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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.

Weiyao Ke HENPIC (online) July 2, 2020 3 / 17

Jet quenching in the quark-gluon plasma

2

We would like to learn big questions about the deconfined state of QCD

What are the relevant degrees of freedom of the QGP? 
Quasi-particles?

How does a strongly-coupled system arise from QFT?
Compute bulk properties from first principles?

W. Ke



James Mulligan, LBNL RHIP Seminar, University of Tennessee Feb 23, 2021

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.

Weiyao Ke HENPIC (online) July 2, 2020 3 / 17

Jet quenching in the quark-gluon plasma

3

We would like to learn big questions about the deconfined state of QCD

What are the relevant degrees of freedom of the QGP? 
Quasi-particles?

How does a strongly-coupled system arise from QFT?
Compute bulk properties from first principles?

Jets offer a compelling tool

Jets can probe from the smallest medium scales to the largest medium scales

Jet evolution can be computed from first principles

Jets are strongly sensitive to (some) medium properties: ̂q
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We would like to learn big questions about the deconfined state of QCD

What are the relevant degrees of freedom of the QGP? 
Quasi-particles?

How does a strongly-coupled system arise from QFT?
Compute bulk properties from first principles?

Jets offer a compelling tool

Jets can probe from the smallest medium scales to the largest medium scales

Jet evolution can be computed from first principles

Jets are strongly sensitive to (some) medium properties: ̂q

However, it is clear by now that this endeavor is not simple…
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Challenge #1

5

Jet evolution involves physics that is not known from first principles: initial state, 
hydrodynamic evolution, medium response, hadronic rescattering, hadronization

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?

MADAI Collaboration
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Challenge #1

6

Jet evolution involves physics that is not known from first principles: initial state, 
hydrodynamic evolution, medium response, hadronic rescattering, hadronization

Global analysis is needed to fit models of the 
physics that are not known from first-principles

JETSCAPE, 2011.01430

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-

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?

MADAI Collaboration
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Measurements of jet spectra in pp and Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 7: Jet RAA at
p

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 hTAAi 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.

the option to include the recoiling thermal medium particles in the jet energy (“recoil on"), or to ignore
the recoiling medium particles (“recoil off") [24]. In the case of including the recoils, the recoil particles
free stream and do not interact again with the medium. If recoils are included, we perform background
subtraction according to the recommended option “4MomSub". JEWEL contains several free parameters
that are fixed by independent measurements, none of which use high-pT LHC measurements; we take
T = 590 MeV and t0 = 0.4 fm/c [83]. Note that these predictions do not include systematic uncertainties,
but rather only statistical uncertainties.

The Linear Boltzmann Transport (LBT) model implements pQCD energy loss based on a Higher Twist
gluon radiation spectrum induced by elastic scattering, and describes the evolution of jet and recoiling
medium particles through the thermal medium with linear Boltzmann equations. An effective strong
coupling constant as is taken as a free parameter fit to experimental data. The model calculations are
performed according to the methods in Ref. [25]. No systematic uncertainties 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 as, 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
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Challenge #2

7

Jet evolution itself is complicated, and there is no (known) golden observable

Jet , for example, is strongly 
modified — but models with different 
physics predict similar values

RAA

ALICE, PRC 101 (2020)

Simultaneous unknowns in jet quenching theory: 
Strongly-coupled vs. weakly-coupled interaction
Spacetime picture of parton shower
Factorization breaking
Color coherence
…
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8

Jet evolution itself is complicated, and there is no (known) golden observable

Jet , for example, is strongly 
modified — but models with different 
physics predict similar values

RAA

ALICE, PRC 101 (2020)

Simultaneous unknowns in jet quenching theory: 
Strongly-coupled vs. weakly-coupled interaction
Spacetime picture of parton shower
Factorization breaking
Color coherence
…

Need global analysis of multiple jet observables to: 
1. Distinguish theoretical approaches 
2. Precisely determine medium properties

This talk



James Mulligan, LBNL RHIP Seminar, University of Tennessee Feb 23, 2021 9
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 and JETSCAPE

Bayesian parameter estimation

Results
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The jet transverse diffusion coefficient

10

̂q ≡ ⟨k2
⊥⟩
L

= 1
L ∫ dk2

⊥
dP (k2

⊥)
dk2⊥

As a parton propagates through the QGP, it will undergo momentum 
exchanges transverse to its direction of propagation:

where  is a scattering kernel.P (k2
⊥)

The accumulated  can arise from 
various microscopic interactions:

⟨k2
⊥⟩

Single hard emission
Multiple soft scattering 
Smooth drag

R

r
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The jet transverse diffusion coefficient

11

̂q ≡ ⟨k2
⊥⟩
L

= 1
L ∫ dk2

⊥
dP (k2

⊥)
dk2⊥

As a parton propagates through the QGP, it will undergo momentum 
exchanges transverse to its direction of propagation:

where  is a scattering kernel.P (k2
⊥)

The accumulated  can arise from 
various microscopic interactions:

⟨k2
⊥⟩

Single hard emission
Multiple soft scattering 
Smooth drag

 is one of the most important 
quantities characterizing jet quenching

̂q

Out-of-cone transport — “energy loss”
In BDMPS: 

Broadening
In BDMPS: 

ΔE ∼ ̂qL2

Δφ ∼ ̂qL

R

r
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Leading hadrons

12

While  is important for all jet observables, it is not the only important physicŝq

For leading hadron , however,  is the dominant physicspT ̂q

Re-scattering of soft emissions
Medium response

Relevant to reconstructed jets

We only need to know what is radiated away from the leading parton
 — not what happens to those radiations
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Calculating ̂q

13

Under certain assumptions,  can be calculated ̂q
For example, assuming perturbative, small-angle elastic scattering off a thermal medium:

HTL formula ̂q (T, E) = CR
42ζ(3)

π
α2

S T3 ln [ μ2

6παST2 ]
Local temperature Parton energy

Parton-medium 
interaction scale
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Calculating ̂q

14

Under certain assumptions,  can be calculated ̂q
For example, assuming perturbative, small-angle elastic scattering off a thermal medium:

HTL formula

However, we will instead parameterize  in JETSCAPE with a more general form:̂q

7

q̂ (E, T ) |A,B,C,D

T 3
= 42CR

⇣(3)

⇡

✓
4⇡

9

◆2
(
A
⇥
ln

�
E
⇤

�
� ln(B)

⇤
⇥
ln

�
E
⇤

�⇤2 +
C
⇥
ln
�
E
T

�
� ln(D)

⇤
⇥
ln
�
ET
⇤2

�⇤2

)
, (12)

where (A,B,C,D) are parameters that will be deter-524

mined from the experimental data using Bayesian pa-525

rameter extraction. If the first part in the braces {...} (or526

parameter A) is set to zero, the second part reduces to527

Eq. (11) if the coupling constant ↵s = 4⇡/9/ ln(ET/⇤2)528

is assumed to run with both jet energy and medium tem-529

perature scales at leading order. For the parameter ⇤ we530

use ⇤ = 0.2GeV.531

The first part of the expression in the braces is an532

ansatz applicable to a highly energetic parton whose vir-533

tuality is much higher than the thermal scale of the534

medium, and which is therefore blind to the thermal535

scale. In this case, after being scaled by the density of536

the scattering centers (⇠ T 3), the value of q̂ is controlled537

solely by the scale of the jet parton itself, and not by538

the medium temperature. This first part in {...}, with539

parameters A and B, represents the physics assumed by540

the Matter model. The second part in {...} is expected541

to represent the physics of an on-shell jet parton scat-542

tering with quasi-particles inside a thermal medium, as543

assumed by the Lbt model. The arguments of the log-544

arithms in Eq. (12) involve additional constant factors545

that depend on the particular cut-o↵ value implemented546

in the t-channel scattering. We treat these as parameters,547

called B and D.548

We consider Eq. (12) to be a a su�ciently general549

ansatz of the energy and momentum dependence of q̂550

within the perturbative picture of jet-medium interac-551

tion. We use this parametrization consistently in both552

Matter and Lbt when they are applied separately to553

describe experimental data. We expect that the physics554

of the high virtuality stage in Matter to be described555

largely by the first term (with A andB), while the physics556

of the thermal stage in Lbt is described by the second557

term (with C and D).558

For the multi-stage calculation combining Mat-559

ter+Lbt we utilize two di↵erent parametrizations of q̂.560

The first parametrization uses Eq. (12) to calculate q̂561

in both Matter and Lbt stages, while introducing an562

additional parameter Q0 that represents the virtuality563

boundary between the two stages. This five-parameter564

formulation is denoted “Matter+Lbt 1”. Since it is565

based on the same physical assumptions as q̂, it can be566

compared directly to the parametrization in which Mat-567

ter and Lbt are applied separately.568

To reduce the number of parameters and capture the569

jet physics of virtuality evolution in Matter more pre-570

cisely we introduce a second q̂ parametrization for the571

multi-stage Matter+Lbt model, as follows:572

q̂ (Q,E, T ) |Q0,A,C,D

T 3
= 42CR

⇣(3)

⇡

✓
4⇡

9

◆2

8
><

>:
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h
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Q
⇤
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� ln

⇣
Q0
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⌘i

h
ln
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Q
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ln
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9
>=

>;
. (13)

This parametrization is denoted “Matter+Lbt 2”.573

Compared to Eq. (12), we use the jet virtuality Q as574

the scale in the first term instead of the jet energy E.575

The motivation behind this parametrization is that the576

Matter model better characterizes the parton shower577

as a function of virtuality. Howeve, the value of q̂ de-578

termined using this parametrization cannot be directly579

compared to that from Lbt.580

The parameter B is replaced by the switching virtu-581

ality Q0, so that this formulation likewise has four pa-582

rameters. The ✓ function ensures that, during the Mat-583

ter stage (Q > Q0), q̂ receives contributions from both584

terms, while during the Lbt stage (Q < Q0) only the585

second term contributes. In this parametrization, the586

distribution of q̂ is continuous at Q = Q0.587

IV. EXPERIMENTAL DATA588

This analysis carries out Bayesian parameter ex-589

traction using experimental measurements of inclusive590

hadron production in A+A collisions at RHIC and LHC591

(RAA). Selection of experimental data for this process re-592

quires consideration of the pT range suitable for compari-593

son to theoretical calculations of jet quenching, in partic-594

ular the possible role of medium-modified hadronization595

at low pT.596

The energy loss formalism in this manuscript involves597

the convolution of initial state and hard scattering dis-598

tributions with energy loss calculations applied to hard599

partons as they propagate through the medium. The fi-600

nal parton distributions are then convoluted with vacuum601

HTL-inspiredHigh-virtuality inspired

̂q (T, E) = CR
42ζ(3)

π
α2

S T3 ln [ μ2

6παST2 ]
Local temperature Parton energy

Parton-medium 
interaction scale

-independentT elastic scattering off temperature T
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Multistage jet evolution in heavy-ion collisions
Grand picture (leading hadrons) 

high Q and 
high E 

low Q and high E 

low Q and low E 
(near thermal) 

low Q and low E 
(near thermal) 

• Stage 1: High Q and high E (DGLAP, higher-twist); lose Q 
faster than E [ Majumder and Putschke, PRC 93 (2016) ] 

• Stage 2: low Q and high E (Transport, higher-twist, AMY) 
• Stage 3: low Q and low E (near thermal) (strongly coupled 

approach)

3Chun Shen (BNL)

JETSCAPE unifies multiple theories under one framework

MATTER

15

Medium-modified splitting function

High-virtuality, radiation-dominated 
regime: Q ≫ ̂qE

Majumder PRC 88 (2013)
Cao, Majumder PRC 101 (2020)

Virtuality-ordered shower modified 
to contain spacetime information

4

E is the jet energy. At high virtuality, the number of266

splittings dominates over the number of scatterings inside267

the medium, and the parton splitting process is described268

by a medium-modified virtuality-ordered shower [64, 93–269

95], where the scattering in the medium provides an ad-270

ditional contribution to the splitting functions.271

A jet shower is initiated by a single hard parton pro-272

duced at a point r with a forward light-cone momentum273

p+ = (p0 + n̂ · ~p)/
p
2, in which n̂ = ~p/|~p| specifies the274

direction of the jet. The virtuality (Q) of a particular275

parton is sampled based on the Sudakov form factor that276

determines the virtuality distribution [79, 96],277

�(Q2, Q2
0) =

Y

a

�a(Q
2, Q2

0)

=
Y

a

exp

2

64�
Q2Z

Q2
0

dQ2

Q2

↵s(Q2)

2⇡

1�zcZ

zc

dzPa(z,Q
2)

3

75 . (1)

Here, a represents the channels through which the jet278

parton can split, Q varies from the maximum possible279

value Qmax that initiates at the parton energy down280

to the minimum allowed value of Q0 below which the281

virtuality-order parton shower breaks. In the equation282

above, zc is taken as Q2
0/Q

2, and the splitting func-283

tion contains both vacuum and medium-induced contri-284

butions,285

Pa(z,Q
2) = P vac

a (z) + Pmed
a (z,Q2). (2)

Here, the medium-induced part is adopted from the286

higher-twist formalism [60, 64, 97, 98] and treated as a287

perturbation to the vacuum part:288

Pmed
a (z,Q2) =

P vac
a (z)

z(1� z)Q2

⇣+
maxZ

0

d⇣+q̂g(r + ⇣)

⇥
"
2� 2 cos

 
⇣+

⌧+f
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� 2
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⇣+

⌧+f

!

+ 2

 
⇣+

⌧+f

!2

cos

 
⇣+

⌧+f

!#
. (3)

Here q̂g denotes the gluon transport coe�cient; it is eval-289

uated locally at ~r+n̂⇣+ and is related to the quark trans-290

port coe�cient q̂q by color factors. The maximum length291

sampled ⇣+MAX is taken as 1.5⌧+f , where ⌧+f = 2p+/Q2 is292

the mean light-cone formation time.293

After Q of the parent parton is determined, z is chosen294

by sampling the splitting function P (z). The maximum295

possible virtualities of the two daughters are thus zQ and296

(1 � z)Q, from which the virtualities of the two daugh-297

ters Q1 and Q2 are similarly assigned by sampling the298

form factor in Eq. (1). The transverse (to n̂) momen-299

tum of the produced pair is then calculated according to300

the di↵erence in invariant mass between the parent and301

daughters:302

k2? = z(1� z)Q2 � (1� z)Q2
1 � zQ2

2. (4)

The actual time/length for each splitting process is303

sampled using a Gaussian distribution with a mean value304

of ⌧+f [80]. This process is iterated until virtualities of305

all partons within the jet shower reaches the predeter-306

mined value of Q0. This virtuality-ordered parton shower307

method is similar to the time-like shower implemented in308

Pythia, except that here the medium e↵ect is included309

in a consistent way.310

Hard partons evolve through multiple splittings in311

Matter starting with maximum possible virtualities312

(Q = E) until their virtualities drop below Q0. When the313

Matter model is applied alone, Q0 is fixed at 1 GeV.314

For proton-proton collisions, only the vacuum contribu-315

tion to the splitting function Eq. (2) is taken into account.316

As shown in Ref. [80], this approach provides a good de-317

scription of the single inclusive hadron and jet spectra318

at high pT in proton-proton collisions, serving as a reli-319

able baseline for studying their nuclear modification in320

heavy-ion collisions. For nucleus-nucleus collisions, both321

the vacuum and medium-induced parts are implemented.322

At Q0 = 1 GeV, all partons are converted into hadrons323

using Pythia fragmentation.324

Partons are fragmented independently using the325

py1ent function of PYTHIA [99]. We note that there is326

sizable uncertainty in parametrized fragmentation func-327

tions at LHC energies [100]. However, since the com-328

bined calculation of initial production and hadronization329

in JETSCAPE accurately describes jet spectra in proton-330

proton collisions [101], we assume that is can also be used331

to calculate in-medium modification in heavy-ion colli-332

sions.333

For the medium-induced part of the splitting func-334

tion in Eq. (2), the local fluid velocity of the dynamical335

medium is taken into account by rescaling q̂ in Eq. (3) via336

q̂ = q̂local ·pµuµ/p0 [102], where pµ is the four-momentum337

of the jet. The value of q̂ is zero before jets enter the338

thermal medium (⌧0 < 0.6 fm) and after they exit the339

QGP; in both regions only the vacuum splitting function340

contributes to the parton shower.341

The jet transport coe�cient of the QGP medium is342

the sole parameter of the Matter model. As discussed343

in [80], the minimal assumption that q̂ is proportional344

to the entropy density s in the local rest frame, q̂/s =345

q̂local/s0, is able to describe the single inclusive hadron346

and jet RAA, but distinct values of q̂0 at a given reference347

point s0 are required at RHIC and the LHC. The present348

work explores a more general form of q̂ as a function349

of medium temperature, jet energy, and virtuality scale,350

which can be uniformly applied to data from RHIC and351

the LHC.352

A. Majumder
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Multistage jet evolution in heavy-ion collisions
Grand picture (leading hadrons) 

high Q and 
high E 

low Q and high E 

low Q and low E 
(near thermal) 

low Q and low E 
(near thermal) 

• Stage 1: High Q and high E (DGLAP, higher-twist); lose Q 
faster than E [ Majumder and Putschke, PRC 93 (2016) ] 

• Stage 2: low Q and high E (Transport, higher-twist, AMY) 
• Stage 3: low Q and low E (near thermal) (strongly coupled 

approach)

3Chun Shen (BNL)

JETSCAPE unifies multiple theories under one framework

MATTER

16

LBT

Medium-modified splitting function

High-virtuality, radiation-dominated 
regime: Q ≫ ̂qE

Elastic and inelastic scatterings — linearized 
Boltzmann transport of jet partons

Majumder PRC 88 (2013)
Cao, Majumder PRC 101 (2020)

Virtuality-ordered shower modified 
to contain spacetime information

4

E is the jet energy. At high virtuality, the number of266

splittings dominates over the number of scatterings inside267

the medium, and the parton splitting process is described268

by a medium-modified virtuality-ordered shower [64, 93–269

95], where the scattering in the medium provides an ad-270

ditional contribution to the splitting functions.271

A jet shower is initiated by a single hard parton pro-272

duced at a point r with a forward light-cone momentum273

p+ = (p0 + n̂ · ~p)/
p
2, in which n̂ = ~p/|~p| specifies the274

direction of the jet. The virtuality (Q) of a particular275

parton is sampled based on the Sudakov form factor that276

determines the virtuality distribution [79, 96],277

�(Q2, Q2
0) =

Y

a

�a(Q
2, Q2

0)

=
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2

64�
Q2Z
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0
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1�zcZ

zc

dzPa(z,Q
2)

3

75 . (1)

Here, a represents the channels through which the jet278

parton can split, Q varies from the maximum possible279

value Qmax that initiates at the parton energy down280

to the minimum allowed value of Q0 below which the281

virtuality-order parton shower breaks. In the equation282

above, zc is taken as Q2
0/Q

2, and the splitting func-283

tion contains both vacuum and medium-induced contri-284

butions,285

Pa(z,Q
2) = P vac

a (z) + Pmed
a (z,Q2). (2)

Here, the medium-induced part is adopted from the286

higher-twist formalism [60, 64, 97, 98] and treated as a287

perturbation to the vacuum part:288
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Here q̂g denotes the gluon transport coe�cient; it is eval-289

uated locally at ~r+n̂⇣+ and is related to the quark trans-290

port coe�cient q̂q by color factors. The maximum length291

sampled ⇣+MAX is taken as 1.5⌧+f , where ⌧+f = 2p+/Q2 is292

the mean light-cone formation time.293

After Q of the parent parton is determined, z is chosen294

by sampling the splitting function P (z). The maximum295

possible virtualities of the two daughters are thus zQ and296

(1 � z)Q, from which the virtualities of the two daugh-297

ters Q1 and Q2 are similarly assigned by sampling the298

form factor in Eq. (1). The transverse (to n̂) momen-299

tum of the produced pair is then calculated according to300

the di↵erence in invariant mass between the parent and301

daughters:302

k2? = z(1� z)Q2 � (1� z)Q2
1 � zQ2

2. (4)

The actual time/length for each splitting process is303

sampled using a Gaussian distribution with a mean value304

of ⌧+f [80]. This process is iterated until virtualities of305

all partons within the jet shower reaches the predeter-306

mined value of Q0. This virtuality-ordered parton shower307

method is similar to the time-like shower implemented in308

Pythia, except that here the medium e↵ect is included309

in a consistent way.310

Hard partons evolve through multiple splittings in311

Matter starting with maximum possible virtualities312

(Q = E) until their virtualities drop below Q0. When the313

Matter model is applied alone, Q0 is fixed at 1 GeV.314

For proton-proton collisions, only the vacuum contribu-315

tion to the splitting function Eq. (2) is taken into account.316

As shown in Ref. [80], this approach provides a good de-317

scription of the single inclusive hadron and jet spectra318

at high pT in proton-proton collisions, serving as a reli-319

able baseline for studying their nuclear modification in320

heavy-ion collisions. For nucleus-nucleus collisions, both321

the vacuum and medium-induced parts are implemented.322

At Q0 = 1 GeV, all partons are converted into hadrons323

using Pythia fragmentation.324

Partons are fragmented independently using the325

py1ent function of PYTHIA [99]. We note that there is326

sizable uncertainty in parametrized fragmentation func-327

tions at LHC energies [100]. However, since the com-328

bined calculation of initial production and hadronization329

in JETSCAPE accurately describes jet spectra in proton-330

proton collisions [101], we assume that is can also be used331

to calculate in-medium modification in heavy-ion colli-332

sions.333

For the medium-induced part of the splitting func-334

tion in Eq. (2), the local fluid velocity of the dynamical335

medium is taken into account by rescaling q̂ in Eq. (3) via336

q̂ = q̂local ·pµuµ/p0 [102], where pµ is the four-momentum337

of the jet. The value of q̂ is zero before jets enter the338

thermal medium (⌧0 < 0.6 fm) and after they exit the339

QGP; in both regions only the vacuum splitting function340

contributes to the parton shower.341

The jet transport coe�cient of the QGP medium is342

the sole parameter of the Matter model. As discussed343

in [80], the minimal assumption that q̂ is proportional344

to the entropy density s in the local rest frame, q̂/s =345

q̂local/s0, is able to describe the single inclusive hadron346

and jet RAA, but distinct values of q̂0 at a given reference347

point s0 are required at RHIC and the LHC. The present348

work explores a more general form of q̂ as a function349

of medium temperature, jet energy, and virtuality scale,350

which can be uniformly applied to data from RHIC and351

the LHC.352

Inelastic scatterings generate gluon 
radiation — higher twist formalism

Broadening due to elastic scattering

Low-virtuality, scattering-dominated regime

Cao, Luo, Qin, Wang PRC 94 (2016)
   PLB 777 (2018)

A. Majumder
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Jet quenching in JETSCAPE
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James Mulligan, UC Berkeley JETSCAPE 2020 Online School, July 2020 5

Initial  
State 

Geometry

Hard  
scattering

Initial soft 
density

Medium-modified 
Parton shower

Viscous 
Hydrodynamics

Jet  
hadronization

Cooper-Frye 
hadronization

Hadronic 
cascade

Module 1

…
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Q > Q0
Q < Q0

JETSCAPE Manual: 1903.07706
https://github.com/JETSCAPE/JETSCAPE

JETSCAPE Event Generator
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Jet quenching in JETSCAPE
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Initial  
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JET Collaboration
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Measuring   : inclusive hadron suppression 

BNL 2/2/2021 Jet quenching status report 46

JET Collaboration
Phys.Rev. C90 (2014) 1, 014909

q̂

For a 10 GeV light quark at time 0.6 fm/c:
RHIC : q̂ ⇡ 1.2± 0.3 GeV

2/fm

LHC : q̂ ⇡ 1.9± 0.7 GeV
2/fm

Fit pQCD-based models to 
single-hadron 
suppression data at RHIC 
and LHC 

Reasonable and 
improvable precision

q̂ ⇡ 0.02 GeV2/fmCold matter (e+A at HERA):

Previous work: Separate fits of  at RHIC and 
LHC for various pQCD models

̂q

Improvements in this talk:
Extraction of  as a continuous function 
of  
Bayesian statistics — correct approach
Improved theoretical models

̂q
T, E

JET Collaboration, PRC 90 (2014)
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We decompose the experimental covariance matrix into several sources:

Uncorrelated uncertainties — e.g. statistical
Luminosity uncertainty — fully correlated across , centrality bins

 uncertainty — fully correlated across  bins
Other unspecified systematic uncertainties

pT
TAA pT

8

fragmentation functions to calculate the hadron distribu-602

tions to be compared to data. The calculations are there-603

fore based on the assumption that the hadronization of604

leading hadrons takes place outside the dense medium.605

The space-time distribution of jet hadronization in the606

presence of the QGP is currently an open issue, to be607

resolved using both experimental data and theoretical608

modeling. The most relevant experimental data to ad-609

dress this question are high-pT di-hadron correlations610

in central Au + Au collisions at RHIC [112], whose jet-611

like angular distributions indicate that charged hadrons612

with pT & 4 GeV/c arise predominantly from vacuum613

fragmentation; and particle-identified relative yields in614

reconstructed jets in central Pb + Pb collisions at the615

LHC, which are very similar to those for jets in vac-616

uum for pT > 4 GeV/c, in contrast to a striking en-617

hancement in the baryon/meson ratio for bulk (non-jet)618

production [113]. These experimental observations sug-619

gest that hadrons with pT & 4 GeV/c are generated620

in central A + A collisions predominantly by jet frag-621

mentation in vacuum; in other words, that the processes622

of jet-medium interactions and hadron formation largely623

factorize for hadrons with pT > 4 GeV/c. On the other624

hand, parametric theoretical arguments suggest that vac-625

uum hadronization occurs only for hadrons with pT > 10626

GeV/c, at both RHIC and the LHC.627

In order to simplify the analysis presented in this628

manuscript, we therefore restrict the pT range of the in-629

clusive hadron RAA measurements considered for com-630

parison to theory calculation pT > 8 GeV/c at RHIC and631

pT > 10 GeV/c at the LHC. We note that this cut lim-632

its significantly the statistical weight of the RHIC data633

relative to that at the LHC, due to the much narrower634

kinematic range accessible at the lower
p
sNN of RHIC635

(see Sect. VIII). Reduction of this limit, to enable greater636

statistical weight for the RHIC data, will be explored in637

future work.638

The experimental datasets used in this analysis, which639

cover a wide range in hadron pT and medium tempera-640

ture, are as follows:641

• Au-Au collisions at
p
sNN = 200 GeV, 0-10% and642

40-50% centrality [21];643

• Pb-Pb collisions at
p
sNN = 2.76 TeV, 0-5% and644

30-40% centrality [23];645

• Pb-Pb collisions at
p
sNN = 5.02 TeV, 0-10% and646

30-50% centrality [24].647

A. Experimental uncertainties648

Bayesian parameter extraction requires specification of649

experimental uncertainties, preferably as the full covari-650

ance matrix ⌃E . However, the full covariance matrix of651

measurement uncertainty is di�cult to determine, and it652

is usually not reported in experimental publications. We653

focus here on measurements of inclusive hadron RAA, and654

discuss how the covariance matrix is determined for the655

reported measurements used in this analysis.656

For these measurements, the experimental uncertain-657

ties are specified as a function of hadron pT. The658

CMS [24] and ATLAS [23] publications report the fol-659

lowing four types of uncertainty:660

1. uncorrelated statistical error and systematic uncer-661

tainty on each data point;662

2. luminosity uncertainty, fully correlated in all cen-663

trality bins for a given collision system;664

3. Glauber scaling (hTAAi) uncertainty, fully corre-665

lated in pT for a given collision system and cen-666

trality bin; and667

4. other correlated errors of unspecified origin, with668

only qualitative dependence on hadron pT specified.669

Because the luminosity and hTAAi uncertainties are in-670

dependent of pT, it is straightforward to calculate their671

contribution to the o↵-diagonal terms of the covariance672

matrix. However, the other correlated uncertainties arise673

from sources such as track selection, momentum resolu-674

tion, and e�ciency correlations, which vary in di↵erent675

ways with pT. To account for this complexity we intro-676

duce a correlation-length parameter ` (defined below) to677

represent the extent in pT over which these uncertainties678

contribute.679

For the RAA distribution of a specific collision system680

and centrality from a specific experimental publication681

(indexed by k), let ⌃E
k be the corresponding covariance682

matrix block constructed from “uncorrelated”, “fully-683

correlated”, and “length-correlated” uncertainty vectors684

respectively, {�uncorr
k }, {�fcorr

k }, {�lcorr
k }, as reported by685

the experiments. Then the uncertainty covariance block686

⌃E
k is given by687

⌃E
k = ⌃uncorr

k + ⌃fcorr
k + ⌃lcorr

k

⌃uncorr
k,ij = �uncorr

k,i �uncorr
k,j �ij

⌃fcorr
k,ij = �fcorr

k,i �fcorr
k,j

⌃lcorr
k,ij = �lcorr

k,i �lcorr
k,j exp


�
����
pk,i � pk,j

`k

����
↵�

. (14)

Here pk,i is the ith pT value in block k, and �ij = 1 if688

i = j and 0 otherwise. Thus, ⌃uncorr
k is a diagonal ma-689

trix, representing the combined, uncorrelated statistical690

and systematic experimental uncertainties. ⌃fcorr
k corre-691

sponds to the fully correlated, pT-independent luminosity692

and hTAAi uncertainties, and ⌃lcorr
k is constructed from693

the correlated experimental uncertainties using a power694

exponential covariance function. We set the exponent695

↵ = 1.9, similar to the common choice ↵ = 2 but com-696

putationally more stable [114]. The pk,i transverse mo-697

mentum values and correlation length `k in Eq. (14) are698

linearly rescaled so that all values lie within [0,1]. The699

rescaled correlation length `k is nominally set to a value700
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We decompose the experimental covariance matrix into several sources:

Uncorrelated uncertainties — e.g. statistical
Luminosity uncertainty — fully correlated across , centrality bins

 uncertainty — fully correlated across  bins
Other unspecified systematic uncertainties

pT
TAA pT

There is a simple practice that we (experimentalists) need to start doing:

Report signed systematic uncertainty breakdowns in HEPData

(or full covariances matrices)

8

fragmentation functions to calculate the hadron distribu-602

tions to be compared to data. The calculations are there-603

fore based on the assumption that the hadronization of604

leading hadrons takes place outside the dense medium.605

The space-time distribution of jet hadronization in the606

presence of the QGP is currently an open issue, to be607

resolved using both experimental data and theoretical608

modeling. The most relevant experimental data to ad-609

dress this question are high-pT di-hadron correlations610

in central Au + Au collisions at RHIC [112], whose jet-611

like angular distributions indicate that charged hadrons612

with pT & 4 GeV/c arise predominantly from vacuum613

fragmentation; and particle-identified relative yields in614

reconstructed jets in central Pb + Pb collisions at the615

LHC, which are very similar to those for jets in vac-616

uum for pT > 4 GeV/c, in contrast to a striking en-617

hancement in the baryon/meson ratio for bulk (non-jet)618

production [113]. These experimental observations sug-619

gest that hadrons with pT & 4 GeV/c are generated620

in central A + A collisions predominantly by jet frag-621

mentation in vacuum; in other words, that the processes622

of jet-medium interactions and hadron formation largely623

factorize for hadrons with pT > 4 GeV/c. On the other624

hand, parametric theoretical arguments suggest that vac-625

uum hadronization occurs only for hadrons with pT > 10626

GeV/c, at both RHIC and the LHC.627

In order to simplify the analysis presented in this628

manuscript, we therefore restrict the pT range of the in-629

clusive hadron RAA measurements considered for com-630

parison to theory calculation pT > 8 GeV/c at RHIC and631

pT > 10 GeV/c at the LHC. We note that this cut lim-632

its significantly the statistical weight of the RHIC data633

relative to that at the LHC, due to the much narrower634

kinematic range accessible at the lower
p
sNN of RHIC635

(see Sect. VIII). Reduction of this limit, to enable greater636

statistical weight for the RHIC data, will be explored in637

future work.638

The experimental datasets used in this analysis, which639

cover a wide range in hadron pT and medium tempera-640

ture, are as follows:641

• Au-Au collisions at
p
sNN = 200 GeV, 0-10% and642

40-50% centrality [21];643

• Pb-Pb collisions at
p
sNN = 2.76 TeV, 0-5% and644

30-40% centrality [23];645

• Pb-Pb collisions at
p
sNN = 5.02 TeV, 0-10% and646

30-50% centrality [24].647

A. Experimental uncertainties648

Bayesian parameter extraction requires specification of649

experimental uncertainties, preferably as the full covari-650

ance matrix ⌃E . However, the full covariance matrix of651

measurement uncertainty is di�cult to determine, and it652

is usually not reported in experimental publications. We653

focus here on measurements of inclusive hadron RAA, and654

discuss how the covariance matrix is determined for the655

reported measurements used in this analysis.656

For these measurements, the experimental uncertain-657

ties are specified as a function of hadron pT. The658

CMS [24] and ATLAS [23] publications report the fol-659

lowing four types of uncertainty:660

1. uncorrelated statistical error and systematic uncer-661

tainty on each data point;662

2. luminosity uncertainty, fully correlated in all cen-663

trality bins for a given collision system;664

3. Glauber scaling (hTAAi) uncertainty, fully corre-665

lated in pT for a given collision system and cen-666

trality bin; and667

4. other correlated errors of unspecified origin, with668

only qualitative dependence on hadron pT specified.669

Because the luminosity and hTAAi uncertainties are in-670

dependent of pT, it is straightforward to calculate their671

contribution to the o↵-diagonal terms of the covariance672

matrix. However, the other correlated uncertainties arise673

from sources such as track selection, momentum resolu-674

tion, and e�ciency correlations, which vary in di↵erent675

ways with pT. To account for this complexity we intro-676

duce a correlation-length parameter ` (defined below) to677

represent the extent in pT over which these uncertainties678

contribute.679

For the RAA distribution of a specific collision system680

and centrality from a specific experimental publication681

(indexed by k), let ⌃E
k be the corresponding covariance682

matrix block constructed from “uncorrelated”, “fully-683

correlated”, and “length-correlated” uncertainty vectors684

respectively, {�uncorr
k }, {�fcorr

k }, {�lcorr
k }, as reported by685

the experiments. Then the uncertainty covariance block686

⌃E
k is given by687

⌃E
k = ⌃uncorr

k + ⌃fcorr
k + ⌃lcorr

k

⌃uncorr
k,ij = �uncorr

k,i �uncorr
k,j �ij
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k,j exp
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Here pk,i is the ith pT value in block k, and �ij = 1 if688

i = j and 0 otherwise. Thus, ⌃uncorr
k is a diagonal ma-689

trix, representing the combined, uncorrelated statistical690

and systematic experimental uncertainties. ⌃fcorr
k corre-691

sponds to the fully correlated, pT-independent luminosity692

and hTAAi uncertainties, and ⌃lcorr
k is constructed from693

the correlated experimental uncertainties using a power694

exponential covariance function. We set the exponent695

↵ = 1.9, similar to the common choice ↵ = 2 but com-696

putationally more stable [114]. The pk,i transverse mo-697

mentum values and correlation length `k in Eq. (14) are698

linearly rescaled so that all values lie within [0,1]. The699

rescaled correlation length `k is nominally set to a value700
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Goal: Use experimental data to constrain the value of  ̂q (E, T)
1. Parameterize  in a jet quenching model

2. Explore the parameter space  to find the most likely values of  for that 
model to explain the experimental data

̂q(E, T)
θ={A,B,C,D}

θ θ

We specifically want to constrain the probability distribution of ̂q
Bayesian analysis
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P(θ |D) ∼ P(D |θ)P(θ)

Posterior Likelihood Prior

̂q(E, T)
θ={A,B,C,D}
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P(θ |D) ∼ P(D |θ)P(θ)

Posterior Likelihood Prior

The prior is our initial knowledge of the parameters — we will take a flat prior

̂q(E, T)
θ={A,B,C,D}
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Bayesian parameter estimation

26

P(θ |D) ∼ P(D |θ)P(θ)

Posterior Likelihood Prior

The likelihood characterizes how likely we would be to observe the given data, 
given a set of parameters θ

The prior is our initial knowledge of the parameters — we will take a flat prior

̂q(E, T)
θ={A,B,C,D}

P(D |θ) ∼ exp [−(ΔiΣ−1
ij Δj)

2] where   
           is the covariance matrix

Δi = Rθ
AA,i − Rdata

AA
Σ
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Bayesian parameter estimation

27

P(θ |D) ∼ P(D |θ)P(θ)

Posterior Likelihood Prior

The posterior is what we want — probability distribution of , given the datâq

The likelihood characterizes how likely we would be to observe the given data, 
given a set of parameters θ

The prior is our initial knowledge of the parameters — we will take a flat prior

̂q(E, T)
θ={A,B,C,D}

We will sample the posterior using Markov Chain Monte Carlo (MCMC)

P(D |θ) ∼ exp [−(ΔiΣ−1
ij Δj)

2] where   
           is the covariance matrix

Δi = Rθ
AA,i − Rdata

AA
Σ
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GP emulation

8

$

4
$

Posterior mean

$"'(

5#"($"'()

Data 

Emulator (posterior process mean):

5#" $"'( = 8 # $"'( data = <($"'() + ="'() >*$ ? − <A

Gaussian Process Emulators

28

Simon Mak

In order to evaluate the likelihood across the parameter space , we need to 
know the  predicted by JETSCAPE at prohibitively many different 

θ
RAA θ

Solution: Non-parametric interpolation

This allows us to train an 
interpolator using  
JETSCAPE model calculations

) (10 × dim θ)
with quantification of 
interpolation uncertainty
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Gaussian Process Emulators

29

In order to evaluate the likelihood across the parameter space , we need to 
know the  predicted by JETSCAPE at prohibitively many different 

θ
RAA θ

This allows us to train an 
interpolator using  
JETSCAPE model calculations

) (10 × dim θ)
with quantification of 
interpolation uncertainty

Solution: Non-parametric interpolation
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LBT model
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Results
LBT describes the data reasonably well

Some small systematic deviations 

2102.11337



James Mulligan, LBNL RHIP Seminar, University of Tennessee Feb 23, 2021

8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
40-50% Centrality

AuAu 200 GeV Design

Data from PHENIX

10 20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-5% Centrality
30-40% Centrality

PbPb 2.76 TeV Design

Data from ATLAS

10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0-10% Centrality
30-50% Centrality

PbPb 5.02 TeV Design

Data from CMS

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

8 10 12 14 16 18 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90

A
A

R

 (GeV/c)
T

p  (GeV/c)
T

p  (GeV/c)
T

p

31

LBT model
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where (A,B,C,D) are parameters that will be deter-524

mined from the experimental data using Bayesian pa-525

rameter extraction. If the first part in the braces {...} (or526

parameter A) is set to zero, the second part reduces to527

Eq. (11) if the coupling constant ↵s = 4⇡/9/ ln(ET/⇤2)528

is assumed to run with both jet energy and medium tem-529

perature scales at leading order. For the parameter ⇤ we530

use ⇤ = 0.2GeV.531

The first part of the expression in the braces is an532

ansatz applicable to a highly energetic parton whose vir-533

tuality is much higher than the thermal scale of the534

medium, and which is therefore blind to the thermal535

scale. In this case, after being scaled by the density of536

the scattering centers (⇠ T 3), the value of q̂ is controlled537

solely by the scale of the jet parton itself, and not by538

the medium temperature. This first part in {...}, with539

parameters A and B, represents the physics assumed by540

the Matter model. The second part in {...} is expected541

to represent the physics of an on-shell jet parton scat-542

tering with quasi-particles inside a thermal medium, as543

assumed by the Lbt model. The arguments of the log-544

arithms in Eq. (12) involve additional constant factors545

that depend on the particular cut-o↵ value implemented546

in the t-channel scattering. We treat these as parameters,547

called B and D.548

We consider Eq. (12) to be a a su�ciently general549

ansatz of the energy and momentum dependence of q̂550

within the perturbative picture of jet-medium interac-551

tion. We use this parametrization consistently in both552

Matter and Lbt when they are applied separately to553

describe experimental data. We expect that the physics554

of the high virtuality stage in Matter to be described555

largely by the first term (with A andB), while the physics556

of the thermal stage in Lbt is described by the second557

term (with C and D).558

For the multi-stage calculation combining Mat-559

ter+Lbt we utilize two di↵erent parametrizations of q̂.560

The first parametrization uses Eq. (12) to calculate q̂561

in both Matter and Lbt stages, while introducing an562

additional parameter Q0 that represents the virtuality563

boundary between the two stages. This five-parameter564

formulation is denoted “Matter+Lbt 1”. Since it is565

based on the same physical assumptions as q̂, it can be566

compared directly to the parametrization in which Mat-567

ter and Lbt are applied separately.568

To reduce the number of parameters and capture the569

jet physics of virtuality evolution in Matter more pre-570

cisely we introduce a second q̂ parametrization for the571

multi-stage Matter+Lbt model, as follows:572
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This parametrization is denoted “Matter+Lbt 2”.573

Compared to Eq. (12), we use the jet virtuality Q as574

the scale in the first term instead of the jet energy E.575

The motivation behind this parametrization is that the576

Matter model better characterizes the parton shower577

as a function of virtuality. Howeve, the value of q̂ de-578

termined using this parametrization cannot be directly579

compared to that from Lbt.580

The parameter B is replaced by the switching virtu-581

ality Q0, so that this formulation likewise has four pa-582

rameters. The ✓ function ensures that, during the Mat-583

ter stage (Q > Q0), q̂ receives contributions from both584

terms, while during the Lbt stage (Q < Q0) only the585

second term contributes. In this parametrization, the586

distribution of q̂ is continuous at Q = Q0.587

IV. EXPERIMENTAL DATA588

This analysis carries out Bayesian parameter ex-589

traction using experimental measurements of inclusive590

hadron production in A+A collisions at RHIC and LHC591

(RAA). Selection of experimental data for this process re-592

quires consideration of the pT range suitable for compari-593

son to theoretical calculations of jet quenching, in partic-594

ular the possible role of medium-modified hadronization595

at low pT.596

The energy loss formalism in this manuscript involves597

the convolution of initial state and hard scattering dis-598

tributions with energy loss calculations applied to hard599

partons as they propagate through the medium. The fi-600

nal parton distributions are then convoluted with vacuum601

The extracted parameters are substantially 
different for MATTER vs. LBT

MATTER: large , small A C
LBT: small , large A C

Consistent with the original motivation of the 
 parameterization:̂q

HTL-inspiredHigh-virtuality inspired
-independentT elastic scattering off temperature T

Results 2102.11337
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34

From these extracted parameters, we plot the extracted  ̂q

Consistent -dependence with JET CollaborationT

Weak dependence on T, p

Smaller median: elastic scattering, multiple gluon emission (Plotted  is for quarks)̂q

2102.11337
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Multi-stage model
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Theoretical arguments suggest that a multi-stage model is more well-founded:

MATTER — high-virtuality, 
LBT — low-virtuality, 

Q > Q0
Q < Q0

No evidence that multi-
stage model improves 
agreement with data

Caveat:   range not 
restricted as in MATTER 
only case 

pT

Include additional parameter, , to the fitQ0
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where (A,B,C,D) are parameters that will be deter-524

mined from the experimental data using Bayesian pa-525

rameter extraction. If the first part in the braces {...} (or526

parameter A) is set to zero, the second part reduces to527

Eq. (11) if the coupling constant ↵s = 4⇡/9/ ln(ET/⇤2)528

is assumed to run with both jet energy and medium tem-529

perature scales at leading order. For the parameter ⇤ we530

use ⇤ = 0.2GeV.531

The first part of the expression in the braces is an532

ansatz applicable to a highly energetic parton whose vir-533

tuality is much higher than the thermal scale of the534

medium, and which is therefore blind to the thermal535

scale. In this case, after being scaled by the density of536

the scattering centers (⇠ T 3), the value of q̂ is controlled537

solely by the scale of the jet parton itself, and not by538

the medium temperature. This first part in {...}, with539

parameters A and B, represents the physics assumed by540

the Matter model. The second part in {...} is expected541

to represent the physics of an on-shell jet parton scat-542

tering with quasi-particles inside a thermal medium, as543

assumed by the Lbt model. The arguments of the log-544

arithms in Eq. (12) involve additional constant factors545

that depend on the particular cut-o↵ value implemented546

in the t-channel scattering. We treat these as parameters,547

called B and D.548

We consider Eq. (12) to be a a su�ciently general549

ansatz of the energy and momentum dependence of q̂550

within the perturbative picture of jet-medium interac-551

tion. We use this parametrization consistently in both552

Matter and Lbt when they are applied separately to553

describe experimental data. We expect that the physics554

of the high virtuality stage in Matter to be described555

largely by the first term (with A andB), while the physics556

of the thermal stage in Lbt is described by the second557

term (with C and D).558

For the multi-stage calculation combining Mat-559

ter+Lbt we utilize two di↵erent parametrizations of q̂.560

The first parametrization uses Eq. (12) to calculate q̂561

in both Matter and Lbt stages, while introducing an562

additional parameter Q0 that represents the virtuality563

boundary between the two stages. This five-parameter564

formulation is denoted “Matter+Lbt 1”. Since it is565

based on the same physical assumptions as q̂, it can be566

compared directly to the parametrization in which Mat-567

ter and Lbt are applied separately.568

To reduce the number of parameters and capture the569

jet physics of virtuality evolution in Matter more pre-570

cisely we introduce a second q̂ parametrization for the571

multi-stage Matter+Lbt model, as follows:572
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This parametrization is denoted “Matter+Lbt 2”.573

Compared to Eq. (12), we use the jet virtuality Q as574

the scale in the first term instead of the jet energy E.575

The motivation behind this parametrization is that the576

Matter model better characterizes the parton shower577

as a function of virtuality. Howeve, the value of q̂ de-578

termined using this parametrization cannot be directly579

compared to that from Lbt.580

The parameter B is replaced by the switching virtu-581

ality Q0, so that this formulation likewise has four pa-582

rameters. The ✓ function ensures that, during the Mat-583

ter stage (Q > Q0), q̂ receives contributions from both584

terms, while during the Lbt stage (Q < Q0) only the585

second term contributes. In this parametrization, the586

distribution of q̂ is continuous at Q = Q0.587

IV. EXPERIMENTAL DATA588

This analysis carries out Bayesian parameter ex-589

traction using experimental measurements of inclusive590

hadron production in A+A collisions at RHIC and LHC591

(RAA). Selection of experimental data for this process re-592

quires consideration of the pT range suitable for compari-593

son to theoretical calculations of jet quenching, in partic-594

ular the possible role of medium-modified hadronization595

at low pT.596

The energy loss formalism in this manuscript involves597

the convolution of initial state and hard scattering dis-598

tributions with energy loss calculations applied to hard599

partons as they propagate through the medium. The fi-600

nal parton distributions are then convoluted with vacuum601

Multi-stage model
We also explored an alternate multi-stage parameterization, in which we replace 
the “high-virtuality" term with E → Q

Improved fit

Will require additional 
observables to make more 
definitive statement about 
multi-stage model

2102.11337



James Mulligan, LBNL RHIP Seminar, University of Tennessee Feb 23, 2021

Multi-stage model

37

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
T (GeV)

0

1

2

3

4

5

6

7

8

9

10

3
 /
 T

q

MATTER 90% CR

LBT 90% CR

MATTER+LBT1 90% CR

JET Collaboration

 

p = 100 GeV/c

(a)

0.2 0.4 0.6 0.8
T (GeV)

0

5

10

15

3
 /
 T

q

0.2 0.4 0.6 0.8
0

5

10

15

99% 90%Prior 
MATTER+LBT1

Extracted  of MATTER+LBT is smaller than MATTER,LBT alone ̂q
Due to additional quenching at low virtuality (compared to MATTER) or high virtuality (compared to LBT alone)
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We also test the impact of 
RHIC vs. LHC data

Fit dominated by LHC data
Due to choice of cutoff: pT < 8 GeV/c

First extraction of virtuality-switching 
parameter: Q0 ∼ 2 − 3 GeV/c
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We extracted  as a continuous function of  using Bayesian 
parameter estimation with inclusive hadron  data

̂q(E, T) E, T
RAA

Several JETSCAPE models considered: MATTER, LBT, MATTER+LBT
Data significantly constrains prior distributions
No evidence for multi-stage model being preferred by data
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Summary

40

We extracted  as a continuous function of  using Bayesian 
parameter estimation with inclusive hadron  data

̂q(E, T) E, T
RAA

Several JETSCAPE models considered: MATTER, LBT, MATTER+LBT
Data significantly constrains prior distributions
No evidence for multi-stage model being preferred by data

Extension to additional observables — jet , substructure, correlations

Need theory input: model parameterizations, multi-stage paradigm, improved modeling 
of heavy-ion stages (hydro calibration, quenching in hadronic phase), …
Need experiment input: reporting of uncertainty correlations on HEPData

Provide experimental guidance — observables, systems, centrality to best constrain models

RAA

Global analysis is key to the future of the jet quenching physics program


