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Goal: better understand 
heavy-ion collisions



Rigorous model-data comparison
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Data Physics

“Silver-bullet measurements” (rarer)

More precise data & sophisticated models

Data

Physics

Model



Comparing data to model
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Data
Physics

Model
𝒟

Key task: quantify “distance” between point in model 
space and “truth” (data = proxy of truth)

Once we have this  we can 
have fun and extract information

𝒟

𝒟 : ⃗θ → ℝ

Model space

“truth”



Candidate: Bayesian posterior
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P( ⃗θ |data) =
P(data | ⃗θ )P( ⃗θ )

P(data)

Prior knowledgeBayesian likelihood

Bayesian evidence

Posterior: probability density of parameter  
being “best” given the observed data

⃗θ

Data
Physics

Model
𝒟

Candidate for 𝒟
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The problems of heavy ions

9

A LOT of parameters needed to specify the whole thing

Initial stage Hydro 
evolution

Energy LossHard 
process

Hadronize Hadronic 
transport

Both in each block and the 
interface between blocks

Data
Physics

Model
𝒟

Usually different code bases

(Incomplete list)



The JETSCAPE framework
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Data
Physics

Model
𝒟

JETSCAPE framework: 
• Modular design 
• Easily extensible 
• Unified block interface

+…

See also talks from Abhijit,  Chathuranga and Yasuki

Initial stage Hydro 
evolution

Energy LossHard 
process

Hadronize Hadronic 
transport

(Incomplete list)

different code bases



Dealing with large parameter space
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Problem: 
computing cost + 

continuous space + 
large dimensions

Data
Physics

Model
𝒟

One solution: 
strategic points + 

interpolation

Still high computing 
cost but doable



+ a lot of analysis details

12

Initial 
design 
points

Further 
design 
points

PCA

GP training

Uncertainty 
propagation

Build 
posterior

Analyze 
posterior

MCMC

Uncertainty 
correlation …Dealing with 

noiseValidation

Won’t go into details for now

Data
Physics

Model
𝒟

A lot of care goes 
into making sure 

each step is robust

Public package: https://github.com/JETSCAPE/STAT
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Recent Future

* in the context of JETSCAPE



Soft observables
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h± : dN/dη

dET /dη

π, K, p : dN/dy, ⟨pT⟩

v2{2}, v3{2}, v4{2}

δpT /pT

Parameters in 
initial state 
hydro etc. 

(next page)

Phys. Rev. C 103, 054904 (2021)



Model setup

15

TimeTrento 
initial 
state

Hydrodynamics: MUSIC 
Parametrize  and η/s(T) ζ/s(T)

Freestream
Different models 
for particlization SMASH

2

6

9

1

Phys. Rev. C 103, 054904 (2021)



Example posterior distributions
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Decent agreement to both 
LHC and RHIC data

Phys. Rev. C 103, 054904 (2021)



Extracted viscosities

17

(+ many other results I don’t have time to go into)

RHIC vs LHC
Non-negligible effect 
in particlization model

Phys. Rev. C 103, 054904 (2021)

Complementary



 extraction: JET Collaboration̂q

18

11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T

3 and the coe�cient is determined
by fitting to the experimental data on RAA at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T

3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡

⇢
1.2± 0.3
1.9± 0.7

GeV2
/fm at

T=370 MeV,

T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂N/T

3

eft
in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂N = 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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FIG. 8. (Color online) The nuclear modification factors RAA

from McGill-AMY model as a function of pT for 0-5% Au+Au
collisions at RHIC (lower panel) and 0-5% Pb+Pb collisions at
the LHC. Experimental data are taken from PHENIX exper-
iment [77, 78] at RHIC and CMS [26] and ALICE experiment
[27] at LHC. For di↵erence curves from the top to the bottom,
the values of ↵s are from 0.23 to 0.31 with an increment of
0.1.

perimental data is the thick curve in the middle, with
↵s = 0.24(+0.02/� 0.01).
The above best ↵s values are obtained from a �

2 fit, as
shown in Fig. 9. Here the values of �2

/d.o.f. are plotted
as a function of ↵s for both RHIC and the LHC. For
RHIC we use the data points above 5 GeV/c for both
2008 and 2012 PHENIX data, for the LHC we use both
CMS and ALICE data points with a momentum cut of 6
GeV/c.

VII. JET TRANSPORT PARAMETER

In order to compare medium properties extracted from
phenomenological studies of jet quenching within di↵er-
ent approaches to parton energy loss, we will focus on the
value of quark jet transport parameter q̂ either directly
extracted or evaluated within each model with the model
parameters constrained by the experimental data. As a
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FIG. 9. (Color online) The �2/d.o.f as a function of ↵s from
fitting to the PHENIX data [77, 78] (combined 2008 and 2012
data set) at RHIC (solid) and combined ALICE [27] and CMS
[26] data at LHC (dashed) by the McGill-AMY model calcu-
lation of the nuclear suppression factor RAA(pT ) as shown in
Fig. 8.

first step, we will only consider data on the suppression
factor of single inclusive hadron spectra RAA(pT ) at both
RHIC and LHC. Within each model, q̂ should be a func-
tion of both local temperature and jet energy which in
turn varies along each jet propagation path. As a gauge
of medium properties at its maximum density achieved
in heavy-ion collisions, we will consider the value of q̂ for
a quark jet at the center of the most central A+A colli-
sions at an initial time ⌧0 when hydrodynamic models are
applied for the bulk evolution. For all the hydrodynamic
models used in this paper with di↵erent approaches of
parton energy loss, the initial time is set at ⌧0 = 0.6
fm/c with initial temperature T0 = 346�373 and 447-486
MeV at the center of the most central Au+Au collisions
at

p
s = 200 GeV/n at RHIC and Pb+Pb collisions at

p
s = 2.76 TeV/n at LHC, respectively.

Shown in Fig. 10 are the extracted or calculated values
for q̂ as a function of the initial temperature for a quark
jet with initial energy E = 10 GeV. For the GLV-CUJET
model, q̂ is calculated from one set of parameters with
HTL screening mass and the maximum value of running
coupling ↵max = 0.28 for temperature up to T = 378
MeV, and for another set with ↵max = 0.24 for 378  T 

486 MeV. The di↵erence in ↵max and the corresponding q̂

in these two temperature regions can be considered part
of the theoretical uncertainties.

Similarly, the values of q̂ from the MARTINI and
McGill-AMY models are calculated according to the
leading order pQCD HTL formula in Eq. (18) with the
two values of ↵s extracted from comparisons to the ex-
perimental data on RAA at RHIC and LHC, respectively.
The GLV, MARTINI and McGill-AMY models all as-
sume zero parton energy loss and therefore zero q̂ in the
hadronic phase. In the HT-BW model, the fit to the
experimental data gives q̂ = 1.3 ± 0.3 GeV2/fm at tem-

RAA Data

Example

Separate analyses 
to RHIC and LHC 
data from a variety 

of models
Can we take it one 

step further?

Phys. Rev. C 90, 014909 (2014)



Analysis Setup
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Glauber VISH 2+1D

MATTER

LBT

MATTER+LBT

Initial State E-LossHydro

Hadron RAA (T, E, Q)̂q



A-term
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Parametrization of ̂q
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̂q
T3

∝ A
ln(E/Λ) − ln(B)

ln2(E/Λ)
+ C

ln(E/T ) − ln(D)
ln2(ET/Λ2)

MATTER-inspired term LBT-inspired term
C-term (E = 5 GeV)
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Phys. Rev. C 104, 024905 (2021)



LBT: design vs posterior
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Before data 
is used

After using 
data

Phys. Rev. C 104, 024905 (2021)



MATTER vs LBT
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LBT prefers the C 
term, MATTER 

prefers the A term

Higher order term 
B & D only loosely 

constrained
A

A

B
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C
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D
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Phys. Rev. C 104, 024905 (2021)



MATTER & LBT: ̂q
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T = 300 MeV
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Phys. Rev. C 104, 024905 (2021)



Multi-stage approach
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Best switching 
virtuality ~ 2 GeV

Result dominated by 
LHC because of 

choice of experimental 
data input
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Phys. Rev. C 104, 024905 (2021)



Recent results: remarks

• Due to time many things not covered 

• What is done so far is just the beginning!  Further 
analyses are ongoing 

• More observables, more flexible model, …

25
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Data
Physics

Model
𝒟

• Choice of data 
• Scope of data to include 
• Uncertainty treatment 
• …

• Complexity of model 
• Generators 
• …

• Computational 
challenge 

• Extensions 
• …



Data choice
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Important to pick a scope and 
include ALL eligible data

*unless there are known issues 
(ps. tension doesn’t count)

High chance of bias if only 
a subset is used



Data scope
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Hadron RAA Jet RAA Jet shape
+ + +

Systematically expand the scope to probe more physics

…

Example:

Single 
hard 

particle

Also 
particles 

in the 
vicinity

Shape of 
the softer 

parts

(Analogous systematic expansion of model complexity)
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Data
Physics

Model
𝒟

• Choice of data 
• Scope of data to include 
• Uncertainty treatment 
• …

• Complexity of model 
• Generators 
• …

• Computational 
challenge 

• Extensions 
• …



Data uncertainty correlation
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Correlation is key! • Anti-correlated: >2σ

• Fully Correlated: 1σ
• Non-correlated: 2σ

Prediction

Agreement depends on 
uncertainty correlation

Faithfully capturing the correlation is crucial



Capture Correlations
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 (GeV)
T

p
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TAA

Luminosity

Other Systematic 
Uncertainties

Statistical Uncertainty

Many uncertainties with different correlations

More information from experiments will be nice
As much as reasonably possible!
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Data
Physics

Model
𝒟

• Choice of data 
• Scope of data to include 
• Uncertainty treatment 
• …

• Complexity of model 
• Generators 
• …

• Computational 
challenge 

• Extensions 
• …



Generators
• What Bayesian analysis does is to find the region of 

phase space matching the best to the data/truth 

• If generator does not have required physics it’s easy 
to misinterpret the result 

• Case for better vacuum shower modeling (for 
example) 

• Ratios help but not everything is multiplicative

34
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Data
Physics

Model
𝒟

• Choice of data 
• Scope of data to include 
• Uncertainty treatment 
• …

• Complexity of model 
• Generators 
• …

• Computational 
challenge 

• Extensions 
• …



Extension possibilities
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Model selection
Model combination

Tension quantification 
(in context of model)

Many possibilities with 
using the Bayesian 
analysis as a tool to 
probe different things

We’re just getting started:

Event generation with 
full posterior (not just MAP)
…



Tension quantification

37

Bayesian posterior = data vs. model point compatibility

Bayesian analysis with different sets of data 
=> controlled way to study compatibility

Set 1

Set 1 Set 2

Set 2

even different types!



Combining: model averaging
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Application of Bayesian model averaging

Grad/CE/PTB: 
different 

particlization 
models

Rigorous data-driven way to combine the models

Combine using the Bayesian evidence

Phys. Rev. Lett. 126, 242301 (2021)



Concluding remarks
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What Problems

Recent Future

Rigorous data-model 
comparison 

 
Data-model “distance”: 

Bayesian posterior
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What Problems

Recent Future

Rigorous data-model 
comparison 

 
Data-model “distance”: 

Bayesian posterior

Different code => 
JETSCAPE framework 

Large parameter space => 
design point + interpolation
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What Problems

Recent Future

Rigorous data-model 
comparison 

 
Data-model “distance”: 

Bayesian posterior

Soft sector: bulk properties 
 

Hard sector: first step  ̂q

Different code => 
JETSCAPE framework 

Large parameter space => 
design point + interpolation
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What Problems

Recent Future

Rigorous data-model 
comparison 

 
Data-model “distance”: 

Bayesian posterior

Better data handling 

Progressively more data 
and model complexity 

Many extensions possible

Soft sector: bulk properties 
 

Hard sector: first step  ̂q

Different code => 
JETSCAPE framework 

Large parameter space => 
design point + interpolation
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True 
shape

M
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entM
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su
re

m
en

t

Measurement



Backup Slides Ahead



47



Rigorous model-data comparison
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Data Physics

“Silver-bullet measurements” (rarer)

More precise data & sophisticated models

Data

Physics

Model

In
fo

rm
ed

 o
bs

er
va

bl
e 

de
si

gn



Computational challenge
• Complex parameter space & more precise data 

• More calculation needed both in precision and 
number of points to run over 

• Challenge in organizing large-scale calculation: highly 
non-trivial task, operate more similar to large 
experiment collaborations 

• Placement of design points more important than ever 

• Challenge in speeding things up
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Simulation Setup
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Label Comment Parameters

MATTER MATTER all the way A, B, C, D

LBT LBT all the way A, B, C, D

MATTER+LBT1 Same formula as above, but just 
switch at Q0

A, B, C, D, Q0

MATTER+LBT2 Virtuality Q used instead of E in the 
MATTER-only term A, C, D, Q0



Multi-stage approach
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Decreasing Q

LBTMATTER

Q0

Implement a “switching scale” Q0, 
where we switch from MATTER to LBT

Use the same  parameterization on both modelŝq

“MATTER+LBT1”: same  formula as beforêq
̂q

T3
∝ A

ln(E/Λ) − ln(B)
ln2(E/Λ)

+ C
ln(E/T ) − ln(D)

ln2(ET/Λ2)



Multi-stage approach
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MATTER+LBT2 parameterization

̂q
T3

∝ A
ln(Q/Λ) − ln(Q0/Λ)

ln2(Q/Λ)
θ(Q − Q0) + C

ln(E/T ) − ln(D)
ln2(ET/Λ2)

MATTER-only term

Switch to virtuality instead of energy 
to better capture the nature of 
virtuality evolution in MATTER



Multi-stage approach: (1)
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LBT-only

MATTER+LBT1

Inclusion of Q0 does not improve agreement much



Multi-stage approach: (1)
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T = 300 MeV
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Multi-stage approach: (2)
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T = 300 MeV
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p = 100 GeV/c
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MATTER > LBT ~ by construction ( )θ(Q − Q0)

̂q
T3

∝ A
ln(Q/Λ) − ln(Q0/Λ)

ln2(Q/Λ)
θ(Q − Q0) + C

ln(E/T ) − ln(D)
ln2(ET/Λ2)



Multi-stage approach: (2)
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Viscosity parameterization
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Model complexity
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ABCD ̂q More 
realistic ̂q Beyond ?̂q …

As the data scope expands we also need 
to expand on the modeling side

Example:

2-stage 
hydro? …Large model space 

not probed yet



Capture Correlations
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= + + …

Full Covariance
Somewhat 
correlatedUncorrelated

Add up the covariance matrices source-by-source 



Capture Correlations
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BA

A
B

Measurements
Some uncertainties are 

correlated across 
measurements

For example luminosity 
uncertainty from the 

same experiment

TAA across experiment
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Capture Correlations
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Unfortunately, experiments do not 
provide full correlation matrix 😢

Other Systematic 
Uncertainties

= “Everything else”



Capture Correlations
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…and we are forced to make guesses

pT

RAA

Δp
Σij ∼ σiσj exp (−

Δp
ℓ

1.9 ) σi

σj

In the  case, we guess the correlation using 
a correlation length  = 0.2 x (max pT range) 

for the “catch-all” uncertainty*

̂q
ℓ

* cross check with  = 10ℓ


