Chapter 2
Quarkonium

Quarkonium is the name given to a sub-atomic system composed of a heavy quark
Q and anti-quark Q, bound by the strong interaction. Quarkonia belong to the more
general meson (hadrons composed of a quark anti-quark pair) family of sub-atomic
particles but they deserve their own sub-classification due to the many unique prop-
erties that distinguish them from the other hadrons. The large masses of the charm (¢)
and bottom (b) quarks compared to the light (u, d, s) quarks, endow heavy quarkonia
with properties that differ significantly from those of the light mesons. A quarkonium
system containing a charm and anti-charm (cc) quark pair is known as charmonium,
while the system containing a bottom and anti-bottom (bb) quark pair is known as
bottomonium. Charmonium and bottomonium have both been observed in experi-
ments [1]. The large mass of the top quark affords it with a width so large that it
decays via the weak interaction on a timescale below that associated with quarko-
nium formation. To date, quarkonia composed of top anti-top (¢7) quark pairs (an
hypothesised system known as toponium) have not been observed experimentally [1].

Charmonium was first observed experimentally in November 1974 with the
famous simultaneous discovery of a narrow state decaying to eTe™ and u™ ™~ by
groups at BNL and SLAC [2, 3]. The new state had a mass of around 3.1 GeV and
was quickly interpreted as a bound state of a previously unseen heavy quark and
its anti-quark, much heavier than the strange quark. The new quark was named the
charm (c) quark and the new bound state came to be known as the J /1. Only a few
years later in 1977, a further narrow state was observed in decays to u* ™ by a
group at Fermilab, this time at a mass of around 9.5 GeV [4]. This new state was
named Y (now known as Y (15)) and provided the first evidence for a further heavy
quark, the bottom () quark. Following the discovery of the J /¢ and YT (1S) states,
many other quarkonium states were discovered, the masses and quantum numbers
of which fitted well with theoretical expectations for Q O bound states.
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2.1 Quarkonium Spectroscopy

Quarkonium states are typically categorised according to the total spin of the Q Q
system S, the orbital angular momentum between the Q Q pair, L, and the total angu-
lar momentum ( J=L+S§ ) of the system, J. The spectroscpic notation n>5+1L ;,
where n is the principal quantum number, is often used to label the quarkonium states.
The parity P of a QO system is given by P = (—1)L*! and the charge conjugation
parity C is given by C = (—1)L*+S. Parity and charge conjugation parity are both
conserved quantities in the strong and electromagnetic decays of quarkonium states.

The quarkonium states with masses below the threshold for decays to open-
flavour hadrons (i.e. containing non-zero flavour quantum numbers) to be kinemat-
ically allowed (mpp ~ 3.74 GeV for charmonium and mzz ~ 10.56 GeV for
bottomonium) are typically narrow states which decay via the electromagnetic and
strong interactions to lower mass quarkonium states, light hadrons or charged lep-
tons. Quarkonium states above the relevant open-flavour threshold generally have
much larger total decay widths that are dominated by strong decays to open-flavour
hadrons. All of the charmonium states expected to exist below the D D threshold have
been discovered experimentally. The majority of the bottomonium states expected
below the BB threshold have also been observed with the exception of the 7, (3S),
hyp(3P) and most of the D-wave bottomonium states [1]. Figures2.1 and 2.2 show
the experimentally observed (and predicted) charmonium and bottomonium states
respectively.
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Fig. 2.1 The experimentally observed charmonium states. The states labelled X, the nature of
which is unknown, are not thought to be conventional charmonium states. Figure from Ref. [1]
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Fig.2.2 The experimentally observed and theoretically expected bottomonium states. Dashed lines
denote unobserved or unconfirmed states (an unconfirmed experimental candidate for the 77, (2S)
state has been observed by the Belle experiment [6]). Figure from Ref. [1]

The properties of the experimentally observed quarkonium states are known very
well in some cases while very little is known about others. In general, the S-wave
(L = 0) vector (S = 1) JPC = 17~ states, such as the J /¢ and Y, are very well
studied since they can be produced directly in e*e™ annihilation and can thus decay
to the experimentally clean eTe™ and p* ™ final states. The P-wave (L = 1) spin
triplet (S = 1) x states are also reasonably well studied as they are readily produced in
the radiative decays of the vector states and can decay to lower lying vector states with
the emission of a photon. However, much less is known about the spin singlet (S = 0)
S-wave states, 71 and 1, the latter of which (77, (1)) was only recently discovered in
2008 [5]. The di-lepton decays of these states are heavily suppressed, with decays to
light hadrons dominating. These states are typically studied through radiative decays
of the type >S; — 1Sy, although this radiative transition is dominated by a magnetic
dipole amplitude and is strongly suppressed relative to the analogous electric dipole
transition. Less still is known about the spin singlet P-wave states, i, and hy, the
decays of which are also dominantly hadronic.

The quarkonium spectrum can be understood from a theoretical perspective
through two distinct approaches. The first approach is largely phenomenological
and involves the use of potential models to describe the bound state, in analogy with
the quantum mechanical description of the energy levels of an atom. The potential
model approach is attractive because of its simplicity, but becomes steadily more
complicated and inaccurate for the heavier quarkonium states (particularly those
above the open flavour thresholds). The alternative approach is to perform a direct
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calculation using QCD. Such calculations can be performed with lattice QCD but are
complex and (very) computationally expensive; few lattice calculations exist relative
to the many potential model calculations in the literature. However, lattice calcula-
tions that use the effective theory Non-Relativistic QCD (NRQCD) have successfully
described much of the charmonium and bottomonium spectrum [7-9].

The main features of the experimentally observed spectrum of quarkonium states
can be reproduced with a simple non-relativistic potential model. The use of an
interaction potential and “ordinary” non-relativistic quantum mechanics to model
the system is well motivated given the large masses of the charm and bottom quarks
relative to the QCD scale, Aqcp. The potential V () can be parameterised as a
function of the relative separation, 7, between the quark Q and the anti-quark Q.
The problem is simplified mathematically if one models the system as an anti-quark
orbited by a quark with mass p bound by an attractive relative central potential V (r)
(a common technique used in the textbook [10] solution of the Schrédinger equation
for the hydrogen atom). The parameter y is known as the reduced mass. As the mass
of the heavy quark and anti-quark are equal, the reduced mass is simply p = mg/2,
where m ¢ is the mass of the heavy quark. If the spin of the quarks is neglected, the
binding energy E,; of the bound state can be found by solving the time-independent
Schrodinger equation (in natural units with & = 1) for the potential,

VZ
[_ﬂ + V(r)i| 'll)nlm (rs 07 (,b) = Enl Q/Jnlm(ra 97 d)) ) (21)

where 6 and ¢ are the polar and azimuthal co-ordinates of the heavy quark [10].
The quantum numbers 7, [ and m are the principal quantum number, orbital angular
momentum quantum number and its projection onto the z-axis respectively. The mass
of the quarkonium state is then given by M,; = E,;; + 2m . The parametrisation of
the problem with a spherically symmetric central potential in polar coordinates allows
the wavefunction ¥y, (r, 8, ¢) to be factorised into a product of three functions,
Unim (1, 0, &) = Ry (r)Op,, (0) P, (p). The product Oy, (0) D, (¢) is described by the
spherical harmonic functions Y, (0, ¢) [10]. Thus the total wavefunction is given
by Yuim(r, 0, ) = Ry (r)Y;,(0, ¢). The parametrisation of the solution can be
simplified further with the introduction of the reduced radial wavefunction u,; (r) =
r R, (r). The Schrédinger equation can then be written as,

dun(r) 1
d—;z = o |:Enl =V -

I+

e ] i (). 2.2

The boundary conditions u,;(0) = 0 and ”;zl (0) = R;;(0) must also be imposed to
remove unphysical solutions [11]. Finally, the normalisation condition,

o0
/ [¢|?r? sin 0dOd pdr = / lu () 2dr =1, (2.3)
0

must also be imposed to preserve unitarity [11].
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The form of the potential can be predicted from the qualitative features of QCD.
At short distances, less than 1 fm, corresponding to energies greater than the QCD
scale, Aqcp, the potential can be calculated with perturbative QCD. The QCD static
potential can be derived from the leading order contribution (single gluon exchange)
to the 00 — Q0 scattering amplitude. This leads to a potential with a form
analogous to the Coulomb potential of QED,

V) = —c% , (2.4)

where as is the strong coupling constant and C is a constant factor related to the
colour configuration of the Q Q state. For a Q Q pair in a colour singlet configuration
C = 4/3, while for a colour octet configuration C = —1/6. It is important to note that
the overall potential is attractive (V < 0) only for the colour singlet configuration,
and so Q Q pairs in a colour octet configuration can not form bound states, a feature
consistent with experimental observations.

At distances beyond around 1 fm, corresponding to energies similar to or less
than Aqcp, the coupling becomes strong, leading to a confinement regime. In this
regime, perturbative QCD is no longer valid as «; is no longer small. Instead, a
phenomenologically motivated potential must be used. The most common model
is still inspired by the qualitative features of QCD, where a colour field flux tube
forms between colour charges separated by large distances, leading to a distance
independent confining force [12]. This can be interpreted as a long range linear
confining potential,

V(@) =Kr, (2.5)

where K is a parameter often called the QCD string tension [11]. The parameter K
is chosen with input from the experimentally measured spectrum and typically takes
values of around 0.18 GeV?2 [12]. This “Coulomb + Linear” potential (alternative
parametrisations also exist, such as the Cornell [13] and Richardson [14] potentials)
can be used to provide a reasonably good description of the spin-independent features
of the experimentally measured charmonium and bottomonium spectra. The QCD
static potential can also be calculated to higher perturbative orders to provide a more
accurate description which includes an explicit running of the strong coupling. This
naturally leads to a confining behaviour at large separations, negating the need for
the phenomenologically motivated additional terms [11]. In addition to higher order
QCD corrections, corrections to the non-relativistic approximation can also be added
to improve the accuracy of the model. Further spin-dependent terms must be included
to reproduce the hyperfine splitting between the ' So (7., 71,) and 3 S (J /4, T) states
and the fine structure of the P-wave y states. The addition of terms that model the
spin-orbit and hyperfine interactions leads to much more precise predictions that can
be directly compared with experimental measurements.

Tables 2.1 and 2.2 show a collection of potential model and lattice QCD predictions
for the masses of selected charmonium and bottomonium states. The agreement of
modern potential model predictions with the experimental values is very good [15].
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Table 2.1 Theoretical predictions for the masses of the charmonium states below the D D threshold

Expt. state n2SHp, Expt. mass Pot. [16] Pot. [15] Latt. [7]
1.(18) 118, 2983.7(7) 2975 2979 3000(2)

J /) 138; 3096.92(1) 3098 3096 Fixed to expt.
he 1'p 3525.4(1) 3517 3526 -

Xc0 3P 3414.8(3) 3445 3424 -

Xl 13 P 3510.66(7) 3510 3510 -

X2 13p, 3556.20(9) 3550 3556 -

17.(28) 218, 3639.4(1) 3623 3588 3680(6)
P(28) 238, 3686.109(1) | 3676 3686 3717(8)

Predictions from potential models (Pot.) [15, 16] and lattice QCD (Latt.) [7] are compared to the
world average experimental masses [1]. All masses are quoted in units of MeV

Table 2.2 Theoretical predictions for the masses of the S and P-wave bottomonium states

Expt. state n?S+ip, Expt. mass Pot. [16] Pot. [15] Latt. [8]
My(1S) 1180 9398(3) 9402 9400 9390(9)
Y(1S) 135 9460.3(3) 9465 9460 -
hy(1P) 1'p 9899(1) 9882 9901 9905(7)
Xpo(1P) 3Py 9859.4(4) 9847 9865 -
Xp1(1P) 3P 9892.8(3) 9876 9892 -
Xp2(1P) 3P, 9912.2(3) 9897 9913 -
M,(2S) 215y 9999(4) 9976 9993 9988(3)
Y(2S) 238 10023.3(3) 10003 10023 -
hy(2P) 21 p 10259.8(1) 10250 10261 -
Xpo(2P) 23 Py 10232.5(5) | 10226 10234 -
Xp1(2P) 2P 10255.5(5) 10246 10255 -
Xp2(2P) 2P 10268.7(5) 10261 10268 -
,(35) 3180 - 10336 10328 -
Y(3S) 338, 10355.2(5) | 10354 10355 10375(22)

Predictions from potential models (Pot.) [15, 16] and lattice QCD (Latt.) [8] are compared to the
world average experimental masses [1]. All masses are quoted in units of MeV

Recent lattice QCD results are also in reasonable agreement with data but tend to
have larger theoretical uncertainties [7-9].

Within the past ten years, many new states have been observed which decay to
quarkonium. These new states, typically denoted by X, Y or Z, have properties that do
not obviously fit into the conventional quarkonium model. These states have become
known as quarkonium-like states and their nature is still far from well understood. The
first such state to be discovered was the X (3872), observed by the Belle experiment in
B* meson decays to J /¢ mt 7~ K* final states (with X (3872) — J /¢ ntn) [17].
The discovery was promptly confirmed by CDF [18] and DO [19] (in p p collisions,
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through predominantly prompt production) with several other experiments (including
the LHC experiments) subsequently confirming the state’s existence. The X (3872)
is observed to be a narrow state (with an experimental width consistent with detector
resolution) but has a mass above the D D threshold. The observation of the X (3872)
came as a shock since all known charmonium states with masses above the DD
threshold are broad states that readily decay to open-charm hadrons. Many theoret-
ical interpretations of the X (3872) have been proposed, including hadronic mole-
cules, tetra-quark states and hybrid charmonium, though its nature is still not firmly
established [20]. Since the discovery of the X (3872), many other charmonium-like
and bottomonium-like states have also been observed (including manifestly exotic
charged states), in multiple final states with varying levels of confirmation [1, 20].
These observations have prompted a significant amount of recent theoretical work.
However, to date, no single theoretical interpretation can claim to describe the full
spectrum of new states adequately, suggesting that multiple mechanisms may be at
play. The LHC experiments and B factories are actively studying these states and
new measurements of production cross sections and quantum numbers are beginning
to shed more light on these mysterious states [21, 22].

2.2 Quarkonium Production

Quarkonium states can be produced in a variety of different interactions at modern
experiments. Common initial states include hadron-hadron collisions (typically pp
or pp at collider experiments), hadron-nucleon (typically p or p on a fixed nuclear
target), eTe™ collisions, vy collisions and ep collisions. The following discussion
will focus on the production of quarkonium states in hadronic collisions. Various
models describing the production of quarkonium in hadronic collisions exist. The
following discussion will attempt to summarise the main models with more emphasis
given to the more recent and successful ones.

2.2.1 The QCD Factorisation Method

Particle production in hadronic collisions can be described within QCD in terms of the
interactions between the constituent quarks and gluons (also known as partons) within
the colliding hadrons. The cross section for the process H{(Py) + Hx(P2) — X,
where Hj  are initial state hadrons with four-momentum P; > and X is an arbitrary
system of final state particles, can be described by,

a(P1, Py =) / dxydxa fi(xy, i17) - fi (2, 117) - 64 (p1, pa, as (i), Q2 /i),
i,J

(2.6)
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Fig. 2.3 A diagram of hard
parton-parton scattering
within a hadron-hadron
collision

where the indices i, j run over the different parton species within the hadron [23].
This process is shown in diagrammatic form in Fig. 2.3. The quantities x1 » denote the
fractions of the initial hadron momenta carried by the partons participating in the hard
interaction. Only the longitudinal component of the initial state hadron momentum
is considered and the small transverse component is neglected. The momentum of an
interacting parton p is then given by p = x P. The functions f; (x, ;1*) are known as
parton distribution functions (PDF) and represent the probability density of finding
a parton of species i with momentum fraction x within the parent hadron at a given
factorisation scale p. The partonic cross section &;; is the cross section for the
scattering of the two partons i and j to produce the system X. The quantity Q is
the characteristic scale of the hard scattering, for example the mass of the heavy
quark in quarkonium production. The factorisation scale  is the typical scale below
which long distance (low energy) effects dominate and above which short distance
(high energy) effects dominate. The factorisation scale is often chosen to be the
same as the hard scattering energy scale, x = Q [23]. This definition of x allows
the calculation of the total cross section to be factorised into a convolution between
PDFs and a partonic cross section 6. Parton behaviour at energy scales below i,
such as the emission of soft gluons, is absorbed into the description of the PDF,
negating the need for it to be considered in &. Through this approach, ¢ needs only to
describe hard scattering processes for a reliable calculation of inelastic cross sections
to be made. The partonic cross section describing the hard parton scattering can be
reliably calculated perturbatively, since the strong coupling at the hard scattering
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energy scale Q is weak due to asymptotic freedom. It should be noted that the
majority of the total inelastic cross section for hadron-hadron interactions represents
only soft parton interactions leading to low energy final states. These events must be
described in an alternative manner. However, the production of a heavy quark pair
(leading to quarkonium production) is a process that is typically well described by
the factorisation model.

Examples of proton PDFs for the various parton species are shown in Fig.2.4,
calculated at two different scales. As expected from the quark model of the proton,
much of the momentum of the proton is carried by the u and d valence quarks, but
this does not account for all of the proton’s momentum. Fluctuations in the QCD
vacuum can lead to the production of gq pairs of any flavour within the proton at
sufficiently high Q2. These sea quarks do not carry much of the proton momentum
but populate a significant fraction of the low x phase space as Q2 increases. The
remaining significant fraction of the proton’s momentum is carried by low x gluons.
In fact, gluons constitute the dominant contribution in the lowest x region. This is
an important feature of the PDF for quarkonium production at a hadron collider.
Quarkonium production at central rapidity is typically a low x and low Q2 process.
The momentum transfers x; » required for a system of mass M at a given centre-
of-mass (CM) energy /s are given by M = ,/x1x2s. For example, at the LHC at
A/s = 7 TeV, the production of a J/1 with a mass around 3.1 GeV imposes the
constraint x;x ~ 2 x 1077, As a consequence of this, gluon initiated quarkonium
production forms the dominant contribution to the total production cross section at
high energy hadron colliders.

MSTW 2008 LO PDFs (68% C.L.)
1.2y

\ ]
|Q% = 10" GeV?
\ ]
\\ g/10
|

xf(x,Q?)

N ol vl vl S
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Fig. 2.4 Proton parton distribution functions (PDF), calculated at leading order (LO) in perturbative
QCD, for the various parton species calculated by the MSTW group [27]. The PDFs are evaluated
at the scales of 92 = 10 GeV? and Q% = 10* GeV2. The gluon PDF has been scaled down by a
factor of 10. Figure from [28]
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PDFs are fitted using experimental data. Data collected in a particular process
(e.g. jet production at the HERA ep collider) will probe only a particular region of
the Q2 versus x phase space. PDFs can only be useful tools to calculate cross sections
if they are known over a wide range of the Q2 versus x phase space, not necessarily
the regions where they are measured experimentally. However, the evolution of the
PDFsin Q2 is known from the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equations [24-26]. Thus, a PDF measured as a function of x at a particular value
of Q% can be evolved to an arbitrary Q% (within the perturbative regime and at the
expense of some theoretical uncertainty) with the DGLAP equations, allowing cross
section predictions to be made in regions of phase space that have not yet been studied
experimentally.

Several different approaches have been developed to calculate the partonic cross
section, 6(ij — @ + X), which describes the formation of a quarkonium state
Q through the interaction of the partons i and j. The most phenomenologically
successful models will be described in Sects.2.2.2-2.2.5.

2.2.2 Colour Evaporation Model

The Colour Evaporation Model (CEM) is an early model of quarkonium produc-
tion (proposed only a few years after the discovery of the J /1)) but has proved to
be rather successful in describing the main features of quarkonium production in
hadronic collisions [29-31]. The main ansatz of the CEM is that any Q Q pair pro-
duced in an hadronic collision will evolve into a quarkonium state if the Q Q invariant
mass is below the relevant open-flavour threshold (D D for charmonium and B B for
bottomonium). Further to this, it is assumed that the Q Q will evolve into a quarko-
nium state regardless of its spin and colour configuration. Soft gluon interactions
(inconsequential to the bulk kinematics of the Q Q pair) are assumed to provide
the mechanism by which a Q Q pair in an arbitrary spin and colour configuration
can become arranged into a state with the same quantum numbers as a quarkonium
state. For Q Q pairs with an invariant mass below the open-flavour threshold, the
subsequent probability of the pair to evolve into a particular quarkonium state Q is
given by the fraction Fg [12], which is a phenomenologically determined constant,
with no dependence on kinematic variables, the quantum numbers of the Q Q pair
or indeed the Q Q production mechanism. While the fractions Fg must be extracted
from experimental data, they are assumed to be universal (i.e. process independent).
Table 2.3 shows the experimentally determined Fg parameters for various charmo-
nium and bottomonium states. The resulting model contains no free parameters and
is thus very predictive. The leading order cross section for the inclusive production
of a quarkonium state Q in a pp collision is given by,

4M?2 _
2 . ~ A
ocem(pp = Q+ X) = FQZ/4 . ds/dxldxzﬁ(xl,u)f,-(xz,u>a59<s)5<s — x1125),
i,j "o

2.7)
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Table 2.3 The CEM parameters F, Sr - for the direct production of several charmonium and bot-
tomonium states relative to the inclusive parameters F}%‘, and Fy(jg, respectively

Charmonium State Q | F' Sr' / F}'}CL Bottomonium State Q | F Sr' / F{P(C]' $)
7/ 0.62 (1) 0.52
»(2S) 0.14 T(25) 0.33
Xel 0.60 T(3S) 0.20
X2 0.99 Xp(1P) 1.08
- - Xp(2P) 0.84

The inclusive parameters take values of F}"C@;) = 0.0144—0.0248 and F%&CI' sy = 0.0201-0.0508
where uncertainties in quark masses and PDFzs are responsible for the ranges [12]. Parameter values
are taken from Refs.[12, 32]

where m ¢ is the mass of the heavy quark O, Mg is the mass of the lightest meson
containing the heavy quark Q [12], &gQ is the partonic cross section for ij —

Q Q production (where the indices i, j run over the parton species) and V5 is the
partonic centre-of-mass energy. The partonic cross section forij — Q Q production
is typically calculated in perturbative QCD.

More recent implementations of the CEM have been successful in describing the
general features of charmonium production at the Tevatron [33]. However, in other
respects the CEM stands in stark contrast with experimental observations. For exam-
ple, the cross section for X, production relative to J /v production is considered
to be a universal constant, irrespective of the Q Q production mechanism. Contrary
to this expectation, the available hadroproduction and photoproduction data on this
ratio are not in good agreement [12]. The soft interactions that modify the quantum
numbers of the initial Q Q system are assumed to lead to a uniform distribution of
quarkonium spin states, with no particular configuration being preferred. This in
turn predicts that the relative direct production rates for quarkonium states with the
same orbital angular momentum quantum number, L, are determined by a simple
counting of the allowed spin states [12]. For example, this suggests that the direct
production rates of the X, states should satisfy theratios 1 : 3 : Sforthe / =0, 1,2
states, respectively. This feature is not observed experimentally; in fact more X is
observed to be produced relative to X, in hadronic collisions, even after feed-down
from 1 (2S) decays is considered [34-36]. Overall, while the CEM successfully
reproduces the general characteristics of quarkonium production in hadronic colli-
sions, it consistently fails to describe the majority of the experimental data adequately
on a quantitative level [37].

2.2.3 Colour Singlet Model

The colour-singlet model (CSM) is one of the earliest models of quarkonium produc-
tion and centres around the idea that a Q Q pair is produced with the same quantum
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numbers as the quarkonium state into which it subsequently evolves [38—41]. Any
physical hadronic state is required to be a colour singlet, and thus in the CSM, the Q Q
pair must be directly produced in a colour singlet state and possessing the spin and
angular momentum quantum numbers of the quarkonium state that it will eventually
form. The probability for a Q Q pair to evolve into a quarkonium state is determined
from the values of the colour singlet Q Q wavefunction (and its spatial derivatives)
evaluated at the origin. These quantities are determined from potential models of
the QO system and are constrained with experimental data on quarkonium decay
widths (also related to the wavefunction at the origin). Other than the input on the
Q Q wavefunction, the CSM contains no free parameters and is thus very predic-
tive [12]. The partonic cross section for the production of a quarkonium state Q with
quantum numbers 25! L ; is given in the CSM by

2

L
L0 i — 00[*'Lip. 28

besm(i] — Q[P Ly |+ X) = ‘ i

where W, is the QQ wavefunction and &;; is the partonic cross _section for the
interaction of the partons i and j to produce a colour singlet QQ pair with the
quantum numbers 25t L ; [42].

The CSM enjoyed some success in predicting quarkonium production until exper-
imental data from the Tevatron suggested that the CSM significantly underestimated
the prompt charmonium cross section in p p collisions at /s = 1.8 [43] (see Fig. 2.6).
The CSM encounters further difficulties in predicting the production and decay of
quarkonium states with non-zero orbital angular momentum, such as the L = 1
X states. Such calculations lead to infrared divergences that can only be cancelled
through the inclusion of colour-octet contributions [12]. However, several modern
proponents of the model exist, with recent calculations, including next-to-leading
(NLO) and next-to-next-to-leading (NNLO) corrections in ag, enjoying improved
agreement with experimental data [44]. However, the sizes of these higher order cor-
rections are found to be large, leading to concerns that the perturbative series may not
be convergent [20]. As a result of these inconsistencies and its lack of experimental
support, many consider the CSM no longer to be a theoretically robust model of
quarkonium production.

2.2.4 kt Factorisation

The kt factorisation method is based upon an alternative procedure used to calculate
the inclusive hadron-hadron scattering cross sections, distinct from that discussed
in Sect.2.2.1. The usual approach considers only the longitudinal momentum of the
initial state partons and assumes that they possess zero initial transverse momentum;
this is known as the collinear factorisation approach. The k1 factorisation approach
uses alternative PDFs that include an explicit transverse momentum dependence,
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known as unintegrated parton distribution functions (uPDF). These k1 dependent
uPDFs are often coupled with a partonic cross section calculated with the CSM.
The proponents of this method argue that some of the shortcomings of the CSM
are related to the approximations of collinear factorisation and that the use of kt
dependent uPDFs can remedy this [45]. Several predictions exist that significantly
improve the agreement of the leading order (LO) CSM with experimental data [46,
47]. However, k1 dependent uPDFs (particularly the gluon distributions) suffer from
much larger uncertainties than conventional PDFs and are not well constrained by
experimental data.

2.2.5 NRQCD Factorisation

NRQCD factorisation represents the most successful approach to predicting quarko-
nium production, both in terms of its ability to describe many key experimental
results and its theoretical completeness in comparison to earlier approaches [48].

One of the theoretical challenges associated with describing quarkonium produc-
tion within QCD is the presence of multiple important energy-momentum scales.
The heavy quark mass and parton hard-scattering momentum scales are generally
significantly larger than Agcp. At these scales as is generally small enough that per-
turbative methods can be used. However, other important effects involve inherently
low energy processes (such as the evolution of a Q Q pair into a physical quarkonium
state), which cannot be calculated perturbatively.

The energy-momentum scales relevant to quarkonium production include: the
mass of the heavy quark, m ¢; the typical momentum of the heavy quark in the CM
frame of a Q O bound state, m oV (where v is the velocity of a heavy quark in the CM
frame); and the typical binding energy of the Q Q pair, approximately va2 [20].
For charmonium and bottomonium, the heavy quark CM velocity is sufficiently low
(v* ~ 0.3 and v? ~ 0.1, respectively) that non-relativistic approximations are valid.
The final relevant momentum scale is the hard scattering scale, Q%, which is typically
given by the transverse momentum of the produced quarkonium state in hadronic
collisions. The momentum scales m o and Q2 are related to short distance effects
such as the formation of a Q Q pair while the scales mgv and va2 are associated
with long distance effects such as hadron formation.

In order to make use of well-founded perturbative calculational techniques, the
high momentum (short distance) effects that can be calculated within perturbation
theory must be separated from the low momentum effects (long distance) which
cannot. This is known as the “factorisation” of effects based on their momentum
scale [12]. This factorisation can be achieved through the use of the effective field
theory of non-relativistic QCD (NRQCD) [49]. An effective field theory can be
considered as an approximate theory which contains only the degrees of freedom
necessary to describe phenomena up to a particular scale. The effective theory of
NRQCD can be shown to reproduce the results of QCD at momentum scales of m gv
and below [12].
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The inclusive cross section for the direct production of a quarkonium state Q
in proton proton collisions takes the form of a sum over products of short dis-
tance coefficients 7, [ pp — QQ["]] and long distance matrix elements (LDMEs)

(010, 10) = (02 (n)),

o(pp = Q+X) =D G [pp > 00"+ X| W) - (02 W), 29

n

where the parameter A represents the high energy cut-off scale of the effective
theory. The 7, [ pp —> O Q'"]] represent the short distance production cross sections
for a Q Q pair with colour, spin and angular momentum quantum numbers, 7, and
can generally be calculated with perturbative QCD. One important feature of this
approach is that the Q Q pair need not be produced with the same quantum numbers
(colour, spin and angular momentum) as the quarkonium state into which it will
evolve. Crucially, this allows the Q Q pair to be produced in either a colour singlet
or a colour octet configuration.

The LDME:s are vacuum expectation values of the four-fermion NRQCD opera-
tors, 0,, which represent the probabilities for a Q Q pair with a given set of colour,
spin and angular momentum quantum numbers, 7, to evolve into the quarkonium state
Q plus anything (the quantum numbers of Q need not be identical to that of the Q QO
pair). These matrix elements encode all of the non-perturbative physics associated
with the evolution of a Q O pair into a quarkonium state [20]. One useful property of
the long-distance matrix elements is that they are process independent [12]. While
this property has not been proven unambiguously, it is phenomenologically very use-
ful and adds to the predictive power of the NRQCD factorisation approach. However,
it is not yet known whether the LDMEs needed for the calculation of quarkonium
production can be directly calculated from theory (i.e. with lattice QCD simulations).
All present calculations in NRQCD use LDME:s extracted phenomenologically, by
fitting experimental data.

The sum in the factorisation formula shown in Eq.2.9 can be parametrised as an
expansion in powers of ag and v. Calculations in the NRQCD factorisation approach
are performed by truncating this expansion at a fixed order in v. After truncation,
only a finite number (of the infinite number in Eq.2.9) of unknown LDMEs con-
tribute, making phenomenological predictions possible [20]. The CSM discussed in
Sect.2.2.3 can be derived from NRQCD factorisation by considering only the colour
singlet term from Eq.2.9, at leading order in v, in which the quantum numbers of
the Q O pair are the same as the quarkonium state Q [20].

The predictive power of the NRQCD factorisation approach relies upon the avail-
ability of a set of LDMEs that are complete at a given power in v which also provide
useful predictions (i.e. beyond trivial case of the CSM). The symmetries of NRQCD
predict several approximate relationships between different LDMEs, which reduces
the total number of independent free parameters needed at a given order in v [12,
48].
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In the case of operators that have the same Q Q angular momentum and colour
quantum numbers as the dominant Fock state (eigenstates of the particle number
operator) of the corresponding quarkonium state, an approximate relationship exists
(up to corrections in v) between some LDMESs and the Q O wavefunctions (and their
derivatives) evaluated at the origin (as used in the CSM and in potential models
of the quarkonium spectrum) [12]. Two examples of this relationship are shown in
Eqgs.2.10 and 2.11, which relate the colour singlet matrix elements for the dominant
Fock state for the J /1) and X, to their wavefunctions W (and derivatives) and a
colour factor. These relationships allow the direct extraction of the CSM, formulated
in terms of the Q Q wavefunctions, from NRQCD.

(01 (*51)) = 2= [wsu ) (14 06 (2.10)

v (0)‘2 (1 n (’)(vz)) 2.11)

et Cr))—cren

The simplest yet non-trivial truncation in v yields four independent matrix elements
for an S-wave multiplet (J /1 and ") and two independent matrix elements for a
P-wave multiplet (X.y and &) [12]. The typical choice of S-wave matrix elements is

<Olj/w (3 S ) >, <Og/w (1 So) >, <Og/w (3 S1)> and <(9;/I/} (3 P0)>, which enter the expan-
sion in v at orders 1, v3, v* and v* respectively [12]. The P-wave matrix elements

are typically chosen to be <Of<“‘0 (3 P0)> and <O§<‘° (3S 1)> which both contribute at

order v? [12]. Together, these matrix elements can be used to calculate the produc-
tion cross sections for all of the spin states in the S-wave and P-wave multiplets and
can thus provide specific predictions for the polarisation of the quarkonium states. It
should be noted that separate matrix elements exist for each set of radial excitations,
n. For example, the matrix elements for ¢(2S) production differ from the equivalent
matrix elements for J /1) production and must be obtained separately. Many physical
observables that can be extracted from experimental data are only sensitive to a linear
combination of colour octet matrix elements. The linear combination,

M = (08 ('s0))+ m"—Q (02 (o)) 2.12)

is often defined to facilitate the extraction of these matrix elements from data (an
appropriate value of k is chosen depending on the experimental observable). The
matrix elements for charmonium are reasonably well known. Table 2.4 shows a set of
NRQCD matrix elements extracted from charmonium production cross sections (dif-
ferential in transverse momentum) measured by CDF [43, 50], taken from Ref. [51].
The situation for bottomonium production is less clear due to the comparative lack of
data and the large and complex feed-down contributions to the Y (n.5) cross sections.
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Table 2.4 NRQCD matrix elements for charmonium production extracted from CDF data [43, 50],
taken from Ref. [51]

ool es) fod" 3] ul

1.16 GeV? (1.1940.14) x 1072 GeV? | (4.54+1.11) x 1072 GeV?
ves) (07 () (05 ¢s1) e

0.76 GeV? (0.500.06) x 1072 GeV? | (1.894+0.46) x 1072 GeV?
o (o () (o (s1)) -

0.11 GeV? (0.314£0.04) x 1072 GeV? | —

2.2.6 Charmonium Production in b-hadron Decay

The decays of hadrons containing b quarks represent a significant contribution to
charmonium production in hadronic collisions. No analogous process contributes
to bottomonium production due to the absence of hadrons containing top quarks.
Bottom quarks, and thus b-hadrons, are copiously produced at high energy hadron
colliders and the typical inclusive branching fractions for the decays of b-hadrons
(Hp) to final states including charmonium states C, B(H, — C + X) are of order
1073, The fragmentation of b quarks tends to produce a mixture of ground state and
excited b-hadrons (such as the B**) mesons). The excited states quickly decay to
the ground state mesons, B*, B?, B?, and the weakly decaying b-baryons (e.g. Ap),
all of which can subsequently decay to final states involving a charmonium state.
The fraction of b quarks that fragment into B, mesons is expected to be very small
(~0.2 % from Tevatron measurements) [1].

Charmonium production from b-hadron decays produced in hadron collisions is
typically described with a phenomenological model consisting of a b quark produc-
tion cross section calculated in perturbative QCD, coupled with a phenomenolog-
ical or data-driven description of the b quark fragmentation process and b-hadron
decay [52]. Thus, the total cross section for the production of the charmonium state
C from b-hadron decay in pp collisions can be given by,

> [6p > b+ X)® fb— H) @ DH] — C+X)| - BUH — C+X),

1

(2.13)
where the index i runs over the relevant weakly decaying b-hadrons and the ®
symbol represents a convolution in momentum [52]. The cross section & describes
the inclusive production of b quarks in pp collisions and is typically calculated with
perturbative QCD. The fragmentation functions f (b — H),) give the probability fora
b quark to produce a b-hadron Hj, with a fraction z of the initial b quark momentum.
These functions typically contain a single free parameter which is determined by
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Table 2.5 The mixture of b-hadrons measured in Z — bb decays at LEP and pp — bb + X
production at the Tevatron [1]

b-hadron Fraction (%)
LEP Z — bb Tevatron Combination
pp—> bb+ X
B*, BY 40.3£0.9 33.9+39 40.1 £0.8
B? 10.3£0.9 11.1+14 10.5+£0.6
b-baryons 9.0+1.5 21.2+6.9 9.3+1.6

The fractions for B* and B are considered to be equal (i.e. a factor of 2 is understood in this case
such that all of the fractions to sum to unity)

fitting experimental data. Typical analytical forms include the Kartvelishvili function
shown in Eq. 2.14 and the Peterson function shown in Eq.2.15 [53, 54].

f@ =2z -2 (2.14)
-2
f(z)=1(1—l— i ) (2.15)
z Z 1—1z

The b quark fragmentation functions have been precisely measured by the LEP exper-
iments in Z — bb decays. Typical fitted values for the Peterson and Kartvelishvili
parameters are ep = 41.2 x 1074 and o = 11.9 [55]. The fragmentation func-
tions are generally only measured for the inclusive mixture of b-hadrons produced in
Z — bb decays and not separately for each individual h-hadron species. The mea-
sured b-hadron mixtures produced in Z — bb decays at LEP and in pp — bb + X
production at the Tevatron are shown in Table2.5. There is a difference between the
LEP and Tevatron results, suggesting that the fractions may have some dependence
on the average b-quark momentum (around p ~ mz/2 at LEP, but typically lower
at the Tevatron).

The functions D(H, — C + X) are analogous to the b quark fragmentation
functions and describe the fraction of the b-hadron momentum carried by the char-
monium state C in the decay H, — C + X and are often parametrised in terms of the
momentum of the charmonium state in the rest frame of the decaying b-hadron, p*.
These distributions have been measured in the decays of the B*/B? meson mixture
produced in Y (45) decays at the B factories [56], though no data exist for inclusive
BY or b-baryon decays.

The branching fractions for the inclusive production of charmonium states in the
decays of the B*/B” meson mixture produced in Y (4S) decays have been precisely
measured by the CLEO, BaBar and Belle experiments [1]. At hadron collider exper-
iments, where the dominant source of b-hadron production is via b quark fragmenta-
tion, the b-hadron mixture, and the corresponding inclusive charmonium branching
fractions, are less well known. Several measurements of the branching fractions for
the inclusive decays B (b — J/¢¥ + X) and B (b — ¥(2S) + X) have been made
for the b-hadron mixtures produced at LEP, the Tevatron and LHC, though little data



26 2 Quarkonium

Table 2.6 Branching fractions for the inclusive decays of b-hadron mixtures to final states including
charmonium

State Inclusive branching fraction
B0 (Y (48) Decays) B*/0, B0, b-baryon (LEP, tevatron and LHC)
J/ (10.94 £0.32) x 1073 (11.6 +1.0) x 1073
P(28) (3.07+0.21) x 1073 (2.834+0.29) x 103
Xe1 (3.86 £ 0.27) x 1073 (14+4) x 1073
Xe2 (1.34+0.4) x 1073 -

Data taken from Ref. [1]

exist for inclusive decays to the X, states (none in fact for X»). Table 2.6 summarises
the world average measurements on inclusive branching fractions for the decays of b-
hadron mixtures to final states including charmonium. While the inclusive branching
fractions for decay to J /1 and ¢(2S) from B*, BY and from B*, BY, BE, b-baryon
mixtures are compatible, the measurements do not agree for X.;, where the only
B*, BY, BY, b-baryon measurements are from LEP. This may suggest that the X
inclusive branching fractions are more sensitive to the B? or b-baryon content of the
b-hadron mixtures than are the J /v and v (2S) inclusive branching fractions.

The limited knowledge of the production fractions, fragmentation functions and
inclusive branching fractions for the relevant b-hadron species in hadron collider
experiments constrains the accuracy with which charmonium production from b-
hadron decays can be predicted. Furthermore, the universality of the b-hadron pro-
duction fractions and inclusive branching fractions measured at LEP and the hadron
colliders has not been proven. Several measurements, particularly the b-hadron pro-
duction fractions shown in Table 2.5, point towards a potential systematic discrep-
ancy and potentially significant source of uncertainty that is often not considered.
Nonetheless, modern predictions for charmonium production from b-hadron decay
calculated within this semi-phenomenological framework have experienced much
success in describing the data from the Tevatron and LHC experiments [52, 57].

2.2.7 Hadron Collider Quarkonium Production
Phenomenology

The inclusive production of quarkonium states in hadronic collisions can be sepa-
rated into two distinct processes: direct production and feed-down. Direct produc-
tion denotes the production of a quarkonium state “directly” in a hard scattering
process, as described in the preceding discussion in this chapter. Feed-down denotes
the production of quarkonium states in the decay of other quarkonium states (or b-
hadrons in the case of charmonium). The inclusive production of a given quarkonium
state in hadronic collisions is often a complicated mixture of direct production and
feed-down, particularly for the ground state quarkonia. The total feed-down con-
tribution often represents many individual contributions from various decay chains
(e.g. ¥(2S) — J/Y7Tr~ and X,y — J/1~y) and is typically experimentally
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indistinguishable from direct production unless the full feed-down decay chain is
reconstructed. However, in the case of charmonium production, one major feed-
down contribution can be reliably separated. The contribution from the decays of
b-hadrons can often be separated experimentally from the inclusive production cross
section through an exploitation of the long lifetime of the weakly decaying b-hadrons
with an analysis of a suitable decay time variable. The experimentally separated con-
tribution from the decays of b-hadrons is often called the non-prompt contribution,
while the remainder is referred to as the prompt contribution. The distinction between
prompt and non-prompt charmonium production is important as the two processes are
described theoretically within distinct calculational frameworks. Meaningful com-
parisons between experimental data and theoretical models of charmonium produc-
tion can only be made if the prompt/non-prompt separation has been performed.
This complication is absent in bottomonium production (though feed-down between
bottomonium states is present). At hadron collider experiments, generally only the
spin triplet S = 1 quarkonium states are studied as they can decay directly to a
di-lepton final state or can readily decay to a vector quarkonium state (i.e. the x
states). This situation occurs because the dominantly hadronic final states of the spin
singlet S = 0 quarkonia cannot be triggered upon due to the very large combinatorial
backgrounds, while the di-lepton signature is very clean experimentally.

The most common quarkonium production observable is the cross section, mea-
sured either as an absolute quantity or differentially in an appropriate kinematic
variable (typically the transverse momentum and/or (pseudo-)rapidity of the quarko-
nium state). Absolute and differential cross sections are often very sensitive to various
production processes and are usually the primary means through which the validity
of theoretical models is tested. The other important observable for quarkonium states
with non-zero total angular momentum J (e.g. the J = 1 J /v and Y states) is the
polarisation of the quarkonium. The polarisation is related to the angular momen-
tum eigenstate, J,, composition of a quarkonium state with respect to an axis z. In
general, a quarkonium state Q with total angular momentum J can be produced in
a linear superposition of the allowed angular momentum eigenstates of J, given by,

J

Q)= D anlQ; J,m), (2.16)

m=—J

such that fz |Q; J,m) = m|Q; J, m) and the coefficients ay, satisfy >, lam|? =
1. Different production mechanisms can lead to a preference for quarkonia to be
produced in particular angular momentum eigenstates (measured with respect to
an appropriate axis) due to angular momentum, parity and helicity conservation (in
strong and EM interactions). This sensitivity to the production mechanism makes the
quarkonium polarisation a very important observable that often provides information
complementary to that accessed through cross section measurements. One example
of this sensitivity is the production of a vector (JF¢ = 177) quarkonium state V
through gluon fragmentation (g — QO — V + X). In the case of an on shell gluon
(which must have helicity £1), to conserve angular momentum, the quarkonium
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Fig. 2.5 The angles relevant z

to the measurement of quarkonium
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Figure from Ref. [59]

state V must be produced in a state where J, = 1 when measured along the axis
of gluon propagation (approximately the direction of quarkonium propagation, since
X is typically soft).

Quarkonium polarisation is measured experimentally through an analysis of the
angular distributions of the quarkonium decay products. The most common choices
of decay for the measurement of quarkonium polarisation are the di-lepton decays
of the vector quarkonium states V — £1£~. The polarisations of the vector states
can also be used to probe the polarisation of the P-wave y states in the radiative
decays Y — Vv — €€+ [58]. Vector quarkonia are said to have a transverse
polarisation if they are in a J, = %1 eigenstate or a longitudinal polarisation if in a
J, = Oeigenstate. Contrary to the nomenclature (adopted in analogy with the photon,
and in reference to the electromagnetic field), the spin vector is aligned along z for
a transverse polarisation and perpendicular to z for a longitudinal polarisation [59].

Figure 2.5 shows the typical system of axes and angles adopted in measurements
of quarkonium polarisation. The polar angle, 8, between the positive lepton and the
polarisation axis, and the azimuthal angle, ¢, between the positive lepton (in the
V rest frame) and the production plane (also measured in the V rest frame) are
the typical angular observables used in quarkonium polarisation measurements in
V — £~ decays.

Typical choices of the polarisation axis include the helicity frame (HX), defined
as the quarkonium line of flight in the lab frame, the Collins-Soper frame, defined
as the bisector of the angle between the two hadron momenta in the quarkonium rest
frame, and the Gottfried-Jackson frame, defined as the direction of one of the hadron
momenta in the quarkonium rest frame [59]. In the case of the inclusive production of
V in hadron collisions, the two dimensional angular distribution W (8, ¢) is given by

W0, ¢) x 14+ \gcos® 0 + Ag sin’ 6 cos 2¢ 4 Mgy sin 26 cos qﬁ] ,

(2.17)

1
3+ M) [

where the A coefficients (JA| < 1) are related to the angular momentum eigenstate
composition of the produced quarkonia. In the case of pure transverse polarisation
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(J; = £1) Ag = +1and Ay = A9y = 0, while for longitudinal polarisation \g = —1
and Ay = Mgy = 0.

2.2.7.1 Charmonium Production Phenomenology

Charmonium production at hadron colliders is generally studied with the J /1, X, s
and ¢ (2S) states. The J /1) is the most studied state as it is the most accessible from an
experimental perspective. The inclusive production of prompt J /1 (i.e. neglecting
the experimentally separable contribution from b-hadron decays) is composed of
three major contributions; direct production, feed-down from radiative X, decays
and feed-down from the decays of the 1(2S). The direct contribution is dominant
and represents around (64 £ 6)% of the cross section [50]. The radiative decays of
Xcg — J /¥~y contribute around (25 £ 5)% while the hadronic decays ¥(2S) —
J /¥ + X (the inclusive branching fraction for such decays is (60.3 &= 0.7)% [1])
contribute around (8.1 +0.3)% [60]. The X, states are studied through their decays
Xcg — J/¥~ and the prompt cross section is predominately direct with a small
feed-down contribution from (2S) — X, v decays of around 5 % of the total
rate [34]. Prompt 1(2S) production is almost entirely direct due to the absence of
any higher mass states below the open-charm threshold.

2.2.7.2 Bottomonium Production Phenomenology

Bottomonium production at hadron colliders is studied with the Y (nS) and X (n P)
states. The Y (nS) states are the most studied (similar to the J/v for charmo-
nium). The feed-down contributions to the Y (15) cross section are complicated and
include contributions from the radiative decays of all the X}, states and the hadronic
decays of the T (2, 35) states. The fraction of Y (1S) produced directly (in pp col-
lisions at /s = 1.8 TeV) has been measured by CDF to be only 51 4 16 % [61].
The corresponding fraction for the prompt Y (2S5) cross section has not been mea-
sured, but is likely to be similar given the large branching fractions for the decays
Xpg(2P) — Y(2S)y) (for J = 1,2) and T(3S) — T(25)X, all of which are
between 10-20 % [1]. The prompt Y (35) cross section was once considered to be
fully direct, in analogy with the 1/(2S), though the recent discovery of a candidate for
the X (3 P) states now suggests that a possibly significant feed-down contribution
may exist [62, 63]. The radiative decays Y (nS) — X ((n—1) P)~y are the only dom-
inant feed-down contributions to the prompt X, (n P) cross sections. No data exist
on the direct fractions of prompt X; production. Radiative Y decays have branching
fractions at the level of between 3 and 13 % [1] (a rate similar to ¥(2S) — X.j )
and are only expected to contribute at a low level, similar to the situation for X, in
the charmonium sector.
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Fig. 2.6 CDF measurements
of charmonium production in
pp collisions at

/s = 1.8 TeV. The upper
figure shows the direct J /9
production cross section,
determined by subtracting
contributions from X, and

1 (2S) feed-down. The
middle figure shows the
prompt ¢ (2S) production
cross section while the lower
figure shows the contribution
to the prompt J /v
production cross section
from radiative X, decays.
The differential cross
sections in each figure are
compared with the prediction
from NRQCD (the sum of all
individual curves, denoted
total) and the CSM. All
figures from Ref. [51]
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2.2.8 Quarkonium Production Measurements at the Tevatron

The cross sections for the production of prompt J /v, 1 (2S) and X, were measured
by CDF in pp collisions at /s = 1.8 TeV at the Tevatron in Run I (see Fig.2.6)
[43, 50]. All of the dominant contributions to prompt J /v production were deter-
mined and an estimate of the direct J /v production cross section was made. Produc-
tion cross section measurements for the J /1) and ¢ (29) states were also performed
with the much larger Tevatron Run II dataset collected at /s = 1.96 TeV [64, 65].
The DO experiment also performed similar measurements with the Tevatron Run I
dataset [66]. The measured prompt J /v cross sections were found to be over an
order of magnitude greater than the expectations of the CSM, prompting a renais-
sance in theoretical models. NRQCD based predictions were subsequently found
to be in much better agreement with the measurements. No measurements of the
absolute X, production cross sections were performed with the Tevatron Run II
dataset (/s = 1.96 TeV) though a measurement of the relative prompt production
cross section o (X2)/0(X.1) was made [34]. This measurement was the first to con-
tradict strongly the expectations of the CSM and CEM, measuring a X, cross section
in excess of that of X.2. The prompt and non-prompt J /1 and )(2S) polarisations
were measured with the Tevatron Run II dataset by CDF [67]. CDF measured a
small longitudial polarisation for prompt J /v production, in disagreement with the
NRQCD prediction of a strong transverse polarisation which increases with trans-
verse momentum.

The production cross sections for the Y (nS) states in /s = 1.8 TeV p p collisions
were measured by both DO [68] and CDF [69] using the Tevatron Run I dataset. Both
measurements are well described by NRQCD based predictions in the high transverse
momentum region [51]. The polarisations of the T (1) states were also measured by
DO [70] and CDF [71] with the Tevatron Run Il dataset (/s = 1.96 TeV). Both exper-
iments observed a longitudinal polarisation. CDF measured only a slight longitudinal
polarisation for Y (15) production (—0.23 < Ag < 0.01), though DO measured a
much stronger longitudinal polarisation with a contradictory transverse momentum
dependence. The measurement of only the polar angle § in Y — u™* 1~ decays (inte-
grating over the azimuthal angle ¢) and the use of frame dependent quantities has
been suggested as the source of this discrepancy [59]. Neither of the measurements
supports the NRQCD prediction of a transverse polarisation.

2.2.9 Quarkonium Production Measurements at the LHC

All of the LHC experiments have now contributed measurements of quarkonium pro-
duction at a variety of CM energies. The production cross sections for both prompt
and non-prompt J /v have been measured by all of the LHC experiments in pp
collisions at /s = 7 TeV [72-75] and at \/s = 8 TeV [76]. The CMS and LHCb
experiments have also measured the prompt and non-prompt ¢ (2S) production cross
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Fig. 2.7 The cross sections for prompt a and non-prompt b J /v production in pp collisions
at /s = 7 TeV measured by ATLAS [73]. The measurements of the prompt cross sections are
compared to the predictions of the CEM and the CSM while the non-prompt cross section is
compared to the predictions of the FONLL approach [52]

sections at /s = 7 TeV [74, 77]. The ATLAS, CMS and LHCb J /%) and (25) dif-
ferential cross section measurements are shown in Figs. 2.7, 2.8 and 2.9 respectively.
The fraction of prompt J /¢ produced in the radiative decays X.; — J /¢~y was
measured at /s = 7 TeV to be between 14.0 % at low J /1) transverse momentum
(3 GeV) rising to 26.8 % at higher transverse momentum (14 GeV) [78]. The pro-
duction cross section of X, relative to X, has also been measured by CMS [36]
and LHCb [35], confirming the CDF observation of 0(X.1) > o(X,2). In general, all
of the prompt charmonium production cross sections measured at the LHC are well
described by NRQCD predictions (with LDMEs extracted from Tevatron data). The
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Fig. 2.8 The cross sections
for prompt J /v a and ¢ (2S5)
b production in pp collisions
at /s = 7 TeV measured by
CMS [74]. The
measurements are compared
to the predictions of NLO
NRQCD
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ALICE, CMS and LHCb experiments have all measured the polarisation of promptly
produced J /v [79-81]. All of the experiments measure only a weak polarisation,
consistent with zero in some regions of phase space. The CMS experiment has also
measured the polarisation of promptly produced ¢(2S5) to be similarly weak [79].
These observations further increase the disagreement with the NRQCD predictions
of a strong transverse polarisation.
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Fig. 2.9 The cross sections for prompt J /¢ production in pp collisions at /s = 7 TeV measured
by LHCb [75]. The measurements of the prompt cross sections a are compared to the predictions
of NRQCD and the CSM while the non-prompt cross section b is compared to the predictions of
the FONLL approach [52]

In addition to measurements of inclusive charmonium production, the LHCb
experiment has measured the cross sections for the exclusive production of char-
monium states in pp collisions [82]. The exclusive production of charmonium states
in pp interactions is a diffractive process that proceeds through photon and colour
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singlet (pomeron) exchanges between the intial state protons. Such measurements
are useful probes of the very low-x gluon distribution (x ~ 10~%) in the proton PDF,
a region of phase space difficult to access in inelastic pp interactions.

The ATLAS, CMS and LHCb experiments have measured the cross sections
for Y (nS) production at /s = 7 TeV [83-85] and at /s = 8 TeV [76]. The LHCb
experiment has measured the fraction of Y (1) produced in radiative X, (1 P) decays
to be around 20 % and largely independent of Y (1) transverse momentum [86]. The
CMS experiment has measured the Y (nS) polarisation to be slightly transverse, with
sequentially stronger transverse polarisation for the Y (25) and Y (35) states [87].
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