Chapter 2
Background

Nuclear physics deals with the study of the fundamental properties of nuclear matter
and the character of the strong nuclear force. By the 1960s the concept of nuclear
matter had been extended from the nucleons making up atomic nuclei to a vast
number of strongly interacting particles known as hadrons. The flavor symmetries
among various types of hadrons suggested that these particles are composite particles
with their quantum numbers carried by common, sub-hadronic objects, and that these
objects possessed a new quantum number known as color [1]. A group theoretic
approach to hadron taxonomy led to the development of the Quark Model [2-6]
which predicted the 2~ baryon observed at BNL in 1964 [7].

Developments in current algebra led to a proposed scaling behavior of the struc-
ture functions in deep inelastic scattering. Bjorken Scaling [8] implies that at high
momentum transfer, Q2, the hadronic structure functions are independent of Q2
and functions of a single scaling variable, x. Scaling behavior consistent with this
relation was observed in a series of measurements in deep inelastic scattering (DIS)
at SLAC [9, 10], leading to the interpretation of point-like constituents within the
nucleon known as the Parton Model [11-13].

Advances in renormalization group techniques [14—17] led to the conclusion that
only a theory possessing asymptotic freedom, a coupling strength that becomes arbi-
trarily weak at high energies, could be consistent Bjorken Scaling [18, 19]. The
symmetry considerations of the Quark Model suggested that non-Abelian gauge the-
ories [20] would be potential candidates for such a theory. These theories were found
to possess the required renormalization criteria with the B-function in the calculation
of the running of the coupling being negative for an SU(3) gauge symmetry [21, 22].
Furthermore, explicit calculations of the anomalous dimensions of the DIS structure
functions showed that these non-Abelian gauge theories possessed scaling properties
consistent with experimental observations [23-26].

This description of the strong interaction as an SU(3) (color) gauge symmetry
between spin-% quarks and mediated by massless spin-1 gluons is known as Quantum
Chromodynamics (QCD). At short distance scales, asymptotic freedom ensures that
the coupling becomes weak and perturbative techniques can be used to calculate
observables. The validity of QCD as the correct theory of the strong interaction

A. Angerami, Jet Quenching in Relativistic Heavy Ion Collisions at the LHC, 5
Springer Theses, DOI: 10.1007/978-3-319-01219-3_2,
© Springer International Publishing Switzerland 2014



6 2 Background

has been rigorously demonstrated by a variety of experimental results that are well
described by perturbative calculations. A summary of this evidence is presented in
Sect. 2.1.

Color charges are never observed as isolated particles but rather as constituents
of color neutral hadrons, an aspect of QCD known as confinement. Furthermore,
the QCD Lagrangian possess chiral symmetry which is dynamically broken through
the interactions that bind the quarks into hadrons and is responsible for the vast
majority of the mass of ordinary matter.! However, at soft momentum scales the
coupling becomes increasingly large and at hadronic energies the theory is non-
perturbative. This leads to significant challenges in theoretical calculations and inter-
preting experimental results, and much of the work done since the inception of QCD
has been to navigate these challenges to develop a comprehensive picture of the
strong interaction.

2.1 Experimental Evidence for QCD

Initial experimental evidence for QCD as a theory of the strong interaction was
provided in DIS through the observation of Bjorken Scaling. Measurements of the
proton structure function F, are shown in Fig. 2.1, and DIS structure functions in
the context of the Parton Model and collinear factorization are further discussed in
Sect. 2.3. Subsequent tests of the theory have been performed in ete™ collisions
and hadronic collisions, particularly through the Drell-Yan process, the inclusive
production of lepton pairs in hadronic scatterings, A + B — [T~ + X [27]. These
results have provided overwhelming experimental support for QCD [28, 29], and a
brief survey is discussed below.

The Callan-Gross [30] relation between the DIS structure functions, 2x F; = F»,
arises due to scattering off spin-%, point-like objects; the measured behavior of the
structure function, shown in Fig. 2.2, is approximately consistent with this relation.
In eTe™ collisions the ratio of cross sections for the production of inclusive hadrons
to muon pairs is given to leading order in QCD by

R(s) =

N,
o(ete™ — hadrons, s) !
Ne D 07F. @.1)
f

o(ete™ — utu=,s) -

where s is the center of mass energy, N, is the number of colors (N, = 3 for QCD),
and Q is the charge of quark f. The sum runs over the quark flavors up to the
heaviest quark capable of being produced at that s. This ratio, aside from resonance
peaks and away from the Z threshold, is measured to be approximately constant with
discrete jumps at the quark mass thresholds as shown in Fig. 2.3.

! This symmetry is only approximate as it is broken explicitly by the quark masses. Thus the pions
are pseudo-Goldstone bosons.
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Fig. 2.1 The proton structure function F» versus Q2 at fixed x measured by a variety of experiments
(see [29] and references therein). F; is approximately independent of Q2. The observed logarithmic
violations of this scaling are well-described by the QCD phenomenon of parton evolution
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Fig. 2.2 The ratio 2x F' / F> as a function of x [31]. The ratio is approximately independent of x,

consistent with the Callan-Gross relation, which is the result of scattering off of spin—% constituents

within the proton
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Fig. 2.3 World data on inclusive eTe™ — hadrons cross section (top) and ratio to muon pair
production cross sections (bottom) [29, 32]

Highly collimated, energetic sprays of particles balanced in momentum known
as jets were observed in eTe™ collisions at SLAC [33], consistent with the hypothe-
sis that hadrons are produced in these collisions through the production of gg pairs
of opposite momentum. The observation of three jet events at PETRA through the
process ete™ — ggg provided experimental evidence for the gluon as well as
measurements of the strong coupling constant «s [34]. Further precision measure-
ments of the strong coupling constant have shown remarkable consistency [35] and
a summary is shown in Fig. 2.4.

2.2 Fundamentals of QCD

QCD is the quantum field theory that describes the strong nuclear force, and is
expressed in terms of quarks and gluons which contain color charge described by
an SU(3) gauge symmetry. The spin-% quarks fields, v, transform under the funda-
mental, three-dimensional, representation of the gauge group,

Yl (x) = e Ol (x) = Uy ()P (1), 2.2)
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Fig. 2.4 The strong coupling constant, s, as a function of Q2 (left) and fixed at Q% = m2Z (right).
Figure adapted from Ref. [35]. From these results, as was determined to have a world average of
as(mz) =0.1184 + 0.0007

with the subscript a describing the quark color. The tach are the generators of the
gauge group, represented by eight 3x3 matrices (C = 1,...8,a,b =1,2,3), and
obey the Lie Algebra®

(14, 18] = FABCC, (2.3)

with fABC the structure constants of SU(3). The local gauge symmetry is imposed
by replacing the derivatives appearing in the usual Dirac Lagrangian with the gauge-
covariant derivative, Dy, qp,

C

¢ tS,. (2.4)

Dy ap = 0u6ap +igA
The colorindices a and b on D are explicit here to indicate that the covariant derivative
is Lie Algebra-valued (i.e. matrix-valued). The covariant derivative introduces a
non-Abelian coupling, of strength g, between the quarks and massless, spin-1 gauge
fields AS representing gluons. These transform under the adjoint, eight-dimensional,
representation of the gauge group. Including the pure Yang-Mills action for the gauge
fields, the full QCD Lagrangian is given by

. B
L= Py Dy —mg)hy — ZFAFA. 2.5)
q

2 In this section the generator/adjoint indices are denoted by capital, Roman script, as a superscript
with the summation over repeated indices is implied. The fundamental, matrix multiplication indices
are denoted by lower case, Roman script appearing as subscripts. The Lorentz indices are indicated
by Greek characters and the standard Einstein summation convention applies.
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Fig. 2.5 Possible couplings allowed by the QCD Lagrangian. The quark-gluon (left) and three-
gluon (center) vertices are proportional to g. The four-gluon vertex is proportional to g2

with the index ¢ denoting the quark flavor with mass m. The field strength tensor

F l?v is expressed in terms of the gauge field via

iy = 0,A) — 0,Af — gf*PCAR AT (2.6)

The QCD vertices are shown in Fig. 2.5. In addition to the analog of the QED
gauge coupling shown on the left, the non-Abelian structure of the theory allows
for coupling between the gauge fields themselves. Color factors, associated with
different processes, arise from the group structure in the Feynman rules,

12418 = TpsAB, fACD pBED — 548 1A 1A = Crépa. 2.7)

In QCD, these have values
Tr =, Ca=3, Cp=4/3, (2.8)

and are typically associated with the splittings ¢ — ¢g, ¢ — gg and ¢ — qg
respectively.

The quantization of this theory is typically performed using the path integral
formalism. In this technique, the gauge-fixing condition imposes a constraint on the
functional integral which can be removed by the introduction of Faddeev-Popov ghost
fields [36]. These unphysical fields appear as an artificial mechanism for preserving
gauge invariance. Their contributions, and the contribution of the gluon propaga-
tor, will depend on the choice of gauge, with this dependence dropping out in the
computation of any gauge invariant quantity.

2.2.1 Ultraviolet Behavior

The ultraviolet (UV) behavior of QCD was the main reason it was originally proposed
as the theory of the strong interaction. The relationship among the UV divergences is
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encoded in the Callan-Symanzik equation. In particular, the derivative of the coupling
constant with respect to the renormalization scale, u, is defined by the S-function,

98 _ 2.9
8lnu_’3('u)' (2.9

The one-loop B-function for SU(N) non-Abelian gauge theories was first com-
puted by Politzer [21], Gross and Wilczek [22] in 1973. For N = 3 it is given
by

s

as 2
Blas) = —g (Eﬂl + (E) B+ - ) , (2.10)

with ag = g2 /4. The one and two-loop coefficients are
2 38
Bi =11—§Nf, ,32=102—?Nf. (2.11)

To one-loop, the solution is

2
4
as() = — “5(50) = 2” . (2.12)
1+ pras(ug) In(u?/pg)  Brin(us/Agep)
Aqcp = poe 2/ Brasug),

where Aqcp is used to set the scale of the strong coupling. To higher order in In w?/A
this is

4n B2 Inlln(u?/A%)] - - (2.13)
B IH(MZ/A2) '3? IHZ(MZ/AZ) 1313 1n2(M2/A2) ’ .

as(u) =

where the definition of A becomes dependent on the renormalization scheme. The
result above is for the MS scheme [28]. As the renormalization scale is increased
the coupling decreases, as indicated by the leading — sign in the S-function. This
property is asymptotic freedom. For general SU(N), 1 = %(IINC — 2Ny). The
leading, positive term is due to the gluons, which reduce the coupling at large w.
There is competition, which weakens the asymptotic freedom, from the second term
which is due to fermion loops and is proportional to the number of flavors.

2.2.2 Infrared Behavior

Although QCD is well behaved at large momenta, the infrared behavior must be
handled with care in perturbative calculations. Since gluons (and to a good approx-
imation the light quarks) are massless, any sensitivity to the long range behavior
of QCD appears in perturbation theory as an infrared divergence. Fortunately, the
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configurations that introduce this sensitivity have been systematically analyzed and
a formal procedure exists to define quantities which are infrared safe [37-39]. These
divergences are associated with the contributions to the momentum integration where
the massless particle has zero momentum (soft) or at zero angle (collinear). Observ-
ables that are safe from these divergences must be insensitive with respect to the
emission of an additional soft or collinear gluon. Formally, this means that for an
inclusive quantity Z, defined by the functions S,

1 d0’2 1 dG3
T=— [ dQ,—=8(p", p¥ —/dSZ —ZS(p*, Pk P+, (214
o 2% 2(p} p2)+3! TN 3(p1spysP3)+ (2.14)

the quantity is said to be infrared and collinear (IRC) safe if

Sut1 (P Py s (L=l apy ) = Su(pl PY s plb). (2.15)

This idea is expanded in the discussion of applications of perturbative QCD in
the following section.

2.2.3 Non-Perturbative Dynamics

Inspired by Wilson’s picture of renormalization, a discrete lattice formulation of QCD
was developed to supplement perturbation theory where the latter is inapplicable [40].
This procedure uses the path integral formalism in Euclidean space-time, where the
field configurations are explicitly integrated over. The integration is accomplished
by recasting the quantity of interest in terms of gauge links between adjacent lattice
sites. The finite lattice spacing, a, serves as an ultraviolet cutoff, and a valid lattice
formulation must respect all of the features of QCD in the limit @ — 0. Technical
challenges arise as spurious fermion states can be produced in this limit as lattice
artifacts [41, 42]. This can be mitigated, although not completely removed, while
maintaining chiral symmetry, by introducing staggered fermions [43]. Furthermore,
the finite spacing introduces integration errors in the evaluation of the action. These
can be minimized by using improved definitions of the action [44]. Advances in
computing power and improved actions have led to highly accurate calculations,
such as decay constants, form factors and the spectrum of hadrons, which is shown
in Fig. 2.6. Additionally, the Euclidean path integral formulation is amenable to
calculating thermodynamic quantities in QCD, a topic discussed in Sect. 2.4.2.

A qualitative picture of confinement is to view the static gq potential as Coulombic
at short distances, but growing at long range,

4
Vocp(r) = 37 + kr. (2.16)

A recent lattice calculation of the static quark potential is shown in Fig. 2.7,
which indicates behavior approximately consistent with this analytic form. As
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Fig. 2.6 Lattice calculation of the hadron spectrum with comparison to measured values (left) and
ratios (right) [45]

the separation between the gg pair increases the force remains constant, and an
increasing amount of energy is stored in the stretched gluon field called a flux tube.
At some separation it becomes energetically favorable to break the flux tube and pro-
duce a new gg pair from the vacuum. This process, known as string fragmentation,
is shown schematically in Fig. 2.8. Such a mechanism provides a heuristic construct
for modeling confinement; no matter how much energy is applied only color-neutral
objects can be created from the system. The flux tube picture has led to developments
in hadron phenomenology by considering hadrons as relativistic strings [46, 47], and
the constant, &, in Eq. 2.16 can be interpreted as a string tension. Monte Carlo (MC)
event generators for simulating the production of hadrons have had a long history of
success using string models [48, 49].

Fig.2.7 Static quark potential
as a function of r calculated
with different values lattice
spacings [45]. The distance
is expressed in units of the
lattice size, with the colored
gradations indicating the scale
in physical units

r,V(R)
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Fig. 2.8 Flux tube representing static ¢g potential (left) fragmenting into two color-neutral objects
(right)

2.3 Applications of Perturbative QCD

2.3.1 The Parton Model and Factorization

QCD has had great success in providing reliable perturbative calculations of experi-
mental observables. The most basic application of QCD uses the parton model, which
is a tree-level, impulse approximation to the full perturbation theory. The scattering
process is formulated in terms of point-like constituents integrated over probability
distributions for a given parton to have momentum fraction x,

oan(oapn) ~ 3 [ dvdeidipaipnot ool e, @)
i,j

Here A and B denote the colliding hadrons and i and j denoting partons of a par-
ticular type. The functions ¢iB (x;) give the probability density of finding a parton of
type i in hadron A with momentum p; = x; p4. While asymptotic freedom ensures
that at sufficiently hard scales the partonic level matrix elements are calculable in
perturbation theory, almost any real world observable will involve hadronic initial
and/or final-states, where the theory becomes non-perturbative. The applicability of
Eq. 2.17 in certain kinematic regimes suggests that calculations can be performed
by separating the short distance behavior of QCD, encoded in the partonic matrix
element &, from the long range behavior represented by the probability distributions.
The formal apparatus through which this is accomplished is known as factorization.
Factorization theorems take a similar form to Eq. 2.17 where each term in the inte-
grand is also dependent on a scheme-dependent factorization scale, u ¢. This para-
meter sets the cutoff for which aspects of the dynamics are being included in the
description of the long and short range components. The form of the factorization
ensures that there is no quantum mechanical interference between the long and short
range behavior. Furthermore, the probability distributions, which are known as parton
distribution functions (PDFs) in the general factorized formulation, are independent
of the specific scattering process. Although they are not calculable by perturbation
theory, once these functions are determined experimentally they can be applied to
a calculation regardless of the details of the partonic level scattering, thus making
them universal features of the hadrons. Factorization theorems have been proven for
a variety of processes, A + B — C + D among particles A, B, C and D, with the
schematic form of the theorem being

do(A+B—>C+D)=d6 @D, ® Pp ® Ac ® Ap +p.s.c. (2.18)
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Here @ and A denote the parton distribution and fragmentation functions (see
Sect. 2.3.4) and ® represents a convolution over parton momentum fraction, trace
over color indices and sum over parton species. This form is traditionally referred to
as a twist expansion, with the first term known as the leading twist. The remainder
terms, the power suppressed corrections, are suppressed by powers of a hard scale
and are referred to as higher-twist effects. Most factorization theorems have been
proven using a collinear factorization scheme, where the transverse momentum of
the parton has been integrated over. These theorems have been proven in the cases
of DIS and e e, but the only case involving hadron-hadron scattering to have been
rigorously proven is the Drell-Yan process [50-52].

Observables such as spin asymmetries in hadronic collisions provide access to the
spin structure of the proton. However, the extension of the usual collinear formalism
in these cases has been problematic [53-56] as the observables contain sensitivity to
the transverse momentum dependence (TMD) of the PDFs. Without integrating over
the transverse dependence of the PDFs, gauge links couple soft and collinear portions
of diagrams to the hard sub-graphs, breaking the factorization. Attempts to construct
TMD factorization schemes, such as k¢-factorization [57, 58], have proven difficult
and it has been shown explicitly that k¢-factorization is violated in high-pt hadron
production in hadronic collisions [59]. Building a framework to perform these types
of calculations is still a subject under active development [60].

2.3.2 Deep Inelastic Scattering

The parton model was first developed in DIS, and this collision system will be used
here to illustrate the utility of the factorized approach. In these collisions an electron
interacts with a hadronic target of mass M via the exchange of a photon with large
virtuality g = — Q2. In addition to Q2, the system is typically described in terms
of the variables x and y

(2.19)

where P is the four-momentum of the target and E and E’ are the initial and final
energies of the electron as measured in the rest frame of the target. In the parton model,
x corresponds to the fraction of target’s momentum carried by the struck quark. The
differential cross section is usually expressed in terms of structure functions F,

do 47taéM
dxdy ~— xyQ?

2Mxy

[nyFl(x, 0% + (1 —y—- T) Fa(x, QZ)] . (2.20)

The observation of Bjorken scaling [9, 10], that for large Q%, F; and F> are
independent of 2, was the inspiration for the parton model. For spin-% (charged)
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partons, the structure functions obey the Callan-Gross relation 2x F; = F». The
experimental confirmation of this result provided support for the interpretation of
spin-— quarks. In collinear factorized form the structure functions have the form,

1 12
d
Fix, 0%) =Z/§fam<s,u2,w>cm (;—C o = a(u))+O(Q 2),
’ (2.21a)
l X Q2 Mz-
Fy(x, 0%) = Z/dsfam@, 1, 1f)Caa (g’ e M—ﬁ,a(u)) +0(07?).

(2.21b)

Here the functions f,/4 are the PDFs for parton a in hadron A. The coefficient
functions, C,, are calculable in perturbation theory and are IRC safe. They are dom-
inated by contributions of order Q; propagators off shell by 12 will contribute to C,,
while contributions below this scale are grouped into f,/4. The result depends on
both the factorization and renormalization scales, which need not be set equal.

Shortly after the computation of the B-function, similar renormalization group
techniques were applied to the DIS structure functions, by considering moments of
the PDFs (specifically non-singlet PDF, f, — 1),

1

F®w? = /z”_lf(z, 12)dz. (2.22)

0

These are related to the anomalous dimensions,

o= —— ), (2.23)
npu

which appear to give dimensions to dimensionless, but scale-dependent quantities
through renormalization (e.g. In £ ~ p =), and can be computed in perturbation
theory [19]. The Q-dependence of the PDF moments can be used to determine the
Q-dependence of the moments of the structure functions,

In 0%/ Q5
/ M E (x, 02)dx = O (@(0) £™(QF) x exp —% / diyn (@(Q3e")
0
(2.24)
This relation predicts power-law scaling, Fi (x, Q%) ~ (Q/ Qo) ~%"*/™ for theories
that do not possess asymptotic freedom and posed a problem reconciling potential
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theories with the observed scaling prior to the demonstration of asymptotic freedom
in QCD. To one-loop in QCD the scaling is [23-26]

2y, /4
]an/A2:| Yu/41B11

Fi(x, 0%) [

This weak Q-dependence correctly described the early measurements of scaling in
DIS, further building support for QCD as the correct theory of the strong interaction.

2.3.3 DGLAP and Parton Evolution

When calculating C,, logarithms can arise due to the collinear emission at some
scale A, which gives a factor of approximately

2 @
a(Q)In ~ (2.26)
These logarithms can become large such that the above product becomes of order

unity. The result is that C, will have large contributions from all orders and is shown
2
schematically in Fig. 2.9. This multiple emission is enhanced by a(Q?)" In" %, but

only for the case where the virtualities are strongly ordered, q,% < q,%_ << qg,
with other orderings appearing with fewer powers of In %

The large logarithms are a symptom of interactions far away from the scale
at which the coupling was fixed. Fortunately, these collinear contributions can be
resummed by renormalization group methods. As most of the collinear emissions
are well separated in scale from the probe, go, these emissions can be reinterpreted
as modifying the hadron structure as opposed to corrections to C,. This results in
a Q-dependence of the PDF that evolves the probe from the hard scale to lower
momentum scales (indicated by the red sub-diagram in Fig. 2.9). For the change
0 — Q0+ AQ the differential probability of an emission with energy fraction z and
transverse momentum Q < p; < Q + AQ is given by

o dp? a AQ
7 3 Pach(@ = — == Pacp(2), (2.27)
T pi T Q

where P, (z) is the splitting function for parton of b splitting into type a, and
can be computed from the diagrams shown in Fig. 2.10. Changes in the distribution
of parton a at momentum fraction x can come from splittings of other partons at
x" = x/z, and can be written as
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Fig.2.9 Schematic representation of multiple collinear splittings. The portion of the diagram shown
in red is interpreted as part of the structure of the struck hadron instead of a correction to the hard
matrix element

e

Fig. 2.10 Collinear QCD processes used to compute splitting functions

1 1
A
Afa(x, Q) = Z/dx//dZ%jQP(u—b(Z)fb(x/s 0)5(x — zx")
b0 0

1
a [dz X
= Aln QZ—/—fb (—, Q2) Pucp(2). (2.28)
b JTX Z Z

These lead to the DGLAP evolution equations [61-63] which are of the form

1
a a [dz X 5
R ,0) = — | = -, Pyp(2). 2.29
Tng e @ ;ﬂ/sz(z Q) a b (2) (2.29)
X

See Ref. [29] for a complete tabulation of the splitting functions and full evolution
equations. This result indicates that if f, is measured as a function of x at a given
value of Qg, the PDF at any other scale Q can be determined by evolving the PDF
according to Eq. 2.29. The Q? dependence of the structure function F at fixed x is
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shown in Fig. 2.1. This dependence agrees well with the dependence predicted by
the DGLAP equations over a range of Q2 and x values.

2.3.4 Fragmentation Functions

The final-state analog of the parton distribution function is known as a fragmentation
function. The fragmentation function Dlh (z, n?) encapsulates the probability that a
parton of type i will fragment into a hadron of type & with momentum fraction z of
the original parton. In et e collisions, where there are no initial parton distributions,
cross sections for the production of a particular species of hadron can be written as,

doh

1
. d I
—ee =y / < (z, as (1), %) Dl uH) +0 (ﬁ) . (230)

For situations with arbitrary numbers initial/final-state hadrons, the collinear fac-
torized relation takes the form of Eq. 2.18. The eTe™ measurements provide the
cleanest access to the fragmentation functions since there is no integration over PDFs.
The fragmentation functions obey an evolution equation in 12 identical to Eq. 2.29,
with the inverse splitting functions (i.e. P, (z) is replaced with P,_,5(z)). In the
parton model these obey the momentum sum rule,

1
Z/dzsz’(z,;ﬁ) =1. (2.31)
h 9

The higher-order corrections to the splitting functions can see logarithmic enhance-
ments at low x, an effect which causes the leading order approximation of the evo-
lution to break down much sooner in e*e™ than DIS. This has led to development
of calculations using a modified leading log approximation (MLLA), which include
corrections for next-to-leading effects [64—68]. In general, the behavior of these
enhancements is to cause the “hump-backed plateau” behavior,

1 2
xD(x,s) x exp [—m(é —&p) I , (2.32)
with & = In 1 /x and the width and peak approximately given by [69],

1 3/4
g~ 7Ins/A% o o (1ns/A2) . (2.33)
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Fig.2.11 The hump-backed plateau structure of fragmentation functions through the measurement
of single inclusive hadron cross sections (left). The cross sections are fit with a Gaussian and the
extracted peak position compares well with the MLLA QCD prediction (right). Figure adapted
from Ref. [29]

10 s 410
: : gx10)

1 E = 3!
107! . BN ] "
- L DSS07

2 n+t o, NN\ Y o -2
10 =X Di(X, Mé) 3 AKKO8 E 10
E HKNSO7 E

1 1 1
10 10
X X

Fig.2.12 Contributions to the 7 ™+ ~ NLO fragmentation functions from up, strange (lef?), gluon
and charm (right) from three different global analyses [70-72], with Q% = mzz Figure adapted
from Ref. [29]

This behavior is shown in Fig. 2.11, with the fragmentation functions fit with a
Gaussian for a variety of /s and Q values shown on the right and a comparison of
the extracted peak position to the MLLA value shown on the left.

To span a large kinematic range and provide separation between quark and anti-
quark contributions, the e*e™ data has been supplemented by DIS and hadronic
collider data in recent global NLO extractions [70-72] (see Sect. 2.3.5 for discussion
of fixed order calculations). A comparison of results of some such analyses are
shown in Fig. 2.12, where the various partonic contributions to the charged pion
fragmentation function are shown.
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2.3.5 Fixed Order Calculations

Perturbative calculations are typically performed at fixed order and it is useful to
consider IRC safety in this context [29]. For an n-particle process, the cross section
for an observable, O,,, can be constructed at leading order (LO) as

GO, LO = ag_Z(MR) / dQVl'My%,Ol(plv ) pn)on(pl» RRIENE) pn)v (234)

where M,f,o is the n-particle matrix element at tree-level, d 2, is the measure over the
n-particle phase space and ur is the renormalization scale. Non-perturbative correc-
tions have been omitted here. The tree-level amplitudes are finite but the integral will
diverge in the soft and collinear regions of the momentum integration. Therefore this
calculation is only safe when O, also vanishes in this limit (e.g. jet cross sections). At
next-to-leading-order (NLO) the n + 1-particle matrix element must be considered
along with the interference between the tree-level and 1-loop n-particle processes,

0O,NLO =00,LO

+ ag‘l(m/mnﬂ M7 oIty Pas)Ons1 (PL. -, Putt)

+ oy (ur) / d2,2Re [My oM 1] (p1. - ... p))On(p1. ... pn).
(2.35)

Here M, is the 1-loop n-particle amplitude, which diverges in the soft and
collinear limits. This divergence will cancel with the aforementioned tree-level diver-
gence in the integration if the observable is IRC safe,

limp, 0 Ons1(p1s .-+, Piv ooy Png1) = On(P1y .o, Pn)

. (2.36)
hmPJ”Pz On+1(p1, ---7[71'7 p]a ---7pn+l) = On(p17"'9pi5 "'7pn)'

A similar procedure applies in extending to NNLO calculations, which involve
additional contributions the tree-level n + 2 contribution, interference between
tree-level and 1-loop n+1-particle diagrams, interference between the n-particle tree-
level and 2-loop diagrams and the squared contribution of the 1-loop n-particle
diagram. These calculations become increasingly difficult to compute, especially in
an automated fashion, due to the intricate higher-loop diagrams.

Often these calculations are supplied in the form of Monte Carlo event generators.
These tools typically compute a hard scattering matrix element and then evolve the
partons by means of a parton shower. This technique constructs a probability for a
parton not split from the splitting functions defined in Eq. 2.27. The probability that
a parton of type a will not split between scales Q% and Q(z), A (02, Q(z)), known as
a Sudakov form factor is given by,
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02 1
Aa(Q2. 02) = exp / / ‘2"—; Pach@) V. 2.37)
0

MC sampling determines the scale of the first splitting, and this process is repeated
down to some hadronization scale Q ~ 1 GeV. At this point a hadronization
model [48, 49, 73, 74] converts the evolved partons into final-state hadrons which
can be used to simulate response of a detector to an input physics signal. Leading
order event generators (e.g. PYTHIA) typically give the correct description of the
soft and collinear emission, but fail to describe wide angle emissions due to the lack
of multi-parton matrix elements. This can be improved by generators which use this
higher order matrix elements and merge the parton showers in such a way as to avoid
double counting the real and virtual contributions [75-78].

In general LO calculations for applications at hadron colliders are accurate to
approximately a factor of two. A K -factor, which represents the ratio of NLO to LO
contributions, is typically used to tune the cross sections.

2.3.6 Jets

Highly collimated sprays of particles known as jets are a ubiquitous feature of high
energy particle collisions. These objects are the experimental signature of partonic
hard scattering processes and have been used to test the theoretical application of the
theory since their initial observation at SLAC [33]. However, the multi-particle final
states associated with jet production are sufficiently complicated that any experimen-
tal measurement must have a precise definition of an observable [37]. Furthermore,
these definitions must be relatable to quantities that are well-defined theoretically,
particularly with regard to the IRC safety issues discussed previously.

Most early jet algorithms were based on associating particles or energy deposits
that were nearby in angle, typically referred to as cone algorithms. The Snowmass
workshop in 1990 [79] proposed a standard set of criteria for jet algorithms [80],
however, implementations of these criteria were not immediately obvious. Many
cone algorithms used at the time suffered from varying degrees of IRC unsafety,
which limited their relatability to theory [81]. The effects of unsafety are illustrated
in Fig. 2.13, where two algorithms, one safe (left) and one unsafe (right) are com-
pared. In the IRC safe algorithm, the emission of a collinear gluon does not affect the
clustering (b), allowing the divergence in this graph to cancel the 1-loop (a) diver-
gence. However, this emission causes different clustering in the unsafe algorithm
(d), resulting in a failure in cancellation of the divergences. In general, issues of split
or overlapping jets are not handled in a natural way by cone algorithms, and some
additional criteria, often introducing undesired artifacts, are required to handle such
cases.
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Fig.2.13 Jetreconstruction using two algorithms on a system with and without additional collinear
gluonradiation. The IRC safe algorithm reconstructs the two scenarios as the same jet (a, b), allowing
for cancellation of divergences. The unsafe algorithm gives different results in the two cases (c, d).
Figure adapted from Ref. [82]

Sequential clustering algorithms, which perform pairwise clustering of parti-
cles [83, 84], showed particular promise as they were IRC safe. This led to the
proposal for the k; algorithm in ete™ collisions [85], which was formulated to be
boost-invariant and IRC safe and was later adapted for hadronic collisions [86]. The
inclusive formulation of this algorithm [87] uses the measure,

AR?,
diy =min (phi 0} ;) —3ts ARE = (i =P+ @G- 9% (239)
where y and ¢ are the particles’ rapidity and azimuthal angle respectively, to cluster
nearby particles. The algorithm works using the following steps:

. Calculate d;; for all pairs and also d;p = p%i.

. Find the minimum of the d;; and d; p.

. If the minimum is a d;;, combine i and j and start over.

. If the minimum is a d;p, call i a final-state jet and remove it from subsequent
clustering and start over.

5. Finish clustering when no particles remain.

BN =

The parameter R controls the size of the jets in analogy with the radius parameter
in cone jets. In this inclusive form, all particles are clustered into final-state jets; thus
some final discriminating criteria, often a minimum cut on ET or pT, must be applied.
This algorithm has the feature that for soft or collinear pairs the distance measure is
inversely proportional to the differential probability of collinear emission,

d Py ij N s
dEiinj min(Ej, Ej)eij ’

(2.39)

which is easily adaptable to theoretical calculations [81]. This algorithm was not
originally favored by experiment due to its slow processing time and geometrically
irregular jets, which made experimental corrections more difficult. However, a faster
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Fig. 2.14 Jet clustering on an event in n — ¢ using three different jet algorithms: k; (left), ATLAS
cone (center), and anti-k; (right) all with R = 0.4. The cone algorithm does a poor job of resolving
the split jet. The k; and anti-k; resolve this as two separate jets, but the k; clustering is strongly
influenced by other soft particles in the event

implementation by the FastJet package (O(N In N) vs. O(N?)) has significantly
improved the former issue [88].
The distance measure of the k; algorithm can be generalized in the following way:

AR?

) 2
dij = min (77 p1") R (2.40)

The choice p = 1 corresponds to the usual k; algorithm, while p = 0 corresponds to
the Cambridge/Aachen algorithm [89, 90], which uses only geometric considerations
when clustering objects. The generalization was used to define the anti-k; algorithm
(p = —1), which clusters hard particles first and produces jets similar with regular,
cone-like geometry [82]. Examples of the clustering behavior of the k, ATLAS
cone [91] and anti-k; algorithms are shown Fig. 2.14. The k; allows jets clustered
from soft background particles to compete with the real jet signal, a feature which is
particularly problematic in heavy ion collisions. This is contrasted by the behavior
of the anti-k; which preferentially clusters particles with the harder of two jets.

Jets have become an essential part of high energy experiments, both as tools for
testing QCD, but also as input into reconstructing more complicated physics objects.
Figure 2.15 shows the data/theory ratio for the inclusive jet cross section as a function
of jet pt for a wide range of experiments. The theoretical calculation is provided by
fastNLO with NLOJTET++ [92].
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Fig. 2.15 Ratio of data to theory for the single inclusive jet cross section at a variety of energies
[29, 92]

2.4 Phase Structure of Nuclear Matter

Prior to the advent of QCD, attempts were made to apply statistical methods to
the large particle multiplicities in high energy collisions [93, 94]. This led to the
analysis of the high temperature limit of nuclear matter in the context of hadronic
resonances. The growth in the number of these resonance states with increasing
energy led Hagedorn to propose the Statistical Bootstrap Model, where resonances
are thought of as being composed of excited lower mass resonance constituents.
In the high temperature limit the density of resonant states and the thermodynamic
energy density of states approach each other and the partition function diverges.
The temperature cannot be increased beyond some limiting value, the Hagedorn
temperature, as adding energy will only excite more resonances, not add to the
kinetic energy of the system [95].

Asymptotic freedom indicates that this will not occur, but rather that at sufficiently
high temperatures the coupling will become weak leading to nuclear matter with
dynamics described by perturbative QCD [96]. This suggests that there is a phase
transition where the degrees of freedom evolve from hadrons to quarks and gluons.
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This state of matter the Quark Gluon Plasma (QGP), represents the form of nuclear
matter in the early stages of the Universe [97].
In the weak coupling limit the Stefan-Boltzmann relation between energy density,
¢, and pressure, p, applies:
e—=3p=0. (2.41)

Each is proportional to 74 with the constant of proportionality indicating the degen-
eracy of particles obeying Bose-Einstein, ggg, and Fermi-Dirac, grp, statistics,

& + —_ _— . i

At the lowest temperatures the system is hadron gas containing only the lowest
state, the pions (¢Be = 3isospin> gFD = 0). At high temperature the system is a gas of
deconfined quarks and gluons (gBe = 8color X 2spin» &FD = 3color X 2spin X 2¢g X N#).
The total energy density is

b4
e=—T*

2 3 T~0
= 2.43
30 (2.43)

21 .

For two flavor QCD the difference in phases corresponds to a factor of 9 increase in
¢/ T*, indicating a dramatic change in energy density.

The temperature range over which this transition occurs, specifically the possible
divergences of thermodynamic variables, can characterize the transition. In the limit
of zero quark mass, the QCD Lagrangian possesses chiral symmetry, which is broken
by non-perturbative effects resulting in three massless pions. The high temperature
limit exhibits both deconfinement and restoration of chiral symmetry, and it is unclear
to what extent these two phenomena are interrelated and whether QCD may exhibit
a distinct phase transition associated with each of these phenomena [98].

2.4.1 Thermal Field Theory

The extension to finite-temperature field theory is accomplished by using the relation-
ship between the path integral formulation in quantum field theory and the partition
function of statistical mechanics [99, 100]. Explicitly, the path integral for a single
quantum mechanical particle with Hamiltonian H is given by

N 70 ijdt/L
(g’ le""q(0)) = / Dlg®)]e * (2.44)
q(0)
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which denotes the amplitude for a particle at ¢ at + = 0 to go to ¢ at ¢, and
L = %mq ("% — V(q(t)). This functional integral can be analytically continued
to imaginary time via t — —it. This generally provides a more rigorous definition
for the path integral and its convergence. In the imaginary time formulation the action
in the exponent is replaced by the Euclidean action

T

SE =/dr’LE(r'), (2.45)
0

where L = %mc}(t)2 + V(g(¢)). This can be compared directly to the partition
function of the canonical ensemble, with temperature 7 and g = 1/kT, Z(B) =
Tr[e A" ]. In the non-diagonal basis |g) this can be written in the same form as the
usual path integral,

fart

~ — t'Lg

Z(B) = / dqlqle Pt |q) = / Dlg(t)le © (2.46)
q(0)=q(7)

Thermal expectation values of time-ordered products of fields (- - - ) g can be com-
puted in the same fashion as zero-temperature field theory, but using the imaginary
time/Euclidean action. For example, a generating functional, Z(8, [J), can be con-
structed by introducing a source 7, and adding the term 7§ to the Lagrangian.
A two-point correlation function can be evaluated with functional derivatives with
respect to 7,

I 1 82z )
A(t) = (T G(—=it)§(0))s = ZG8.0) 57 (00570 |70 (2.47)

The cyclic nature of the trace imposes the constraint A(t — ) = £A(7), with
the sign depending on whether the field obeys commutation or anti-commutation
relations. Thus the periodic (anti-periodic) boundary conditions on the correlation
functions enforce the Bose-Einstein (Fermi-Dirac) statistics and A can be described
as a Fourier series

A(T) =B e " Aliw,). (2.48)

n=0

Here w,, = 271 for bosons and w, = 74D for fermions and are known as the
Matsubara frequencies. The full real-time gauge theory propagators at tree level are

Dr (ko) = (2.492)

+ 218 (k} — %) ——,
o — W +ie *o w)eﬂko—l
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i

1
_ 22
S(p) = 7 +278(p m=)(y +m)—g/3po e (2.49b)

—m

for the bosons and fermions respectively. In both expressions, the first term describes
the usual vacuum propagation while the second represents the disconnected part of
the propagation which counts the modes absorbed by the medium.

2.4.2 Lattice Thermodynamics

The lattice formulation of QCD discussed previously can be naturally applied to
calculate thermodynamic variables in QCD, since it is formulated as a Euclidean
space-time evaluated path integral. The four-dimensional Euclidean space-time is
represented by Ng x Ny lattice sites with spacing a. The system is described by
volume V and temperature, T,

1

V =(Nya)y, T =
( zra) N.a

) (2.50)

and the thermodynamic limit is taken with N; — oo, a — 0 but holding T fixed.
Statistical errors can enter since the integration is performed over a finite number of
gauge field configurations, thus making calculations with large N, difficult. Recent
developments in improved actions with reduced discretization errors allow for accu-
rate calculations without resorting to large N, and have facilitated advances in lattice
thermodynamic calculations.

Typically the action is separated into a contribution from the gauge fields and a
fermionic contribution. The latter is expressed as a functional determinant in a way
that removes or minimizes fermion doubling problems. The action and determinant
are written in terms of link variables, which involve the evaluation of gauge field
configurations at adjacent lattice sites. The numerical integration techniques require
a probabilistic interpretation, and problems occur when the determinant becomes
negative. For zero chemical potential, u, this is not a problem, however, the determi-
nant becomes complex-valued for ;« # 0. This makes calculations at finite chemical
potential more difficult, although recent advances have been made on this subject.

The QCD equation of state can be determined on the lattice by evaluating the
trace anomaly (the trace of the stress-energy tensor ®*" (7)) in the grand canonical
ensemble, »

O _e=3p_, 0 (2) 2.51)

T+ T+ oT \T4
Since only expectation values can be calculated, the variables must be re-expressed in
this form. The pressure can be evaluated directly from integrating the trace anomaly.
The entropy density, s, and speed of sound cg, can likewise be calculated from the

relations
s e+ p 2 d_p

= = = (2.52)

’

T3 T4
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Fig. 2.16 Pressure and energy density divided by 7% as a function of temperature in a lattice
calculation using physical quark masses [101]

The pressure and energy density divided by 7' from a recent calculation [101] are
shown in Fig. 2.16. The lattice results indicate a rapid, but continuous transition in € at
Tc ~ 170 MeV, which is not indicative of a first or second order phase transition, but
rather a smooth crossover between phases. Additionally, order parameters describing
the transition to deconfinement and the restoration of chiral symmetry have been
formulated on the lattice. The deconfinement order parameter is the expectation
value of the Polyakov loop, (L) ~ exp(—Fq(T)/T) where Fy is the static free
quark energy. The chiral transition is described by the chiral susceptibility y =

_Bim (qq’)‘ o These quantities involve subtleties relating to their renormalization
m=!
and corrections due to finite quark masses. A calculation of these two quantities [101]

isshownin Fig. 2.17. The results indicate that both of these transitions occur smoothly
over the same temperature region where the equation of state shows a rapid change
in energy density.
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Fig. 2.17 Lattice calculations of the (L) (left) and x/ T2 (right) for light quarks as functions of
temperature. These are order parameters for the deconfinement and chiral symmetry restoration
transitions respectively. The vertical lines indicate the temperature range over which the rapid cross
over is inferred to occur from the equation of state. Figure adapted from Ref. [101]
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2.4.3 The Hard Thermal Loop Approximation

When using perturbation theory at finite temperature, including the effects of loops
becomes problematic as the finite scale introduced by T breaks the usual perturbative
expansion. If the external momenta are hard, all loops will contribute to the same
order as the tree level diagram. However, if the external momenta are soft, P ~ g7,
only the contribution from Hard Thermal Loops (HTLs) will compete with the tree
level term. These are cases where the “hard” loop momenta are much greater than
the “soft” external momenta and the dominant contribution to the loop comes from
momenta of order 7. In gauge theories, the HTLs can be identified by power counting
and an effective theory of resummed HTLs can be derived without affecting the
vacuum renormalizability properties of the theory [102, 103]. These loops lead to
the generation of thermal masses m and m ; for the gauge bosons and fermions
respectively. The static component of the gauge boson propagator takes the form

—i

D = 355 A
00 g% +2m?

(2.53)

where the thermal mass gives rise to Debye screening. In the static limit, w/q — 0,
the magnetic behavior is similar to the above expression, but with

m-— ——. (2.54)

This can be interpreted as a frequency-dependent dynamical screening with cutoff

75_(‘;) 9
The full thermal masses including the effects from a finite chemical potential, i, are
given by

m which is in some cases effective in protecting infrared divergences [104].

1 1 3
m? =—g’T?Cp + —g?Cr (T? + S 1%, (2.552)
6 12 72
m% = lg2 T? + i;ﬁ Cr (2.55b)
F=3 2 ’ -

with the color factors given previously in Eq. 2.8.

One issue that is still not fully understood is the screening of the chromomagnetic
fields. Using power counting arguments it can be shown that a diagram containing
£ 4 1 gluon loops, shown in Fig. 2.18, with £ > 3, has infrared divergences of the

form [105]
2T -3
0T (g—) . (2.56)
m

For the longitudinal components this is regulated by the electric mass and gives
behavior ~g‘*3T4, which differs from the g2 behavior expected from perturbation
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Fig. 2.18 Diagram containing ¢ + 1 gluon loops

theory. Based on arguments from theories that are infrared-equivalent to QCD, the
magnetic mass is of order ~g>T [106]. This leads to infrared divergences in the
transverse part of the £ + 1 gluon loop diagram to go as ~g®T* and signals a
total breakdown of perturbation theory. This remains an outstanding problem, with
thermal field theory not on rigorous theoretical ground except at asymptotically high
temperatures.

2.4.4 Heavy Ion Collisions

The phase structure predicted by the lattice indicates that at low baryon chemical
potential and high temperature, hadronic matter undergoes a rapid, but continuous
increase in the number of degrees of freedom. This transition is illustrated in a
possible QCD phase diagram, shown in Fig. 2.19. In addition to this transition,
abnormal forms of nuclear matter can exist at high densities [107, 108]. Astrophysical
objects such as neutron stars are stabilized against gravitational collapse by the
degeneracy pressure created by an extremely high density of neutrons. At the highest
densities novel states such as quark liquids and color superconductors (color flavor
locked) are thought to exist [109].

It is believed that the QGP transition is experimentally accessible in collisions
among heavy ions at high energies. In these collisions the nuclei appear as highly
Lorentz contracted “pancakes” [110]. Particle production occurs as the two pancakes
overlap leaving a “central” region of high energy density as they recede and carry
away the net baryon density (leading baryon effect). If the system is formed after
some time 7 7, the energy density in this region can be estimated following the Bjorken
procedure by considering the total energy per unit rapidity in nucleus-nucleus colli-
sions, dd%. The energy density is then

dET 1
e=——Ay—. (2.57)
dy \%

For a small slice along the beam direction Ay = f—fz, and V = nRiAz. Rp is

the nuclear radius and behaves as Ry ~ 1.2A!'/3 fm. The energy density can be
expressed as
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1 dEt

E= ——5——. 2.58
JTRitf dy ( )

For Au'®7 collisions at RHIC, dd% was measured by PHENIX to be 688 GeV at
JSNN = 130 GeV [111]. If the formation time is on the order of 0.1-1 fm, this pro-
cedure gives an energy density estimate of 4.6—46 GeV /fm?. The Stefan-Boltzmann

equation of state can be used to infer a temperature,

3\ 1/4
T ~ (S(hc) ) , (2.59)

o

where o = %(16 + 2—21N f) is a constant of proportionality determined by the
effective number of degrees of freedom. Since the lattice results indicate that this
limit is not reached a more appropriate estimate would be to use the lattice value of
o =&/ T* ~ 13, just above the transition region. This estimate gives a temperature
of 128 < T < 229 MeV. The transverse energy density in Pb+Pb collisions at the
LHC at \/snn = 2.76 TeV is larger than at RHIC by roughly a factor of 5, indicating
atemperature range of 191 < T < 342 MeV. As the temperature region of the phase
transition is spanned by these estimates, it is likely that such a transition is probed
in relativistic heavy ion collisions.

If the mean free path in the interacting system is small compared to the system size
a hydrodynamic description can be applied to the created nuclear matter [94]. The
evolution of the system in the absence of viscosity or heat conduction is described
by ideal hydrodynamics,

0, T"" =0, T" = (¢+ pu"u” — pgh", (2.60)
Fig. 2.19 The QCD phase QCD Phase Diagram
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where T"V is the relativistic stress-energy tensor, u* is the local four-velocity of a
fluid element and the system of equations is closed by a thermodynamic equation
of state. The Bjorken picture considers the longitudinal expansion of this medium
which leads to a slow decrease in the temperature, 7 ~ 77173, where 1 is the local
fluid proper time, and constant entropy inside the co-moving fluid volumes.

Local anisotropies in the transverse density of produced particles can be produced
through initial-state fluctuations or more commonly through the elliptical geometry
of the collision zone when there is incomplete nuclear overlap. As the particle produc-
tion is isotropic, the only way this can be converted to a momentum-space anisotropy,
is if these density fluctuations form pressure gradients, which result in radial flow.
Such an effect should be observable in the angular distribution of hadrons and may
allow for a determination of the fluid’s shear viscosity, 7.

Calculational techniques in string theory have established a correspondence
between quantum field theories and their dual gravity theories. This AdS/CFT
correspondence facilitates a translation between quantities in a gravity calculation
in the weakly coupled region to quantities in the strongly coupled regime of the
appropriate dual [112, 113]. In particular the thermodynamics of black hole can be
mapped to thermodynamics in QCD-like A = 4 supersymmetric Yang-Mills theory.
Some time ago, arguments based on the uncertainty principle suggested that there is
a quantum lower limit to the viscosity [114]. This has been demonstrated explicitly
in the AdS/CFT picture where a limiting value of the viscosity to entropy density
ratio was found to be n/s < 1/4m [115, 116].

This application of hydrodynamics illustrates how the transport properties of the
system can provide further insight into the dynamics of the medium, in particular
through transport coefficients such as the shear viscosity, which are sensitive to the
microscopic behavior. As a transport phenomenon, hydrodynamics coincides with
the long-wavelength behavior of the system and the relevant transport and other
phenomena such as radiation and diffusion can provide access to other aspects of the
medium.

2.5 Hard Processes in Nuclear Collisions

2.5.1 The Glauber Model

In collider experiments, the measured rates of quantities are proportional to the
luminosity, or instantaneous flux of colliding particles. At high energies, the nuclear
size is easily resolved, and a beam constituent not only sees a flux of nuclei but an
instantaneous flux of nucleons/partons determined by the geometric overlap between
the colliding nuclei. For two nuclei, A and B, with centers separated by impact
parameter b, this flux is represented by the factor 7o (b). Many nuclear effects are
expected to vary with b, and Tap is often used to normalize quantities to remove
any variation due to trivial geometric effects. Experimentally, events are grouped
into different centrality classes, which are determined to have a similar amount of
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geometric overlap based on a set of global event criteria. The average Tap is used
to normalize quantities observed in those events to assess the centrality dependence
of an observable. This procedure makes use of a framework known as the Glauber
Model [117-119] and is employed by nearly all heavy ion experiments [120].

The Glauber Model treats the incoming nuclei as smooth distributions of nucleons,
each traveling on independent linear trajectories. It is formulated in the optical limit,
in which the overall phase shift is evaluated by summing over all per-nucleon pair
phase shifts. It relies on a parametrization of the nuclear density, p, typically a two-
parameter Woods-Saxon distribution,

p(r) = po (2.61)

1 +exp (=X)

a

where R and a are experimentally determined parameters, describing the radius and
skin depth of the nucleus. The constant py is an overall normalization factor ensuring
the distribution is normalized to the number of nucleons. For Pb?® these parameters
are R = 6.62 £ 0.06 fm, a = 0.546 & 0.01 fm [121] and the distribution is shown
in Fig. 2.20.

In the Glauber formalism the transverse density,

Ta(b") =/dZA,0A(b’,ZA) (2.62)

is the expected number of nucleons at position b’. Then Tap is defined as A B times
the probability to simultaneously find nucleons in nuclei A and B at the same position
b as shown in Fig. 2.21,

Tap(b) = / d*b'Ta(b)Tg (b’ — b). (2.63)

Fig. 2.20 Woods-Saxon distribution for Pb208
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Projectile B Target A
—_—

[ s
i

2

Fig. 2.21 Views of the collision system transverse (left) and parallel (right) to the beam axis [120]

Each nucleon in A can interact with a nucleon in B with probability pagp =

Tapoin! - S . L
%}NN, so the total probability of n collisions is binomial and is given by

P(n,b) = (’]Z)p;;B (1 — pap)*B—. (2.64)

This allows for the definition of the expected number of collisions as Ngo =
TaB 01{1“131, and the expected number of participants Npqy, the total number of nucleons

that participated in any scatterings (sometimes referred to as wounded nucleons) as

;o B
Npar =/d2b/TA(b/) [1 - (1 — W) ]

;o A
+/d2b/TB(b/) [1 _ (1 _ M) ] (2.65)

An alternative to performing the analytic integrals is to use Monte Carlo tech-
niques. This has the advantage of including terms neglected in the optical approxi-
mation that incorporate local per-event density fluctuations [120, 122]. This method
is performed by sampling the full Woods-Saxon distribution in Eq. 2.61 A times to
populate positions for nucleus A. To prevent overlap, a position is regenerated if it is
found to be within some minimum distance of a previously generated nucleon. Once
the positions have been generated for both nuclei, a random impact parameter vector
is generated defining an offset between the nuclear centers. The transverse position
for all nucleons in nucleus A is compared to each of the analogous nucleons in B.

If the distance between the pair is Ar < ,/ crli\?ﬁl /7, the nucleons are considered to
have participated. N is defined as the number of times this condition is satisfied,
with Npye defining the number of nucleons for which this condition was satisfied at
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Fig. 2.22 Distributions of nucleons generated with the MC Glauber procedure in the x—y (leff) and
z—x (right) planes for Au'7. The two nuclei are shown in different colors, with the participants
shown in a darker color [120]

400 [ 10°
C 10° 2000 [ 108
300 -
- 1500 [ s
H N 102 =° 10
S 200 - 3
= C Z 1000 [ 102
a 10
100 - 500 [ _l.-F5 10
C “u
C hh
0 1 I I 1 1
0 0 50 100 150 200
b [fm] Npart/2

Fig. 2.23 Distribution of Npa values as a function of b (left) and the correlation between Npart
and Nco (right) for Pb+Pb collisions

least once. An example of an event generated with this technique is shown for an
Au+Au collision in Fig. 2.22. The distribution of Ny, values for different impact
parameters is shown in Fig. 2.23, as well as the relationship between Neon and Npa.

Experimentally, the per-event impact parameter is not measurable so a proce-
dure must be performed to relate a distribution of some measurable quantity to the
Glauber parameters. Variables like the total charged particle multiplicity or trans-
verse energy typically have distributions similar to the Npa« and Neon distributions.
This feature, combined with the fact that these are global variables and therefore less
sensitive to detailed features and fluctuations make them excellent choices for cen-
trality variables. The centrality determination procedure considers the minimum bias
distribution of such a variable, ¢, and divides the range of observed values into sub-
ranges where the integral of the distribution over that range is some percentage of the
total; an example of this division is shown in Fig. 2.24. These sub-ranges are called
centrality intervals, and centrality-dependent observables are usually calculated by
averaging over all events in the same interval.



2.5 Hard Processes in Nuclear Collisions 37
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The ith centrality bin, {; < ¢ < 41, is typically defined in terms of percentages,
a—b %, such that:

gmax
1 dN, 1 dN,
M _ 4%, / d¢ M _ b %. (2.66)
. Neyt d¢ . Neve d&
min i+1

The Glauber model parameters must then be related to the class of events in a par-
ticular centrality bin. This can be accomplished by constructing a new variable, &,
from the Glauber variables Ncon and Npye such that the & distribution is similar to
the experimentally observed ¢ distribution. The ¢ distributions tend to be similar
enough to the Neo and Ny distributions that a simple linear combination of the
two, a two-component model, is a suitable choice for &,

N part
§=2% (XT + (- X)Ncou) . (2.67)
The parameters &) and x can be determined from fitting the measured d Ney/d¢
distribution with d Ney/d& from an MC Glauber sample. The centrality bins for &
are defined in terms of integral fractions just as for ¢. In the ith centrality bin, the
Neon and Npyt are averaged over all events for which &§; < & < &;41. These (Ncon)
and (Npart) values are then associated with the ith centrality bin in the data.
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2.5.2 Nuclear Modification

The first evidence for modification in nuclear collisions at high energy was observed
p+A collisions, where it was found that the production of particles at large trans-
verse momentum (2 < pt < 6 GeV) was enhanced in these collisions relative to
pp [123, 124]. This effect, Cronin enhancement, was originally interpreted as addi-
tional transverse momentum, kt2 « L, imparted by additional, independent, elastic
interactions with multiple nucleons. Here L is the average path length, which scales
with atomic number as L oc A!/3.

The nuclear parton distribution functions (NPDFs), show both a suppression at
lower values of x and an enhancement with increasing x with respect to the nucleon
PDFs, termed shadowing and anti-shadowing respectively. This nuclear modification
is quantified through the ratio, R

a_ Ji

P an (2.68)
where f are the PDFs for the nucleus A and the nucleon, and i is the parton species:
valence quark, sea quark or gluon. When viewed in the rest frame of the target
nucleus, the shadowing/anti-shadowing is the result of multiple scattering processes
that destructively/constructively interfere at the amplitude level [125]. In the collinear
factorized approach coherent multiple scattering terms are suppressed by powers of
1/ Qz, however, for a large nucleus these contributions receive an enhancement of
Al/3, leading to sensitivity to higher twist effects [126].

When viewed in the infinite momentum frame, the shadowing effects arise from
recombination of low-x gluons in the nuclear wave function [127]. This phenom-
enon is known as saturation and sets in as unitarity requirements force the nominal
evolution equations to be modified at small x. The gluon distribution, xG (x, QZ),
represents the number of gluons per unit rapidity in a region of transverse size 1/Q?
and grows as In 1/x for small x at fixed Q2 without this modification. However, as
Q’R?> < xG(x, Q?), where R is the radius of a nucleon, the gluons will begin to
overlap and recombination of these gluons will limit the growth of xG (x, Q%) with
decreasing x [128, 129].

At larger values of x, away from the shadowing/anti-shadowing region (x = 0.5),
the NPDFs exhibit additional suppression which is known as the EMC effect [130].
The origin of this effect may be related to non-nucleon degrees of freedom in the
nucleus [131] and has led to increased interest in short-range correlations between
nucleons. A sharp enhancement of the NPDF at the largest x values is thought to
be described by the Fermi motion of the nucleons. Global analyses at NLO have
been performed using data from DIS, Drell-Yan and d+ Au collisions at RHIC to
extract the x-dependence of R%, R? and RgA at multiple Q2 values [132]. These
distributions, shown for Pb in Fig. 2.25, are a crucial input to any interpretation of
any high- pt phenomena observed in nucleus-nucleus collisions.
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Fig. 2.25 Nuclear modification ratios Rsb, RS b and RgPb for the valance, sea and gluon PDFs for

two values of Q2 [132]. For Pb the shadowing region is x < 0.05, the anti-shadowing region is
0.05 < x < 0.5 and the EMC regionis x 2 0.5

2.5.3 HIJING

The phenomenology underlying the implementation of pp event generators such as
PYTHIA, requires extensions to be appropriate for nucleus-nucleus collisions. An
important step in achieving this was the development of the HIJING MC event gener-
ator [133]. To correctly model the multiplicity fluctuations the soft production mech-
anism combines elements of different models. It introduces multiple, sea ¢ g strings as
in the dual parton model [134—136], but also allows for induced gluon bremsstrahlung
by introducing string kinks as in the Lund FRITIOF procedure [ 137, 138]. Additional
transverse momentum kicks are applied that are dependent on the particle’s pt pro-
portional to (p% + az)_l(p% + pé)_l.

The production of “minijets” with pt > po ~ 2 GeV is expected to play an impor-
tant role in the total energy and particle production [139, 140]. These processes take
place at an intermediate momentum scale, lower than that associated with typical jet
production, but still describable by perturbative QCD. Production of multiple jets in
HIJING is implemented through a probabilistic model of independent jet (pair) pro-
duction. The average number of minijets at impact parameter b is given by ojec In(b),
where oje is the inclusive cross section for jets in nucleon-nucleon collisions, inte-
grated above some threshold pg. The probability for multiple independent minijet
production is given by [141],
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(Ojet IN(D))/ o0t TN (D)

8ih) = = ji=1, (2.69)

go(b) = [1 _ e—asonTN(m] o IN (D) (2.70)

where o, is the non-perturbative inclusive cross section for soft processes and 7T (b)
is the partonic overlap function between two nucleons separated by impact parameter
b. An eikonal picture is used to relate the inelastic, elastic and total cross sections
and to define the multi-jet probabilities for minijets in nucleon-nucleon collisions,

o0
Go = = / d*b [1 — e‘zxs(bﬁs)] e~ 2xu(b.s) (2.71)
Oin
0
T R, )V
v , S _
G, =— / 22O o), (2.72)
Oin J!

Here the eikonal factors are related by s + xu = xo(1 + 0jet/0soft), and ensure
geometric scaling. The independence of the multi-jet production is an appropriate
ansatz if ojer S 2A72/3(poRN)?0inel- The overall jet cross section is reduced from
the nucleon-nucleon case to include the effects of nuclear shadowing, including
the impact parameter dependence which has not been measured by experiment. The
modification factor defined in Eq. 2.68 can be generalized to include impact parameter
dependence,

Ra(x, 0%, €) = R{(x, Q%) + a (R (x, 07, (2.73)

where a(r) o« (A3 — 1),/1 —r2/R%, models the impact parameter depen-
dence [133]. Then the effective jet cross section is a function of the transverse
positions of each of the colliding nucleons in the binary system,

ol (ra. rB) = o + aA(ra)ojs + aB(rB)ofy + @A (ra)as(rB)ofn . (2.74)

The event generation proceeds by using an MC Glauber setup to determine the
set of colliding nucleon pairs. For each of these binary collisions, the probability
of scattering and number of jets is determined, along with whether the collision is
elastic or inelastic. Hard scattering partons are treated separately, and their ener-
gies are subtracted from the nucleons with the remaining energy used in processing
soft string excitations. The resulting scattered gluons are ordered in rapidity and
color-connected to the valence quark/di-quark of the nucleon. The correlated semi-
hard particle production mechanism is the key feature of HIJING and is why it has
remained a useful tool long after its inception.
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2.5.4 Jet Quenching

A significant form of nuclear modification occurs in heavy ion collisions where the
byproducts of hard scatterings can interact with the QGP through the phenomenon
of jet quenching. The character of this interaction provides key insight into the
dynamics of the medium. The most important is the identification of the relevant
scales for the jet-medium interaction and whether it can be described by perturbative
QCD. If so, it provides a key testing ground for thermal, perturbative QCD and the
HTL formulation as well as an example of the transport phenomena of radiation and
diffusion in a fundamental physical system.

The potential for jets as a tool to study the plasma was first recognized by
Bjorken [142], who suggested that events with back-to-back jets would be sensitive
to differential energy loss if the two partons had different in-medium path lengths.
In extreme cases a highly energetic jet may emerge while its partner deposits all of
its energy in the medium, which would represent a striking experimental signature.

The energy loss mechanism originally proposed by Bjorken was through elastic
collisions with the medium constituents. This was originally given in Ref. [142] as,

dE . N\ . 4ET
= rmadT? (14 2L ) = (2.75)
dx 6 m%

with more intricate forms of the term inside the logarithm due to improvements in the
collision integral given in Refs. [143—-145]. In a QCD plasma, the Debye screening
mass, mp, is given by,

1
mp = (1 + ng) §°T% (2.76)

Some of the first predictions of jet quenching signatures involve a modification of
the dijet acoplanarity distribution in heavy ion collisions [146, 147]. These calcula-
tions were formulated in terms of the probability distribution for dijet pairs to have
momentum imbalance K,

dP 1 1 do
- = - (2.77)
dK,  oo(pr) prdo

The acoplanarity was expected to show a temperature-dependent modification due
to elastic collisions with the medium constituents. It was shown that similar effects
could be produced through collisional energy loss in a hadronic resonance gas [148],
and thus an observed modification would not prove the presence of a QGP phase.
Interactions with the medium can also induce radiative energy loss through the
emission of bremsstrahlung gluons. In QED, energy loss for high energy electrons is
typically in the Bethe-Heitler regime % = —%, where L is a characteristic length.
Classically, the total energy loss per scattering is the integral of the bremsstrahlung

spectrum
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dl
AE = / dodkio——: (2.78)
dwdk{
with multiple scatterings adding incoherently to give a total energy loss
dl
AE“ =N / dodkio———: (2.79)
dwdk;

where N = L /A is the medium opacity and A is the mean free path between scattering
centers.

Most models use a formalism that treats the medium as a series of static scattering
centers with the parton and radiated gluons with energies, £ and w respectively,
traveling along eikonal trajectories. This is combined with the kinematic limits g <
w K E,where g is the momentum transfer with the medium. This kinematic regime
isreferred to as the soft eikonal limit [ 149]. The radiation spectrum is typically derived
by using the single gluon emission kernel as a Poisson probability for multi-gluon
emission.

At high energies, significant interference occurs between the parton and quanta
emitted at small angles. This results in a finite formation time for the radiation
and suppresses this contribution relative to incoherent radiation, known as the LPM
effect [150, 151] in QED. The QCD analog of this phenomenon has been proposed
as an important feature of the quenching mechanism [152, 153] and was shown by
BDMPS [154] and independently by Zakharov [155] to give an energy loss that
grows quadratically with path length in the medium AE o L?.

As the interference suppresses the coherent radiation, the emission spectrum will
be dominated by those quanta which have decohered. These are gluons which have
acquired a phase, ¢, of order unity [156, 157],

_<inZ>N‘?_L2

, 2.80
2w 2w ( )

and thus appear with a characteristic energy,
Ar2
qL-. (2.81)

Here the transport coefficient ¢ has been introduced, which in this picture represents
the mean squared transverse momentum imparted to the parton per unit length,

A 2
q={q1)/L.

In this picture the energy loss is determined by soft multiple scattering. In the
coherent limit the parton undergoes Brownian motion with a Gaussian elastic cross

. —a2 10 . . .
section %e 91/4L | and the scattering centers behave as a single source of radia-
tion. The bremsstrahlung spectrum is given by
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w,
dl 2asCr \/;C W < W 2.82)
W — i(&)z w>w, .
12\w ¢

which results in energy loss AE ~ asw, = %asc} L?. The L? dependence is qualita-
tively different than both the Bethe-Heitler energy loss and the LPM effect in QED
(4L ~ Jw).

Other models frame the energy loss as an expansion in opacity. These models
are not restricted to small momentum transfers, including the power-law tail in the
scattering cross section, but the coherence effects of BDMPS-Z formulation must
be enforced order-by-order in opacity. The GLV [158, 159] model is an example of
this approach, which models the scattering centers as screened Yukawa potentials
with screening length, p. The gluon spectrum is constructed by integrating first over
the longitudinal direction to enforce the LPM interference at a given order. The
momentum transfer ¢ is then averaged over giving the double-differential gluon

distribution, w y ajl dlk 5. This can be analyzed to give information about the transverse
t

pattern of radiation before integrating over k; and w to give the full energy loss.

The ASW formalism [157, 160] is a path integral formulation that can be applied
to both the multiple soft scattering (MS) or single hard (SH) dominated scenarios. In
the SH approximation the gluon distribution agrees exactly with the GLV formula
to first order in opacity, however, the assumptions of the two models and ranges of
integration differ, giving different results for the total energy loss. In the limit where
these differences can be neglected (ignoring the kinematic constraints) the radiation
spectrum is given by [157],

T @ _
—— w<w®
dl  2asCr L ¢
il ~ 2R 4w , (2.83)
dw T A wc _
In— > o
w

where o, = % w? L is a characteristic frequency, different than the BDMPS-Z case. In
the SH scenario, the radiation is dominated by w > @, also different from BDMPS-

Z. The total energy loss,

2asCr L E
HSTR e ln —, (2.84)
T A wc

AE ~

is enhanced by In aﬁc relative to the region w < @,. Despite the differences from

BDMPS-Z, this limit also gives AE ~ L2,

The ASW approach allows for the calculation of quenching weights, which give
the probability for gluon splitting in the medium. With the assumption of an ordering
principle in the virtualities of the fast parton, these weights can be combined with
the vacuum DGLAP splitting functions. These modified splitting functions can be
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used to define a medium-evolved fragmentation function [161] and can be used to
calculate the effect of quenching on jet shape observables [162].

Some of the difficulties occurring in these analytic calculations can be alleviated
by considering an MC approach. These typically supplement the generation of hard
scattering processes used in generators by an additional step to include the quenching
effects, and allow for the application of medium effects to the entire jet, not just
the leading parton (democratic treatment) [163]. Generators like Q-PYTHIA [164],
PQM[165, 166] and JEWEL [167], replace the vacuum parton showers implemented
in PYTHIA with medium modified parton showers by altering the Sudakov form
factors to include the quenching weights. The PYQUEN model imposes radiative
energy loss of the BDMPS-Z type as well as collisional energy loss before applying
vacuum fragmentation [168].

The approach that most directly incorporates the thermal of the system was devel-
oped by Arnold, Moore and Yaffe (AMY) [169-174]. This relaxes some of the
assumptions used by other models, and includes thermal partons which are dynami-
cal scattering centers. Furthermore, the requirement that the emitted gluons be softer
than the initial parton energy (w < E)isnotrequired. The energy loss occurs through
elastic scatterings with differential collision rates of the form

drT 1 2Tm}
S e (2.85)
d*q1 2m”qi(q +mp)

Multiple soft interactions are resummed using the HTL techniques discussed in
Sect. 2.4.3, leading to a differential emission rate for each parton species ?1_11;' These
are used to construct rate equations describing the evolution of the momentum distri-
butions. This setup treats collisional and radiative energy loss in a consistent picture,
but loses the distinction between radiated and thermal gluons. Additionally, finite
length effects which result in finite formation times for the radiated gluons, are not
included in the formalism.

Although these formulations differ on a number of features, they do have some
key elements in common. The most important of these is the operating assump-
tion of factorization between the production cross section, energy loss process and
fragmentation. While there is no rigorous proof of factorization in heavy ion col-
lisions, experimental evidence supports the interpretation that quenching is not an
initial-state effect and that final-state interactions are partonic in nature [149]. In all
of these models, the quenching mechanism is not applied to the radiated quanta,
thus the calculation is limited to the energy loss of the leading parton, except in the
MC implementations. Furthermore, emitted quanta themselves are radiation sources.
Coherence effects between these sources establish the angular ordering in the vac-
uum parton shower and allow for the cancellation of infrared and collinear diver-
gences. Such effects may play an important role in medium-induced parton showers
as well [175].

It should also be noted that all models use repeated application of an inclusive
single gluon emission kernel, extending to multiple emissions either inferring a Pois-
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son distribution or using rate equations. However, this is not the same as applying
the exclusive multi-gluon emission. Implementing this type of emission forces the
parton kinematics to be updated or dynamical changes in the medium. Including
these local effects as well as the global effects from the LPM-type interference poses
a serious challenge [149].

There are also issues with these approaches relating to the treatment of large
angle radiation. The BDPMS-Z formalism receives its dominant contribution from
radiation that is outside the valid kinematical range of the approximation [176]. In
ASW and GLV, the transverse distribution of emitted gluons is calculable. For energy
loss, this distribution is integrated over k; and the behavior at large angles is linked
to how the kinematic constraints on the parton are enforced and the assumption of
collinearity. It has been shown that the choice of maximum opening angle 6;,,x can
change the results appreciably, leading to at the least a large systematic error [149,
177]. The effects of different transverse cutoffs are shown in Fig. 2.26. The different
physical pictures have made it difficult to consistently fix parameters for a direct
comparison of models. However, a recent comparison was performed by applying
the GLV, AMY and ASW (both MS and SH) formalisms to a “brick” of QGP matter
of fixed length [149]. A comparison of medium-induced gluon emission spectra and
nuclear suppression factors as a function of g for each of the different models are
shown in Figs. 2.27 and 2.28 respectively.

Depending on the formalism, the quenching mechanism is sensitive to the system
size as well as some combination of the intensive parameters ¢, u and A, which
provide information about the microscopic medium dynamics. The soft multiple
scattering approximation is only sensitive to ¢, which is defined as the mean-squared
momentum transfer per unit length,
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Fig. 2.26 The double differential gluon distribution (lef?), #ﬁ;’k[, calculated in the GLV formalism

at fixed x. Here, x = w/E, is the fraction of the quenched parton’s energy carried away by the
radiated gluon. The effect of different kinematic cutoffs in the k¢ integration is illustrated by the
vertical lines. The effects of these cutoffs on the integration is shown on the right. Figures adapted
from Ref. [149]
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Fig. 2.27 Single gluon emission spectrum % as a function of gluon energy w for the AMY, GLV,
ASW-MS and ASW-SH formalisms. The calculations are for a 20 GeV parton passing through QGP
bricks at 7 = 300 MeV with size L = 2 fmand L = 5 fm, shown on the left and right respectively.
Figure adapted from Ref. [149]
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Fig. 2.28 Comparison between different models of the single hadron suppression factor, R7, of a
Pt ! spectrum as a function of g respectively. Figure adapted from Ref. [149]
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where jzl:fi is the differential elastic scattering rate for a hard parton in a thermal
medium. This behaves as q%‘ athigh temperatures, but is screened at low temperatures
1

by m%, given by Eq. 2.76. The form,

dle  Cr  g'W

~ , (2.87)
d*q. — (2m)* qi (a1 + mp)

interpolates smoothly between these limits [149], and the number density A has
been introduced [178],
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(3 (1N
=11+ -N T°. 2.88
N ¢<2>( T3 f) (2:89)

The leading coefficient is the ratio of Riemann zeta function values, % ~ 0.731.

The value of g is given by,

L Crg*N(T) dimax (T)
q(T) — T ll’l(l + m) s (289)

where g2, is the largest transverse momentum transfer allowed in the elastic scatter-
ings and is a function of 7" and in principle the parton energy as well. This introduces
alogarithmic dependence of ¢ on E, which is an effect of approximating the collision
integral in the evaluation of the elastic scattering rate. This value is sometimes taken
as qéax = g?ET although qgm = ¢?+/ET3 may be more appropriate [179]. The
value,

Crg*N(T)
—

47

2
. m
Gg~-L= T3, (2.90)
A
and A calculated below, is a commonly used, energy independent expression and is
equivalent to omitting the logarithmic variation of §. These estimates can differ by
up to 40 % for large parton energies.

The opacity can be calculated as

L dle

=—=1 [ d , 2.91
n= /Cudqu (2.91)

which in turn, determines A. However, the form of the scattering rate here is slightly
different than the one given in Eq. 2.87, and is chosen to be consistent with the model
used in the opacity expansion framework [149]. This gives

2
_ dmwmp
CRg4N’

(2.92)

which is consistent with Eq. 2.90.

Motivated by new experimental capabilities at the LHC, extensions of energy
loss calculations to full jets have recently been made [180-182]. These function by
expressing the differential jet cross section as,

AA
do}et

dETdy

d
= (Neatl) D, / dx Py (x, Eﬂﬁuq(xn, (2.93)
q

where P, (x) is the probability a jet will lose a fraction x of its energy. The Jacobian
|7 (x)| relates the initial and final parton Et by E7 = |J,(x)|ET, and is given by
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Tyl = [1 =2 = fy(R.pE™ | (2.94)

The factor f, (R, p%‘i“) is the fraction of the emitted radiation above p%li“ and inside
the jet cone defined by R,

R Er dl
ofdr f do -
FTC ) ) P S — (2.95)

Et
dl,
Ofdrofdwwsr

While this form still only considers the energy loss of the leading parton, it does take
into account the extent to which radiated energy is not lost, but only redistributed
within the jet. Furthermore, it facilitates the usage of NLO and NPDF effects in

doy
> dELdy
of medium-induced radiation from the production cross section, which is used in
Eq. 2.93 has been proven in the context of an effective theory. This uses Soft Collinear

the pQCD calculation of the unmodified jet cross section . The factorization
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Fig. 2.29 Calculation of jet Raa for various jet radii as a function of jet E (bottom). The top panel
shows a comparison to single particle Raa. Predictions with and without NPDF effects are shown
in the solid and dashed lines. Figure adapted from Ref. [182]



2.5 Hard Processes in Nuclear Collisions 49

4 — S b——
| R=0.4theory m  ATLAS central PbsPbdata - med = 2 B ATLAS central Pb+Pb data
<_’ 3L —— NLOpQCD theory, p+p | <,:ﬂ 3 ——  NLOpQCD theory, p+p |
— — NLOpQCD, A+A, g, = 1.8 — — NLOpQCD, A+A, R=0.2
° — NLOpQCD, A+A, g™ = o —— NLOpQCD, A+A. R= 0.4
B I E NLO pQCD, A+A, gy =22 | B f E ~ - NLOpQCD, AtAl R=06
o 2 ! B o 2 i ! . B
D g % 25GeV<E,<E, D W N 25GeV <E,<E,, 4
= 1 100 GeV <E;, ] = ! 100 GeV < E;, |
= eV <En = eV <Eqy
Central Pb+Pb 1 Central Pb+Pb 1
1 | : D
0 T T T t T t 0 e
L &  CMS central Pb+Pb data ] & CMS central Pb+Pb data |
b —— NLO pQCD theory, p+p bl ——  NLOpQCD theory, p+p
% 3 —— NLOPpQCD, A+A,p,""=0GeV | % 3 '\ —— NLOPpQCD, A+A,p,""=0GeV |
B H —— NLO pQCD, A+A, p,"" =20 GeV o E Ih\ i § —— NLOpQCD, A+A, p,"" =20 GeV
° 2 — ° 2/ . —
5 I ]
= 50 GeV <E,, <E;, | =1 ' 50 GeV <E,, <E;, |
= °
120 GeV <E;, A LHC s'* = 2.76 TeV 120 GeV <E;, A
0 L L o )\ 1 L 0 L 1 L 1 = )\ 1 L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
AJ AJ

Fig. 2.30 Calculation of jet dijet asymmetry for various model parameters using kinematic cuts
chosen to match measurements from ATLAS (left) and CMS (right). Figure adapted from Ref. [182]

Effective Theory (SCET) techniques to decouple the hard and soft components of the
gluon fields and has been shown to reproduce the GLV expression when expanded to
first order in opacity [183]. This factorization is also applicable to multi-jet systems,
allowing calculations of differential energy loss in dijet systems. Calculations of the
inclusive jet suppression factor and dijet asymmetry in this framework are shown in
Figs. 2.29 and 2.30, respectively.

The AdS/CFT correspondence principle was discussed in Sect. 2.4.4, in the con-
text of estimating the shear viscosity. Similar techniques have also been applied to
study the energy loss of fast partons. While many of these results have focused on
the specific case of heavy quarks [184—187], some work has been done to provide
an estimate of ¢ [188-190]. These results agree qualitatively with the range of ¢
estimates from experiment.

2.6 Relativistic Heavy Ion Collisions: RHIC to LHC

With the commencement of the RHIC program, many of the speculated features of
heavy ion collisions became experimentally accessible. The collective behavior of
the system can be studied by measuring the angular distribution of particles, ”ZJ—N. As
discussed previously, in the absence of hydrodynamical expansion, this distribution is
expected to be isotropic. The anisotropy can be quantified by considering the Fourier
decomposition of the distribution,
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Fig. 2.31 Values of vy as a function of pt (left) and centrality (right) measured by the STAR
(Au+Au, \/snn = 200 GeV) [191] and ALICE (Pb+Pb, \/snn = 2.76 TeV) [192] collabora-
tions are compared with values calculated from the VISHNU viscous hydro model with hadron
cascade [193]. The elliptic flow is measured using a four-particle cumulant technique

dN -
it Las > 2v,cos[n(¢ — W)t . (2.96)

n=1

where W), are the event plane angles, and v, describe the magnitude of the modulation.
In all but the most central collisions, the direction of the impact parameter vector
between the nuclear centers defines a reaction plane. The overlap region is ellipsoidal
and symmetric about this reaction plane. The second Fourier coefficient, v, is an
observable with sensitivity to how the initial-state anisotropy is converted to the
final-state particle distribution, a phenomenon known as elliptic flow. Measurements
from the RHIC program show that the elliptic flow, in particular the magnitude of
the azimuthal modulation of particles as a function of their pr, is well-described
by ideal, relativistic hydrodynamics. The near-vanishing viscosity indicates that the
system is strongly coupled. This came as a surprise when compared to the prediction
of asymptotically free quarks and gluons and which has led to monikers such as
the strongly-coupled QGP (sQGP) and “the perfect liquid” applied to the medium
created at RHIC. Since early RHIC results, significant advances have been made
in the formulation and numerical implementation of viscous hydrodynamics. RHIC
and LHC v, values are compared with a recent viscous hydrodynamical calculation
in Fig. 2.31.

More recently, it was recognized that the event-by-event fluctuations in collision
geometry could drive higher flow harmonics. These provide additional information
about the initial-state geometry and may be able to provide additional constraints
on the hydrodynamical formulation or the value of the shear viscosity. The first six
harmonics as measured by ATLAS [194] are shown in Fig. 2.32.
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Fig. 2.32 Values of v; —vg as a function of centrality measured by ATLAS [194]. Two techniques,
two-particle correlations (open markers) and the event plane method (solid markers), were used
and were found to be in good agreement. The ratio of the results from the two methods is shown in
the bottom panel

2.6.1 Hard Processes

Indirect experimental evidence for jet quenching was first established by two impor-
tant measurements. The single hadron spectrum was found to be heavily suppressed
at high- pt in central collisions [195-198]. Furthermore, the away-side correlation in
the dihadron angular distribution was found to be heavily modified in central Au+ Au
relative to pp [199, 200]. These two measurements provide slightly different handles
on the phenomenon as the former is an inclusive measurement of the total effect of
the suppression on the pt spectrum. The latter provides a differential measurement
of the quenching as it is sensitive to the quenching of one jet relative to another.

The interpretation of these observations as evidence for quenching was further
supported by results from the d+ Au run which established a critical baseline. The
lack of suppression at high-pt [201, 202] combined with the unmodified dihadron
correlation indicated that modification of the NPDFs was not responsible for the
observations in Au+ Au. Subsequent measurements of the direct photon Raa were
consistent with no suppression and provided further systematic control on the quench-
ing effects [203].

The degree of suppression is typically quantified by the nuclear modification
factor, Raa,
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A summary of the Raa measurements from PHENIX is shown in Fig. 2.33. These
results established that the production of high-pt particles is strongly influenced
by the produced medium in heavy ion collisions. However, the single particle
measurements (with the exception of the photon), are limited in their utility. The
medium effects involve a high momentum parton, not a final-state hadron. Thus sin-
gle particle observables can only be connected to the process of interest through a
fragmentation function. This necessity forces the interpretation of the results in the
context of strict factorization between the medium effects and fragmentation. While
this factorization may ultimately prove to be an appropriate assumption, it is desirable
and more objective to work in a more general paradigm for the jet-medium interac-
tion, namely one that does not enforce strict separation between medium effects and
the jet fragmentation. Furthermore, the single hadron observables are only linked to
the parton level quantities in an average sense; there is no guarantee that the highest
energy hadron in an event came from the leading jet, or the jet that suffered the
least energy loss. This limitation is removed if per-jet fragmentation distribution is
eliminated from the observable.

It is less restrictive, although more experimentally challenging, to construct
observables from fully reconstructed jets. These quantities provide direct sensitivity
to quenching effects. Furthermore, the possibility of using jets as input objects into
physics analyses opens many new possibilities, which will be discussed in detail in
Chap. 7. Measurements of full jets at RHIC have been attempted, but are limited by
a number of factors and as of this time no such measurement has been published.
The main complication is due to the production rates of jets that are easily detectable
above the medium background. Measurements are further constrained by the limited
acceptance of the PHENIX and STAR detectors. Although highly collimated, parti-
cles from jets can still be distributed over a substantial angular range. Typical sizes
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for the cone radii and R parameters in the sequential clustering algorithms used in pp
experiments are on the order of 0.5. Thus larger acceptance detectors are preferred
for jet measurements.

Many of these issues are not present at the LHC, in particular the ATLAS exper-
iment, discussed at length in Chap. 3. At these high energies, the first Pb+Pb run
was at onN = 2.76 TeV, the rate for producing jets well above the background from
the underlying event is much higher; the differential single jet inclusive cross section
do/dErdn ~ 1 nb for 100 GeV jets in pp collisions at these energies. Furthermore,
the high quality calorimetry covering 10 units in 7 enables precise measurements of
jets and their properties.
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