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𝟛) ENERGY LOSS

• single-inclusive spectrum 

• hadrons (quarks) 

• heavy quarks 

• jets
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the �R12 distribution, Figure 13 (center), and Mg, Figure 13 (right), as well. Such artifacts are hard to
reconcile with the expected behavior, and will therefore generally not be pursued further.

3.2 Enhancing jet quenching observables using grooming

Many jet quenching observables, such as the nuclear modification factor RAA and the momentum im-
balance xJ� in photon-jet events, are considered benchmark measurements that quantify the amount of
in-medium energy-loss and broadening. For reviews, see e.g. [68, 69]. However, their constraining power
to discriminate between models has also been questioned. In some cases, the influence of background
fluctuations can further obscure their constraining power.

In this section we present studies of conventional jet quenching observables that are enhanced by using
grooming techniques. As a first step, we apply SD grooming on the inclusive jet sample, extracting from
each jet the grooming variables zg and �R12. This allows to further sub-divide the sample according
to a measure involving these variables. For the purposes of this report, we have simply binned the fully
inclusive sample according to the angle separating the two hardest subjets of a particular jet. This is
motivated by the studies using splitting maps and the results obtained for the substructure observables
previously. Another motivation is to differentiate between the modifications of the “soft” and the “hard”
structure of the jet. The former is more dominant for inclusive observables and for non-restrictive SD
settings, e.g. SD1 and SD2 in Figure7 (left and central panels), while the latter would be more pronounced
for conservative SD parameter choices, such as SD3 in Figure 7 (right panel).

Due to the exploratory scope of the workshop, we have not attempted to launch a systematic effort.
Here, we only report on the two following studies at LHC energies:

• the nuclear modification factor RAA binned in the angular separation �R12 as determined with
SD2.

• the xJ� distribution binned in the angular separation �R12 as determined with SD1.

For both grooming settings, comparing small- and large-angle substructure configurations also gives an
additional handle on the formation time of that particular splitting, see Figure 1 (right).

In both cases, jets were reclustered and groomed, and only jets that had a candidate subjet pair that
fulfilled the Soft Drop condition were further analyzed. More importantly, all results in this Section have
been computed by embedding the MC jet samples into a centrality-dependent heavy-ion background [33],
for details see Section2.3.1. As before, the background was subtracted using CS [12], see Appendix B for
further details. Therefore, these result reflect more realistically the magnitude of effects that should be
expected to arise in heavy-ion collisions at the LHC.

The well-known nuclear modification factor RAA compares the yields of equivalent hard processes in
heavy-ions and proton-proton collisions, and is given schematically as

RAA =
dNAA/dp2Tdy

hTAAid�pp/dp2Tdy
, (10)

where hTAAi is the nuclear overlap function in a given centrality range, is a standard benchmark for
estimating/tuning medium parameters in theoretical calculations and Monte Carlo jet quenching models.
By dividing the sample of inclusive high-pT jets into small- and large-angle configurations, we obtain more
differential information regarding the accompanying modifications of the intra-jet structure. Similar
studies, albeit using another method to dissect the jet sample into two-prong structures, was already
presented in [28, 29]. Note, however, that the suggested “binning” procedure could be sensitive to different
physical mechanisms separately in the proton-proton and heavy-ion events. Disentangling this would
demand further studies.

The jet samples generated from QPYTHIA, JEWEL “Recoil off” and JEWEL “Recoil on” that is
used in the calculation of RAA in Figure 14, have been binned according to the angular separation of the
subjets identified using SD3 grooming, �R12. While all three models show a similar transverse momentum
dependence of RAA for the fully inclusive sample (see black points in Fig. 14), large differences are seen
for the more differential results.9

In QPYTHIA, the core of the jet is quenched stronger than the periphery, as expected from previous
studies above, see Figure 14 (left). This fact basically related to the enhanced splitting of collinear
modes. For the JEWEL “Recoils off” sample, see Figure 14 (center), the effect is completely opposite:
the jet core is quenched much less than large-angle configurations. This also comes as no surprise in light

9The overall magnitude of the inclusive RAA does not play an important role for the point we are trying to make here.
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RAA of charged particles in Xe–Xe collisions at
p

sNN = 5.44 TeV ALICE Collaboration

at
p

s = 5.44 TeV. The latter is obtained from the interpolated pT -differential cross section by
dividing it by the interpolated inelastic nucleon-nucleon cross section of (68.4 ± 5.0) mb atp

s = 5.44 TeV [18, 19].

The systematic uncertainty of the pp reference spectrum is dominated by the interpolation un-
certainty, especially at momenta above 10 GeV/c. In the most-peripheral collisions, the pT
spectrum is similar to that of pp collisions and exhibits a power law behavior that is character-
istic of hard-parton scattering and vacuum fragmentation. With increasing collision centrality,
the pT differential cross section is progressively depleted above 5 GeV/c.

Systematic uncertainties are shown in the bottom panel. At momenta between 0.4 and 10 GeV/c,
the systematic uncertainty is dominated by the contribution from tracking and amounts to about
2–3%. It is almost independent of pT above 10 GeV/c with a value of 1.4% (2.1%) for the
0–5% (70–80 %) centrality class.
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Fig. 4: Nuclear modification factor in Xe–Xe at
p

sNN = 5.44 TeV (filled circles) and Pb–Pb atp
sNN = 5.02 TeV (open circles) collisions for nine centrality classes. The vertical lines (brackets)

represent the statistical (systematic) uncertainties. The overall normalization uncertainty is shown as a
filled box around unity.

In order to determine the nuclear modification factor RAA, the interpolated pT -differential cross
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• strong suppression of wide range of probes of 
large range in pT 

• sensitive to color charge 

• interesting centrality dependence 

• common features/unified description? 

- charged hadrons (light quarks/gluons) 

- heavy mesons (heavy quarks/gluons 

- jets

!4

The goal of studying jets it to extract information about the 
properties of the medium; independent and complementary probes!
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Imagine we shoot a well-controlled flux of 
particles into the plasma. 

We observe suppression because of pT shift.
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Manifestation of a energy loss mechanism!
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Our best candidate: 
 radiative energy loss!

• any color object propagating through the medium 
sources radiation, leads to energy loss 

• but, in principle, other processes can also contribute 
[elastic energy loss, broadening & absorption]

Problem gets more complicated if we consider more sources of radiation 
(vacuum radiation) and multi-gluon medium-induced radiation!

Probability for losing energy 
from one emission
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𝜋 Assume single quark/gluon 
propagates through the medium 

and fragments outside!

Not a bad approximation since high-pT 
hadrons come from hard fragmentation 

(hadrons ~ narrow jets).

steeply falling spectrum… hence z~1

Refinement: can also replace ⟨z⟩ in the delta 
function, and integrate out z.

qT = pT/z + ✏
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quenching factor = nuclear modification factor

Rjet =
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quenching factor is Laplace transform of energy loss probability

[For now, n=const, but this can be improved and finite-n corrections can be implemented.]
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Soft gluons: copious, large 
angle, short formation time

no interferences!
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Constant rate for infinite medium; 
time-dependent rate in general
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• form factor suppression related 
to multiplicity of virtual gluons 

• strong quenching for 

• scale related to multiplicity of 
emitted gluons (not energy)

Q(pT) = e�2↵̄L
p

n⇡q̂/pT
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Our analysis have resulted in a “model” w/

- for a static medium,….

�pT = ↵̄q̂L2
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Recall, that naïve expectation

This only holds in the high-pT limit!
pT > nq̂L2
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But in that limit, quenching is weak because the multiplicity is small!
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Figure 2: RAA of h±
, D and J/ as a function of p?/ n!c

in PbPb collisions at
p
s = 2.76 TeV and

p
s = 5.02 TeV in

di↵erent centrality classes.

BDMS approximation, the p? dependence of RAA is di-
rectly connected to the medium-induced gluon spectrum
(u = !/!c) [38]

RAA(y ⌘ p?/n!̄c) ' exp


�

Z 1

0
du

dI 0(u)

du

⇣
1� e�u/y

⌘�

(6)
with dI 0(u)/du = !c dI(!)/d!.

In the present article, RAA(p?/!̄c) is computed nu-
merically from (3) using the quenching weight computed
in [43] from the BDMPS medium-induced gluon spec-
trum [33, 44]. Fig. 1 shows RAA as a function of p?/n!̄c

for di↵erent values of power law exponents. As can be
seen, scaling in p?/n!̄c is well observed, except at low
p?/n!̄c and for the smallest values of n [55]. It has also
been checked, for consistency, that the BDMS analytic
approximation, Eq. (6), reproduces Eq. (5) well when
p?/n!c gets large. Finally, RAA is computed from (6)
using the GLV spectrum at first order in opacity [34, 35],
shown as a dashed line in Fig. 1. For a meaningful com-
parison with BDMPS, the GLV energy loss scale has
been rescaled by a factor 3, as already noted in [45]. Al-
though the BDMPS and GLV medium-induced spectra
behave somewhat di↵erently in the infrared, respectively
u dI 0/du / 1/

p
u and u dI 0/du / 1/ lnu, the p? depen-

dence of RAA is not too dissimilar; yet, the shape using
the GLV spectrum proves not as steep.

In this simple energy loss model, the shape of RAA as
a function of p? is thus fully predicted once the expo-
nent n is known, obtained from a fit to the pp data at
the corresponding center-of-mass energy. What remains
to be determined is the energy loss scale !̄c, which is
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Figure 3: Mean energy loss extracted in PbPb collisions atp
s = 2.76 TeV (triangles) and

p
s = 5.02 TeV (squares) from

the quenching of h±
, D, and J/ .

in principle a complicated (and virtually unknown) func-
tion of the space-time evolution of the QGP energy den-
sity and the geometry of the heavy ion collision. Rather
than modeling the hot medium, the value of !̄c is ob-
tained from ‘agnostic’ 1-parameter fit to each data set, in
a given centrality class and at a given

p
s. Measurements

include charged hadrons measured by CMS in five cen-
trality classes [56] at both colliding energies [9, 10], J/ 
and D mesons measured respectively by ATLAS [46] and
CMS [47] at

p
s = 5.02 TeV in one centrality class, for a

total number of 12 data sets. Data from ALICE [7, 48, 49]
are not included here as I focus on measurements with
largest p? , however these results will be included in the
more detailed analysis [50].

The comparison of the fits to the individual data sets
will be shown in a forthcoming publication [50]. Instead,
Fig. 2 shows all data points [57] plotted as a function of
the scaling variable, p?/ n!̄c, together with the shape of
RAA , Eq. (5). Clearly all data exhibit an almost perfect
scaling, lining up into a single ‘universal’ shape. This
feature, predicted in the energy loss model and observed
in data, supports the interpretation of a unique pro-
cess responsible for the nuclear modification factors of all
hadrons above a given p? in heavy-ion collisions at the
LHC. In particular, I find it interesting that the quench-
ing of heavy mesons (D and J/ ) obeys the exact same
pattern, suggesting again that at large p? the same pro-
cess a↵ects similarly all hadron species, including bound
states like heavy-quarkonia. Also worth to be noted are
the scaling violations observed for lower p? particles.
The lack of scaling emerges below p? ' 10 GeV, for
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merically from (3) using the quenching weight computed
in [43] from the BDMPS medium-induced gluon spec-
trum [33, 44]. Fig. 1 shows RAA as a function of p?/n!̄c

for di↵erent values of power law exponents. As can be
seen, scaling in p?/n!̄c is well observed, except at low
p?/n!̄c and for the smallest values of n [55]. It has also
been checked, for consistency, that the BDMS analytic
approximation, Eq. (6), reproduces Eq. (5) well when
p?/n!c gets large. Finally, RAA is computed from (6)
using the GLV spectrum at first order in opacity [34, 35],
shown as a dashed line in Fig. 1. For a meaningful com-
parison with BDMPS, the GLV energy loss scale has
been rescaled by a factor 3, as already noted in [45]. Al-
though the BDMPS and GLV medium-induced spectra
behave somewhat di↵erently in the infrared, respectively
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In this simple energy loss model, the shape of RAA as
a function of p? is thus fully predicted once the expo-
nent n is known, obtained from a fit to the pp data at
the corresponding center-of-mass energy. What remains
to be determined is the energy loss scale !̄c, which is
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in principle a complicated (and virtually unknown) func-
tion of the space-time evolution of the QGP energy den-
sity and the geometry of the heavy ion collision. Rather
than modeling the hot medium, the value of !̄c is ob-
tained from ‘agnostic’ 1-parameter fit to each data set, in
a given centrality class and at a given

p
s. Measurements

include charged hadrons measured by CMS in five cen-
trality classes [56] at both colliding energies [9, 10], J/ 
and D mesons measured respectively by ATLAS [46] and
CMS [47] at

p
s = 5.02 TeV in one centrality class, for a

total number of 12 data sets. Data from ALICE [7, 48, 49]
are not included here as I focus on measurements with
largest p? , however these results will be included in the
more detailed analysis [50].

The comparison of the fits to the individual data sets
will be shown in a forthcoming publication [50]. Instead,
Fig. 2 shows all data points [57] plotted as a function of
the scaling variable, p?/ n!̄c, together with the shape of
RAA , Eq. (5). Clearly all data exhibit an almost perfect
scaling, lining up into a single ‘universal’ shape. This
feature, predicted in the energy loss model and observed
in data, supports the interpretation of a unique pro-
cess responsible for the nuclear modification factors of all
hadrons above a given p? in heavy-ion collisions at the
LHC. In particular, I find it interesting that the quench-
ing of heavy mesons (D and J/ ) obeys the exact same
pattern, suggesting again that at large p? the same pro-
cess a↵ects similarly all hadron species, including bound
states like heavy-quarkonia. Also worth to be noted are
the scaling violations observed for lower p? particles.
The lack of scaling emerges below p? ' 10 GeV, for

!̄c = hziq̂L2
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Arleo (2017)

Due to the convolution with a steeply falling spectrum, we are only 
sensitive to the combination - valid even for heavy particles! 

Breaks down at low pT (small n)…
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FIG. 2. Suppression of inclusive charged particles in PbPb collisions at
p
sNN = 2.76 TeV for

di↵erent values of the parameter K (see Eq. (11)) compared to ALICE data at di↵erent centralities

[82]. Curves from top to bottom correspond to K = K 0/1.46, with K 0 = 0.5, 0.7, 0.9, . . . , 3.1, using

the “Hirano” hydrodynamical model and the energy density prior to the start of hydrodynamical

evolution taken as constant, see the previous Sections.

We have performed a �2 fit to the best value of K for each energy and centrality, and

for each assumption of hydrodynamical profile or behavior of q̂ at values of proper time

smaller than the thermalization time ⌧0 assumed in each hydrodynamical simulation. For

the case of ALICE data [82] we add the systematic and statistical errors in quadrature, as no

particular instructions of how to include them in a fit are provided. For the case of RHIC,

the latest analysis includes the contribution from several di↵erent error sources. The two

methods lead to comparable values of K (di↵erences ⇠ 5%) except for the most peripheral

bins, for which the K values in the case of errors added in quadrature are ⇠ 30% smaller.

The uncertainty band is determined by ��2 = 1. In order to make the comparison between

RHIC and the LHC, these issues need to be taken into account, although the conclusions

do not change at the qualitative level. In the left panels of Fig. 3, Fig. 4 and Fig. 5 we

plot the di↵erent values of the K-parameter fitted to the PHENIX data [81] for di↵erent

combinations of hydrodynamical profiles and behavior before the thermalization time. The

corresponding values for the LHC [82] are plotted in the right panels of the same figures.
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FIG. 6. K-factor obtained from fits to RAA data at RHIC and LHC energies for di↵erent centrality

classes plotted as a function of an estimate of the energy density times formation time ⌧0 of the

QCD medium formed in each case. The ✏⌧o estimates are taken from Refs. [83, 84].

see Fig. 7. (Results from the “Hirano” ideal hydrodynamic model are not available for
p
sNN =5.02 TeV, but we note that the prediction for the change in RAA with collision

energy is essentially independent of the hydro model).

This behavior is easy to understand considering that the transverse momentum slope is

not that di↵erent at the two LHC energies, but the larger energy densities at the higher

collision energy imply larger absolute values of q̂ for the same K-factor. Thus, the energy

loss is larger and the suppression becomes stronger. The e↵ect is, however, not very large.

VI. CONCLUSIONS

We have studied the one-particle inclusive suppression of particles produced at high trans-

verse momenta at RHIC and the LHC as a function of centrality. By defining a constant

K-factor with respect to the perturbative estimate q̂ ' 2✏3/4 we fit the corresponding exper-

imental data at RHIC and LHC for di↵erent centralities. The fitted value at RHIC confirms

previous estimates [48, 50] of large corrections to the ideal case, although the actual numer-

ical value is a bit smaller, due to a new, more stable, definition of the e↵ective values of

16

which, in particular, reproduce Eqs. (8) for the static case. Similar implementations of

the hydrodynamical model have been used before [15, 48–50], so it is a rather standard

procedure2. The production point of the parton at time ⌧prod is distributed according to

an Ncoll-scaling in the transverse plane and the azimuthal angle � is taken as a random

number in [0, 2⇡]. As usual, each parton traverses the medium in a straight-line trajectory

parametrized by the proper time ⇠ at each point in the transverse plane. We only need to

specify the relation between the local value of the hydrodynamical variables at (x?(⇠), y?(⇠))

and the local value of the transport coe�cient q̂(⇠). Following our previous work [48] we

define

q̂(⇠) = K · 2✏3/4(⇠), (11)

where K ' 1 would correspond to the ideal QGP (see the estimate in e.g. Ref. [51]). Other

relations between the transport coe�cient and the local thermodynamical quantities have

been explored e.g. in Ref. [50]. The local energy density ✏(⇠) is taken from a hydrodynamical

model of the medium, for which we will consider several di↵erent options in the next sections.

The rest of the formalism follows that in Ref. [48]; we include here some details, while the

complete formulation can be found in that reference.

In a dynamical medium like the one considered here, there is an ambiguity on the value

of the transport coe�cient, defined by Eq. (11), for values smaller than the proper time

⌧0 when relativistic hydrodynamics is started. One extreme case is to take q̂(⇠) = 0 for

⇠ < ⌧0. The absence of any energy-loss e↵ect for these early times is a strong assumption

since neither thermalization nor isotropization is necessary in the approach in which the

quenching weights have been computed. To quantify this uncertainty, we consider three

di↵erent extrapolations for the time from the hard parton production to the thermalization:

(i) q̂(⇠) = 0 for ⇠ < ⌧0;

(ii) q̂(⇠) = q̂(⌧0) for ⇠ < ⌧0; and

(iii) q̂(⇠) = q̂(⌧0)/⇠3/4 for ⇠ < ⌧0.

These extrapolations range from the most extreme assumption of no e↵ect at all before the

thermalization time (case (i)) to a continuous interaction from the production time (taken

to be ⌧prod ' 0.04 fm/c) and a free-streaming medium with energy density dropping as

✏(⇠) ⇠ 1/⇠ (case (iii)).

2 Notice that we have slightly changed the prescription to compute Reff which is now the second moment

of q̂(⇠). The results are similar with the old prescription (see e.g. Eqs. (4.2)-(4.4) in Ref. [48]) but with

improved stability for functional dependences of q̂(⇠) that are divergent in 1/⇠.
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Extracting q̂ from data (w/ realistic hydro, FF, NLO etc..)

State of the art calculations allow to extract medium 
properties, check for consistency…

Andres, Armesto, Luzum, Salgado, Zurita (2016)
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HEAVY-QUARK QUENCHING
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Heavy-quarks should be less quenched than light! 
Data: realistic spectrum, effect of elastic e-loss

0th order expectation:
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WHAT ABOUT JETS?
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time-
scale

Q: did the gluons form inside or outside of the medium?

Generally have to deal with multi-gluon emissions!
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A SIMPLE MODEL
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Quenching effect very different in the two situations… 
(quenching of two vs. quenching of one)

Let’s assume that the medium quenches completely all 
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could affect many splittings!
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RADIATIVE CORRECTIONS
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• higher-order corrections not enhanced by phase space 
when balance between real & virtual emissions for 
sufficiently inclusive observables 

• does this hold in the medium (final-state interactions)?
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• expanding quenching factor corresponds to accounting 
for the quenching of higher-order vacuum emissions 
(substructure fluctuations)
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HIGHER-ORDER CORRECTION TO QUENCHING
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• real & virtual are differently affected by energy loss effects! 

• the mismatch is largest at short formation times

+

sensitive to quark+gluon quenching sensitive to quark quenching
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Our model simply kills all real emissions!
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SUDAKOV SUPPRESSION OF JETS
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jet loses energy via total charge & resolved substructure fluctuations

Rjet = Qq(pT)⇥ C(pT, R)
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Strong quenching:  
Sudakov form factor, depends 

explicitly on jet scales
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• finite quenching: non-linear 
evolution equation for  

• minimal resolution angle ~𝜃c of 
the medium (coherence) 

• hierarch sensitive to jet scales
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SUMMARY

• the spectra of particles (light, heavy) and jets 
are suppressed due to interactions with the 
medium 

- can be experimentally accessed as a 𝛿pT shift 

• radiative energy loss (sensitive to mass) 

• jets are multi-gluon objects: additional 
quenching 

• 0th order expectation is a hierarchy
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RQ > Rq > Rjet
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OUTLOOK

• jets are interesting physical objects at colliders 

- calibrated: theoretical tools & MC 

• radiative processes in the medium leads to 
energy loss 

• different phenomenological implications for 
single-inclusive spectra for hadrons & jets 

• also, di-jet/boson-jet great for pinning down 
short- and long-distance pieces 

• promising new observables: jet substructure
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