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The quark-gluon plasma
Creating and probing the properties of the quark-gluon plasma

Quarks & gluons are confined in hadrons in ordinary matter. Heavy-ion collisions deposit huge
energy in a finite region, creating quark-gluon plasma (QGP) medium for �x ,�⌧ ⇠ 10 fm.

ALICE event

Only see final state.

What are medium’s properties?

The created QGP demonstrates hydrodynamic and near-equilibrium behaviors
! we can learned a lot long-wave length properties ⌘/s, ⇣/s, · · ·

We still need additional probes to test its microscopic structures.
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Figure 1.4: Lattice QCD calculation of several thermodynamic quantities including "
T 4 vs.

T , which exhibits a rapid rise in the degrees of freedom near a crossover temperature Tc

[10].

1.3.1 A strongly coupled relativistic fluid

When we heat up QCD matter, deconfinement is achieved as the hadronic bound states are

melted. But there are two crucial questions that must be answered if we are to understand

the nature of hot QCD matter. First, what is the structure of deconfined QCD matter at

a given T? Does it consist of individual quarks and gluons, or are there quasi-particles,

such as screened color centers (e.g. “dressed” quarks or gluons) or perhaps more exotic

structures, which are the relevant constituents of the system? If quasi-particles do exist

at certain T , at what T do they melt? And what is the structure of QCD matter during

the transition? This is a particularly tantalizing question, since it may give us a view of

the mechanism of confinement. Second, what is the coupling in the quark-gluon plasma

at a given T? This of course depends on the first question – the coupling between what?

In the limit of ultra-high temperatures, where we expected to have individual partons, we

expect the coupling in the quark-gluon plasma to become weak, since momentum transfers

between partons become large and we obtain asymptotic freedom. But what is the case at

T that have been measured experimentally, up to ⇡ 3�4 Tc? And if there is a quasi-particle

12
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36 9. Quantum Chromodynamics

world average, we first combine six pre-averages, excluding the lattice result, using a ‰
2 averaging

method. This gives
–s(M2

Z) = 0.1176 ± 0.0011 , (without lattice) . (9.24)

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
In order to be conservative, we combine these two numbers using an unweighted average and take
as an uncertainty the average between these two uncertainties. This gives our final world average
value

–s(M2
Z) = 0.1179 ± 0.0010 . (9.25)

�s(MZ
2) = 0.1179 ± 0.0010

� s
(Q

2 )

Q [GeV]

� decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)

e+e- jets/shapes (NNLO+res)
pp/p-p (jets NLO)

EW precision fit (N3LO)
pp (top, NNLO)
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Figure 9.5: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

This world average value is in very good agreement with the last version of this Review, which
was –s(M2

Z
) = 0.1181 ± 0.0011, with only a slightly lower central value and decreased overall

6th December, 2019 11:50am

PDG RPP (2019)
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ε
T4 ∝ degrees of freedom

Lattice QCD

HRG: Hadron resonance gas

pressure

energy density

entropy density

p =
ε =
s =

If we heat nuclear matter to , thermodynamic quantities exhibit a 
rapid rise near a crossover temperature 

T = "(100 MeV)
Tc

What is the structure of QCD 
matter as a function of T?

We don’t know!

36 9. Quantum Chromodynamics

world average, we first combine six pre-averages, excluding the lattice result, using a ‰
2 averaging

method. This gives
–s(M2

Z) = 0.1176 ± 0.0011 , (without lattice) . (9.24)

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
In order to be conservative, we combine these two numbers using an unweighted average and take
as an uncertainty the average between these two uncertainties. This gives our final world average
value

–s(M2
Z) = 0.1179 ± 0.0010 . (9.25)

�s(MZ
2) = 0.1179 ± 0.0010

� s
(Q

2 )

Q [GeV]

� decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)

e+e- jets/shapes (NNLO+res)
pp/p-p (jets NLO)

EW precision fit (N3LO)
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Figure 9.5: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

This world average value is in very good agreement with the last version of this Review, which
was –s(M2

Z
) = 0.1181 ± 0.0011, with only a slightly lower central value and decreased overall

6th December, 2019 11:50am

PDG RPP (2019)

The quark-gluon plasma
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Deconfined
Strongly-coupled

In the last two decades it has been 
established that hot QCD matter is:

21

C. Viscosity estimation and model accuracy for combined
RHIC & LHC data

Reviewing Figs. 4 and 5 we find that the observables at the
LHC give stronger constraints on the slope of the specific shear
viscosity at large temperature. It is the general expectation that
higher psNN collisions at the LHC are more sensitive to the
transport coe�cient at high temperature. This conclusion was
verified quantitatively in previous Bayesian parameter estima-
tion [24, 146]. For the present analysis, we do caution that we
currently use a di�erent number of observables at RHIC and
the LHC; consequently, we are not in a position to compare
systematically the constraining power of the two collision en-
ergies at the moment. We do expect RHIC and LHC data to
be complementary, and we proceed to a combined Bayesian
parameter estimation for Pb-Pb at psNN = 2.76TeV and Au-
Au at psNN = 200GeV collisions. For this combined anal-
ysis, the viscosity posterior for the Grad viscous correction is
shown in Fig. 6.

FIG. 6. The posterior for specific bulk (left) and shear (right) vis-
cosities resulting from a model parameter estimation using combined
data for Au-Au collisions at psNN = 200 GeV and Pb-Pb collisions
at psNN = 2.76 TeV.

As discussed in Section V A, all parameters are held the
same for the two systems except for their overall normaliza-
tions of the initial conditions — N [2.76 TeV] and N [0.2 TeV].
Recall that model parameters being kept constant does not im-
ply that the e�ective physical quantities are the same at RHIC
and the LHC. For example, the transport coe�cients are tem-
perature dependent, and the free-streaming time depends on
p
sNN and centrality through the total energy of the event.
The information gained by fitting both systems slightly re-

duces the width of the credible intervals for the specific shear
and bulk viscosities at temperatures above 250 MeV; the 90%
confidence band in the posterior for specific shear and bulk
viscosity is slightly smaller than the credible intervals given by
calibrating against either one of these two systems alone. This
illustrates the added constraining power accessed by combin-
ing the two data sets.

The simultaneous fit to experimental observables is shown
in Fig. 7, where we have plotted the emulator prediction for
the observables at one hundred parameter samples drawn ran-
domly from the posterior. Note that, in spite of some undeni-
able tension in the simultaneous fit of ALICE and STAR data

FIG. 7. The observables predicted by the Grad viscous correction
emulator, drawn from the posterior resulting from the combined fit
of ALICE data (left) for Pb-Pb collisions at psNN = 2.76 TeV and
STAR data (right) for Au-Au collisions at psNN = 200 GeV. The
simultaneous fit yields model observables which agree within ⇠20%
of experimental measurements.

(for example in the mean transverse momenta of kaons), our
hybrid model can describe simultaneously all of the observ-
ables we considered for the two systems to within 20% of the
experimental results. As discussed earlier, this is important:
our confidence in the significance of this section’s parameter
estimates rests on a good description of the experimental data
when sampling model parameters according to their posterior
probability distribution.

As a final emulator validation, we have calculated the Maxi-
mum A Posteriori (MAP) parameters of the Grad viscous cor-
rection model. Using these parameters, we simulated 5,000
fluctuating events and performed centrality averaging. The
comparison between the hybrid model prediction at the MAP
parameters and the experimental data are shown in Fig. 8, and
MAP parameters for the Grad, Chapman-Enskog and Pratt-

e.g. JETSCAPE PRL 126, 242301 (2021) 

Example: Bayesian extraction of 
specific shear viscosity ( )η/s

But much more to learn!

AdS/CFT

The quark-gluon plasma
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How does this strongly-coupled fluid arise from the Lagrangian of QCD?
What are the relevant degrees of freedom of the QGP as a function of resolution scale?
How does color confinement emerge?

The quark-gluon plasma is a laboratory to study how complex properties 
emerge from the fundamental laws of quantum chromodynamics

Deconfined
Strongly-coupled

In the last two decades it has been 
established that hot QCD matter is:

e.g. JETSCAPE PRL 126, 242301 (2021) 

Example: Bayesian extraction of 
specific shear viscosity ( )η/s

But much more to learn!
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LHC give stronger constraints on the slope of the specific shear
viscosity at large temperature. It is the general expectation that
higher psNN collisions at the LHC are more sensitive to the
transport coe�cient at high temperature. This conclusion was
verified quantitatively in previous Bayesian parameter estima-
tion [24, 146]. For the present analysis, we do caution that we
currently use a di�erent number of observables at RHIC and
the LHC; consequently, we are not in a position to compare
systematically the constraining power of the two collision en-
ergies at the moment. We do expect RHIC and LHC data to
be complementary, and we proceed to a combined Bayesian
parameter estimation for Pb-Pb at psNN = 2.76TeV and Au-
Au at psNN = 200GeV collisions. For this combined anal-
ysis, the viscosity posterior for the Grad viscous correction is
shown in Fig. 6.

FIG. 6. The posterior for specific bulk (left) and shear (right) vis-
cosities resulting from a model parameter estimation using combined
data for Au-Au collisions at psNN = 200 GeV and Pb-Pb collisions
at psNN = 2.76 TeV.

As discussed in Section V A, all parameters are held the
same for the two systems except for their overall normaliza-
tions of the initial conditions — N [2.76 TeV] and N [0.2 TeV].
Recall that model parameters being kept constant does not im-
ply that the e�ective physical quantities are the same at RHIC
and the LHC. For example, the transport coe�cients are tem-
perature dependent, and the free-streaming time depends on
p
sNN and centrality through the total energy of the event.
The information gained by fitting both systems slightly re-

duces the width of the credible intervals for the specific shear
and bulk viscosities at temperatures above 250 MeV; the 90%
confidence band in the posterior for specific shear and bulk
viscosity is slightly smaller than the credible intervals given by
calibrating against either one of these two systems alone. This
illustrates the added constraining power accessed by combin-
ing the two data sets.

The simultaneous fit to experimental observables is shown
in Fig. 7, where we have plotted the emulator prediction for
the observables at one hundred parameter samples drawn ran-
domly from the posterior. Note that, in spite of some undeni-
able tension in the simultaneous fit of ALICE and STAR data

FIG. 7. The observables predicted by the Grad viscous correction
emulator, drawn from the posterior resulting from the combined fit
of ALICE data (left) for Pb-Pb collisions at psNN = 2.76 TeV and
STAR data (right) for Au-Au collisions at psNN = 200 GeV. The
simultaneous fit yields model observables which agree within ⇠20%
of experimental measurements.

(for example in the mean transverse momenta of kaons), our
hybrid model can describe simultaneously all of the observ-
ables we considered for the two systems to within 20% of the
experimental results. As discussed earlier, this is important:
our confidence in the significance of this section’s parameter
estimates rests on a good description of the experimental data
when sampling model parameters according to their posterior
probability distribution.

As a final emulator validation, we have calculated the Maxi-
mum A Posteriori (MAP) parameters of the Grad viscous cor-
rection model. Using these parameters, we simulated 5,000
fluctuating events and performed centrality averaging. The
comparison between the hybrid model prediction at the MAP
parameters and the experimental data are shown in Fig. 8, and
MAP parameters for the Grad, Chapman-Enskog and Pratt-

AdS/CFT

The quark-gluon plasma
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Heavy-ion collisions
At the LHC, we collide nuclei to produce 
droplets of this hot, dense state of matter 
known as the quark-gluon plasma

Big picture

3

� We have a model of some physical process, say a relativistic heavy ion collision

� We have experimental measurements of this same process

Initial stage Hydrodynamics Cooper-Frye SMASH

What can we learn about 
the model from the 

measurements?

T ≈ 150-500 MeV t ∼ " (10 fm/c)

• High-precision tracking system
• Particle identification
• Forward muon arm
• Calorimetry

The ALICE detector is designed for the high 
multiplicity environment of heavy-ion collisions

MADAI Collaboration
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Jet quenching in the quark-gluon plasma

Jets interact with the quark-gluon plasma as they traverse it:

“Energy loss”

The QGP is too small and short-lived to be 
probed by traditional scattering beams

Use jets as probes
S. ACHARYA et al. PHYSICAL REVIEW C 101, 034911 (2020)
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FIG. 7. Jet RAA at
√

sNN = 5.02 TeV for R = 0.2 (left) and R = 0.4 (right) compared to LBT, SCETG, hybrid model, and JEWEL
predictions. The combined 〈TAA〉 uncertainty and pp luminosity uncertainty of 2.8% is illustrated as a band on the dashed line at RAA = 1.
Systematic uncertainties are only included for the SCETG and hybrid model predictions; see text for details.

evolution of jet and recoiling medium particles through the
thermal medium with linear Boltzmann equations. An effec-
tive strong coupling constant αs is taken as a free parameter fit
to experimental data. The model calculations are performed
according to the methods in Ref. [25]. No systematic uncer-
tainties were provided for this calculation.

Soft collinear effective theory with Glauber gluons
(SCETG) builds on the approach of soft collinear effective
theory (SCET), in which the jet cross section is factorized
into a “hard function” corresponding to the initial scattering
and a “jet function” corresponding to the fragmentation of
a hard-scattered parton into a jet. In SCETG, jet energy loss
in heavy-ion collisions is implemented by interactions of
jet partons with the hot QCD medium in an effective field
theory via the exchange of “Glauber” gluons, encapsulated in
an in-medium jet function. The predictions were performed
according to Ref. [29] but with minor differences. The pp
jet cross section was computed to NLO in αs, and with a
LL resummation in jet R. Medium effects were computed
at NLO, but without a resummation in jet R (resulting in
large systematic uncertainties for R = 0.2). The in-medium
splitting functions described above include radiative processes
evaluated using 2 + 1D viscous hydrodynamics, but these
predictions do not include collisional energy loss. Note that
this could have significant impact particularly on the larger
radius jets, where it may increase suppression. The EFT
coupling constant between the medium and jets is g = 2.0.
For pp collisions, the CT14nlo PDF was used, and for Pb-Pb
collisions, the nCTEQ15FullNuc PDF was used. Energy loss
in cold nuclear matter was also taken into account. The plotted
error band represents the systematic uncertainty obtained by
scale variations.

In the hybrid model, partons are produced by vacuum
pQCD, and shower according to vacuum pQCD—but in be-
tween these hard splittings, parton energy loss is modeled
according to a gauge-gravity duality computation in N = 4

supersymmetric Yang-Mills at infinitely strong coupling and
large Nc. Model predictions were provided with two values
of Lres, which describes the scale at which the medium
can resolve two split partons. The medium evolution was
modeled by a hydrodynamic expansion. The plotted error
bands represent the combination of statistical and systematic
uncertainties.

All models exhibit strong suppression and produce the
same qualitative trend of RAA as a function of pT,jet . In the case
R = 0.2, JEWEL slightly underpredicts the jet RAA regardless
of whether medium recoils are included, while for R = 0.4 the
“recoils on” prediction is more consistent with the data. There
is no significant difference between the “recoil on” or “recoil
off” option in JEWEL for R = 0.2; one expects in general
a smaller impact from medium recoil in smaller radius jets.
The LBT model describes the data marginally better, but still
shows slight tension. Note that the dominant systematic un-
certainties in the data are positively correlated between pT,jet
bins. Neither the JEWEL nor LBT predictions include system-
atic uncertainties. The SCETG predictions are consistent with
the data, although the R = 0.2 prediction has large systematic
uncertainties due to a lack of in-medium ln R resummation
in this calculation. Additionally, the SCETG calculation did
not include collisional energy loss, which may underestimate
suppression for R = 0.4. The hybrid model describes the trend
of the data reasonably well, although like the LBT model, it
exhibits slight tension, particularly in the pT,jet < 100 GeV/c
range. The shapes of the pT,jet dependence differ between
the model predictions, most notably between SCETG and the
others. While the experimental uncertainties are larger for
R = 0.4, the model predictions span a wider range of RAA
than in the case of R = 0.2, which highlights the importance
of measuring the R dependence of the jet RAA.

The predictions typically use different strategies for each
of the “non jet energy loss” pieces (initial state, expansion,
hadronization, pp reference spectrum) and do not attempt

034911-12

RAA = 1
⟨Ncoll⟩

dNPbPb/dpT
dNpp/dpT

ALICE PRC 101 034911 (2020)
CMS JHEP 05 (2021) 284
ATLAS PLB 790 (2019) 108



James Mulligan, LBNL CERN LHC Seminar Dec 7, 2021 10

Jet quenching in the quark-gluon plasma

Hard Probes 2020 Jaime Norman (Liverpool) 

⟶ Measure trigger-normalised yield of jets 
recoiling from a trigger hadron

7

⟶ Well defined in pQCD (ratio of high pT hadron/jet cross sections)  

Recoil jets: 
⟶ Statistical subtraction of combinatorial background:


• Unbiased fragmentation

• Access Low pT jets: reduce vacuum broadening; most sensitive to jet deflection

• Access Large R jets: access to intra-jet broadening


⟶ Expected geometrical bias towards longer in-medium path lengths

Method

1
NAA

trig

d3NAA
jet

dpch
T,jetdΔφdηjet pT,h∈TT

= ( 1
σpp→h+X ⋅ d3σpp→h+jet+X

dpch
T,jetdΔφdη )

pT,h∈TT

D. de Florian, Phys. Rev. D 79, 114014

Δφ

“Energy loss” Substructure modification Deflection

Rg = Δy2 + Δφ2

R

By modeling these interactions, we hope to determine the structure of the QGP

The QGP is too small and short-lived to be 
probed by traditional scattering beams

Use jets as probes

Jets interact with the quark-gluon plasma as they traverse it:
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Jet quenching in the quark-gluon plasma
Theoretical challenges in AA

Strongly-coupled vs. weakly coupled interaction?

Factorization in AA?

Spacetime picture of parton shower?

…
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Jet quenching in the quark-gluon plasma
Theoretical challenges in AA

Strongly-coupled vs. weakly coupled interaction?

Factorization in AA?

Spacetime picture of parton shower?

…

Understanding jet quenching begins in proton-proton collisions

But jet evolution is already quite complicated in pp!

NLO, NNLO effects can be large

Large logarithms in cross sections that contribute at all orders in 

Non-perturbative effects: hadronization, underlying event

…

αs

*�H+mH�iBM; i?2 bi`m+im`2 Q7 b+�ii2`BM; 2p2Mib �i i?2 G>* Bb i`B+FvĘ

k f 99
S. Prestel
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ΔRi,jetR

First cluster a jet, then construct an observable from its constituents

Groomed observables Ungroomed observables

…
Recluster the jet constituents 
and identify a high-  splitting Q2

Sum a quantity over all jet constituents

e.g. jet mass: m2 = (∑ pi)
2
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Tagging Fundamental QCD
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Tagging
Boosted objects
Quark vs. gluon jets

(a)

Primary Lund-plane regions

soft-collinear

hard-collinear (large
z)

ISR
(large

�
)

M
PI/UE non-pert. (small kt)

ln(1/�)

ln
(k

t/
G
eV
)

(b)

Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.

factor in ⇢ is equal to 2 and so the density of primary Lund emissions is just proportional

to the strong coupling,

⇢ '
2↵s(kt)CF

⇡
, (� ⌧ 1, z̄ ⌧ 1) , (2.6)

The upper diagonal edge in the figure is a consequence of the kinematic limit, kt <
1

2
pt,jet�.

At low scales ↵s(kt) gets large, which accounts for the bright red band around kt = 1 GeV.

In this region the Lund plane density is not amenable to perturbative calculation. Equiv-

alently Eq. (2.5) receives large corrections from non-perturbative terms proportional to

powers of kt/⇤QCD. At values of � ⇠ 1, initial state radiation (ISR) and multi-parton

interactions (MPI/UE) contribute to increasing the density, which is reflected in the con-

tours of constant colour bending upwards to the left. The di↵erent regions are outlined

schematically in Fig. 2b.

Beyond leading perturbative order, several further physical e↵ects contribute to the

structure of the Lund plane. The upper boundary gets smeared out because of degradation

of the leading subjet energy as one declusters the jet.3 The leading subjet can also change

3This smearing does not occur if one examines ⇢̄(�,), from Eq. (2.4), since  is defined in terms of

the local z fraction of the emission, which does not depend on earlier splittings at larger angles (while kt
does). However, instead the non-perturbative boundary gets smeared, as does the relation between a given

location on the plane and the invariant mass of the pair being declustered.

– 6 –

Figure 7: Lund-plane emission density, ⇢S(�, kt), for hadronically decaying boosted W

bosons, in WW events, using the same jet-clustering and selection as in Fig. 2.

3 Application to boosted-W tagging

We now turn to the potential of the Lund plane for identifying hadronically decaying

boosted electroweak bosons, concentrating specifically on the example of W identification.

Fig. 7 shows the averaged (primary) Lund plane for hadronic W decays (pt > 2 TeV), to

be compared to Fig. 2 for dijets. Two main di↵erences are clearly visible to the human eye.

One is the diagonally oriented patch in theW case, around ln 1/� = 2.5 and ln kt/GeV = 4,

which is connected with the fixed-mass two-pronged structure of the W : lines of constant

mass in the Lund plane are up-right going diagonals. The other important feature in the

W case is the considerable depletion of emissions in the upper-left region and below the

W -mass structure. The depletion is principally a consequence of the colour-singlet nature

of the W . It extends also into the non-perturbative region (but not substantially a↵ecting

structures of the Lund plane associated with the underlying event).

We investigate two broad approaches to making use of the information in the Lund

plane. One is a log-likelihood type approach, while the other will be to use machine

learning.

3.1 Log-likelihood use of Lund Plane

The log-likelihood approach uses two main inputs: the first requires the identification of the

“leading” emission, (`), which in the W case is likely to be associated with the two-prong

decay. We take this leading emission to be the first emission in the Lund declustering

sequence that satisfies z > zcut with zcut = 0.025, which corresponds to the emission that

– 13 –

Dreyer, Salam, Soyez JHEP 12 (2018) 064

Fundamental QCD

ktΔ
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Tagging Fundamental QCD

This talk

Boosted objects
Quark vs. gluon jets

Understanding validity of perturbative 
vs. non-perturbative physics

Probes of quark-gluon plasma

JetTools 2019!37

L
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(2) Resolved vacuum splitting 
inside the medium

tf = (!✓2)�1
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formation time:

tf < td < L
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(1) Unresolved in medium splitting  

td > L
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Figure 2: (a) The average primary Lund plane density, ⇢, for jets clustered with the C/A

algorithm and R = 1 having pt > 2 TeV and |y| < 2.5, in a simulated QCD dijet sample.

(b) Schematic representation of the di↵erent regions of the Lund plane.

factor in ⇢ is equal to 2 and so the density of primary Lund emissions is just proportional

to the strong coupling,

⇢ '
2↵s(kt)CF

⇡
, (� ⌧ 1, z̄ ⌧ 1) , (2.6)

The upper diagonal edge in the figure is a consequence of the kinematic limit, kt <
1

2
pt,jet�.

At low scales ↵s(kt) gets large, which accounts for the bright red band around kt = 1 GeV.

In this region the Lund plane density is not amenable to perturbative calculation. Equiv-

alently Eq. (2.5) receives large corrections from non-perturbative terms proportional to

powers of kt/⇤QCD. At values of � ⇠ 1, initial state radiation (ISR) and multi-parton

interactions (MPI/UE) contribute to increasing the density, which is reflected in the con-

tours of constant colour bending upwards to the left. The di↵erent regions are outlined

schematically in Fig. 2b.

Beyond leading perturbative order, several further physical e↵ects contribute to the

structure of the Lund plane. The upper boundary gets smeared out because of degradation

of the leading subjet energy as one declusters the jet.3 The leading subjet can also change

3This smearing does not occur if one examines ⇢̄(�,), from Eq. (2.4), since  is defined in terms of

the local z fraction of the emission, which does not depend on earlier splittings at larger angles (while kt
does). However, instead the non-perturbative boundary gets smeared, as does the relation between a given

location on the plane and the invariant mass of the pair being declustered.

– 6 –

Figure 7: Lund-plane emission density, ⇢S(�, kt), for hadronically decaying boosted W

bosons, in WW events, using the same jet-clustering and selection as in Fig. 2.

3 Application to boosted-W tagging

We now turn to the potential of the Lund plane for identifying hadronically decaying

boosted electroweak bosons, concentrating specifically on the example of W identification.

Fig. 7 shows the averaged (primary) Lund plane for hadronic W decays (pt > 2 TeV), to

be compared to Fig. 2 for dijets. Two main di↵erences are clearly visible to the human eye.

One is the diagonally oriented patch in theW case, around ln 1/� = 2.5 and ln kt/GeV = 4,

which is connected with the fixed-mass two-pronged structure of the W : lines of constant

mass in the Lund plane are up-right going diagonals. The other important feature in the

W case is the considerable depletion of emissions in the upper-left region and below the

W -mass structure. The depletion is principally a consequence of the colour-singlet nature

of the W . It extends also into the non-perturbative region (but not substantially a↵ecting

structures of the Lund plane associated with the underlying event).

We investigate two broad approaches to making use of the information in the Lund

plane. One is a log-likelihood type approach, while the other will be to use machine

learning.

3.1 Log-likelihood use of Lund Plane

The log-likelihood approach uses two main inputs: the first requires the identification of the

“leading” emission, (`), which in the W case is likely to be associated with the two-prong

decay. We take this leading emission to be the first emission in the Lund declustering

sequence that satisfies z > zcut with zcut = 0.025, which corresponds to the emission that

– 13 –
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Jet substructure observables are 
sensitive to specific regions of 
QCD radiation phase space

Each observable has:

Fixed-order regime — 
Resummation regime — large 
logarithms to all orders in 
Non-perturbative regime
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Figure 1: A typical jet substructure calculation, emphasizing the regions where di↵erent
contributions dominate the physical description of the observable. Here, �f.o. is the fixed-
order prediction for the cross section, �res includes resummation of large logarithms and � is
the complete theory prediction including non-perturbative e↵ects through a shape function
Fnp.

to go to zero as ⌧ ! 0, as shown in the blue curve. Finally, the inclusion

of non-perturbative contributions shifts the distribution at small values of ⌧ ,

where the observable is sensitive to fluctuations at the scale ⇤QCD. This can

be implemented in a calculation with a non-perturbative shape function, Fnp.

Shaded bands are representative of theoretical uncertainties. We have used a

general observable ⌧ to emphasize that while we will focus on mJ as a concrete

example in this section, the behavior of Fig. 1 is generic for a wide range of

observables.

2.1.1. Resummation

We begin with a discussion of the perturbative aspects of a calculation.

Since we have restricted our focus to IRC safe observables, a perturbative ex-

pansion in the strong coupling constant, ↵s, gives finite results order-by-order

9

Larkoski, Moult, Nachman JPR 841 1 (2020)

ΔRi,jetR
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Jets with ALICE

Charged particle jets
High-precision spatial resolution to resolve particles

Full jets (charged tracks + EMCal     ,   )
More direct comparison to theory

ALICE reconstructs jets at midrapidity with a high-precision 
tracking system (ITS+TPC) and EMCal

Excellent for jet substructure measurements

pT,jet ≈ 20 − 200 GeV/c
|η | < 0.9

Neutral pion and h meson production at ALICE ALICE Collaboration

1 Introduction

Quantum Chromodynamics (QCD) [1], the fundamental theory of strong interactions, predicts that,
above a certain critical energy density, hadrons melt into a Quark-Gluon Plasma (QGP) [2, 3]. Such
a state of matter is believed to have existed a few microseconds after the Big Bang [4]. One of the goals
of lattice QCD calculations is the understanding of the properties of strongly interacting matter and the
nature of the phase transition that depends on the values of the quark masses and number of flavors.
For vanishing baryon chemical potential (µ) and for quark masses above a critical quark mass, a decon-
finement transition associated with chiral restoration takes place through a smooth crossover [5–8]. The
study and characterization of the QGP gives information on the crossover transition as well as insights
on the equation of state of deconfined matter [9, 10]. These transitions are expected to have occurred in
the early universe and therefore their study is also of relevance to cosmology [4].

Heavy-ion collisions at relativistic energies offer the possibility of studying the QGP by creating systems
of dense matter at very high temperatures. Of the many observables that probe the QGP, measurements
of p0 and h meson production over a large transverse momentum (pT) range and in different colliding
systems are of particular interest. At low pT (pT < 3 GeV/c), light meson production in heavy-ion
collisions gives insights about hadronization and collectivity in the evolution of the QGP. At high-pT

(pT > 5 GeV/c), it helps quantify parton energy loss mechanisms [11, 12]. High-pT particle suppression
in heavy-ion collisions with respect to pp collisions may be modified by cold nuclear matter effects, such
as nuclear parton distribution function (nPDF) modifications with respect to the vacuum. Measurements
in pA collisions are thus needed to disentangle cold nuclear effects from the observed high-pT particle
suppression in AA collisions.

Other interesting probes of the QGP that can benefit from neutral meson measurements are studies of
direct photon and heavy-flavor production measurements [13, 14]. The p0 and h mesons are the two
most abundant sources of decay photons (and electrons); as a consequence, they generate the primary
background for these rare probes. The first measurement of direct photons at the LHC [15] employed mT-
scaling and the K0

s reference measurement to estimate the h contribution to decay photons. Forthcoming
direct photon and heavy-flavor measurements at the LHC will be able to use the h measurement directly.

Measurements of pion spectra at RHIC [16, 17] at low transverse momentum were observed to be
well described by thermal models that assume a hydrodynamic expansion of a system in local equi-
librium [18]. The comparison of these models to data suggested the presence of a thermalized system
of quarks and gluons formed in the early stages of the collision. At LHC energies, the thermal models
that describe the RHIC data also describe the ALICE charged pion spectrum [19] for pT > 0.5 GeV/c.
Modern versions of these models fold in their calculations hydrodynamic expansion, which accounts
for transverse flow effects, simultaneous chemical and thermal freeze-out and inclusion of high mass
resonance decays from the PDG [1]. Among the many models that aim at explaining low-pT particle
production, the equilibrium and chemical non-equilibrium statistical hadronization models (EQ SHM
and NEQ SHM, respectively) have had their validity tested against LHC data from pT > 0.1 GeV/c. The
physics picture behind the NEQ SHM is a sudden hadronization of the QGP, that leads to the apperance
of additional non-equlibrium chemical potentials for light and strange quarks. The low pT pion enhance-
ment predicted by the NEQ relative to the EQ SHM can be interpreted as the onset of pion condensation
in ultra-relativistic heavy-ion collisions at the LHC energies [20–24]. Both predictions can be further
tested by measuring p0 and h production at LHC energies.

In the early RHIC program, a suppression of high-pT p0 production was observed in heavy-ion collisions
when compared to scaled pp data [25]. This suppression was interpreted as a consequence of the energy
loss of the scattered partons in the QGP generated in the collisions. From these observations, it was
deduced that the dense QGP medium is opaque to energetic (hard) colored probes. Regarding high-pT

particle production at the LHC, it must be considered that the energy density of the plasma is higher than
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resolution is (s(pT)/pT) = 0.8% at 1 GeV/c and 1.7% at 10 GeV/c in central Pb–Pb collisions [36, 39].

The EMCal [33] is a sampling calorimeter composed of 77 alternating layers of 1.4 mm lead and 1.7 mm
polystyrene scintillators. The EMCal is a fairly high granularity detector. It has a cell area of Dh ⇥
Df = 0.0143 ⇥ 0.0143 rad and an energy resolution of sE(GeV)/E = 4.8%/E � 11.3/

p
E � 1.7% [40].

In year 2011, it covered |h |< 0.7 and Dj = 100 degrees.

The main detectors used for triggering and characterization of the collision are the V0 [41] and the
Zero Degree Calorimeters (ZDC) [42]. The V0 consists of two scintillator arrays located on opposite
sides of the Interaction Point (IP) at 340 and 90 cm covering 2.8 < h < 5.1 and � 3.7 < h < � 1.7,
respectively. The ZDC detectors are located at a distance of 114 m on both sides of the IP and detect
spectator nucleons.

The Pb–Pb data sample used for this analysis was collected in the 2011 LHC run. During that period,
about 358 ion bunches circulated in each LHC beam, with collisions delivering a peak luminosity of
4.6 ⇥ 10�4µb�1s�1, corresponding to an average of about 10�3 hadronic interactions per bunch cross-
ing. The minimum bias (MB) trigger was defined by the coincidence of signals in the two V0 arrays
synchronized with a bunch crossing. An online selection based on the measured V0 amplitudes was
employed to enhance central (0–10%) and semi-central (0–50%) events [36]. The ZDC and the V0 were
also used for the rejection of pile-up and beam-gas interactions. The centrality class definition was based
on the V0 amplitude distributions. The number of binary collisions (Ncoll) for a given value of the cen-
trality was extracted with the help of a Glauber model [43] as detailed in [39, 44]. Only events with a
reconstructed primary vertex within |zvtx| < 10 cm of the nominal interaction vertex along the beam di-
rection were accepted. The data are analyzed in two centrality classes: 0–10% and 20–50%, containing
1.9 (1.6) ⇥ 107 and 1.3 (1.1) ⇥ 107 events for PCM (EMCal), respectively. The minimum bias trigger
cross section, s PbPb

MB = (7.64±0.22(syst.)) b [44], was determined using van der Meer scans [45]. The inte-
grated luminosity, corresponding to the number of analyzed events normalized by s PbPb

MB in each centrality
percentile, is 20.1 µb�1 and 4.8 µb�1 for 0–10% and for 20–50%, respectively.

3 Analysis methods

The p0 and h mesons are reconstructed using the two-photon decay channel, p0 ! gg and h ! gg , with
a branching ratio of (98.823 ± 0.034)% and (39.41 ± 0.20)% [1], respectively. With the photon conver-
sion method, photons that convert in the detector material are measured by reconstructing the electron-
positron pairs in the central rapidity detectors using a secondary vertex (V0) finding algorithm [36]. This
method produces a V0 candidate sample on which the analysis quality selection criteria were applied,
as done in [27, 46]. Electrons, positrons and photons are required to have |h | < 0.9. To ensure track
quality, a minimum track momentum of 50 MeV/c and a fraction of TPC clusters over findable clusters
(the number of geometrically possible clusters which can be assigned to a track) above 0.6 have been
required. Moreover, a maximum conversion radius of 180 cm delimits the TPC fiducial volume for good
track reconstruction, while a minimum of 5 cm rejects Dalitz decays of the type p0 (h)! e

+
e
�g . The

specific energy loss dE/dx should be within the interval [�3 sdE/dx, +5sdE/dx] from the expected electron
Bethe-Bloch parametrization value, where s is the standard deviation of the energy loss measurement.
Pions are rejected by a selection of 3s above the pion hypothesis in the range 0.4 < p < 2 GeV/c and of
1s for p > 2 GeV/c. The smaller rejection with respect to the previous Pb–Pb measurement translates
into a larger efficiency at high-pT for the p0 and h mesons. To further reject K0

s
, L and L from the V0

candidates, a selection is applied on the components of the momenta relative to the V0, using the asym-
metry of the longitudinal momentum of the V0 daughters (aV 0 = (p

e
+

L
� p

e
�

L
)/(p

e
+

L
+ p

e
�

L
)), and on the

transverse momentum of the electron with respect to the V0 momentum (qT = pe ⇥ sinqV0 ,e). V0 candi-
dates are selected with a two-dimensional elliptic selection criterion of (aV 0/aV 0

max
)2 +(qT/qT, max)2 < 1,

with aV 0
max

= 0.95 and qT, max = 0.05 GeV/c, in order to increase the purity while optimizing efficiency
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Measurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration
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Fig. 5: Comparison of ungroomed jet angularities la in pp collisions for R = 0.2 (top) and R = 0.4 (bottom)
to analytical NLL0 predictions with MC hadronization corrections in the range 60 < p

ch jet
T < 80 GeV/c. The

distributions are normalized such that the integral of the perturbative region defined by la > l NP
a (to the right of

the dashed vertical line) is unity. Divided bins are placed into the left (NP) region.
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Fig. 5: Comparison of ungroomed jet angularities la in pp collisions for R = 0.2 (top) and R = 0.4 (bottom)
to analytical NLL0 predictions with MC hadronization corrections in the range 60 < p

ch jet
T < 80 GeV/c. The

distributions are normalized such that the integral of the perturbative region defined by la > l NP
a (to the right of

the dashed vertical line) is unity. Divided bins are placed into the left (NP) region.
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factorization [21].

A dashed vertical line is drawn as a rough estimate for the division of perturbative- and nonperturbative-
dominated regions, via Eq. 3 or Eq. 4 with L = 1 GeV/c and the mean p

ch jet
T for each interval. Note

that the transition from values of la which are dominated by perturbative versus nonperturbative physics
is actually smooth, and this vertical line is merely intended as a visual guide. The nonperturbative-
dominated region of the jet angularities is denoted as l NP

a .

Since the integral for all of the distributions in Fig. 1 through Fig. 4 is fixed at unity by construction,
it is important to note that disagreement in the nonperturbative-dominated region induces disagreement
in the perturbative-dominated region. Discrepancy in the nonperturbative region is expected due to the
divergence of as and the corresponding significance of higher-order terms in the perturbative expansion
— and will necessarily induce disagreement in the perturbative-dominated region. Accordingly, for these
theoretical comparisons, the distributions are normalized such that the integral above l NP

a is unity.

5.1.2 Shape function based correction

An alternate correction technique is also used, which employs a nonperturbative shape function F(k)
[14, 19, 20] to correct for the effects caused by hadronization and the underlying event. The shape
function is defined as

F(k) =
4k

W2
a

exp
✓
� 2k

Wa

◆
, (5)

where k is a momentum scale parameter of the shape function, and Wa is described by a single parameter
W = O(1 GeV/c) obeying the scaling relation

Wa = W/(a �1), (6)

and expected to hold universally for hadronization corrections (but not necessarily for underlying event
corrections). To correct the parton-level calculations to the hadron level, this shape function is convolved
with the perturbative (parton level) jet angularity distribution via numerical integration over argument k

ds
dp

jet
T dla

=

Z
F(k)

dspert

dp
jet
T dla

✓
la �l shift

a (k)

◆
dk, (7)

where the shift term l shift
a (k) is either [16, 20]:

l shift
a (k) =

k

p
jet
T R

(ungroomed), or z
1�a
cut

 
k

p
jet
T R

!a

(groomed, with b = 0). (8)

The limits of the integral are thus given by the values of k for which the argument
�
la �l shift

a (k)
�

is
between 0 and 1. Since the nonperturbative parameter W is not calculable within perturbation theory, four
values (0.2, 0.4, 0.8, and 2 GeV/c) are chosen to observe the different shifting effects. These distributions
are then corrected once more using a similar PYTHIA8 folding procedure as described above to account
for the effects of only reconstructing charged-particle jets. This correction is dominated by a shift and
smearing along the p

jet
T axis.

The comparisons to the ungroomed predictions are shown in Fig. 7, and the groomed predictions are
shown in Fig. 8. The shape function approach, specifically the scaling given in Eq. 6, is not fully
justified in the groomed case [72, 73]; nevertheless, reasonable agreement is observed. Since this shape
convolution does not require matching to MC at the parton level, the comparisons are extended to the
40 < p

ch jet
T < 60 GeV/c interval, but below this the perturbative accuracy of the parton-level predictions

is insufficient for rigorous comparisons. The comparisons for 40 < p
ch jet
T < 60 GeV/c and 80 < p

ch jet
T <

100 GeV/c are shown in Appendix A.
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Fig. 7: Comparison of ungroomed jet angularities la in pp collisions for R = 0.2 (top) and R = 0.4 (bottom) to
analytical NLL0 predictions using F(k) convolution in the range 60 < p

ch jet
T < 80 GeV/c. The distributions are

normalized such that the integral of the perturbative region defined by la > l NP
a (to the right of the dashed vertical

line) is unity. Divided bins are placed into the left (NP) region.
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factorization [21].

A dashed vertical line is drawn as a rough estimate for the division of perturbative- and nonperturbative-
dominated regions, via Eq. 3 or Eq. 4 with L = 1 GeV/c and the mean p

ch jet
T for each interval. Note

that the transition from values of la which are dominated by perturbative versus nonperturbative physics
is actually smooth, and this vertical line is merely intended as a visual guide. The nonperturbative-
dominated region of the jet angularities is denoted as l NP

a .

Since the integral for all of the distributions in Fig. 1 through Fig. 4 is fixed at unity by construction,
it is important to note that disagreement in the nonperturbative-dominated region induces disagreement
in the perturbative-dominated region. Discrepancy in the nonperturbative region is expected due to the
divergence of as and the corresponding significance of higher-order terms in the perturbative expansion
— and will necessarily induce disagreement in the perturbative-dominated region. Accordingly, for these
theoretical comparisons, the distributions are normalized such that the integral above l NP

a is unity.

5.1.2 Shape function based correction

An alternate correction technique is also used, which employs a nonperturbative shape function F(k)
[14, 19, 20] to correct for the effects caused by hadronization and the underlying event. The shape
function is defined as

F(k) =
4k

W2
a

exp
✓
� 2k

Wa

◆
, (5)

where k is a momentum scale parameter of the shape function, and Wa is described by a single parameter
W = O(1 GeV/c) obeying the scaling relation

Wa = W/(a �1), (6)

and expected to hold universally for hadronization corrections (but not necessarily for underlying event
corrections). To correct the parton-level calculations to the hadron level, this shape function is convolved
with the perturbative (parton level) jet angularity distribution via numerical integration over argument k
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where the shift term l shift
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The limits of the integral are thus given by the values of k for which the argument
�
la �l shift

a (k)
�

is
between 0 and 1. Since the nonperturbative parameter W is not calculable within perturbation theory, four
values (0.2, 0.4, 0.8, and 2 GeV/c) are chosen to observe the different shifting effects. These distributions
are then corrected once more using a similar PYTHIA8 folding procedure as described above to account
for the effects of only reconstructing charged-particle jets. This correction is dominated by a shift and
smearing along the p

jet
T axis.

The comparisons to the ungroomed predictions are shown in Fig. 7, and the groomed predictions are
shown in Fig. 8. The shape function approach, specifically the scaling given in Eq. 6, is not fully
justified in the groomed case [72, 73]; nevertheless, reasonable agreement is observed. Since this shape
convolution does not require matching to MC at the parton level, the comparisons are extended to the
40 < p

ch jet
T < 60 GeV/c interval, but below this the perturbative accuracy of the parton-level predictions

is insufficient for rigorous comparisons. The comparisons for 40 < p
ch jet
T < 60 GeV/c and 80 < p

ch jet
T <

100 GeV/c are shown in Appendix A.
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Jet angularities — pp
Groomed jet angularities:

λα,g ≡ ∑
i ∈ groomed jet
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Jet angularities — ppMeasurements of the jet angularities in pp collisions at
p

s = 5.02 TeV ALICE Collaboration

0 0.1 0.2 0.3 0.4

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

ALICE
 = 5.02 TeVspp  

Tkcharged jets   anti-
| < 0.7

jet
η = 0.2    |R

c < 80 GeV/ch jet
T
p60 < 

 = 1.5α

0 0.1 0.2 0.3

,gαλ

1−10

1

10

Th
eo

ry
D

at
a 0 0.1 0.2 0.3

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

Data

 PYTHIA8⊗NLL' 

 Herwig7⊗NLL' 

 = 2α

0 0.1 0.2 0.3

,gαλ

1−10

1

10

Th
eo

ry
D

at
a 0 0.1 0.2

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

α)NP
αλ (α1-

cutz ≤ NP
,gαλ

Syst. uncertainty

 = 3α

 = 0β = 0.2, cutzSoft Drop: 

0 0.1 0.2

,gαλ

1−10

1

10

Th
eo

ry
D

at
a

0 0.2 0.4

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

ALICE
 = 5.02 TeVspp  

Tkcharged jets   anti-
| < 0.5

jet
η = 0.4    |R

c < 80 GeV/ch jet
T
p60 < 

 = 1.5α

0 0.2 0.4

,gαλ

1−10

1

10

Th
eo

ry
D

at
a 0 0.1 0.2 0.3

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

Data

 PYTHIA8⊗NLL' 

 Herwig7⊗NLL' 

 = 2α

0 0.1 0.2 0.3

,gαλ

1−10

1

10
Th

eo
ry

D
at

a 0 0.1 0.2

1

10

210

310

,g
α
λ

 d
,g

α
λd
σd

 
1 N

P ,g
α
λ∫⁄ 

,g
α
λd
σd

α)NP
αλ (α1-

cutz ≤ NP
,gαλ

Syst. uncertainty

 = 3α

 = 0β = 0.2, cutzSoft Drop: 

0 0.1 0.2

,gαλ

1−10

1

10

Th
eo

ry
D

at
a

Fig. 6: Comparison of groomed jet angularities la,g in pp collisions for R = 0.2 (top) and R = 0.4 (bottom)
to analytical NLL0 predictions with MC hadronization corrections in the range 60 < p

ch jet
T < 80 GeV/c. The

distributions are normalized such that the integral of the perturbative region defined by la,g > l NP
a,g (to the right of

the dashed vertical line) is unity. Divided bins are placed into the left (NP) region.
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Figure 2: Lund diagram of parton splittings with the inclusion of relevant medium scales related to
creation and decoherence of partons in the medium. The chosen parameters are q̂ = 2 GeV2/fm, L = 2
fm and pT = 300 GeV.

Turning now to medium effects, it is most natural to consider which of the splittings happen inside a
medium of length L. The line corresponding to tf = L is found by substituting t = L in (4), and is also
represented in Figure 2, where we have chosen a particular value for L. Hence, the area above the line
marked tf = L corresponds to emissions that occur inside the medium. Emissions with tf > L occupy the
region below the line.

Providing a comprehensive overview of models of medium interactions proposed in the literature is
beyond the scope of this report. Instead, we consider for the moment a well-known picture that shares
commonalities between a wide class of approaches by assuming that all propagating particles experience
diffusive momentum broadening. The amount of accumulated momentum is characterized by the diffusion
relation hk2Ti = q̂t, where t corresponds to the time of in-medium propagation and where the jet transport
coefficient q̂ acts as a diffusion constant in transverse space.5 For a given splitting, with a given transverse
momentum kT and formation time tf, the accumulated transverse momentum ⇠ q̂tf could either be a small
correction or a dominating contribution. The limiting line, k2T = q̂tf, is parametrized by,

ln z✓ =
1

3
ln

1

✓
+ ln

q̂1/3

pT
. (5)

Note that the slope is a factor 1/3 smaller than in (4). More generally, at any instant t we can compare
the intrinsic transverse momentum k2T ⇠ (✓t)�2 to the accumulated one ⇠ q̂t. This allows us to identify a
characteristic time-scale when the two are of the same order that is usually referred to as the decoherence
time

td ⇠ (q̂✓2)�1/3 . (6)

Hence, the line tf = td, indicated in Figure 2, divides the region above, where emissions are not resolved
by medium interactions, from the region below, where the dipole splitting kinematics is dominated by
diffusion. Also note that this broadening-dominated regime ceases to exist for decoherence times longer
than the medium length, td & L. This corresponds to small dipole configurations that have a vanishing
probability of ever being resolved in the medium. The condition tf = td = L corresponds therefore to the
minimal decoherence angle ✓c ⇠ (q̂L3)�1/2, see Figure 2.

The kinematical Lund plane for one splitting inside the medium is therefore divided into three main
regimes, in addition to the possibility of fragmenting outside of the medium, tf > L. Emissions that fall

5Here we neglect the influence of rare, hard kicks in the medium that go beyond this definition. Their discussion follows
closely what we describe below, with the resolution scale �? ⇠ q�1

? , where q? is the transverse momentum kick from the
medium. We refer, e.g. to [37] for a comprehensive discussion.
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Jet quenching in heavy-ion collisions
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Jet substructure is an appealing tool to disentangle these
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Jet quenching in heavy-ion collisions
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State-of-the-art jet quenching models include:

Modified jet fragmentation, such as:
Medium-induced soft gluon radiation
SCET-based factorization with modified jet function
Strongly-coupled AdS/CFT-based drag
…

e.g. JEWEL JHEP 03 (2013) 080

e.g. Ringer et al. PRL 122 (2019) 25

e.g. Hybrid Model JHEP 09 (2015) 175

Major advances in last decade — but large landscape of models remain to be differentiatedY. Tachibana for the JETSCAPE Collaboration, JETSCAPE Online Summer School, July 17th, 2020

School 2020

 #jet-tachibana

Results From JETSCAPE
- With Weakly-coupled Description by Recoils
- With Strongly-coupled Description by hydrodynamics

Adapted from Chun ShenAdapted from Chun Shen

Expanding medium described by relativistic viscous hydrodynamics
Tuned to measurements of soft observables

Medium response and transport
Measurements include all energy flow correlated to hard jet

e.g. JETSCAPE PRC 103, 054904 (2021)

e.g. LBT PRC 91 (2015) 054908



James Mulligan, LBNL CERN LHC Seminar Dec 7, 2021 28

Heavy-ion collisions: Background
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Heavy-ion collisions produce a large underlying 
event due to the hadronization of the QGP
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Heavy-ion collisions: Background

Yen-Jie Lee (MIT) 

Probe the QGP with high energy quarks and gluons 

2 

PP PbPb#

medium&

Increased rate of  
asymmetric dijets 

in central PbPb collisions 

Quenched Energy Flow for Dijets with CMS 

Y.J. Lee, CMS

Heavy-ion collisions produce a large underlying 
event due to the hadronization of the QGP

 for  jetpUE
T ≈ 100 GeV/c R = 0.4

Background effects must be corrected for, in addition 
to detector effects

JM, Ploskon PRC 102 (2020) 044913

Measurements challenging at low- , large-

Mis-tagging of substructure objects: groomed splittings, leading subjets 
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FIG. 1: Example of a PYTHIA jet (left) and the same jet embedded into thermal background
(right). In the case of thermal background, a background fluctuation at large angle passing the

grooming condition results in the subleading prong being absorbed in the leading prong.

For an overview of the phase space that each of the grooming algorithms selects, we plot the
primary Lund plane density ⇢(, Rg) = 1

Njet

d2N
d ln()/d ln(1/Rg) for identified splittings in Fig. 2 [24].

We note that several of these groomers are expected to select similar phase space: max-z, max-
psoft
T , and Dynamical Grooming a = 0.1 select approximately on the longitudinal momentum of the

splitting; max-, max-kT , and Dynamical Grooming a = 1.0 select approximately on the transverse
momentum of the splitting; min-tf and Dynamical Grooming a = 2.0 select approximately on the
mass of the splitting.

B. Prong matching

In order to study the impact of the heavy-ion background on the reconstruction of groomed
splittings, we examine where > 50% of the PYTHIA subleading prong (by pT) is reconstructed in
the combined event. We consider only the case where both the PYTHIA jet and the combined jet
pass the grooming condition. We categorize six possibilities – the PYTHIA subleading prong is:

1. Correctly reconstructed in the subleading prong of the combined jet.

2. Reconstructed in the leading prong of the combined jet, and the PYTHIA leading prong is
reconstructed in the subleading prong of the combined jet. That is, both prongs are correctly
identified, but they ‘swap’ which is leading and which is subleading. In this case, zg and ✓g

are invariant – although iterative observables are not.

3. Reconstructed in the leading prong of the combined event, and the PYTHIA leading prong is
not reconstructed in the subleading prong of the combined event. This is the most common
way that an incorrect splitting is reconstructed, typically by a background fluctuation at large
angle passing the grooming condition. Due to angular clustering, this by definition results in
the subleading prong being absorbed in the leading prong, as shown in Fig. 1.

4. Reconstructed in the groomed-away constituents of the combined jet.

5. Reconstructed nowhere in the combined jet, but rather its constituents are elsewhere in the
combined event.

6. Not reconstructed in any of the above categories; for example, it may have 1/3 of its pT split
between three categories.
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Groomed substructure — Pb-Pb

How is the hard jet 
substructure modified 
in heavy-ion collisions?
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Groomed substructure — Pb-Pb

How is the hard jet 
substructure modified 
in heavy-ion collisions?
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Poor description by 
jet quenching models

Jet mass

path in the medium. Observables like the jet mass that are more sensitive to968

the soft physics add an additional complication by demonstrating that the e↵ect969

of the medium response adding soft particles back inside the jet at wider angles970

plays a significant role.971

This prompts the development of global fits to constrain modeling aspects972

of theoretical predictions, such as medium response. Global fits can also be973

used to test consistency of analytical approaches to perturbative observables974

(strong vs. weak coupling, BDMPS vs. GLV, coherent vs. incoherent energy975

loss) and eventually to constrain medium properties (color coherence scale).976

Further development of background subtraction and grooming techniques will977

also enable more di↵erential measurements in new regions of phase space like978

larger jet radii, lower jet momentum, and less symmetric splittings.979

ALI-PUB-326395

Figure 8: Jet angularity [118] (left) for R = 0.2 charged-particle jets in 0–10%
centrality compared to PYTHIA. Jet mass [102] (right) for R = 04 charged-
particle jets in 0–10% centrality compared to PYTHIA and various jet quenching
models. Awaiting further comparisons to models (Jetscape and hybrid model).

3.3 Jet in-medium scattering and deflection980

3.3.1 Azimuthal decorrelation of jets981

The combined analysis of jet energy loss and momentum broadening can con-982

strain the underlying mechanism of energy loss. In the perturbative BDMPS983

[48] formalism for instance, energy loss and momentum broadening are linearly984

coupled by a single parameter, the transport coe�cient q̂. On the contrary,985

in the limit of strong coupling[], energy loss and broadening are uncorrelated.986

The expected di↵erence in the parametric dependence of jet energy loss and987

28

ond radial moment [112], captures the virtuality of the original parton that884

produced the jet and increases with increasing large-angle soft particles [113].885

This is complementary to measurements of the jet fragmentation using the lon-886

gitudinal momentum fraction of the jet by ATLAS [114] and CMS [115] that887

suggest that the energy in HI collisions is transferred to soft particles and wider888

angles inside the jet. ATLAS also investigated the radial dependence of charged889

particles within a jet and demonstrated an enhanced yield of higher pT charged890

particles at the jet core with a corresponding enhancement of softer particles at891

larger angles [116]. This enhancement of soft particles at large angles was also892

demonstrated by a CMS measurement of the jet transverse profile [117].893

ALICE measured the jet angularity for charged particle R = 0.2 jets in894

central Pb–Pb collisions at
p
sNN = 2.76 TeV [118]. The angularity is defined895

as896

g =
X

i2jet

pT,i

pT,jet
�Rjet,i (7)

where pT,i is the transverse momentum of the i-th constituent and �Rjet,i897

is the distance in (⌘, ') space between the i-th constituent and the jet axis.898

Smaller values of g correspond to jets with more collinear fragmentation. The899

jet angularity in central Pb–Pb collisions compared to PYTHIA is shown in the900

left-hand panel of Figure 8, with the ratio of the data to the MC in the bottom901

panel. The width is shown to be reduced in Pb–Pb collisions compared to pp902

collisions from PYTHIA which is consistent with the jets in HI collisions being903

narrower and/or having harder fragments, which can arise for example through904

an enhanced suppression of gluon jets relative to quark jets. This is qualitatively905

consistent with the observations in Fig. 9 (right) showing an overall narrowing906

of the groomed core of jets. Insert discussion of comparisons to Jetscape, hybrid907

model, and JEWEL once calculations are received.908

ALICE measured the jet mass for charged-particle R = 0.4 jets central Pb–909

Pb collisions at
p
sNN = 2.76 TeV [102]. The jet mass is defined as910

M =
q
E2 � p2T � p2z (8)

where E is the energy of the jet, pT is the transverse and pz is the longitu-911

dinal momentum of the jet. The jet mass in central Pb–Pb collisions is shown912

in the right-hand panel of Figure 8 compared to models. The models include913

PYTHIA [119] which represents pp collisions or no quenching and two models914

with medium-induced jet energy loss, Q-PYTHIA [120] and JEWEL [121, 122].915

The JEWEL model includes results with both the medium recoil turned o↵ and916

the medium recoil turn on. The jet mass is shown to be larger with recoils917

turned on which is consistent with the picture that the recoils add soft parti-918

cles back inside the jet, leading to a larger jet mass. The jet mass is shown to919

be overestimated by both Q-PYTHIA and JEWEL with recoils and underesti-920

mated by JEWEL without recoils. Instead, it is consistent within systematic921

uncertainties with the PYTHIA simulation, indicating no significant modifica-922

tion the jet mass in HI collisions. Alternatively, this could be due to a partial923

26
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1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot dense matter called
the quark–gluon plasma (QGP); recent reviews can be found in Refs. [1, 2]. Hard-scattering processes
occurring in these collisions produce jets which traverse and interact with the QGP. The study of modifi-
cations of jet rates and properties in heavy-ion collisions compared to pp collisions provides information
about the properties of the QGP.

The rates of jet production are observed to be reduced by approximately a factor of two in lead–lead
(Pb+Pb) collisions at LHC energies compared to expectations from the jet production cross-sections
measured in pp interactions scaled by the nuclear overlap function of Pb+Pb collisions [3–5]. Similarly,
back-to-back dijet [6–8] and photon–jet pairs [9] are observed to have unbalanced transverse momentum
in Pb+Pb collisions compared to pp collisions. Related phenomena were first observed at the Relativistic
Heavy Ion Collider where the measurements were made with hadrons rather than reconstructed jets [10–
12]. These observations imply that some of the energy of the parton showering process is transferred
outside of the jet through its interaction with the QGP. This has been termed “jet quenching”.

The distribution of particles within the jet are a�ected by this mechanism of energy loss. Several related
observables sensitive to the properties of the medium can be constructed. Measurements of the jet
shape [13] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [14–16]. In Ref. [16],
jet fragmentation functions are measured as a function of both the charged-particle transverse momentum,
pT, and the charged-particle longitudinal momentum fraction relative to the jet,

z ⌘ pT cos�R / pjet
T . (1)

The fragmentation functions are defined as:

D(z) ⌘ 1
Njet

dnch
dz
,

2
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1 Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot dense matter called
the quark–gluon plasma (QGP); recent reviews can be found in Refs. [1, 2]. Hard-scattering processes
occurring in these collisions produce jets which traverse and interact with the QGP. The study of modifi-
cations of jet rates and properties in heavy-ion collisions compared to pp collisions provides information
about the properties of the QGP.

The rates of jet production are observed to be reduced by approximately a factor of two in lead–lead
(Pb+Pb) collisions at LHC energies compared to expectations from the jet production cross-sections
measured in pp interactions scaled by the nuclear overlap function of Pb+Pb collisions [3–5]. Similarly,
back-to-back dijet [6–8] and photon–jet pairs [9] are observed to have unbalanced transverse momentum
in Pb+Pb collisions compared to pp collisions. Related phenomena were first observed at the Relativistic
Heavy Ion Collider where the measurements were made with hadrons rather than reconstructed jets [10–
12]. These observations imply that some of the energy of the parton showering process is transferred
outside of the jet through its interaction with the QGP. This has been termed “jet quenching”.

The distribution of particles within the jet are a�ected by this mechanism of energy loss. Several related
observables sensitive to the properties of the medium can be constructed. Measurements of the jet
shape [13] and the fragmentation functions were made in 2.76 TeV Pb+Pb collisions [14–16]. In Ref. [16],
jet fragmentation functions are measured as a function of both the charged-particle transverse momentum,
pT, and the charged-particle longitudinal momentum fraction relative to the jet,

z ⌘ pT cos�R / pjet
T . (1)

The fragmentation functions are defined as:

D(z) ⌘ 1
Njet

dnch
dz
,

2

Longitudinal momentum fraction of hadrons in jets

jet

background

medium 
response

η, φ

However, in central collisions, γ-tagged jets show an addi-
tional relative suppression at high z or pT and a counter-
balancing enhancement at low z or pT. In addition, the
minimum value of the Pbþ Pb-to-pp ratio for γ-tagged jets
is shifted to larger z or pT values.
To further explore the relative change in the FF between

Pbþ Pb event classes, the ratio between central and
peripheral collisions is shown in the right panels of
Fig. 2. For γ-tagged jets, the ratio is consistent with a
decreasing linear function of logðzÞ or logðpTÞ, crossing
unity at z ≈ 0.1 or pT ≈ 10 GeV. It is inconsistent with
the analogous ratio for inclusive jets, which is closer to
unity. Thus, the data indicate that, in central collisions, jets
in γ-tagged events are modified in a different way than
inclusively selected jets.
In Fig. 3, the data in central events are compared with the

results of theoretical calculations at particle level. In the left
panel, these include: (1) a perturbative calculation within
the framework of soft-collinear effective field theory with
Glauber gluons (SCETG) in the soft-gluon-emission
(energy-loss) limit, with jet-medium coupling g¼2.1%0.1
[55,56], (2) the hybrid strong and weak coupling model
[16], which combines initial production using PYTHIA

with a parametrization of energy loss derived from holo-
graphic methods, including back reaction effects, and
(3) the linearized Boltzmann transport (CoLBT-hydro)
model [57] of parton propagation through quark-gluon
plasma with jet-induced medium-excitation effects. The
SCETG calculation and the CoLBT-hydro model success-
fully capture the key features of the γ-tagged jet FF data in
the region z < 0.5. In the right panel, the inclusive and γ-
tagged FF ratios in data are compared with those in SCETG.
The γ-tagged FF ratio is larger than the inclusive-jet one in
the region z < 0.1 in both data and theory.
In summary, this Letter presents a measurement of the

charged-particle fragmentation functions for jets azimu-
thally balanced by a high-pTT prompt and isolated photon.

The measurement is performed using 25 pb−1 of pp and
0.49 nb−1 of Pbþ Pb collision data at 5.02 TeV, with the
ATLAS detector at the LHC. The kinematic selections
result in events with a single leading jet, a large fraction of
which are quark jets. In pp collisions, the γ-tagged jet
fragmentation functions are systematically harder than
those for inclusive jets at similar pjet

T , consistent with the
larger expected fraction of quark jets in γ-tagged events. In
30%–80% centrality Pbþ Pb events, γ-tagged jets are
observed to be modified through interaction with the
medium, with an overall pattern consistent with that for
inclusive jets. However, jets in γ-tagged events are modified
in 0%–30% Pbþ Pb events in a manner not observed for
inclusive jets. The SCETG calculation describes this key
feature of the data. However, interpreting this observed
difference is complicated by the different jet populations in
the two cases. In Pbþ Pb collisions, the inclusive jet
population at fixed pjet

T is biased towards jets which have
lost the least amount of energy. In a geometric picture, such
a survivor bias selects jets produced only near the surface of
the medium. This bias is largely avoided for γ-tagged jets,
which can be selected based on the photon kinematics.
Thus, they may include jets that are more quenched, on
average, than inclusively selected jets, including ones
which sample particularly large path lengths.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC, and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST, and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR, and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS, CEA-DRF/IRFU, France; SRNSFG,
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FIG. 3. Comparison of the ratio of γ-tagged fragmentation function DðzÞ in central Pbþ Pb events to pp events with theoretical
calculations (left). The mutual comparison between γ-tagged and inclusive jetDðzÞ ratios in data to each of these in the SCETG model is
shown in the right panel. Shaded rectangles and vertical bars show the total systematic and statistical uncertainties, respectively, in the
data.
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See also: CMS PRC 90, 024908 (2014)
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Cluster inclusive jets with radius , then recluster with anti-  with radius R kt r

R

r

Measurements of inclusive and leading subjet fragmentation 3

1 Introduction1

In this analysis, we consider jet substructure measurements in which we first inclusively cluster jets with2

the anti-kT jet algorithm with jet radius R, and then recluster the jet constituents with the anti-kT jet3

algorithm with jet radius r < R. We consider both the inclusive subjet population as well as the leading4

subjet population – where in both cases the initial jet finding is done inclusively.1 Note that various5

subjet observables have been previously proposed as sensitive jet quenching observables [1].6

Here, we consider the fraction of transverse momentum carried by the subjet compared to the initial jet:7

zr =
pch subjet

T

pch jet
T

.

Note that for zr > 0.5, the leading and inclusive subjet distributions are identical.8

This observable provides two compelling ways to probe jet quenching:9

1. Test universality of jet fragmentation in the QGP. Measurements of zr are directly sensitive to the10

in-medium parton-to-subjet fragmentation function Jr,med(z), and can be used to extract Jr,med(z).11

The extracted Jr,med(z) can then be compared to the independently extracted in-medium parton-12

to-jet fragmentation function, Jmed(z) [2]. In vacuum, it is expected that Jr,med(z) = Jmed(z) up to13

power corrections. However, it is unknown whether such universality holds in the QGP, and is14

closely related to factorization breaking. Measurement of zr in heavy-ion collisions will directly15

test this universality.16

2. Directly measure jet energy loss. Traditionally, the fraction of “out-of-cone” energy transport has17

been inferred by comparing jet yields in pp and Pb–Pb collisions. Recently, a more direct and18

well-defined method of measuring energy loss was proposed [3]. This can be done by comparing19

moments of the leading and inclusive subjet zr distributions, i.e. computing the fraction of jet20

energy not carried by the leading subjet. This “energy loss” observable can then be computed in21

both pp and Pb–Pb collisions, and the difference is a well-defined direct measure of energy loss in22

heavy-ion collisions, without any need to use modeling assumptions to infer the energy loss from23

yields.24

We also choose to measure zr due to recent studies of mis-tagging of jet substructure objects due to25

the heavy-ion underlying event [4]. Reclustered subjets, as compared to groomed jets, may exhibit26

improved robustness to mis-tagging effects. In Pb–Pb collisions, we perform a philosophically similar27

measurements as in Ref. [5] in the sense that we tag a substructure object event-by-event, and measure28

only in an approximately background-free part of phase space, in this case restricting zr to be sufficiently29

large (and thereby preventing us from measuring the inclusive subjet distribution).30

In pp collisions, the inclusive subjet zr distribution has been calculated at NLO+LL [6], and the leading31

subjet zr distribution (and accordingly the “energy loss”) is in progress [3]. There has not yet been any32

measurement of zr. In pp collisions, measurements of zr will test the perturbative accuracy of these ob-33

servables, including investigating the relevance of threshold resummation at large-zr and small-zr, which34

has not yet been directly observed, and testing the nonlinear leading jet function evolution equation.35

The large-zr and small-zr regions may also be useful to constrain hadronization models. Furthermore,36

inclusive subjet measurements can be used to extract the LL splitting function, and compare to similar37

extractions from groomed jet measurements of zg.38

1Note that this procedure does not involve grooming in any way. We use the term subjet to refer to a reclustered jet with
smaller radius than its initial clustering radius, and suggest to use the term “prong” (rather than “subjet”) to refer to a branch of
a clustering history used in groomed jet analyses.

Neill, Ringer, Sato JHEP 07 (2021) 041
Kang, Ringer, Waalewijn  JHEP 07 (2017) 064
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Subjet fragmentation — Pb-Pb

0.6 0.7 0.8 0.9 1
rz

2

4

6

8

10rzdσd   
 >

 0
.6

 
rz

σ 
1

 PreliminaryALICE
 = 5.02 TeVNNs

TkCharged jets   anti-
| < 0.5

jet
η = 0.4   |R

c < 120 GeV/
T, ch jet
p80 < 

 = 0.1r subjets   Tkanti-

pp
10%−Pb 0−Pb

Sys. uncertainty

0.6 0.7 0.8 0.9 1
rz

0

0.5

1

1.5pp
Pb
−

Pb

JETSCAPE
Medium jet functions

ALI-PREL-490655

R

r

0.2 0.4 0.6 0.8

z

2

4

6

8

�
�

1 d
�
/d

z

Q = 91.2 GeV

R = 0.4
NLL�

�i = 1

Quark

Gluon

Figure 6. Inclusive and leading jet spectra for quark/gluon e+e� hemisphere jets and
p
s = Q =

91.2 GeV.

functions in the Monte Carlo parton shower discussed above which allows us to calculate

both the inclusive and leading jet cross section at NLL0 accuracy. In Fig. 6, we show the

results for e+e� hemisphere jets for quarks and gluons separately.4 As an example, we

choose the jet radius of R = 0.5 and the hard scale Q =
p
s = 91.2 GeV. The inclusive

and leading jet spectra agree for z > 1/2. For e+e� hemisphere jets, a jet with momentum

fraction z > 1/2 is automatically the leading jet. Note that this does apply to event-wide

leading jets in e+e� collisions as discussed in section 7.1 below. We observe that both

spectra peak at large values of z which indicates that it is very likely to find a jet that

carries a large momentum fraction of the initial quark or gluon. See also Ref. [125]. The

peak is less pronounced for an initial gluon than for quarks which is expected due to the

di↵erent color factors. The peak structure at large values of z confirms that the identified

leading jet is a good proxy of the underlying parton level degrees of freedom. We note

that the peak arises due to the threshold resummation. At LO/LL accuracy the numerical

result diverges near the endpoint, see Fig. 3. Therefore, it is phenomenologically important

to include threshold resummation for leading jet measurements. Note that the suppression

of the cross section for z ! 1 is unusual since threshold resummation is typically associated

with an enhancement of the cross section [30, 31]. For z < 1/2 the inclusive and leading

jet spectrum di↵er due to the subleading jets which contribute only to the inclusive jet

spectrum. The leading jet cross section drops significantly below z = 1/2 indicating that

it is very unlikely to find a leading jet that carries only a small momentum fraction z.

Another intriguing feature of the results in Fig. 6 is the shape of the leading jet

4When showing our results, we vary a given scale µi ! ⇣iµi. The range in which we vary ⇣i is given

in each figure, where relevant. The scales varied are the observed jet, soft-collinear, and inclusive jet (Eq.

(4.6)), and also the Landau-pole regularization, and the non-perturbative model parameter, and we take

the envelope as a measure of uncertainty.

– 29 –

Neill, Ringer, Sato JHEP 07 (2021) 041

Leading/inclusive jets
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Hardening distribution at intermediate 
Large quark-gluon differences in vacuum
Competing effects 

Gluon suppression  larger 
Soft radiation  smaller 
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→ zr
→ zr

Well-described by theoretical predictions

Consistent with universality of jet fragmentation in QGP
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Outlook — jet substructure in heavy-ion collisions
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Hard splitting momentum distribution not strongly modified — 

Collimation/filtering of wide jets — 

Medium-induced soft splitting can be exposed in region dominated by quark jets — 

zg

θg

zr

By measuring carefully chosen observables… 
Calculable in proton-proton collisions
Corrected for background and detector effects

…we are producing an emerging picture of jet quenching phenomenology
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Model sensitivity

Information content distinguishing pp from AA jets

Where do we go from here?

40

Bayesian inference to extract QGP properties using multiple jet observables 
Controlled comparisons of specific aspects within model (q vs. g, medium response, …)

JETSCAPE PRC 104, 024905 (2021)

See also:
  Ke, Wang JHEP 05 041 (2021)
  Andrés et al. EPJC 76 475 (2016)
  JET PRC 90, 014909 (2014)

Lai, JM, Płoskoń, Ringer arXiv 2111.14589 
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C. Viscosity estimation and model accuracy for combined
RHIC & LHC data

Reviewing Figs. 4 and 5 we find that the observables at the
LHC give stronger constraints on the slope of the specific shear
viscosity at large temperature. It is the general expectation that
higher psNN collisions at the LHC are more sensitive to the
transport coe�cient at high temperature. This conclusion was
verified quantitatively in previous Bayesian parameter estima-
tion [24, 146]. For the present analysis, we do caution that we
currently use a di�erent number of observables at RHIC and
the LHC; consequently, we are not in a position to compare
systematically the constraining power of the two collision en-
ergies at the moment. We do expect RHIC and LHC data to
be complementary, and we proceed to a combined Bayesian
parameter estimation for Pb-Pb at psNN = 2.76TeV and Au-
Au at psNN = 200GeV collisions. For this combined anal-
ysis, the viscosity posterior for the Grad viscous correction is
shown in Fig. 6.

FIG. 6. The posterior for specific bulk (left) and shear (right) vis-
cosities resulting from a model parameter estimation using combined
data for Au-Au collisions at psNN = 200 GeV and Pb-Pb collisions
at psNN = 2.76 TeV.

As discussed in Section V A, all parameters are held the
same for the two systems except for their overall normaliza-
tions of the initial conditions — N [2.76 TeV] and N [0.2 TeV].
Recall that model parameters being kept constant does not im-
ply that the e�ective physical quantities are the same at RHIC
and the LHC. For example, the transport coe�cients are tem-
perature dependent, and the free-streaming time depends on
p
sNN and centrality through the total energy of the event.
The information gained by fitting both systems slightly re-

duces the width of the credible intervals for the specific shear
and bulk viscosities at temperatures above 250 MeV; the 90%
confidence band in the posterior for specific shear and bulk
viscosity is slightly smaller than the credible intervals given by
calibrating against either one of these two systems alone. This
illustrates the added constraining power accessed by combin-
ing the two data sets.

The simultaneous fit to experimental observables is shown
in Fig. 7, where we have plotted the emulator prediction for
the observables at one hundred parameter samples drawn ran-
domly from the posterior. Note that, in spite of some undeni-
able tension in the simultaneous fit of ALICE and STAR data

FIG. 7. The observables predicted by the Grad viscous correction
emulator, drawn from the posterior resulting from the combined fit
of ALICE data (left) for Pb-Pb collisions at psNN = 2.76 TeV and
STAR data (right) for Au-Au collisions at psNN = 200 GeV. The
simultaneous fit yields model observables which agree within ⇠20%
of experimental measurements.

(for example in the mean transverse momenta of kaons), our
hybrid model can describe simultaneously all of the observ-
ables we considered for the two systems to within 20% of the
experimental results. As discussed earlier, this is important:
our confidence in the significance of this section’s parameter
estimates rests on a good description of the experimental data
when sampling model parameters according to their posterior
probability distribution.

As a final emulator validation, we have calculated the Maxi-
mum A Posteriori (MAP) parameters of the Grad viscous cor-
rection model. Using these parameters, we simulated 5,000
fluctuating events and performed centrality averaging. The
comparison between the hybrid model prediction at the MAP
parameters and the experimental data are shown in Fig. 8, and
MAP parameters for the Grad, Chapman-Enskog and Pratt-

Data

Observable design to add new information to these global extractions

S. Mak

JETSCAPE PRC 103, 054904 (2021)
Lai arXiv 1810.00835
Sangaline, Pratt PRC 93, 024908 (2016)

Model emulator
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Summary
ALICE measurements of jet substructure in proton-proton collisions are 
providing new tests of our first-principles understanding of QCD

Explore the transition from the perturbative to non-perturbative regimes
More results not shown here: dead cone, Lund plane, axis differences, Dynamical grooming, …

Emphasis on observables that can be directly compared to theoretical calculations

New measurements of jet substructure in heavy-ion collisions are producing an 
emerging picture of jet quenching and starting to connect to QGP properties

Increased statistics by 50-100x, improved tracking — HF-jet, -jet, larger γ pT

ALICE jet capabilities in LHC Runs 3+4 will enable new extractions of QGP properties


