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jet definition [in elementary collisions]
:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop :: 



1. compute all distances d ij and d iB 

2. Þnd the minimum of the dij and d iB 

3. if it is a d ij, recombine i and j into a single 
new particle and return to 1 

4. otherwise, if it is a d iB, declare i to be a 
jet, and remove it from the list of 
particles. return to 1 

5. stop when no particles left

jet definition [in elementary collisions]
:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop :: 

2.2.5 The anti-kt algorithm

One can generalise thekt and Cambridge/Aachen distance measures as [33]:

dij = min( p2p
ti , p

2p
tj )

∆R2
ij

R2
, ∆R2

ij = ( yi ! yj)2 + ( φi ! φj)2 , (10a)

diB = p2p
ti , (10b)

wherep is a parameter that is 1 for thekt algorithm, and 0 for C/A. It was observed in [33]
that if one takesp = ! 1, dubbed the Òanti-ktÓ algorithm, then this favours clusterings that
involve hard particles rather than clusterings that involve soft particles (kt algorithm) or
energy-independent clusterings (C/A). This ultimately means thatthe jets grow outwards
around hard ÒseedsÓ. However since the algorithm still involves a combination of energy
and angle in its distance measure, this is a collinear-safe growth (a collinear branching
automatically gets clustered right at the beginning of the sequence).12 The result is an
IRC safe algorithm that gives circular hard jets, making it an attractive replacement for
certain cone-type algorithms (notably IC-PR algorithms).

One should be aware that, unlike for thekt and C/A algorithms, the substructure clas-
siÞcation that derives from the clustering-sequence inside an anti-kt jet cannot be usefully
related to QCD branching (essentially the anti-kt recombination sequence will gradually
expand through a soft subjet, rather than Þrst constructing the soft subjet and then re-
combining it with the hard subjet).

2.2.6 Other sequential recombination ideas

The ßexibility inherent in the sequential recombination procedure means that a number of
variants have been considered in both past and recent work. Someof the main ones are
listed below.

Flavour-kt algorithms. If one is interested in maintaining a meaningful ßavour for jets
(for example in purely partonic studies, or when discussing heavy-ßavour jets), then one
may use a distance measure that takes into account the different divergences for quark and
gluon branching, as in [81, 82]. The essential idea is to replace eq. (4)with
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2
j ) , softer of i, j is ßavoured,

min(E2
i , E

2
j ) , softer of i, j is ßavourless,

(11)

where gluonic (or non-heavy-quark) objects are considered ßavourless. This reßects the
fact that there is no divergence for producing a lone soft quark, and correctly ensures that
soft quarks are recombined with soft antiquarks. In normal algorithms, in contrast, a soft
quark and anti-quark may end up in different jets, polluting the ßavour of each one. Full

12If one takesp # !$ then energy is privileged at the expense of angle and the algorithm then becomes
collinear unsafe, and somewhat like an IC-PR algorithm.
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e.g., generalized kT family of sequential recombination jet algorithms

p = 1  :: k T algorithm 

p = 0  :: Cambridge/Aachen algorithm 

p = -1 :: anti-k T algorithm
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y ! ! distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA ,R(∆12) is " R2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
ÒghostsÓ, clustered with four di! erent jets algorithms, illustrating the ÒactiveÓ catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined bythe
speciÞc set of ghosts used, and change when the ghosts are modiÞed.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
di! erent algorithms is in the calculation of jet areas.

Two deÞnitions were given for jet areas in [4]: the passive area (a) which measures a jetÕs
susceptibility to point-like radiation, and the active are a (A) which measures its susceptibility to
di! use radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft onep2, separated by ay ! ! distance " 12. In usual
IRC safe jet algorithms (JA), the passive areaaJA ,R (" 12) is " R2 when " 12 = 0, but changes when
" 12 is increased. In contrast, since the boundaries of anti-kt jets are una! ected by soft radiation,
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• kT R=0.4 jets are different from anti-kT R=0.4,  

• also, anti-kT R=0.2 are not the inner R=0.2 core of anti-k T R=0.4 jets, etc.  

• jets reconstructed with a given algorithm can be reinterpreted [ reclustered ] with a different 
algorithm to beneÞt simultaneously from experimental robustness and direct theoretical 
interpretation 

•  however, C/A reclustering of anti-kt R=0.4 jet is not C/A R=0.4 jet 

• jet diversity is a tool  rather than a hindrance :: grooming/substructure methods 

jet diversity

Cacciari, Salam, Soyez 0802.1189 



• deÞned by same jet algorithm[s] as in elementary collisions with essential 
background subtraction

jets in heavy ion collisions

jet algorithm 
+ 

background subtraction



• deÞned by same jet algorithm[s] as in elementary collisions with essential 
background subtraction

jets in heavy ion collisions

jet algorithm 
+ 

background subtraction

what has to be calculated? 

what is in a heavy ion jet? 



• shower constituents exchange [soft] 4-mom and 
colour with QGP 

• interleaved [vacuum]+[medium induced] emission 
pattern 

• some shower constituents decorrelate from jet :: are 
lost 

• some QGP becomes correlated with jet [medium 
response] :: it is part of the jet

jets in heavy ion collisions

!

!

!

! !
!

!

!

Zapp :: QM17 

Zapp :: QM17 



• parton branching in vacuum driven by initial mass [p 2] and species [quark or 
gluon], and angular ordered 

• scale of Þrst splitting deÞnes jet envelope 

• vacuum-like evolution at play, and dominant, within QGP :: jets are modiÞed not re-
invented 

• Þrst splitting in QGP always vacuum-like [very short formation time] 

• number of constituents largely determined by vacuum-like physics

the importance of vacuum-like parton branching in QGP 

large m2 :: wide jet :: more constituents small m2 :: narrow jet :: fewer constituents



• Þxed pT mother partons give rise to ensemble of varying envelope size jets [with 
varying number of constituents] 

• with each constituent as an independent energy-loss source, wide jets must lose 
more energy than narrow jets :: this is what drives increase of dijet asymmetry 

wide and narrow jets

25 GeV< p
(in)

⊥
< 50 GeV

50 GeV< p
(in)

⊥
< 100 GeV

100 GeV< p
(in)

⊥
< 150 GeV

150 GeV< p
(in)

⊥
< 200 GeV

200 GeV< p
(in)

⊥
< 250 GeV

250 GeV< p
(in)

⊥
< 300 GeV

0 0.2 0.4 0.6 0.8 1

0

0.1

0.2

0.3

0.4

0.5

p⊥ loss of quark jets in PbPb γ-jet events in JEWEL+PYTHIA

m
(in) / p

(in)

⊥

∆
p
⊥

/
p

(in
)

⊥
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¥ same conclusion for holographic ÔjetsÕ ¥

Chesler, Rajagopal  1511.07567 
Rajagopal, Sadofyev, van der Schee 1602.04187 

Brewer, Rajagopal, van der Schee 1710.03237 



• high p T hadrons originate from narrow jets which are less suppressed than inclusive jets 

• simultaneous description of jet and hadron R AA natural feature of any approach that treats jets as such 

• modiÞcation of FF is essential 

• LHC/RHIC tension substantially less in Hybrid than with quenching weights. why?

wide and narrow jets :: jet and hadron RAAJets, their FFs, and hadrons

8Daniel Pablos McGill / JETSCAPE
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• in-medium DLA cascade as in vacuum but with phase space veto  

• Þrst splitting outside NOT angular ordered, subsequent evolution is 

• effects beyond DLA will Þll the vetoed region 

• full description of in-medium cascade requires simultaneous resummation of dynamical processes that are ordered 
differently [medium-induced radiation ordered in distance travelled] :: a BIG challenge

modification of vacuum-like dynamics by QGP
Caucal, Iancu, Mueller, Soyez   1801.09703 

Iancu QM18

First emission outside the medium

The respective formation time is necessarily large:t f ! L

An antenna with opening angle! ! ! c loses coherence in a timetcoh " L

In-medium sources lose color coherence and can also radiate atlarger angles

After the Þrst ÒoutsideÓ emission, one returns toangular-ordering, as usual

Medium e! ects at DLA (leading twist):

vetoed region + lack of angular-ordering for the Þrst ÒoutsideÓ emission

27th Quark Matter, Venezia, 2018 Vacuum-like emissions in a dense medium Edmond Iancu 15 / 24
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The vetoed region

VLEs in medium occur like in vacuum, but with a smaller phase-space

gluons within VETOED should havek2
! ! öqtf , which is not possible

this restriction is a Òleading-twistÓ e! ect: standard splitting functions

! c =
öqL2

2
, " c =

2
!

öqL3

some typical values:

öq = 1 Ö 2 GeV2/ fm L = 4 fm

! c = 40 Ö 80 GeV

" c = 0 .03Ö 0.05

Notice the upper limit" qøq (antenna opening) on the emission angle:Why ?
27th Quark Matter, Venezia, 2018 Vacuum-like emissions in a dense medium Edmond Iancu 10 / 24
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• only structures that are resolvable by the QGP can interact with it independently 

• for interaction with QGP, a developing jet is a set of resolved structures 

• a delicate interplay between an evolving QGP scale and distances within jet

what in a jet interacts with QGP 2
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left

panel) and 0.15 (right panel). The blue histogram denotes

the hardest resolved sub-jet, the green the next-to-hardest

one, while the pink histogram denotes soft fragments.

only loosing energy by induced radiation as a single par-
ton. As will be shown below, for typical LHC kinematics
there is a signiÞcant probability that the experimentally
reconstructed jet with cone parameterR accommodates
only one resolved charge which contains the leading con-
stituents carrying nearly all of the total jet transverse
energy.

From the antenna to the jet . The dynamics of a
QCD jet in vacuum is described in terms of the scales
of the problem. The initial hardness, given by the jet
transverse massE! jet , whereE is the jet energy and! jet
its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of theantenna
radiation , the soft gluon radiation o" a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

In the radiation process from any such antenna of
opening angle ! , the emitted gluon transverse wave-
length ! ! , which is related to its transverse momentum
by ! ! ! 1/k ! , needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r ! = ! t f , with t f ! k2

! / " and " the gluon fre-
quency . If ! ! > r ! , the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when! ! < r ! , the
radiative spectrum is the superposition of independent
gluon emissions o" each of the antenna components. In
other words, radiation with ! ! > r ! is only sensitive to
the total charge. This relation takes a particularly simple
form for the angular distribution of gluons, namely glu-
ons emitted at small angles# < ! resolve the individual
charges while those with# > ! behave as if emitted o"
the total charge. This generic feature is responsible for

the angular ordering constraint [5].
The presence of a deconÞned medium introduces a new

transverse length scale into the problem, which we sim-
ply denote by # med , deÞning the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k! ! 1/ # med ,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modiÞcation of the
color correlation structure among the di" erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of lengthL . The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]

$ med " 1 # e" 1
12 öqLr 2

! $ 1 # e" ( ! / ! c ) 2
. (1)

Here öq is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, andr ! = ! L . Moreover,
1/ # 2

med $ öqL. Since the Þrst jet splitting deÞnes the
largest antenna in the jet, it is now simple to discuss the
two possible scenarios, depicted in Fig. 1, for a jet with
opening angle! = ! jet .

When ! jet % #c, the whole jet is not resolved by the
medium. Therefore, all its components act as a single
emitter. This gives rise to two central consequences.
Firstly, the fragmentation pattern of the jet is unmod-
iÞed compared to the vacuum. Secondly, the jet energy
is depleted coherently proportionally to the color charge
of the jet initiator (e.g., with color charge CR = CF in the
case of a quark jet). In other words, for a jet energy loss
$ E, each parton reduces its energy by a constant factor
1# $ E/E . This is a manifestation of color transparency
for highly collimated jets.

For the case! jet & #c, on the other hand, some parts
of the jet can be resolved by the medium depending on
the formation time of the di " erent jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reducede! ective number of emitterswhich are sen-
sitive to medium e" ects in the shower.

An estimate of the relevance of color coherence
for LHC conditions. As a proof-of-principle study,
we have analyzed the transverse structure of vacuum
jet showers in the kinematic range of the LHC. Using
PYTHIA 8.150 [7], we studied jet events at partonic level
in p+p collisions at 2.76 TeV identiÞed via the anti-kt al-
gorithm, as implemented in FastJet 3.0.3 [8]. Since the
resolution power of the medium depends upon the ge-
ometry encountered by the jet, we have embedded these
events into an evolution model for the plasma. Each
event was assigned a production point in the transverse
plane according to theNcoll distribution in the Glauber

Casalderrey, Mehtar-Tani, Salgado, Tywoniuk   1210.7765 
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panel) and 0.15 (right panel). The blue histogram denotes
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only loosing energy by induced radiation as a single par-
ton. As will be shown below, for typical LHC kinematics
there is a signiÞcant probability that the experimentally
reconstructed jet with cone parameterR accommodates
only one resolved charge which contains the leading con-
stituents carrying nearly all of the total jet transverse
energy.

From the antenna to the jet . The dynamics of a
QCD jet in vacuum is described in terms of the scales
of the problem. The initial hardness, given by the jet
transverse massE! jet , whereE is the jet energy and! jet
its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of theantenna
radiation , the soft gluon radiation o" a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

In the radiation process from any such antenna of
opening angle ! , the emitted gluon transverse wave-
length ! ! , which is related to its transverse momentum
by ! ! ! 1/k ! , needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r ! = ! t f , with t f ! k2

! / " and " the gluon fre-
quency . If ! ! > r ! , the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when! ! < r ! , the
radiative spectrum is the superposition of independent
gluon emissions o" each of the antenna components. In
other words, radiation with ! ! > r ! is only sensitive to
the total charge. This relation takes a particularly simple
form for the angular distribution of gluons, namely glu-
ons emitted at small angles# < ! resolve the individual
charges while those with# > ! behave as if emitted o"
the total charge. This generic feature is responsible for

the angular ordering constraint [5].
The presence of a deconÞned medium introduces a new

transverse length scale into the problem, which we sim-
ply denote by # med , deÞning the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k! ! 1/ # med ,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modiÞcation of the
color correlation structure among the di" erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of lengthL . The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]
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Here öq is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, andr ! = ! L . Moreover,
1/ # 2

med $ öqL. Since the Þrst jet splitting deÞnes the
largest antenna in the jet, it is now simple to discuss the
two possible scenarios, depicted in Fig. 1, for a jet with
opening angle! = ! jet .

When ! jet % #c, the whole jet is not resolved by the
medium. Therefore, all its components act as a single
emitter. This gives rise to two central consequences.
Firstly, the fragmentation pattern of the jet is unmod-
iÞed compared to the vacuum. Secondly, the jet energy
is depleted coherently proportionally to the color charge
of the jet initiator (e.g., with color charge CR = CF in the
case of a quark jet). In other words, for a jet energy loss
$ E, each parton reduces its energy by a constant factor
1# $ E/E . This is a manifestation of color transparency
for highly collimated jets.

For the case! jet & #c, on the other hand, some parts
of the jet can be resolved by the medium depending on
the formation time of the di " erent jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reducede! ective number of emitterswhich are sen-
sitive to medium e" ects in the shower.

An estimate of the relevance of color coherence
for LHC conditions. As a proof-of-principle study,
we have analyzed the transverse structure of vacuum
jet showers in the kinematic range of the LHC. Using
PYTHIA 8.150 [7], we studied jet events at partonic level
in p+p collisions at 2.76 TeV identiÞed via the anti-kt al-
gorithm, as implemented in FastJet 3.0.3 [8]. Since the
resolution power of the medium depends upon the ge-
ometry encountered by the jet, we have embedded these
events into an evolution model for the plasma. Each
event was assigned a production point in the transverse
plane according to theNcoll distribution in the Glauber

Casalderrey, Mehtar-Tani, Salgado, Tywoniuk   1210.7765 

at present, only MC implementation is that of Hybrid



• energy loss probability [quenching weight] for 2-prong object is convolution of 
energy loss of total charge with resolved colour singlet dipole

energy loss of a 2-prong object :: building up a jet

K. Tywoniuk (CERN) Quark Matter 2018

QUENCHING WEIGHTS 2.0

¥ energy loss off dipole created by collinear splitting

¥ highlights important role of interferences

¥ two-prong QW in the large-Nc limit convolution of 
quenching of total charge & resolved color singlet 
dipole

 5
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[p 2=m 2]  the mother parton ÔvirtualityÕ  

:: determines vacuum-like branching dynamics and, to a large extent the multiplicity of 
candidate resolvable structures 

[ ! med ]  the evolving QGP scale 

:: determines what within the jet can be resolved, and thus interacted with independently 

[r t ]  evolving distances between jet constituents 

:: to be compared locally with medium scale  

scale summary



• implemented very differently in different approaches where it is essential for 
description of some observables [FF, jet shapes, z J, É] 

JEWEL :: recoil partons free-stream :: hadronized jointly with jet 

LBT/MARTINI :: recoil partons transported :: hadronized separately 

CoLBT :: sources further hydro evolution :: hadronized separately 

Hybrid :: fully thermalized wake :: hadronized separately 

• links jet quenching to physics of thermalization :: how a QGP converts external 
perturbations into more QGP

medium response
! is an unavoidable component of a jet

! relative importance is observable dependent



medium response
plenty of data available

10 8 Summary
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Figure 3: The distribution of jet-correlated charged-particle tracks as a function of ! r in pp
(top left) and PbPb (middle row) collisions. The PbPb results are shown for different centrality
regions. The bottom row shows the difference between the PbPb and pp data. The intervals
in ptrk

T are indicated by the stacked histograms. The inclusive points (0.7 < ptrk
T < 20 GeV)

are shown by open white circles. The grey bands surrounding these points show the total
systematic uncertainties.

Note that for the 2.76 TeV data, shown in Fig. 2 of Ref. [14], the PbPb/pp jet shape ratios for
leading jets at large ! r are larger than those shown for inclusive jets from 5.02 GeV in Fig. 6
of this manuscript. This is mainly because the jet shape in the 2.76 TeV pp reference data falls
more steeply as a function of ! r than at 5.02 TeV, resulting in a larger value for the 2.76 TeV
ratio even though the magnitude of the modiÞcation effects is similar at the two energies. This
difference in the shape of the two pp reference samples is also present in the PYTHIA simulation,
where the effect is due to differences in the relative fraction of quark and gluon jets at the two
energies.

8 Summary

In this paper, measurements are presented of the modiÞcations to charged-particle track yields
and jet shapes in PbPb collisions with respect to pp collisions using data collected with the
CMS detector at the LHC at a nucleon-nucleon center-of-mass energy of

!
sNN = 5.02 TeV. The

correlations of charged particles having transverse momentum ptrk
T > 0.7 GeV and pseudo-

rapidity |! | < 2.4 with the jet axis of jets having pT > 120 GeV and |! | < 1.6 are studied.

1803.00042

how important is 
contamination from 
uncorrelated background?

3

FIG. 1: Energy density (GeV/fm 3) and ! -jet evolution in
the transverse plane at " s = 0, # = 2 .0 (a,b) and 4.8 fm/ c
(c,d) in a 0-12% central Au+Au collision at

!
s = 200 AGeV.

Straight (wavy) lines represent partonsÕ (photon) momenta.
Hydrodynamic background from the same event without ! -jet
is subtracted in the right panels.

Cooper-Frye freeze-out. In this study, we use the ideal
version of CLVisc. Final results on hadron spectra from
jet-induced medium excitation are not very sensitive to
the value of the shear viscosity and will be discussed in
detail in a future publication on CoLBT-hydro.

To illustrate jet transport and jet-induced medium ex-
citation in CoLBT-hydro simulations we show in Fig. 1
transverse distributions of the energy density at two dif-
ferent time ! = 2 .0 (upper panels) and 4.8 fm/c (lower
panels) in a 0-12% central Au+Au collision at

√
s = 200

AGeV with a " -jet that is produced at the center of
the overlap region. The (wavy) straight lines represent
the momenta of (" ) hard jet shower partons. The left
panel is from CoLBT-hydro simulation with a " -jet. The
Mach-cone-like jet-induced medium excitation including
the di! usion wake (depletion of energy density behind
the jet) is clearly seen in the right panels where the same
bulk medium evolution without the " -jet is subtracted.

" -hadron correlation. ModiÞcation of " -hadron cor-
relations has been proposed as a good probe of parton
energy loss in QGP medium [6] since direct photons can
be used to better measure the initial jet energy. We carry
out the Þrst study of jet quenching with CoLBT-hydro as
well as jet-induced medium excitation through " -hadron
correlations in high-energy heavy-ion collisions.

We use Pythia8 [52] to generate initial jet shower par-
tons for " -jet events in p+p collisions. These partons
start to interact with the medium in CoLBT-hydro after

FIG. 2: (a) ! -triggered jet fragmentation functions in p+p
and 0-12% Au+Au collisions at

!
s = 200 AGeV and (b) the

modiÞcation factor as compared to STAR data [53]. Results
without medium excitation (m.e.) are shown in dashed lines.

their formation time ! f = 2 p0/p 2
T or the QGP forma-

tion time ! 0 whichever later. The initial position of the
" -jet is sampled according to the spatial distribution of
binary hard processes from the same AMPT event that
provides the initial condition for the bulk medium evo-
lution. The Þnal hadron spectrum per " trigger, deÞned
as the " -triggered fragmentation function,

D (z) =
dNh

dz

∣

∣

∣

∣

LBT
+

dNh

dz

∣

∣

∣

∣

w/ jet

hydro
−

dNh

dz

∣

∣

∣

∣

no/ jet

hydro
, (4)

z = ph
T /p !

T , is the sum of hadron spectra from LBT
and CLVsic in CoLBT-hydro minus the background from
CLVisc with the same initial condition but without " -jet.

Shown in Fig. 2(a) are CoLBT-hydro results for the
" -triggered fragmentation functions in p+p and 0-12%
central Au+Au collisions at

√
s = 200 AGeV and

(b) the corresponding modiÞcation factors I AA (z) =
DAA (z)/D pp(z) for 12 < p !

T < 20 GeV/c within pseudo-
rapidity |#| < 1 and azimuthal angle |" $! h − %| < 1.4.
A constant background in the hadron yield from LBT is
subtracted using the zero-yield-at-minimum method as in
the experimental analyses. CoLBT-hydro describes well
the STAR experimental data [53] on suppression of lead-
ing hadrons at intermediate and largez due to energy
loss of hard partons within LBT. Soft hadrons at small z
are signiÞcantly enhanced due to contributions from jet-
induced medium excitation. The only parameter that
controls parton energy loss in LBT is the strong coupling
constant which we choose&s = 0 .3 to Þt the STAR data.

Chen, Cao, Luo, Pang,Wang  1704.03648



what does jet interact with?
hydro paradigm QGP is a strongly coupled fluid no quasiparticles 

• full holographic ÔjetsÕ 

• strong/weak coupling hybrid  

jet-fluid interaction



• underlies pQCD based calculations 

! BDMPS-Z, [D]GLV, AMY, HT, SCETG 

• and their MC implementations, regardless of 
sophistication of simulated QGP  

! HIJING, Q-PYTHIA, PYQUEN, CUJET, 
JEWEL, MARTINI, LBT, CoLBT, JETSCAPE

what does jet interact with?
hydro paradigm QGP is a strongly coupled fluid no quasiparticles 

• full holographic ÔjetsÕ 

• strong/weak coupling hybrid  

jet-fluid interaction

phenomenological success claimed in both cases

jet--[quasi]particle interaction

however,



what does jet interact with?
• success of approaches reliant on interaction with QGP quasiparticles is 

conceptually challenging 

• account of v n coefÞcients in kinetic theory [which implies a larger ! /s than that 
extracted from hydro] may provide a solid theoretical underpinning to 
quasiparticle structure of QGP 

• É and incidentally challenge the hydro paradigmÉ 

Kinetic transport is needed to reliably extract shear viscosity from pA and AA data.

Aleksi Kurkela,1, 2, ! Urs Achim Wiedemann,1,   and Bin Wu 1, à

1Theoretical Physics Department, CERN, CH-1211 Genève 23, Switzerland
2Faculty of Science and Technology, University of Stavanger, 4036 Stavanger, Norway

The azimuthal anisotropies vn of particle spectra measured in proton-nucleus (pA) and nucleus-
nucleus (AA) collisions play a key role in constraining QCD matter properties like the shear viscosity
over entropy density ratio ! /s . Here, we compare calculations ofvn Õs from viscous ßuid dynamics
and from kinetic transport which start both from the same initial conditions and which implement
the same matter properties. We observe that both approaches lead to parametrically di ↵erent ! /s -
dependencies of the elliptic anisotropy v2 and they may thus lead to quantitatively di ↵erent results
for the phenomenologically inferred value of ! /s . The parametric di ↵erences can be traced to the
boost-invariant longitudinal expansion of pA and AA collisions which induces in ßuid dynamic
results of the ! /s -dependence ofv2 a dominant sensitivity on the initial conditions. Transport
theory is free of this problem and it accounts for the order of magnitude of experimentally observed
signal strengths vn with sizeable mean free path.

Ultra-relativistic nucleus-nucleus (AA) and proton-
nucleus (pA) collisions display remarkably large signa-
tures of collectivity, in particular in the hadronic trans-
verse momentum spectra and their azimuthal asymme-
tries [1Ð6]. To infer from these data properties of the
ultra-dense and strongly expanding QCD matter in the
collision region, a dynamical modelling of collectivity is
indispensable. From comparing ßuid dynamic models to
data, one generally infers matter properties consistent
with a perfect ßuid that exhibits minimal dissipation
(minimal shear viscosity over entropy ratio, ⌘/s) [7, 8].
In marked contrast, transport models can account for
the same signals of collectivity with material properties
that allow for signiÞcant mean free path, thus exhibiting
non-minimal dissipation [9Ð15].

Many microscopic models with boost-invariant lon-
gitudinal dynamics satisfy hydrodynamic constitutive
equations in situations signiÞcantly out-of-equilibrium,
an observation dubbed Òhydrodynamization without
thermalizationÓ[16Ð21]. Ultra-relativistic pA and AA
collisions realize such out-of-equilibrium scenarios since
they are initiated with a highly anisotropic momentum
distribution. Here, we ask as a function of system size
which dynamical description of collectivity is required to
extract for such longitudinally boost-invariant systems a
quantitatively reliable estimate of ⌘/s from the azimuthal
asymmetriesvn measured in pA and AA collisions. Is a
full transport calculation needed or is the study of the
ßuid dynamic limit su ! cient to extract a reliable value
of ⌘/s from vn ?

We address this question in a two-pronged approach.
First, we calculate azimuthal asymmetries from a sim-
ple but generic transport model in which the e" ects of
collisions are accounted for by a single Þnite isotropiza-
tion time. Second, we evolve the same initial conditions
with viscous ßuid dynamics. The comparison of both ap-
proaches will reveal marked di" erences whose origin we
clarify.

Our study focusses on azimuthal asymmetriesvn of the
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FIG. 1: The linear response coe�cient v2/ "2 as a function
of the transverse system size R in units of the mean free
path, calculated for a longitudinally boost invariant dynam-
ics from transport theory (thick black line). The full re-
sult is compared with ideal (blue dashed line) and viscous
ßuid dynamics with di ↵erent values of ! /s (green dashed
lines) as well as with expansion of transport theory to Þrst
order in interactions (red dashed lines). The full trans-
port result approaches the ideal ßuid dynamics result but
the approach is not captured by the viscous ßuid dynam-
ics. Results of transport theory depend solely on the variable
ö# = R3/ 4#( $0%0)1/ 4 where ! /s = 0 .11/ #. In contrast, results
of viscous ßuid dynamics are almost insensitive to R but vary

signiÞcantly with ( ! /s )
⇣

1/ $1/ 4
0 %0

⌘
Ñ results shown are ini-

tialized at %0=0.26fm, $0 = 1000fm�4, and with R = 2 ! 12fm.

transverse energydE" that are trivially obtained from
those of measured particle spectradN , but that do not
depend on a hadronization prescription,

dE"

d⌘sd�
⌘

!
dp

2
"

p" dN

dp2
" d⌘sd�

=
dE"

2⇡d⌘s

"

1+2
##

n =1

vn cos(n�)

$

.

(1)
To determine dE" , we evolve the energy-momentum ten-
sorT µ ! of the system to late times, either with transport
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• compare Gaussian distribution of kicks [no quasiparticles] with perturbative tail [quasiparticles] 

• large kicks [Moli•re scattering] are rare but not exponentially so  

• where to look? 

• energy distribution within and around jet [medium response depends on nature of QGP] 

• change of acoplanarity distribution [in di-jet, " /Z-jet, hadron-jet] 

• multiple effects may make it very hard to see [a lesson from the Hybrid model]

finding quasi-particles in QGP
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Figure 7 . Comparison ofP (! ) for "incident gluon", "incident quark" with ÒArnold-DoganÓ (AD)
results and Gaussian distribution (GA). Left: pi /T = 100. Right: pi /T = 25.

Figure 8 . Probability that a hard gluon is showing up a angle greater than! min after propagating
in the QGP for time T . We show results for three different values ofpi /T = 100, 50, 25 in red,
blue and green curves respectively. Solid and dashed curve plot results withp > 10T and p > 20T
respectively. Right: in log scale.
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To this point, ( 2.4) applies to a large class of initial parton distribution. Since we are
considering an incident parton with energy pi and this parton can be either a gluon or
quark, the corresponding initial distribution reads:

f a(p, t I ) =
÷! a,A

" A
f I (p!) , A=G, Òincident gluonÓ; Q, Òincident quarkÓ, (2.7)

where we introduced:

f I (p!) ! #I

!
(2$)2

p2
i

"

!
#
p! " pi

$
!

#
cos%! " 1

$
, (2.8)

where %! is the angle respect to the direction of the incident parton, and where the degen-
eracy factor of di! erent types of parton is deÞned as:

" G = " g = 2
#
N 2

c " 1
$

, " Q = 2 Nf " q = 2 Nf Nc . (2.9)

For the case of Òincident quarkÓ, we have assumed that Òincident quarkÓ could equally be any
species of quarks/antiquarks. The normalization of (2.7) is determined from the deÞnition
of initial hard parton density #I , i.e.,

%

a

" a

&

p!
f a(p!, t I ) = #I . (2.10)

We now ready to obtain f a(p; t) or f a(p,%, t) by substituting initial distribution ( 2.7)
into ( 2.4) and subsequently obtainF A;B (p,%) from (2.1):

F A;B (p,%) =
'

&
#I T

(
J (p,%)

%

process

÷! a,A

&

p! ,k ! ,k

' )
)
) M c d" a b

#
p!, k !; p, k

$ )
)
)
2
/g 4

(
1

1 + ! c,d

#
*
÷! c,B f I (p!) nd(k!) + ÷! d,B f I (k !) nc(p!)

+
[1 ± nb(k)]

1
" B

. (2.11)

Here, we introduce a dimensionless parameter (or a better one):

& ! g4 T T , (2.12)

the parameter of which F A;B (p,%) and consequentlyP(%) and N (%min ) is proportional to.
(2.11) is the main result of this section.

In Sec.3, we will present details on the evaluation ofF A;B (p,%) from (2.11). Our Þnal
numerical results are given in Sec.4. We note once again that (2.4) is valid as far as T
is much shorter than the typical collision time that a binary collision will occur in a weak
coupled QGP. This will be true for a su" ciently large %and we will Þnd a suitable%min so
that our assumption is valid.

3 Computational details

3.1 Summation over different processes

In this subsection, we will explain how to perform the summation over di! erent pro-
cesses in (2.11) explicitly. Since for each binary collision, the square of matrix element

Ð 7 Ð

DÕEramo, Lekaveckas, Liu, Rajagopal      1211.1922   
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Figure 1 . To be replaced with a newer one.

1 Introduction and summary

Yi starts editing here
We “shoot” a test energetic parton through a static quark-gluon plasma (QGP) with

initial energy pi and consider F (p, ! ), the phase distribution of an outgoing hard parton
with energy p and angle ! relative to the direction of the incident hard parton (c.f. Fig. 1).
The distribution F (p, ! ) is normalized as

! !

" min

d!
! !

pmin

dp F (p, ! ) = N (! min ) , (1.1)

where N (! min ) denotes number of outgoing hard partons in a specific region of the phase
space ! � ! min , p � pmin . We have introduced a somewhat arbitrary hard energy scale
pmin � T to refer a parton p > pmin as the hard parton and p < pmin as the medium
parton. We will specify pmin as needed in Sec. 4. F (p, ! ) will depend on T , the time since
the incident parton entering the QGP as well as the energy of the incident parton pi , but
we will keep such dependence inexplicit until we discuss them in Sec. 2.

The computation of F (p, ! ) in a weakly coupled QGP is clearly a multiscale problem
and there are several di! erent phase space regions where F (p, ! ) is governed by di! erent
processes, as discussed schematically in Ref. [1]. We specifically focus here on the region
that the angle ! is such large that dominant process is the binary collision between the
incident hard parton and medium parton (scatterers in the medium). For su" cient large ! ,
the contribution from multiple scattering is not relevant since one single collision is more
likely to give a large angle than several collisions together. We therefore focus on the e! ects
induced by a single binary collision:

incident parton + target medium parton ! outgoing parton + X . (1.2)

The outgoing hard parton as well as X in (1.2) can be either the deflected incident parton
or the medium recoil parton. F (p, ! ) describes the energy and momentum transfer of the
incident parton to the medium and contains information about the nature of the scatterers
in QGP.

Previously, ...
In this work, we shall evaluate F (p, ! ) for su" ciently large ! by following the standard

method of perturbative QCD. We then determine angle distribution P(! ) of an outgoing

– 3 –

Gyulassy QM18
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• all included mechanisms are concurrent 

• dynamical decision on what happens when  

! Q-PYTHIA, JEWEL, Hybrid, and [by 
construction] analytical calculations

modelling

prosecco bitter soda ice garnish approaches

spritz approaches

• sequential deployment of included mechanisms 
[shower then transport, etc.] 

• requires matching scales [added uncertainty?]  

! MARTINI, LBT, CoLBT, JETSCAPE [in principle 
allows for concurrency] 

• can it be justiÞed? do different mechanism 
factorize?



• no presently available model or calculation includes all known and potentially relevant mechanism 
underlying in-QGP jet modiÞcation 

• successful data description leads to diverse conclusions in different models  

• need to justify observable lack of sensitivity to missing ingredients for robust conclusion

robust conclusions from agreement with data

Chien, Vitev 1608.07283

Mehtar-Tani, Tywoniuk 1610.08930

Chang, Cao, Qin 1707.03767

Milhano, Wiedemann, Zapp 1707.04142

modified splitting kernel [SCET G]

coherent+decoherent induced-radiation [BDMPS]

coherent+decoherent induced-radiation [HT]

inelastic and elastic eloss + medium response

!

! zg =
(p! , , p! , )

p! , + p! ,

! p(zg) =
P(zg) + P( ! zg)

! /
z z P(z) + P( ! z)

! (zg ! z )

zg =
min(p! ,1, p! ,2)

p! ,1 + p! ,2
zg > 0.1



• observe different modiÞcation of light and heavy-quark jets via substructure of heavy-quark tagged 
jets

better observables

Li, Vitev 1801.00008

!

! zg =
(p! , , p! , )

p! , + p! ,

! p(zg) =
P(zg) + P( ! zg)

! /
z z P(z) + P( ! z)

! (zg ! z )

zg =
min(p! ,1, p! ,2)

p! ,1 + p! ,2
zg > 0.1

extracting QGP properties with jets is all about understanding the specific sensitivity of observables
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FIG. 2: Distribution of zg and its modiÞcation for recoil and
trigger jets at

!
sNN = 200 GeV Au+Au collisions. The up-

per panel compares the theoretical predictions for the recoil
jet to the preliminary STAR data [15]. The middle and bot-
tom panels show the predictions and measurements for the
modiÞcation of recoil and trigger jets, respectively.

Next, we turn to the jet momentum sharing distribu-
tion modiÞcation in Au+Au collisions at RHIC. Non-
perturbative e! ects should be more important at lower
center-of-mass energies. However, we Þnd that in the
normalized p(zg) distribution and, especially, in the ra-
tio pAuAu (zg)/p pp (zg) the sensitivity to non-perturbative
physics is reduced. Figure 2 compares the MLL jet
splitting functions for trigger the recoil jets in p+p and
Au+Au collisions at

!
sNN = 200 GeV to measurements

from the STAR collaboration [15]. The theoretical cal-
culations in heavy ion collisions take into account the ge-
ometric bias due to triggering and the slightly di! erent
0-20% centrality in comparison to the LHC results. Both
of the splitting functions and the modiÞcation for the re-
coil jet are in good agreement with data. As we can see,
both the MLL results and the measured modiÞcations
are smaller that those at the LHC. The bottom panel of
Fig. 2 compares our calculation and the measurement for
the trigger jet and they are consistent within experimen-
tal uncertainties.

Predictions for the momentum sharing distribution ra-
tios for heavy ßavor tagged jets in Au+Au to p+p col-
lisions at

!
sNN = 200 GeV are presented in Fig. 3. We

consider 10< p T,j < 30 GeV where our analysis suggests
that heavy quark mass e! ects on parton shower forma-
tion are the largest, especially for bottom quarks. For
c " cg, the p(zg) modiÞcation in the QGP is similar to
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FIG. 3: The modiÞcations of the splitting functions for heavy
ßavor tagged jet at

!
sNN = 200 GeV Au+Au collisions. Note

the strong quenching e! ects for prompt b-jets contrasted by
the lack of QGP-induced modiÞcation for the g " Q øQ split-
ting.

the one for light jets, however, the b " bg channel ex-
hibits much larger in-medium e! ects. This unique rever-
sal in the mass hierarchy of jet quenching e! ects2 stems
from the way in which the mass terms in the splitting ker-
nels Eqs. (2)-(4) alter the longitudinal z dependence of
parton branching. Namely, if k2

! # z2
gm2 this Q " Qg

distribution is considerably steeper that the one for light
partons [5] amplifying the pAA (zg) versus theppp (zg) dif-
ference. Conversely, when thek2

! # m2 the z depen-
dence in theg " Q øQ channel is approximately constant,
leading to no nuclear modiÞcation. This can be clearly
seen in the bottom panel of Fig. 3.

Conclusion. In this Letter, we presented the Þrst re-
summed calculations of the soft-drop groomed momen-
tum sharing distributions in heavy ion collisions in the
framework of recently developed e! ective theories of light
parton and heavy quark propagation in the dense QCD
matter. For light jets, the modiÞcation of this observ-
able in Au+Au and Pb+Pb reactions agrees well with
the recent experimental measurements over a wide range
of center-of-mass energies, validating the theoretical ap-
proach. The most important advances reported in this
work, however, relate to heavy ßavor tagged jets. We
demonstrated that jet splitting functions are especially
sensitive to heavy quark mass e! ects on parton shower

2 We have checked that in the soft gluon emission limit parton
energy loss ordering ! E rad

b < ! E rad
c < ! E rad

u,d < ! E rad
g holds.

a very interesting idea!



• inject time delayed [top decay + W decay + qqbar coherence] probes in QGP  

• reconstructed W mass will be quenched but less so the longer the delay 

• requires large luminosity, but within reach at LHC with lighter ion runs

another interesting idea
probe time-dependence of QGP properties
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FIG. 4. Dependence of the reconstructed W mass on the
reconstructed top pt for HE-LHC (left) and FCC (right) col-
lisions. The quenched result corresponds to baseline full mod-
iÞcation of the pp results, which would in practice be obtained
using knowledge of quenching from other measurements.

obtain when we carry out Þts for a large number of replica
pseudo-experiments. Two of the bands are independent
of the PbPb luminosity: the top, unquenched band, cor-
responds to the result that would be obtained by embed-
ding 2 fb! 1 of pp (unquenched) data into minimum-bias
PbPb events. The bottom band is obtained by a similar
procedure, but with the pp jetsÕ particles simply scaled
down by the quenching factor Q0, i.e. by the quenching
factor that would be expected if the W decay products
were present and started interacting from time 0. In a
real experiment, the corresponding scaling factor could
be obtained by measuring quenching in another quark-
jet dominated process (e.g. with! +jet or Z +jet balance),
as a function of the jet pt .

For short values of the e! ective medium lifetime, "m ,
the mÞt

W result is close to the unquenched result. This re-
ßects the fact that the W decay products start interacting
only towards the end of the medium lifetime. For larger
values of "m they instead still see most of the medium
duration, and most of the quenching. A very short-lived
medium, "m = 1 fm /c , could be distinguished from the
full quenching baseline at the LHC with its currently ap-
proved L PbPb = 10 nb! 1. However, to distinguish larger
values of "m would require either higher luminosities or
higher energies. This is illustrated in the right-hand plot
of Fig. 3 for a future HEÐLHC (

!
sNN = 11 TeV), where

the tøt cross section is 6 times larger.

At higher-energies it becomes advantageous to explore
the preco

t, top dependence ofmÞt
W , illustrated in Fig. 4 for the

HEÐLHC and the FCC (
!

sNN = 39 TeV). For each bin
of preco

t, top , the upper axis shows the corresponding aver-
age "tot . For a given band of "m , when preco

t, top is large
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FIG. 5. The maximum medium quenching end-time, ! m , that
can be distinguished from full quenching with two standard
deviations, as a function of luminosity for di ↵erent collider
energies and species. For the KrKr points, the L KrKr value
that is used is equal to L PbPb á(APb /A Kr )2, i.e. maintaining
an equal number of nucleonÐnucleon collisions.

enough so that ""tot # ! "m , the band merges with the
unquenched expectation. Thus the shape of thepreco

t, top
dependence gives powerful information on the medium
time-structure.2

Fig. 5 shows our estimate of the maximum"m that
can be distinguished at two standard deviations from the
baseline full quenched result, for di! erent colliders as a
function of L PbPb . The number of standard deviations
takes into account the statistical uncertainty of mÞt

W , for
both the actual heavy-ion data and a reference sample
as well as an additional 1% systematic uncertainty (see
supplemental material and Refs. [20, 34]). The reference
sample is obtained using the same procedure as for the
bottom bands in Figs. 3 and 4, i.e. using 2 fb! 1 of pp
events with a rescaling of particle momenta by a factor
Q0 and inclusion of underlying-event ßuctuations.

For each collider luminosity and energy the results are
obtained by choosing apreco

t, top cut so as to maximise the
signiÞcance. We have veriÞed that if we increase the
ßuctuations, #pt , the required luminosity scales as#2

pt
,

in line with expectations.
Lighter ions such as Kr are potentially promising, de-

spite their smaller quenching e! ects [35], because of the
potential for order-of-magnitude higher e! ective inte-
grated nucleon-nucleon luminosities [36, 37]. They are
discussed further in the supplemental material.

To conclude, in this work we have shown that the study
of top quarks and their decays has a unique potential to

2
The unquenched and baseline-quenched bands also have a preco

t, top
dependence, induced by the underlying jet and muon pt cuts,

as well as di↵erent amounts of final-state radiation outside the

R = 0.3 jet as a function of preco
t, top .

Apolin‡rio, Milhano, Salam, Salgado 1711.03105



• b-jets from Higgs decay not quenched [ #Higgs ∼ 47 fm/c] but other b-jets are 

• signal cleaner than in pp 

• requires huge luminosity 

• conceptually open a path for jet quenching as a tool for [B]SM processes [searches]

and one more
jet quenching as fake suppressant to study H$ b bbar Berger, Gao, Jueid, Zhang 1804.06858

3

parametrized as

! (pT ) =

!

C2 +
S2

pT
+

N 2

p2
T

. (3)

Representative values of theC, S, and N parameters
from CMS for di! erent centrality classes in PbPb colli-
sion can be found in [26] and are used in our calculations.

The transverse momentum imbalance inZ boson plus
jet production was measured recently by the CMS col-
laboration in PbPb collisions at

!
sNN = 5 .02 TeV as a

hard probe of jet quenching [34]. Following the analysis
in [34], we plot in Fig. 1 distributions of the ratio of the
transverse momentaxjZ = pjet

T /p Z
T normalized to the

rate of inclusive Z boson production, wherepjet
T is the

transverse momentum of the leading jet. In the plot on
the left side of Fig. 1 we show predictions from the Monte
Carlo program Jewel 2.0.0 [32] for the centrality class
0-10%. A prediction without jet quenching (vacuum) is
also shown, obtained fromPythia 6.4 [35] incorporated
in Jewel 2.0.0. We turn on only the hard matrix ele-
ments for quark Þnal states. The initial temperature of
the QGP is set to 590 MeV [36]. A shift to lower values is
seen in the distribution as quenching is increased, as well
as a reduction of the event rate. For comparison with
the Jewel prediction, we also show predictions obtained
by applying our simpliÞed quenching models to the vac-
uum calculation on a event-by-event basis. The folded
result with strong quenching is in good agreement with
the Jewel result. In the plot on the right of Fig. 1 we
compare our folded results with the CMS data measured
for centrality class 0-30% [34]. The baseline vacuum pre-
diction is from Pythia 8 [37] with both gluon and quark
Þnal states included; the latter contributes more than
80% of the total production rate. The CMS data disfavor
the vacuum prediction. The three simpliÞed quenching
models are consistent with current data.
Signal and backgrounds. We consider the signal pro-
cess PbPb" ZH " "+ "! bøb, in the 0-10% centrality
class, with " = e, µ for which the QCD backgrounds are
highly suppressed. We simulate the signal and back-
grounds at leading order using sherpa 2.2.4 [38] in-
cluding parton showering and hadronization, and with
nCTEQ15 PDFs[20]. The dominant SM backgrounds are
Zbøbproduction and tøt production with leptonic decays of
top quarks. Other SM backgrounds including those from
production of Z plus light ßavors are signiÞcantly smaller
and are ignored. We normalize the total cross sections
of the signal to the NNLO values in Table I, and of the
tøt background to the NNLO predictions with resummed
corrections from Top++2.0 [39, 40], times the relevant
centrality factors. The Monte Carlo events are passed to
Rivet [41] for analysis with an anti-kT jet algorithm as
implemented in Fastjet [42] and a distance parameter
of 0.3. Jet quenching and jet energy resolution are ap-
plied according to Eqs.( 2) and ( 3). We use pre-selection

cuts similar to those in the CMS heavy-ion analysis [34],

p!
T > 15 GeV, |#! | < 2.5, " R!! > 0.2,

pj
T > 30 GeV, |#j | < 1.6, " Rj ! > 0.3. (4)

We select events in the following signal-like region

¥ A pair of same-ßavor opposite-sign charged leptons
with invariant mass |m!! # mZ | < 10 GeV;

¥ Exactly two jets, both b-tagged, with separation
" Rbb < 2.0;

¥ The transverse momentum of the reconstructed
vector bosonpZ

T $ p!!
T > 100 GeV.

We assume ab-tagging e# ciency of 80%, better than that
achieved in the CMS analysis [24], but expected in future
runs. The requirement of large pZ

T can suppress thetøt
background e# ciently.

FIG. 2. Distributions of the ratio of the transverse momenta
of the pair of b-jets and the Z boson for PbPb collision with!

sNN = 5 .5 TeV and centrality class 0-10%, after basic se-
lections. For the nominal case both backgrounds are strongly
quenched while the signal in unquenched. The distribution
for a quenched signal is also shown as a comparison. TheZbøb
result has been multiplied by 0.2.

The analysis so far follows Ref. [22]. As mentioned ear-
lier, di ! erent quenching properties of the signal and back-
grounds lead to further separation in certain variables.
Separation is illustrated in Fig. 2 for the ratio x = pbøb

T /p Z
T

of the transverse momenta of the reconstructedbøb pair
and the Z boson. We apply the strong quenching model
on the two backgrounds and the signal is vacuum-like.
The backgrounds tend to peak in the region of smallerx
since both of the b-jets lose a fraction of their energies.
In Fig. 2, we also show the result for the extreme case
in which the b-jets in the signal process are also strongly
quenched. In this case, besides the shift of the peak, the
signal normalization is also reduced since moreb-jets fall
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below the pT threshold. Not shown here, we find that
the transverse momentum of the leading-jet shows sim-
ilar separation power, and it is strongly correlated with
x.

FIG. 3. Distributions of the invariant mass of the pair of
b-jets after all selections, similar to Fig. 2.

To establish the discovery potential of the signal we
demand events with x > 0.75 and pT > 60 GeV for the
leading-jet. The invariant-mass distribution of the two
b-jets M bøb is shown in Fig. 3 after all selections. The
dominant background is Zb̄b, and the signal exhibits a
clear peak near the Higgs boson mass. The large width
of the signal reflects the e↵ects of jet energy smearing.
In Fig. 3 we also display the signal distribution for the
case of strong quenching. It shows a much weaker peak
at lower mass.

FIG. 4. Expected signiÞcance of the Higgs boson signal as
a function of ion luminosity for PbPb collisions at LHC, HE-
LHC, and FCC- hh. Results for the case of a quenched signal
are also shown for comparison.

We use the log-likelihood ratio q0 [43] as a test-statistic
to calculate the expected significance of the signal based
on the M bøb distribution, as a function of the integrated lu-
minosity of the collision program. The results are shown
in Fig. 4 and in Table II. For the LHC, a 5(3)� dis-
covery(evidence) requires a total ion luminosity of about
16(5.9) pb! 1 in PbPb collisions, larger than the pro-
jected LHC luminosity [44]. The numbers are 11(4.0)
pb! 1 for PbPb collision at HE-LHC. The significance
if the signal is also quenched are much lower than the
nominal case shown in Fig. 4. The results for alterna-
tive quenching models and for no quenching of the back-
grounds are summarized in Table II. The improvement
in signal-background discrimination from jet quenching
is clear.

TABLE II. Ion luminosity required to reach 5 ! signiÞcance
for the signal for di ↵erent models of jet quenching and col-
lision energies. Numbers in parenthesis correspond to a 3!
evidence.

lumi.(pb ! 1) strong medium mild vacuum

LHC 16(5.9) 27(9.8) 26(9.3) 48(17)

HE-LHC 11(4.0) 20(7.2) 20(7.2) 34(12)

FCC-hh 8.0(2.9) 14(5.0) 14(5.0) 23(8.2)

Discussion. The long lifetime of the Higgs boson rela-
tive to the typical time scale of the QGP makes it plausi-
ble that the strong decay products of Higgs bosons pro-
duced in heavy ion collisions escape the QGP medium
una↵ected. On the other hand, QCD backgrounds will
be attenuated by jet quenching. These features open the
possibility of enhanced ratios of signal to backgrounds.
We demonstrated these ideas with the specific example
of associated ZH production in PbPb collisions at var-
ious colliders using simplified models of jet quenching.
The integrated luminosities needed for an observation
of the signal are ⇠ 10 pb! 1. Improvements can be ex-
pected through the use of multi-variate analysis strate-
gies and information on jet shapes [45–48] expected to
be di↵erent for quenched and unquenched jets. It will
be interesting to investigate the potential of other pro-
duction channels of the Higgs boson with larger cross
sections [14, 15, 49, 50].
There are issues to be addressed to convert these con-

cepts into a quantitative tool. We used di↵erent mod-
els to estimate to some degree the uncertainties in jet
quenching, but better understanding of the mechanism of
quenching is required to improve the modeling of the SM
backgrounds, in conjunction with possible data-driven
studies. A related question is whether the Higgs boson
and its decay products su↵er medium-related e↵ects. In
other words, does the Higgs boson propagate freely in the
medium? Is the Higgs lifetime su�ciently long that the
decay b-jets spend no appreciable time in the medium?



• jet modiÞcation is the QGP hallmark  that has not been observed in smaller systems 

• no QGP in small systems? 

• very small effect :: need dedicated observables 

• analytical understanding and MC implementation of in-QGP jet dynamics advanced 
signiÞcantly over the last few years  

• increased meaningfulness of theory/data comparisons  

• however, Ôall-dynamicsÕ approach  still not available 

• access to rare processes [eg, top quark production] and conÞgurations [eg, very 
asymmetric dijets], and increased precision in key observables [eg, Z-jet] within reach 
via lighter ion runs

outlook


