see [12]). The investigations of D → V γ
showed that certain branching ratios can be as large as 10−5, like for D0 → K̄∗0γ,
D+
s → ρ+γ [6,11]. However, the decays which are of some relevance to the

D0 → 2γ mode studied here, like D0 → ρ0γ, D0 → ωγ, are expected with
branching ratios in the 10−6 range [13]. Thus, it is hard to believe that the
branching ratio of the D0 → 2γ decay mode can be as high as 10−5 in the
Standard Model (SM), as found by [14]. Apart from this estimation, there has
� Talk given by J. Zupan
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been no other detailed work on D0 → 2γ prior to our analysis [15]. In addition to
these theoretical studies there are experimental attempts to observe this decay
rate done by CLEO and FOCUS [16].

Motivated by the experimental efforts to observe rare D meson decays [16],
and noticing that Bs → γγ offers possibility to observe physics beyond the SM,
we undertook an investigation of the D0 → γγ decay [15]. Here we present only
the main results of our analyses, while the details of our work are presented in
[15].

The short distance contribution is expected to be rather small, as already
encountered in the one photon decays [6,7], hence the main contribution would
come from long distance interactions. In order to treat the long distance contri-
butions, we use the heavy quark effective theory combined with chiral perturba-
tion theory (HQχPT) [17]. This approach was used before for treating D∗ strong
and electromagnetic decays [18]-[20]. The leptonic and semileptonic decays of D
meson were also treated within the same framework (see [18] and references
therein).

The approach of HQχPT introduces several coupling constants that have to
be determined from experiment. The recent measurement of the D∗ decay width
[4] has determined the D∗Dπ coupling, which is related to g, the basic strong
coupling of the Lagrangian. There is more ambiguity, however, concerning the
value of the anomalous electromagnetic coupling, which is responsible for the
D∗Dγ decays [19,20] (for further discussion on this point see [15]).

Let us address now some issues concerning the theoretical framework used
in our treatment. For the weak vertex we used the factorization of weak cur-
rents with nonfactorizable contributions coming from chiral loops. The typical
energy of intermediate pseudoscalar mesons is of order mD/2, so that the chiral
expansion p/Λχ (for Λχ � 1 GeV) is rather close to unity. Thus, for the decay
under study we extend the possible range of applicability of the chiral expansion
of HQχPT, compared to previous treatments like D∗ → Dπ, D∗ → Dγ [19] or
D∗ → Dγγ [20], in which a heavy meson appears in the final state, making the
use of chiral perturbation theory rather natural. The suitability of our under-
taking here must be confronted with experiment, and possibly other theoretical
approaches.

At this point we also remark that the contribution of the order O(p) does not
exist in the D0 → γγ decay, and the amplitude starts with contribution of the
order O(p3). At this order the amplitude receives an annihilation type contribu-
tion proportional to the a2 Wilson coefficient, with the Wess-Zumino anomalous
term coupling light pseudoscalars to two photons. However, the total amplitude
is dominated by terms proportional to a1 that contribute only through loops
with Goldstone bosons. Loop contributions proportional to a2 vanish at this
order. We point out that any other model which does not involve intermediate
charged states cannot give this kind of contribution. Therefore, the chiral loops
naturally include effects of intermediate meson exchange.

The chiral loops of order O(p3) are finite, as they are in the similar case
of K → γγ decays [21]-[22]. The next to leading terms might be almost of the
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same order of magnitude compared to the leading O(p3) term, the expected
suppression being approximately p2/Λ2

χ. The inclusion of next order terms in
the chiral expansion is not straightforward in the present approach. We include,
however, terms which contain the anomalous electromagnetic coupling, and ap-
pear as next to leading order terms in the chiral expansion, in view of their
potentially large contribution (as in B∗(D∗) → B(D)γγ decays considered in
[20]). As it turns out, these terms are suppressed compared to the leading loop
effects, which at least partially justifies the use of HQχPT for the decay under
consideration. Contributions of the same order could arise from light resonances
like ρ, K∗, a0(980), f0(975). Such resonances are sometimes treated with hidden
gauge symmetry (see, e.g., [18]), which is not compatible with chiral perturba-
tion symmetry. Therefore, a consistent calculation of these terms is beyond our
scheme and we disregard their possible effect.

The invariant amplitude for D0 → γγ decay can be written using gauge and
Lorentz invariance in the following form:

M =
[
iM (−)(gµν − kµ2 k

ν
1

k1k̇2

)
+ M (+)εµναβk1αk2β

]
ε1µε2ν , (1)

where M (−) is a parity violating and M (+) a parity conserving part of the am-
plitude, while k1(2), ε1(2) are respectively the four momenta and the polarization
vectors of the outgoing photons.

In the discussion of weak radiative decays q′ → qγγ or q′ → qγ decays,
usually the short (SD) and long distance (LD) contribution are separated. The
SD contribution in these transitions is a result of the penguin-like transition,
while the long distance contribution arises in particular pseudoscalar meson de-
cay as a result of the nonleptonic four quark weak Lagrangian, when the photon
is emitted from the quark legs. Here we follow this classification. In the case
of b → sγγ decay [23] it was noticed that without QCD corrections the rate
Γ (b → sγγ)/Γ (b → sγ) is about 10−3. One expects that a similar effect will
show up in the case of c → uγγ decays. Namely, according to the result of [23]
the largest contribution to c → uγγ amplitude would arise from the photon
emitted either from c or u quark legs in the case of the penguin-like transition
c → uγ. Without QCD corrections the branching ratio for c → uγ is rather
suppressed, being of the order 10−17 [7,8]. The QCD corrections [24] enhance it
up to order of 10−8.

In our approach we include the c→ uγ short distance contribution by using
the Lagrangian

L = −Gf√
2
VusV

∗
csC

eff
7γ

e

4π2Fµνmc

(
ūσµν

1
2

(1 + γ5)c
)
, (2)

where mc is a charm quark mass. In our analysis we follow [24,26] and we take
Ceff

7γ = (−0.7 + 2i)× 10−2.
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The main LD contribution will arise from the effective four quark nonleptonic
∆C = 1 weak Lagrangian given by

L = −Gf√
2

∑
q=d,s

VuqV
∗
cq

[
a1

(
q̄Γµc)(ūΓµq) + a2(ūΓµc)(q̄Γµq)

]
, (3)

where Γµ = γµ(1 − γ5), ai are effective Wilson coefficients [27], and Vqiqj
are

CKM matrix elements. At this point it is worth pointing out that long distance
interactions will contribute only if the SU(3) flavor symmetry is broken, i.e. if
ms �= md. Namely, due to VudV

∗
cd � −VusV ∗

cs and md = ms the contribution
arising from the weak Lagrangian (3) disappears in the case of exact SU(3)
flavor symmetry.

Going from quark to meson level effective Lagrangian one uses heavy quark
symmetry for c-quark and chiral symmetry of light quarks to construct HQχPT
Lagrangian [15]. This is then used to calculate the D0 → γγ decay width to one
loop order. Leaving out the details of our calculation (see [15]), we discuss the
final results.

The decay width for the D0 → γγ decay can be obtained using the amplitude
decomposition in (1)

ΓD0→γγ =
1

16πmD
(|M (−)|2 +

1
4
|M (+)|2m4

D). (4)

The main contribution to the decay width arises from the diagrams presented
on Figs. 1, 2. The calculated amplitudes depend on the number of input parame-
ters, as mentioned in [15]. The coupling g is extracted from existing experimental
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Fig. 1. One loop diagrams, not containing beta-like terms, that give nonvanishing con-
tributions to the D0 → γγ decay amplitude. Each sum of the amplitudes on diagrams
in one row Mi =

∑
j Mi.j is gauge invariant and finite. Numerical values are listed in

Table 1.
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�

D
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D
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Fig. 2. Anomalous contributions to D0 → γγ decay. The intermediate pseudoscalar
mesons propagating from the weak vertex are π0, η, η′.

data on D∗ → Dπ. Recently CLEO Collaboration has obtained the first mea-
surement of D∗+ decay width Γ (D∗+) = 96 ± 4 ± 22 keV [4] by studying the
D∗+ → D0π+. Using the value of decay width together with branching ratio
Br(D∗+ → D0π+) = (67.7 ± 0.5)% one immediately finds at tree level that
g = 0.59± 0.08. The chiral corrections to this coupling were found to contribute
about 10% [18,19]. In order to obtain the α coupling, we use present experi-
mental data on Ds leptonic decays (fD � fDs = α/

√
mD). In our calculation

we take α = 0.31 GeV3/2 [15]. For the Wilson coefficients a1 we take 1.26 and
a2 = −0.47 [27]. We give here the numerical results for the one-loop amplitudes
in Table 1.

Table 1. Table of the nonvanishing finite amplitudes. The amplitudes coming from
the anomalous and short distance (Ceff

7γ ) Lagrangians are presented. The finite and
gauge invariant sums of one-loop amplitudes are listed in the next three lines (M (±)

i =
∑

j M
(±)
i.j ). The numbers 1, 2, 3 denote the row of diagrams on the Fig. 1. In the last

line the sum of all amplitudes is given.

M
(−)
i [×10−10 GeV] M (+)

i [×10−10 GeV−1]

Anom. 0 −0.53
SD −0.27 −0.81i −0.16 −0.47i
1 3.55 +9.36i 0
2 1.67 0
3 −0.54 +2.84i 0
∑

i M
(±)
i 4.41 +11.39i −0.69 −0.47i

In the determination of D∗ → Dγγ and B∗ → Bγγ a sizable contribution
from β-like electromagnetic terms [15] has been found [20]. Therefore, we have
to investigate their effect in the D0 → γγ decay amplitude. The nonzero parity
violating parts of the one loop diagrams containing β coupling are given on
Fig. 3, while numerical results are presented in Table 2.

Using short distance contributions, the finite one loop diagrams and the
anomaly parts of the amplitudes and with numerical values of the amplitudes as
listed in Table 1, one obtains

Br(D0 → γγ) = 1.0× 10−8. (5)

This result is slightly changed when one takes into account the terms dependent
on β. The branching ratio obtained when we sum all contributions is

Br(D0 → γγ) = 0.95× 10−8. (6)
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Fig. 3. The diagrams which give nonzero amplitudes with one β-like coupling (denoted
by •).

Table 2. Table of nonzero contributions of the amplitudes coming from the diagrams
with β coupling. In the last line the sums of the contributions are presented. We use
β = 2.3 GeV−1, mc = 1.4 GeV.

Diag. M
(−)
i [×10−10 GeV] M (+)

i [×10−10 GeV−1]

β.1 0 −2.69
β.2 0 2.69
β.3 0 2.11
β.4 0.88 −0.007
β.5 0 0.51
β.6 −2.88 −0.52
∑

i M
(±)
i −2.00 2.09

By varying β within 1 GeV−1 ≤ β ≤ 5 GeV−1 and keeping g = 0.59± 0.08,
the branching ratio is changed by at most 10%. On the other hand, one has to
keep in mind that the loop contributions involving β are not finite and have to be
regulated. We have used MS scheme, with the divergent parts being absorbed by
counterterms. The size of these is not known, so they might influence the error
in our prediction of the branching ratio. Note also that changing α would affect
the predicted branching ratio. For instance, if the chiral corrections do decrease
the value of α by 30% this would decrease the predicted branching ratio down
to 0.5× 10−8.

It is interesting to estimate what sizes of new physics effects one can expect
in this decay mode. In the following we use a rather simple estimate of possible
SUSY contributions. In [25],[26] it has been found that c → uγ short distance
contribution (2) can get considerably enhanced, if one takes into consideration
the MSSM spectrum. The leading contribution comes from the gluino exchange
and can be at most as large as |CMSSS

7 | � 10|CSM
7 |. Co mparing this with the

Standard Model results listed in Table 1, it follows that in this most favorable
case MMSSM

SD ∼ 10MSM
SD ∼ MSM

LD . The MSSM contributions might thus increase
the Standard Model prediction for the branching ratio by a factor of 4 or less.
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In summary, we have presented the results of the detailed calculation of the
decay amplitude D0 → γγ, which includes short distance and long distance
contributions, by making use of the theoretical tool of Heavy Quark Chiral Per-
turbation Theory Lagrangian. Within this framework, the leading contributions
are found to arise from the charged π and K mesons running in the chiral loops,
and are of order O(p3). These terms are finite and contribute only to the parity
violating part of the amplitude. The inclusion of terms of higher order in the chi-
ral expansion is unfortunately plagued with the uncertainty caused by the lack
of knowledge of the counterterms. As to the parity conserving part of the decay,
it is given by terms coming from the short distance contribution, the anomaly
and from loop terms containing the beta coupling, the latter giving most of the
amplitude. The size of this part of the amplitude is approximately one order of
magnitude smaller than the parity violating amplitude, thus contributing less
than 10% to the decay rate. Therefore, our calculation predicts that the D → 2γ
decay is mostly a parity violating transition.

In addition to the uncertainties we have mentioned, there is the question of
the suitability of the chiral expansion for the energy involved in this process;
the size of the uncertainty related to this is difficult to estimate. Altogether, our
estimate is that the total uncertainty is not larger than 50%. Accordingly, we
conclude that the predicted branching ratio is

Br(D0 → γγ) = (1.0± 0.5)× 10−8. (7)

The reasonability of this result can be deduced also from a comparison with the
calculated decay rates for the D0 → ρ(ω)γ, which are found to be expected with
a branching ratio of approximately 10−6 [6,7,13]. Recently another independent
study of D0 → γγ decay mode has been performed [28], where also vector meson
contributions have been included. The use of vector meson dominance yields a
factor of three larger result than what has been obtained by our analysis.

We look forward to experimental attempts of detecting this decay. Our result
suggests that the observation of D → 2γ at a rate which is an order of magnitude
larger than (7), could be a signal for the type of “new physics”, which leads to
sizable enhancement of the short-distance c→ uγ transition.
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