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We present the first application of a recently-developed effective theory of jet propagation in
matter SCETg to inclusive hadron suppression in nucleus-nucleus collisions at RHIC and the LHC.
SCETq -based splitting kernels allow us to go beyond the traditional energy loss approximation
and unify the treatment of vacuum and medium-induced parton showers. In the soft gluon emission
limit, we establish a simple analytic relation between the QCD evolution and energy loss approaches
to jet quenching. We quantify the uncertainties associated with the implementation of the in-medim
modification of hadron production cross sections and show that the coupling between the jet and
the medium can be constrained with better than 10% accuracy.

PACS numbers:

Suppression of the production cross section for
high transverse momentum particles and jets in ultra-
relativistic collisions of heavy nuclei, commonly referred
to as jet quenching [1], is one of the most-important sig-
natures of quark-gluon plasma (QGP) formation in such
reactions and a quantitative probe of its properties. This
phenomenon has been established experimentally at the
Relativistic Heavy Ion Collider (RHIC) |2, i3] and the
Large Hadron Collider (LHC) [4-6]. It was understood
theoretically in a framework based on perturbative QCD
calculations of parton propagation and energy loss in the
QGP [1].

More recently, progress has been made on formulat-
ing and applying effective theories of QCD, suitable for
calculations of jet properties in hot and dense strongly-
interacting matter. The well-established soft-collinear ef-
fective theory (SCET) [8,9] has been extended to include
the interactions with the medium quasiparticles via a
transverse t-channel momentum exchange. The result-
ing soft-collinear effective theory with Glauber gluons
(SCET¢) [10, [11] has been used to calculate all O(as)
1 — 2 medium-induced splitting kernels [12] and study
O(a) effects on the in-medium parton shower [13]. The
power counting of SCET g correctly captures the behav-
ior of the in-medium branchings when the lightcone mo-
mentum fraction z = QT /p* of the emitted parton be-
comes large (r — 1). It is important to emphasize that
these large-z corrections are absent in traditional energy
loss calculations.

A critical step in improving the jet quenching phe-
nomenology is to understand the implication of the finite-
x corrections. Their implementation requires new theo-
retical methods, since in the large momentum fraction
limit the leading parton can change flavor and the split-
ting process cannot be interpreted as energy loss. A
natural language to capture this physics is that of the
well-known DGLAP evolution equations |14]. As a first

application of the SCET ¢ medium-induced splitting ker-
nels, we revisit the evaluation of the nuclear modification
factor R4 4 for inclusive hadron production at high trans-
verse momentum pr (and rapidity y), defined as:

do'} , /dyd*pr
Neon)dol, /dyd?py

which continues to attract strong theoretical interest |15,
16]. We consider central lead-lead (Pb+Pb) reactions at
V3NN = 2.76 TeV at the LHC as an example. In Eq. ()
(Ncon) is the average number of binary nucleon-nucleon
collisions. DGLAP evolution equations have been used
to address hadron production in semi-inclusive deep in-
elastic scattering with initial conditions obtained using
an energy loss approach |17, [18].

In the presence of a QGP, all parton splitting kernels
are a direct sum of the universal vacuum part and a
medium-dependent component dN;/dz d?@Q | , which has
been calculated in Ref. [12]. Those are real emission
graphs in the DGLAP language. The splitting functions
are related to the medium-induced splitting kernels as
follows:
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The equation above explicitly indicates that, unlike the
vacuum case where the splitting function only depends
on x, the medium-induced splitting function also depends
on @, and the characteristics of the QGP collectively de-
noted by (. It also defines the reduced kernels h;, where
i denotes ¢ — qg, g — 99, g — qq and ¢ — gq. We re-
late the temperature and density of the gluon-dominated
plasma to the measured charged particle rapidity den-
sity |7]. The position and time dependence of the De-
bye screening scale mp and the quark and gluon scat-
tering lengths, necessary to evaluate Pr®(x, Q ; 3), are



obtained using an optical Glauber model for the collision
geometry and a Bjorken expansion ansatz. The coupling
g between the jet and the medium is a free parameter in
the calculation and the phase space for the O(«) split-
tings is discussed in [12].

Special attention has to be paid to the gluon splitting
function because it diverges for both x — 0 and x — 1.
The first divergence is regulated with a plus function pre-
scription, while the second divergence need not be regu-
lated owing to the form of the evolution equations. The
splitting functions equal

Pysgg (@) = [Py, ()], + Ad(x), (3)
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In the equations above we have suppressed the explicit
Q. and B dependence for simplicity. The virtual pieces
of the splitting functions can be extracted from flavor and
momentum sum rules in complete analogy to the vacuum
case:
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The DGLAP evolution equations for the fragmentation
functions (FFs) read:
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where z = 1 — z in the splitting functions and Q@ = |Q 1 |.
The equation for the evolution of the anti-quark FF can
be found from quark equation by substituting everywhere
Dy — Dj.

QCD evolution and the energy loss approach represent
two very different implementations of jet quenching. It

is critical to establish this connection between them in
light of the fact that energy loss phenomenology has been
very successful [, [15, [16]. This can be achieved only
in the soft gluon bremsstrahlung limit, where the two
diagonal splitting functions P,.4, and Py_, 44 survive.
Up to (272 /) Q2 , these are the Gyulassy-Levai-Vitev
(GLV) double differential medium-induced gluon number
distributions to first order in opacity [19]. There is no
flavor mixing, and the entire branching is given by a plus
function. The DGLAP evolution equations decouple and
reduce to:
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Because the fragmentation functions D(z) are typically
steeply falling with increasing z = phadron /pPaton = the
main contribution in Eq. (I0) comes predommantly from
z' ~ 1. We expand the integrand in this limit, keeping
the first derivative terms, and approximate the steepness
of the fragmentation function with its unperturbed vac-
uum value:

n(z) = —dln DY*(z)/dInz. (11)
The analytical solution to the Eq. (I0) reads:

DmCd(Z, Q) ~ ef(n(z)fl)<A—EE>zf(Ng>zDvac(27 Q) , (12)
and shows explicitly that the vacuum evolution and the
medium-induced evolution factorize. We have used the
following definitions in the above formula:
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where xdN/dz is the medium-induced gluon intensity
distribution [19]. Note, that we have made the choice to
put all the in-medium effects into the DGLAP evolution
and the scale Q in Eq. (I2)) is the hard scale ~ E. This
scale is also used as an upper limit of integration on @ |
in obtaining xdN/dx. The analytic formula in Eq. (I2)
gives us for the first time an insight into the deep connec-
tions between the evolution and energy loss approaches
to jet quenching. Over most of the z range the sup-
pression of the FFs is dominated by the the fractional
energy loss, amplified by the steepness of D(z). Near
threshold (z = 1) the modification is determined by the
probability not to emit a gluon, exp(—(Ny,)). Conversely,
solving Eqs. (®) and (@) numerically allows us to unify
the treatment of the vacuum and medium-induced parton
showers.

We now turn to the numerical comparison between the
medium-modified evolution approach to jet quenching
and the traditional energy loss formalism. We elect to
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FIG. 1: Nuclear modification factor comparison between the
traditional energy loss approach (cyan band) and the ana-
lytic solution to QCD evolution in the soft gluon limit (yellow
band). The upper and lower edges of the bands correspond
to couplings between the jet and the medium g = 2.0 and
g = 2.1, respectively. The insets show the ratios of different
Raa curves. Data is form ALICE an CMS.

include all QGP effects in the fragmentation functions,
such that the invariant inclusive hadron production cross
section reads:

1 dO’AA Z/ pT/Z)
(Neon) dyd®pr dydz’p:r
1 med/quench
X ;DC (2). (15)
Here, ¢ = {q,q,9} and we choose the factorization,

fragmentation and renormalization scales Q = pr,, and
do¢/dyd?pr. is the unmodified hard parton production
cross section.

Should an energy loss approach be adopted, it is impor-
tant to realize that the soft gluon emission limit must be
consistently implemented. If the fractional energy loss
becomes significant, it is carried away through multi-
ple gluon bremsstrahlung. In the independent Poisson
gluon emission limit, we can construct the probability
density P.(e) of this fractional energy loss e = >, w;/E ~
>, QF /pt, such that:

/OldeP(e)zl, /OldeeP(e)=<%>. (16)

A more detailed discussion is given in [7]. If a parton
loses this energy fraction e during its ;Lropagation in the
QGP to escape with momentum p"*”", immediately af-

ter the hard collision pr, = quue“Ch/(l —¢). Noting the

additional Jacobian |dpquchh /dpr,| = (1 — ¢€), the kine-
matic modification to the FFs due to energy loss is:
P.(e)

pavench )y — /01—z de - 6)Dc (1 i 6) . (A7)

and can be directly implemented in Eq. (I3).
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FIG. 2: Comparison between R4 obtained with in-medium
numerically evolved fragmentation functions using the full
splitting kernels (cyan band) and their soft gluon limit (yellow
band) to ALICE and CMS data. The upper and lower edges
of the bands correspond to g = 1.9 and g = 2.0, respectively.

In Figure [Il we present our calculations of the nu-
clear modification factor R4 4 in the limit of soft gluon
bremsstrahlung. Results are obtained from the par-
ton energy loss approach (cyan band) and by using the
analytic solution to the in-medium evolution given in
Eq. (I2) (yellow band). The upper edge of the uncer-
tainty bands (solid lines) corresponds to a coupling be-
tween the jet and the medium g = 2.0 and the lower edge
(dashed lines) corresponds to g = 2.1. The results of
the two calculations are remarkably similar and both re-
produce well the suppression of inclusive charged hadron
production in 0-10% central Pb+PDb collisions at the LHC
measured by ALICE [4] and CMS [5] at /s = 2.76 TeV.
In both approaches the coupling g between the jet and
the medium can be constrained with an accuracy of 5%
and the transport properties of the medium, which scale
as g%, can be extracted with 20% uncertainty. The inset
shows the ratio for the different R4 curves relative to
the g = 2.0 energy loss result. We observe from this inset
that the only difference between the two approaches is a
small variation in the shape of the nuclear modification
ratio as a function of pyr. At any fixed transverse mo-
mentum the difference in the predicted magnitude of jet
quenching can be absorbed in less than 2% change of the
coupling g between the jet and the medium.

In Figure 2 we show Raas obtained with medium-
modified FFs that are numerical solutions to the DGLAP
evolution equations, Egs. ), @), with full medium-
induced splitting kernels |[12] (cyan band) and their small-
x energy loss limit [20] (yellow band). In this figure, the
uncertainty bands correspond to g = 1.9 — 2.0. The dif-
ference between the small-z and full evolution is only
noticeable below pr = 20 GeV, as can be seen from the
inset. At small and intermediate transverse momenta the
solution to the DGLAP equations beyond the soft gluon
limit yields a slightly better agreement between theory
and experiment.

Comparision of the four different evaluations of R4,
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FIG. 3: Four different calculations of 7° Ra4 at RHIC with

g = 2.3 are compared to the PHENIX suppression measure-

ments in central Au+Au collisions.

this time for RHIC /s = 200 GeV in central Au+Au re-
actions, is shown in Fig.[8l They proide adequate descrip-
tion of the attenuation of the inclusive ¥ cross section
measured by the PHENIX experiment |21]. The differ-
ence between the full solution to the DGLAP evolution
equation (solid red curve) and the traditional energy loss
approach (dashed blue curve) is again very small. We
find that the coupling g = 2.3 between the jet and the
medium at RHIC is ~ 15% larger than that at the LHC.

To understand the numerical results, we further scru-
tinize the in-medium modification of FFs in Figure @ for
40 GeV quarks and gluons, respectively. As a function
of the hadron-to-parton transverse momentum fraction
z, the differences between the various methods of com-
puting this modification can be much more pronounced
than in R44. This is especially true for gluon fragmen-
tation at large z. The observed hadron production cross
section, however, samples a wide range of momentum
fractions and in the presence of a QGP is biased toward
lower values of z. Furthermore, the quark contribution
is enhanced since szned(z) is much less suppressed than
Dpred(z).

To summarize, we presented results for the suppres-
sion of inclusive hadron production in Pb+Pb reactions
at the LHC based upon QCD factorization and DGLAP
evolution with SCET g -based medium-induced splitting
kernels. This method allowed us to unify the treatment of
vacuum and medium-induced parton showers. In the soft
gluon bremsstrahlung limit, we demonstrated the con-
nection between this new approach and the traditional
energy loss-based jet quenching phenomenology. Numer-
ically, the agreement between the two methods is quite re-
markable and they give a good description of the experi-
mentally measured Ry 4 by ALICE and CMS at the LHC,
and by PHENIX at RHIC. We find that the coupling be-
tween the jet and the medium can be constrained with
better than 10% accuracy when the uncertainties that
arise from the choice of method and the fit to the data are
combined. In the future, it will be interesting to inves-
tigate whether better differentiation between the QCD
evolution and energy loss approaches can be achieved us-
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FIG. 4: The modification of the fragmentation functions for
gluons (top panel) and quarks (bottom panel) are shown for
Q = 40 GeV and central Pb+Pb collisions at the LHC, using
four different methods to compute the in-medium modifica-
tion with g = 2.0.

ing parton flavor separation techniques [22, 123].
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