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The scaling property of large-p | hadron suppression, Ry (p, ), measured in heavy ion collisions at the
relativistic heavy ion collider and at the large hadron collider (LHC) leads to the determination of the
average parton energy loss (¢) in quark-gluon plasma produced in a variety of collision systems and
centrality classes. Relating (¢) to the particle multiplicity and collision geometry allows for probing the
dependence of parton energy loss on the path length L. We find that (¢) o L? with g = 1.02f8:82 , which is
consistent with the perturbative quantum chromodynamics expectation of parton energy loss in a
longitudinally expanding quark-gluon plasma. We then demonstrate that the azimuthal anisotropy
coefficient divided by the collision eccentricity, v,/e, follows the same scaling property as Rx,. This
scaling is observed in data, which are reproduced by the model at large p . Finally, a linear relationship
between v, /e and the logarithmic derivative of R4 is found and confirmed in data, offering an additional
way to probe the L dependence of parton energy loss using coming measurements from LHC run 3.

DOI: 10.1103/PhysRevD.109.L051503

The theory of parton energy loss in quark-gluon plasma
(QGP) and its associate jet quenching phenomenology in
heavy ion collisions have become increasingly mature over
the past decade, triggered by the measurements at the
relativistic heavy ion collider (RHIC) and at the large
hadron collider (LHC) measurements with unprecedented
precision and variety. While in the 2000s the attention had
been put on the quenching of single hadron spectra and di-
hadron correlations, the focus has then naturally shifted
towards jet observables, as a result of new experimental
measurements and theoretical ideas (see Refs. [1,2] for
recent reviews). Although related in principle, high-p
hadrons and jets are likely to probe different aspects of
medium-induced gluon radiation. The former appears as a
good proxy of genuine parton energy loss in QGP, as
originally designed in the theoretical formalisms [3—10];
the latter, instead, probes the gluon emission off a final
state made of multiple particles acting coherently [11].
Despite these advances, fundamental questions remain.
Among them, how parton energy loss in QGP depends
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parametrically on the medium path length L—addressed in
many studies [12—-19]—is discussed here.

We pursue in this article the approach initiated in
Ref. [20], aiming at the understanding of large-p ; hadron
production in heavy ion collisions within a data-driven
strategy based on a simple analytic energy loss model.
Similar studies have been performed in Refs. [21-24] on jet
quenching. Despite obvious limitations, this philosophy
may reveal physical properties in data such as scaling laws.
This was the case in Ref. [20] where R4, is shown to be a
universal function of p, /€, with € being a characteristic
energy loss scale in a given collision system. Starting from
this result, confirmed presently using additional datasets,
we first explore the relation between € and the multiplicity
density n, € « nyL”, eventually allowing us to extract the
parametric path-length dependence of parton energy loss in
QGP. We then use this dependence to determine the
azimuthal anisotropy coefficient divided by the collision
eccentricity, v,/e. This ratio follows the same scaling
property as R, as confirmed in data. Finally, a simple
relation between v,/e and R, is found, offering a novel
and data-driven way to probe the path-length dependence
of parton energy loss.

As detailed in Ref. [20], the nuclear modification factor
of hadrons at large p | is given in the analytic energy loss
model by

Published by the American Physical Society
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TABLE 1. R4, data used in this article. The D and J/y meson
data are used only in Fig. 1.

Species Collision /s [TeV] n Experiment

0 AuAu 0.2 1.7 PHENIX [29]

h* PbPb 276 5.5 ALICE [30], ATLAS [31],
CMS [32]

h* PbPb 5.02 5.5 ALICE [30], CMS [33]

h* XeXe 5.44 53 CMS [34]

D PbPb 5.02 5.3 ALICE [35], CMS [36]

J/w PbPb 5.02 5.9 ATLAS [37], CMS [38]

Rlin(pi)= / " dep(e)

df’ﬁp(PmL(Z)e)/ddﬁp(m)
(1)

dydp | dydp, ~

where (z) is the average momentum fraction carried away
by the hadron, which we take independent of p, at LHC
based on next-to-leading order calculations [25]. The
quenching weight P(e) is the probability distribution in
the energy loss incurred by the parent parton (which we
assume for now to be a gluon) while crossing QGP. At large
p1, hadron spectra in pp collisions exhibit an almost
perfect power law behavior, do’gp /dp| « p ™", character-
ized by a spectral index n = n”(,/s) obtained from fits to
data, whose values are given in Table I [26]. Using (1), R’/; A
thus becomes a scaling function of p /€,

RiA(pi.&.n) =f(u=p /e n). (2)

with € = (z)(€) and f given by

Flu,n) = [” dxP(x) (1 + 2) a 3)

~ A ” dxP(x) exp (- ';—x) (4)

The rescaled quenching weight, P(x = ¢/(e)) = (e)P(e),
is computed in [27,28] from the Baier-Dokshitzer-
Mueller-Peigné-Schiff (BDMPS) medium-induced gluon
spectrum [3,4]. The scaling behavior (2) can be observed at
a given collision energy, while the approximate scaling in
p./ne, Eq. (4), allows for comparing R, for different
hadron species and collision energies. The shape f of Raa
as a function of p | is thus fully predicted (once # is fixed).
In this data-driven approach, the scales € are left as free
parameters obtained by adjusting (3) to Ry, data for each
collision system [note that although € is proportional to
the average parton energy loss, the convolution with the
quenching weight is actually performed in Eq. (1)].

With respect to Ref. [20], more systems (XeXe at
/s =5.44 TeV, AuAu at /s = 200 GeV) and additional
R4, measurements of 4+, J/y and D mesons have been

| @ PbPb Vs=5.02TeVh*

T T T TT l T T T
s M o-100% l10-20% [ 30-50% We0-70%

1.4 m PoPb (5=276TeVh' @ . m m o Moo
T & XeXo V& = 5.44 TeV b Bo-s0% [W10-30% [40-50% [ll60-80% ]
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FIG. 1. Scaling of Ra of light hadrons (4% and z°), D and J /y
as a function of p, /né, in various collision systems.

included. The selection and geometric bias affecting R 5 in
a given centrality class is taken into account through a
correction factor [39], which does not exceed 4% for
centralities below 50%. All the measurements (listed in
Table I) with a p; 2 10 GeV cut are plotted in Fig. | as a
function of p | /ne [40], where € is fitted from R, 4 in each
collision system (i.e., nuclei species, collision energy, and
centrality class). Clearly, R, data line up as predicted into
a single universal curve consistent with the shape of Ry
given by (2), shown as a solid line. This is consistent with a
unique process being responsible for the nuclear modifi-
cation factors of all hadrons above a given p .

Our goal is now to relate € extracted from light-hadron
data to the relevant physical quantities in heavy ion
collisions. In the BDMPS formalism, the average parton
energy loss in QGP can be written as [3.4]

(€) = L, (@) L2, (5)

4
where L is the average medium path length and C; is the
color charge of the parton (C, = 4/3, C, = 3). The gluon
transport coefficient (g) is linearly averaged along the
parton trajectory [41],

(@) == / ™ de(z - 70)2). (6)

72
L= J,

taking into account the dynamical expansion of the medium
produced at time 7. The rescaling of the transport
coefficient, Eq. (6), should be appropriate for observables
sensitive to the primary gluon emission [42,43], which is
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the case for the suppression of large-p | hadrons which we
address here. The transport coefficient being proportional
to the decreasing medium parton density, its time evolution
can be parametrized as §(z) = §y(zo/7)%, leading to

2 Ty a
s\ ~ (%o 7
@ =52 00(7) )
for L > 7. The initial transport coefficient ¢, = §(z,) and

parton density n, are directly related, g, = (97/2)a?n,
[44]. In the Bjorken picture, n, can be estimated as [45]

1 dNy
ng = —_
0 A7y dy

31 dng,
=0 2A 79 dy

(8)

9
y=0

where A | is the transverse overlap area of the two crossing
nuclei. The rightmost equality assumes local parton-hadron
duality (N, = N;,) and the factor N;,/Ny, = 3/2 takes into
account that a third of the produced particles (mostly pions)
are electrically neutral. Putting these all together leads to [44]

1 dNg,
s K - WVeh ;g
‘ X(AJ_ dy ) ©)

with f =2 —a and K = 27x/(8) x a’zy " (z),Cy.

In the following, we check that the scaling relation
Eq. (9) indeed holds for light hadrons in all collision
systems. Note that unlike Fig. 1, heavy meson data have not
been included in Fig. 2 since their values of (z),Cy
(entering the above expression of K) are likely to differ
from that of light hadrons.

The geometric quantities A and L entering Eq. (9) are
determined through an optical Glauber model, assuming
hard sphere nuclear densities. The average path length in
the transverse plane is given by [46]

L=2 / dt’dxpcoll(x)ppart(x + f)|f|

/ [ aspan @)t + ). (10)

where py. and pe,y are the transverse distributions in the
number of participants and of binary nucleon-nucleon
collisions, respectively, the latter being the distribution
of hard parton production points. The charged particle
multiplicity dN,/dn at midrapidity is taken from PHENIX
measurements [47] at RHIC and from ALICE [48-50] and
CMS [51,52] measurements at LHC, multiplied by J =
dn/dy = 1.25 at RHIC [53], and J = 1.09 at LHC [54].
The energy loss scales € extracted from the quenching of
light hadrons are fitted using Eq. (9), with K and f taken as
free parameters. Figure 2 exhibits the excellent agreement
(y*/ndf = 0.51) obtained with a linear dependence of &
with the scaling variable dN,/dy x L?/A | . The fits leads
to K =0.3370.3 fm'~ and g = 1.021002. The uncertain-
ties originate from the fit and from the use of alternative

light hadrons (CMS, ALICE, ATLAS, PHENIX)
—e— PbPb 5.02TeV
—=— PbPb 2.76TeV
—&— XeXe 5.44TeV
—¥— AuAu 0.20TeV

S 5
[0))
O,
w 4
3
B =1.02+0.06
2 K = (0.33 + 0.03) fm"”
1 22Indf = 0.51
O 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 1
0 20 40 60 80 100 120
dNy,, B
F2=0) <L /Ay

FIG. 2. Average parton energy loss extracted from Rpp
of light hadrons in various collision systems as a function
of dNCh/dy X L'ﬁ/Al

Glauber models for the calculation of L and A : using
constant pp,, Woods-Saxons nuclear densities, or taken
from a Glauber Monte Carlo model [46].

The value of § proves compatible with unity, that is the
BDMPS expectation in QGP experiencing a purely longi-
tudinal expansion (i.e. @ = 1). In particular, it seems to
exclude (€) o L3~ expected at strong coupling [14,15], at
least with reasonable values of a. It is interesting to note
that a slightly different path-length dependence of jet
energy loss, AE o« L%, is obtained in the data-driven
approach of Ref. [24]. This is not contradictory: since the
final states—large-p | hadrons vs jets—differ in these two
studies, there is a priori no reason why these should exhibit
the same parametric path-length dependence. Similar con-
clusions apply to the energy dependence, which is at most
logarithmic for parton energy loss while an empirical jet
energy loss, AE « p%13, is extracted in [24]. This depend-
ence is likely to come from the gluon multiplicity inside a
jet which is an increasing function of energy [43].

Turning to the parameter K, its theoretical expectation
depends on several uncertain quantities, e.g., the value of
a, (K « al), the nature of the propagating parton (hence its
color charge), and the fragmentation variable. This being
said, the fitted value has the expected magnitude: using
p =1 (thus making the value of 7, irrelevant), a, = 0.3,
and C, = 3 for a fragmenting gluon with (z), = 0.5 [25]
leads to Ky, = 0.43.

Although we have assumed so far that only one parton
flavor (gluon) fragments into hadrons, contributions from
both quark and gluon fragmentation, with respective
fraction x, and 1 — x,, should in principle be taken into
account. Introducing both flavors leads to an explicit
scaling violation in Ry,, since x, is a function of p,
but is independent of €. We checked, however, that the
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scaling behaviors, Egs. (4) and (9), hold within 2%
accuracy in a two-flavor model with a realistic estimate
for x,(p,) [25] and different spectral indices (n, # n,)
or fragmentation variables ((z), # (z),) for quarks and
gluons. The only sizeable consequence would be a change
of K by 15% (that is understood as coming from a weighted
average of the color factors C, and Cp) which is small
compared to its theoretical uncertainty [55].

Equation (9) can also be used to predict Ry, in other
collision systems, such as OO collisions at /s = 7 TeV
planned at LHC run 3 [56]. Using the nominal Glauber
model and the multiplicity from EPOS3.402 [57] gives
oo = 0.61701] GeV, leading to Roo(p, =20 GeV) =
0.85%005 in minimum bias collisions.

Once the dependence of ¢ with L is empirically deter-
mined, it becomes possible to investigate the azimuthal
dependence of hadron suppression, from which the v,
coefficient can be computed. Using (2) and (9), the ¢
dependence of Ry, can be modeled as

Rua(u.n.¢) = f(ux (L/L(¢)).n). (11)

where L(¢) is given by (10) without the integration on ¢ and
with # along ¢ and ¢ = 0 is the direction of the impact
parameter b. Let us assume that L (¢) can be approximated as

L(¢)

where the eccentricity e is thus given by [58]

_ L(=/2) - L(0)
"~ L(z/2) +L(0)’

=L x (1 —ecos(2¢)), (12)

(13)

From the definition of the v,, coefficients, we have

RAA(M, n, ¢) B )
“Raa(u,n) 1+ 2’; Vo €OS(2meh) (14)
~ 1+ 2w, cos(2¢), (15)

where in (15) the higher order harmonics are neglected at
high p | [59]. From (11), (12), and (15), one gets

RAA(0) = Rpa(7/2)

RAA(0) + Raa(7/2)
flu/(1=e)f) = flu/(1 +¢))
Slu/(T=e)) + flu/(1+e)f)

Performing the Taylor expansion of (16) to first order in e
leads to

20y

(16)

vy (u, n) ~ﬂalnf(u,n)
e 2 odlnu (17)

va(py) P p1 9Raa(PL)
¢ 2Rpa(p1)  Opy

(18)

Within the above assumptions, the quantity v, /e at large p |
is simply proportional to the logarithmic derivative of Ry
and to the exponent 5. As a consequence, v, /e has the same
universal dependence on p /€ as Rau, for all collision
energies and centrality classes. It is given by

vy (u, n)

ﬂn X
S| "“’@W

/o

using (2) in (17). Equation (18) moreover indicates that v,
and Rx, ata given p | are trivially related for measurements
from the same collision system. In particular, this relation
does not involve the knowledge of the energy loss scale €.
Finally, the normalization uncertainties of R, vanish when
computing (18).

In each collision system, a full computation of
Raa(py, @) has been performed starting from (11) and
using the nominal Glauber model, without any assumption
on L(¢). Fitting Rya(p 1, ¢) with (14), restricted to the first
three even harmonics, provides an “exact” coefficient v,
within the model. We find that v, /e (where e is computed
in the Glauber model) is very well reproduced by the
approximation (19), plotted in Fig. 3 (gray band), espe-
cially for centralities within 5%—60%. It is maximal at low
p 1 /né, and smoothly decreases and vanishes in the large-
p . /ne limit when energy loss effects become negligible.
The CMS measurements of v, in PbPb collisions at /s =
2.76 TeV and /s = 5.02 TeV [59,60], reaching up to
p. ~100 GeV, are also shown in Fig. 3 for p, >
15 GeV as a function of the scaling variable p | /né, where

+x/u) (19)

0.6 —e— 5.02 TeV, centr. 5-10%

—+— 5.02 TeV, centr. 10-20%
—— 5.02 TeV, centr. 20-30%
—+— 5.02 TeV, centr. 30-40%
—+— 5.02 TeV, centr. 40-50%
—— 5.02 TeV, centr. 50-60%
—a— 2.76 TeV, centr. 0-10%

—— 2.76 TeV, centr. 10-20%

light hadrons
CMS PbPb

0.5

0.4~ —+— 2.76 TeV, centr. 20-30%
L —x— 2.76 TeV, centr. 30-40%
[ r —+— 2.76 TeV, centr. 40-50%
~ 0.3 L —+— 2.76 TeV, centr. 50-60%
>N - \\ B dIn RAA
L § |
02f | B
C Il
01
0 C 1 1 1 111 I
1
P, /Ing
FIG. 3. Scaling of v,/e of h* in PbPb collisions at /5 = 2.76

and 5.02 TeV [59,60] as a function of p, /né. The solid band
B =1.0270% shows Eq. (19) using n = 5.5.
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the values of € originate from the fits of R, 5. The predicted
scaling for the different collision systems is clearly apparent
[61]. Note that the values of € are fixed and no longer left as
free parameters as in Fig. 1. The model reproduces well the
dataabove p | /ne = 1 butover predicts v, /e at lower values,
possibly for the following reason. As path-length fluctua-
tions are neglected [i.e. Rya((£)) is computed instead of
(RaA(?)) /], the model ignores surface emissions and thus
over predicts the R 5 slope—hence v, /e—atlow p |, where
R4 1s smallest. These fluctuations might, in principle, also
affect the scaling Eq. (9); such effects, however, are marginal
as f3 is close to unity (hence (€) « (£#) ~ (£)P). The effects
of the QGP transverse expansion, which is neglected in the
calculation of the average path-length consistently with the
result @ =~ 1, are also known to reduce the anisotropy of R
at large p | and hence the value of v, [64].

Despite these limitations, the analytic model appears
able to reproduce both R, and v, measurements, at least
above p; 2 15 GeV. In other words, it does not face
the so-called “Rpn ® v, puzzle” investigated by many
groups over the last decade [16,18,65-71] and whose
resolution might involve event-by-event fluctuations in
the soft sector [18] (such fluctuations are naturally absent
here as an optical Glauber model is used). The consistency
between R4, and v, measurements within the present data-
driven approach is thus compelling—moreover with a path-
length dependence compatible with perturbative QCD,
unlike the conclusions of Ref. [16] based on RHIC data.
Following the model of Ref. [64], we have also checked
that the values of v, are reduced by 10%—15% (respectively
20%-30%) for a fluid transverse velocity of »; = 0.1
(respectively v; = 0.2), leading to a slightly improved
description of the data. This range of values of v, is
expected in the first few fm/ ¢ of the collision [72] while the
parton is escaping quark-gluon plasma. Deviations of less
than 5% in the scaling behavior of v, are expected in the
model when including transverse expansion.

While the agreement between the full calculation of v, /e
and Eq. (18) already suggests that this latter relation may be
valid, we would like to check whether it also holds when
comparing solely Rx 4 and v, measurements, independently
of the present energy loss model. In order to reduce the
uncertainty due to bin-to-bin statistical fluctuations, we
perform an agnostic fit (using Chebyshev polynomials) of
the CMS Ry 5 data at \/E =2.76 TeV and 5.02 TeV [32,33],
from which the slopedIn R4 /dIn p | isevaluated. The v,/e
measurements are plotted as a function of the R, 4 slope in
Fig. 4. Although the present precision of the data does not
allow yet for a rigorous test of Eq. (18), the correlation
between the two measured quantities is clearly apparent
(correlation coefficient p = 0.78). In addition, the expected
function y = fx/2 (band in Fig. 4) reproduces fairly the
observations, giving confidence that the relation between

0.45 light hadrons —_ :2".1«\.
CMS PbPb ar
0.4 {
0.35 p=078 —tr A +
0.3 *h |
1l i
2 025 1 'Lﬂf
~ |
>

0.2 —a— 5,02 TeV, centr. 5-10%

—4— 5.02 TeV, centr. 10-30%
—¥— 5.02 TeV, centr. 30-50%
—¥— 5.02 TeV, centr. 50-60%
—+— 2.76 TeV, centr. 0-10%

—#— 2.76 TeV, centr. 10-30%

0.15

0.1

‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTTITTT

0.05 - —4— 2.76 TeV, centr. 30-50%
C S/ —+— 2.76 TeV, centr. 50-60%
071 v b b b e
0 05 06 07 08 09
n Ry,

dIn P,
FIG. 4. Relation between v,/e [59,60] and dInRx,/dInp
[32,33] of h* measured by CMS. The band y = fx/2
B = 1.021“8;869 ) shows the expectation from (18).

R and v, atlarge p | gives a direct experimental access to
the path-length dependence of parton energy loss in QGP. A
slight overshoot in the 50%—-60% centrality class v, mea-
surements may either signal back-to-back jet correlations
contamination in data [33] or the breakdown of (18). In other
centrality classes, disagreement may be due to the overesti-
mation of e in the Glauber model nominally used in this
work, which relies on hard sphere nuclear densities.

In summary, the universal dependence of hadron R, at
high p, has been further checked using additional datasets
from RHIC and LHC. Relating the values of ¢ extracted from
R to the hadron multiplicity enables the determination of
the L dependence of parton energy loss, &« L? with
p= 1.02f8:82 , in agreement with a longitudinally expanding
QGP. The v,/e anisotropy coefficient exhibits the same
scaling property as R, in both the model and data. Finally
the simple relation between v, /e and R 5 found in the model
proved consistent with independent v, and Ry, measure-
ments, providing another access to the path-length depend-
ence of parton energy loss. The LHC run 3 should allow for
testing with unprecedented precision these multiple scaling
properties.

We thank Maxime Guilbaud for discussions. G.F.
acknowledges the support from IN2P3, and the hospitality
of Subatech where this work was completed. This work is
funded by the “Agence Nationale de la Recherche” under
Grant No. ANR-18-CE31-0024-02, and by a gift from
William H. Miller III.
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