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Jet quenching measurements
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Bayesian inference + jet quenching
1. How can we make a consistent picture?

2. What physics can we extract?
3. What information is contained in each observable?

Bayesian inference in the EIC era
4. Tools and lessons from present to future
5. e.g. EIC + forward LHC/RHIC + Bayesian inference



Concept: Bayesian Inference
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Insight into physics via rigorous data-model comparison
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Insight into physics via rigorous data-model comparison

Analysis

and provide
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Bayesian inference

@ Combine knowledge of theory and experiment to constrain parameters
® Given data ¥ and parameters 6, we can apply Bayes’ theorem

P(x|6)P(6)
PN

® e P(x|9): likelihood e P(0): prior
prob of 6 given X X is described by 6 distribution for 6
@ Most prob. value @ Depends on covariance, @ Choice makes
— best description of data data + theory uncert. assumptions explicit

— Posterior encodes everything we want to learn

@ Approach enables computationally tractable approach to extract parameters
@ Although still CPU intensive!

Raymond Ehlers (LBNL/UCB) - 29 July 2024 5
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Bayesian Inference in heavy-ion collisions (non-exhaustive)

JETSCAPE,
PRL 126 (2021) 24, 242301
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Next step in program:
Comprehensive
hadron + jet
calibration...



Bayesian inference with inclusive hadron and jet Rp o

JETSCAPE, arXiv: 2408.08247

Bayesian Inference analysis of jet quenching using inclusive jet and hadron
suppression measurements

Data @ Hadron + jet Rpa
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Strategy

® @

The JETSCAPE Collaboration reports a new determination of the jet transport parameter ¢ in the

Quark-Gluon Plasma (QGP) using Bayesian Inference, incorporating all available inclusive hadron

I | d b b I f and jet yield suppression data measured in heavy-ion collisions at RHIC and the LHC. This multi-

@ Ca C u a te l I I a ny m o re o Se rva es o r observable analysis extends the previously published JETSCAPE Bayesian Inference determination
of ¢, which was based solely on a selection of inclusive hadron suppression data. JETSCAPE is a

< < s modular framework incorporating detailed dynamical models of QGP formation and evolution, and

d Iffe re n t I a I St u d I e S jet propagation and interaction in the QGP. Virtuality-dependent partonic energy loss in the QGP
is modeled as a thermalized weakly-coupled plasma, with parameters determined from Bayesian

calibration using soft-sector observables. This Bayesian calibration of ¢ utilizes Active Learning,

a machine-learning approach, for efficient exploitation of computing resources. The experimental

data included in this analysis span a broad range in collision energy and centrality, and in transverse

momentum. In order to explore the systematic dependence of the extracted parameter posterior
distributions, several different calibrations are reported, based on combined jet and hadron data;

Raym O n d E h | e rS ( L B N L/ U C B) - 2 9 J u Iy 2 024 on jet or hadron data separately; and on restricted kinematic ranges of the jet and hadron data.



Inclusive hadron and jet Ry 5 data

@ We adopt an agnostic approach:
all qualified dataset by a cutoff time
(Feb 2022) are included!

@ “Qualified” = right category, in
target phase space, possible to
compare rigorously

@ In total 729 data points used, jump up
from previous iteration of analysis of
similar nature

® Reported uncertainty sources +
estimate for the res

' ATLAS Hadron Raa @ 5.02 TeV after cutoff date
Raymond Ehlers (LBNL/UCB) - 29 July 2024
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Collab. /ref. System ~=SPecies Accept centr. |pT range
[TeV] 7% | [GeV/c]
STAR [101] Au—Au; 0.2  |charged| || < 0.5 [[0,40]| [9,12]
ALICE [102] Pb—Pb; 2. 76 5.02|charged| |n| < 0.8 |[0,50] | [9,50]
ATLAS [99] Pb- Po 2.76  |charged| |n| <2 |[0,40]| [9,150
CMS [103] Pb—Pb; 2.76 |charged| |n| < 1.0 |[0,50]| [9,100]
CMS [100] Pb—Pb; 5.02 |charged| |n| < 1.0 |[0,50]| [9,400]
PHENIX [104] Au—Au 0.2 " In| < 0.35([0,50] | [9,20!
ALICE [105,106]|| Pb-Pb; 2.76 m° n| < 0.7 [[0,50] | [9,20
ALICE [107,(108]|| Pb-Pb; 2.76 = | |n| <0.8[0,40]| [9,20
ALICE [109] Pb—Pb; 5. 02 = | |n| <0.8[0,50]| [9,20
Collab. /ref. ||System:; centr.| pr range
% | [GeV/c]
STAR [110] || Au—Au; 0.2 |charged|[0.2,0.4]||n| <1— R|[0,10]| [15,30]
ALICE [111] || Pb—Pb; 2.76 full 0.2 n| < 0.5 |[0,30]| [30,100
ALICE [22] || Pb—Pb; 5.02 full |0.2,04 | |n| <0.5 |[0,10]| [40,140
ATLAS [112]|| Pb—Pb; 2.76 full 0.4 n| < 2.1 [[0,50]| [32,500
ATLAS [113]|| Pb—Pb; 5.02 full 0.4 n| < 2.8 [[0,50]| [50,1000]
CMS [114] || Pb—Pb; 2.76 full [[0.2,0.4]| |n| < 2.0 |[0,50]| [70,300]
CMS [115] || Pb—Pb; 5.02 full {[0.2,1.0]| |n| < 2.0 |[0,50][200,1000]

arxXiv:2408.08247




g parametrization

~ ~ ~run 5 gurr [without coherence effect]
C](E, T, Q) = Gy X f(Q ) 10 ==F=10GeV ==FE = 500GeV

- 427(3 v . BN T
C]LTT_ — X as(,uz)ca ( )T3 lOg( ) _____________

n 67TT2 ;

N(exp (€3)(1 — xz))

Gurr - f(Q%) [with coherence effect]

f(Qz) — ; —F = 10GeV =—FE = 500 GeV
T+ @ln (QZ/A(ZQCD) T @ln (QZ/AéCD) Q>
| 10 g 7=04Gev
* 6 total parameters: Running coupling
* Qs * O, (switching virtuality) a;* = 03,0, =2 GeV
: c¢;=10,¢,=100
* €1, (>, C3 * Ty (start time) L
10%"5 10 15 20 25 30 35 40 45 50
0’ (GeV?)

@ Taken as one possible candidate model

@ Later: take advantage of JETSCAPE as a modular framework

JETSCAPE, Phys.Rev.C 107 (2023) 3, 034911
Raymond Ehlers (LBNL/UCB) - 29 July 2024 JETSCAPE, arXiv:2301.02485 3rXiv:2408.08247 9



Active learning design points

First batch (40): Final set of design
Latin Hypercube points (230)

Predictive error
across phase
space

Pick next batch
(20-40 points)

Prioritize reducing predictive error across the full space
Do not look at experimental data during this process

Raymond Ehlers (LBNL/UCB) - 29 July 2024 ArXiv-2408.08247 10



From Prior to Posterior

Data
Calculation
ALICE, 5.02 TeV, Charged Hadron JETSCAPE Preliminary
1.0/ 0->% | 5-10% [10-20% [ 20-30% | 30-40% [ 40-50%

— = =

40
J
Data
Best fit
ALICE, 5.02 TeV, Charged Hadron JETSCAPE Preliminary
1.0{ 0->7% | 5-10% [10-20% | 20-30% [ 30-40% [ 40-50%
X /
) 0.5-/_ / / / ’/_. ¢ °
20 40 20 40 20 40 20 40 20 40 20 40
pr (GeV) pr (GeV) pr (GeV) pr (GeV) pr (GeV) pr (GeV)

Raymond Ehlers (LBNL/UCB) - 29 July 2024 ArXiv-2408.08247 11



Data-posterior comparison
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u.0 - c.0 0.Q
500 &00 7040 400 600 ine 350 500 800 < 500 &0 00 30D 3s0 i0a AO0 500 £0Q 00 300 350
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Posteriors: hadron Ry 5 at low py

ALICE, 2.76 TeV, Charged Hadron

0-5% 5-10% 10-20% 20-30% 30-40% 40-50%
1.0 - | | - -
3 { /*—4
Q: . / + "’/———"‘+ /_— | * |ee :
Good agreement N — '
| 15 25 35 15 25 35 15 25 35 15 25 35 15 25 35 15 25 35
at Iower pT pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c)
I:al r‘ ALICE, 5.02 TeV, Charged Hadron
y 0-5% 5-10% 10-20% 20-30% 30-40% 40-50%
1.0 | | | | |
S /
- / / / / / *® )
0.0 . . . . . . . . . . . . . . . . . .
15 25 35 15 25 35 15 25 35 15 25 35 15 25 35 15 25 35
pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c)
STAR, 200 GeV, Charged Hadron PHENIX, 200 GeV, r"
0-5% 10-20% 20-30% 30-40% 0-10% 10-20% 20-30% 30-40% 40-50%
1.0- | | | 1.0 | | | |
3 3
0.51 . 0.5 - | 1 .
- 1+ was s T + * M
. = w
0.0- . . . . . . . 0.01— . . . . . . . . .
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Posteriors: hadron Rp p at high pt

1.0-

Raa

0.5-

0.0~

Raymond Ehlers (LBNL/UCB) - 29 July 2024

Some tension at higher pt

- drives result

CMS, 5.02 TeV, Charged Hadron
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Posteriors: jet Rap

1.0;

Raa

0.5;

0.0

Raymond Ehlers (LBNL/UCB) - 29 July 2024

ATLAS, 5.02 TeV, JetR = 0.4

arxXiv:2408.08247

0-10% 10-20% 20-30% 30-40% 40-50%
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¢ 4 W | |
agreement
250 500 750 200 400 200 400 200 400 100 200 300
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Parameter posterior distribution

In ¢ In ¢
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Parameter posterior distribution

Olg QO
2 4 68
— Combined \.
— Hadron E,
10.1
8
16
] Q0
14
- I-'n__i2
11
] IO
Inc,
1
1020304 2 4 6 80 05 1 0 1 2 3 4
Ol Q, T, Inc,

Raymond Ehlers (LBNL/UCB) - 29 July 2024

ac ~ 0.3-0.4

Low Q, (as expected)

Wide 7, up to ~1 fm/c

Some preference for

larger c3

arxXiv:2408.08247
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Extracting ¢

14__M E. =100 GeV, u?=Q?
i ik Posterior median and 90% range
" JETSERPE
12—
S — Combined
Put everything together 0]
to extract g I
I
Here we plot the g & |
when virtuality is low 6/
l.e., g = -
4
2
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

T (GeV)
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Not all § are equivalent

Details of g extraction
are important!
— Comparisons may
not be equivalent

Raymond Ehlers (LBNL/UCB) - 29 July 2024
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14

12

10

III|III|III|III|III|III|III|III|I

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

A JET Collaboration [';I C. Andres et. al, KLN LHC, 1606.04837

O C. Andres et. al, KLN RHIC, 1606.04837
C. Andres et. al, Hirano LHC, 1606.04837
C. Andres et. al, Hirano RHIC, 1606.04837
+ M. Xie et. al, 2003.02441

+ X. Feal et. al, Quark Jet, 1911.01309

TIA+
Ty,
& hh
+§PO;@ +.|.
| | | | | | | | | | | | | |
0.2 0.4 0.6 0.8

T (GeV)

Apolinario, Lee, Winn: Prog.Part.Nucl.Phys. 127 (2022) 103990
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https://inspirehep.net/literature/2060086

Not all § are equivalent

Details of g extraction
are important!
— Comparisons may
not be equivalent

JETSCAPE calibrations
are

Raymond Ehlers (LBNL/UCB) - 29 July 2024
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14

N

Co

- E_ =100 GeV
- Posterior median and 90% range
- This analysis: qHTLf(M = Q) M
— g

L T w=(27GeVy IETSORPE
B PRC 21 (hadron only): MATTER+LBT 2

[ —&= JET Collaboration

B I | I | | 1 1 | | I | I | I | I
15 0.2 0.25 0.3 0.35 0.4 0.45

T (GeV)
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What's next?

1. Differential studies of model consistency
2. What information is contained in each observable?



Hadron vs jet Rpp

14;M Eref=100 GeV, M2=Q(2)
i Xk Posterior median and 90% range
_ JETSLRAPE
12—
3 Hadron
10__ — Jet
- o 8
Analysis with 5 T
only |et data 6\
4
2-
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

T (GeV)
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Hadron vs jet Rpp

141- M E. =100 GeV, w=Q; E Hadron E.o =100 GeV, T =200 MeV
B oy Posterior median and 90% range 0.6— i 2 = Q2
- JETSCRAFE J C— Jet Posterior, u?=Q;
12 T — '
N Hadron B Combined
— 0.5 V
i L N B mnr\§|mm
101 : Jet - JETSCRAPE
L , - B
i : 3 0.4-
oo 5 L
(o 2 : - i
! % 0.3
4: E 0.2:—
2_ E 0.1:—
O_ I : I | I | I | I | I | I O_
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
T (GeV)
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Centrality dependence

0.7 0.7
- — 0-10% E. =100 GeV, T_ =200 MeV I 90-50% E, =100 GeV, T_ =200 MeV
0.6/~ — 0-10% Jet Posterior, u?= Qg 0.6~ ---20-50% Jet Posterior, u?= Qg
i 0-10% Hadron i 20-50% Hadron
0.5 M 0-5:_ M
i JETSCAPE B JETSCAFE
= i i i
& 0.4 © 041
S [ - S [
g F g b
o | o L
0.2:— 0_2:_ .':
0.1 - 0.1 - K
: Ly : : -1.:
ol S B A - ol L1 wll | SIS
8 10 12 2 4 8 10 12

g T
Doesn’t change the jet vs hadron picture
Further investigations in the future
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Kinematic ranges

[s the difference we see inherent in the type
of observables, or due to another source?

g expected to be consistent across
observables?

One potential candidate: kinematic range

—_——m —mM— m - -

Pr

Raymond Ehlers (LBNL/UCB) - 29 July 2024 ArXiv-2408.08247 24




Calibrating with low vs high pt hadrons

Full p, range
LHC Charged Hadron 2.76 TeV

- Hadron E =100 GeV, T _ =200 MeV CMS 0-5% ATLAS 5-10% | ALICE 10-20% _|«
B re > ref | _ _ - -
0.6~ __ Jet Posterior, u?= Qg 1.0 - -
B 3 * -r" -- -
B — Combined IOS ++. ¢ | ..00 __---- +
oE M T| e :
[ m\élm //
i AETILAPE 0.0
5 0.4l | 50 100 50 100 20 40
% - pr (GeV/c) pr (GeV/c) pr (GeV/c)
O -
2 03—
3 o
o i
0.2
0.1
O_
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Calibrating with low vs high pt hadrons

O
N

I
—h

0.6 ot Posterior, u?=Q3
~ — Hadron p_> 10 GeV
05— Hadron p_ > 20 GeV
—~ i Hadron p_ > 30 GeV
-
3 04
S r
5 Ak M
2 03 JETSCAPE
O -

AN

Raymond Ehlers (LBNL/UCB) - 29 July 2024

Full p, range
LHC Charged Hadron 2.76 TeV

CMS 0-5% ATLAS 5-10% ALICE 10-20% _

1.0- : : L =="
-

:E( m -+

o - - i ==
0.5 ”;.t-«t b2t I
0.0 50 100 50 100 20 40

pr (GeV/c) pr (GeV/c) pr (GeV/c)

Only hadrons p, > 30 GeV
LHC Charged Hadron 2.76 TeV

CMS 0-5% ATLAS 5-10% ALICE 10-20%
1.0- - -
:EE 4 . & & +
a g 0.5- ¢+++ * o + .® s
o 4 *
o’. / L °
0.0 - - - : - -
50 100 50 100 20 40
pr (GeV/c) pr (GeV/c) pr (GeV/c)
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Calibrating with low vs high pt hadrons

Full p, range
LHC Charged Hadron 2.76 TeV

High pt in line with jet data

O
N

Points to phase space for model improvement
!

®©@ ® ® @

I
—h

@ eg. No shadowing included

: Hadron £ =100 GeV, T_ =200 MeV CMS 0-5% ATLAS 5-10% | ALICE 10-20% _ _ |«
0.6~ __ gt Posterior, w?=Q? 1.0- ' | S e=" -
-~  — Hadronp_> 10 GeV o | Ny BRI NN
0.5 ! 0.5 s® ¢ +u-+-"': mmﬂmu > g I!*‘L _.mmﬂ-wwww""
"~ —— Hadronp_>20 GeV / /"/ 5 P
~ L Hadron p_ > 30 GeV 0.0 - - - : - -
5 04— T 50 100 50 100 20 40
N pr (GeV/c) pr (GeV/c) pr (GeV/c)
: A M
_'(]L_)' B er\élnm .
2 03 AETSCAPE Low pt dominates due to small exp. uncert.
S L

@ Small exp. uncertainty where theory has
g largest uncertainty
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Jets and jet substructure

@ What (additional) information do jet substructure observables contain?

® Further

in g from hadron- and jet-only extractions?

@ Exploratory investigation with simplified but consistent error treatment

® Focus on 0-10% central data

@ Baseline: Jet Ry only

Jet Raa
* ALICE, ATLAS, CMS, STAR

Raymond Ehlers (LBNL/UCB) - 29 July 2024

Fragmentation: D(z)
+ ATLAS: D(z)
. CMS: &(2)

Groomed jet substructure
* ALICE: Ry, z4

oy
S/

j AR w‘%}izg
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Constraints on g

@ Consistent description of jet
Rp p With substructure
observables

® Substructure yields stronger
relative constraint

12 -

10 —

E =100 GeV, 0-10% central data
Prior 90% Credible Interval (Cl)
Jet Raa: Posterior 90% CI

Jet Raa + substructure: Posterior 90% ClI

JETSCAPE Preliminary

'Recent note: relative constraint holds, but y-scale may vary

Raymond Ehlers (LBNL/UCB) - 29 July 2024

| | | | |
0.20 0.25 0.30 0.35 0.40 0.45

T (GeV)

0.50
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Constraints on g

12 -
E =100 GeV, 0-10% central data

Prior 90% Credible Interval (Cl)
10 - Jet Raa: Posterior 90% ClI

: . . Jet Raa + substructure: Posterior 90% ClI
@ Consistent description of jet

Rpp With substructure 8 -
observables "
: - Hadron E. =100 GeV, T _ =200 MeV
® Subst.ructure ylelles stronger |: 6 - 06 |, Sostorior
relative constraint! <O i L
-~ — Combine
@ Tension between inclusive jets 0.51 M
i JEVILAPE

and (low pT) , but low z jet

: : >

fragmentation consistent...? G
Q B
2 - Z 0.3

. |2 _

——— JETSCAPE Prelim® |
» Under further § 0.2
investigation | 0 = | | i
e e —— 0.15 0.20 0.25 -

0.1—

'Recent note: relative constraint holds, but y-scale may vary O:' I | | L N w8
2 4 6 8 10 12
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Bayesian Inference: Some take-away messages

Hadron Eref =100 GeV, Tref =200 MeV
0.6 __ Posterior, u2=Q3
— Hadron p_ > 10 GeV
1. Need fully apples-.to-apples comparison 0.5~ __ Hadron 5 > 20 GeV
of extracted medium properties T
Hadron p_ > 30 GeV
0.4

3. Data agnostic approach

4. Experimentalists: Report covariance
P P AEVSLAPE

(harder) or signed uncertainties (simpler)!

O
W

Posterior (a.u.)

» Covariance is important,
especially for precision

« See also: Yi Chen, INT 24-88W

O
N

O
—h

Raymond Ehlers (LBNL/UCB) - 29 July 2024 28



Towards the future:
1. Lessons and tools from present to future
2. An example: EIC + forward LHC + Bayesian inference



Parametrization choices

18p E =100 GeV
16— Posterior median and 90% range
. : - — This analysis: § _ f(u2 = Q2
@ Parametrization choices 14l YSiS: Gr f” =) M
significantly impact final extraction T T =(27GeV) JETSERPE
® approach 12 PRC '21 (hadron only): MATTER+LBT 2
® 10— —®- JET Collaboration

g
/

@ Information field approach

® More flexible but less

b

interpretable 4
® Trade-offs appropriate in different 5
stages of comparison i
_I [ | | | [ I | [ I | [ I | I I | I I | I I
015 02 025 03 035 04 045 05

T (GeV)

More physics ‘ ’ More
inspired flexible

Raymond Ehlers (LBNL/UCB) - 29 July 2024 30



Parametrization choices

Xie, Ke, Zhang, Wang, PRC 108 (2023) 1, L011901

102 :(a) (b)
@® P.ara.nzletrizat.ion ChOiFES . 100 random d(n/TB Prior, 95% ClI '
significantly impact final extraction | samples for training {=<<1 High-T var., 95% Cl|
® approach . , - Low-T var.,95% Cl |
C
~ 10%: ' :’
<O > [
@ Information field approach L << ‘::‘\““\.::1:
@ More flexible but less h \
interpretable ; o
0.
® Trade-offs appropriate in different 10 j
stages of comparison L, . . — 1 . , :
0.15 0.25 0.35 0.45 0.15 0.25 0.35 0.45
T [GeV] T [GeV]

More physics ‘ ’ More
inspired flexible
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Parametrization choices

Xie, Ke, Zhang, Wang, PRC 108 (2023) 1, L0O11901

o | 12 J ¢ JET Collab.
® P.ara.n)etrlzat.lon ch0|Fes | O\ 777 JETSCAPE
significantly impact final extraction 10 e e 1IDO
3 ‘oach .......
® PP g | Ky This work 95% CI
@ More constrained, but (often) =m0 | RRLSTN

------------ —— 20 posterior samples

@ Information field approach

® More flexible but less 41988 AR m"“'— '
interpretable "‘:\\:‘T‘g WV
@ Trade-offs appropriate in different 2 ,"..\‘ = _F—,// /j
stages of comparison 0 ' , , , . |
0.2 0.3 0.4 0.5 0.6

T [GeV]

More physics ‘ ’ More
inspired flexible
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Improved uncertainty quantification + tools

1 o : e PCGP W PCSK | A Scikit GP
‘I | | | |
o o gueo o sty vy . o: a N 1““‘ asta, A“m I A,  asbub Aa 0 A ‘: : .
e Uncertainty quantification + B T Y B PP e St WA
anaIySIS tools are Crltlcal vt‘ O 15 eroeteee i.' "..?:......’. .‘2': ....... e ..‘.::'.'T ‘Q.....:Nh; ..... “:ﬁ.'o::|::""ﬂ::;°= ............. ) :.0'5‘.“:
. a - e e
1 77 GeV: 7.7 GeV : 19.6 Gei/ 19.6 GeV : 200 GeV : 200 GeV
N lat it dN/dY|n'+,/<+,p (PT)|n'+,K+,p,p\ dN/dY|n+',K+,p (PT)|n+',K+,p,ﬁ\ dN/dY|n+,K+,p,p (pT)|n+,K+,p,ﬁ\
@ kEW eln;u d (?er Wi L V(2:73{2}|7.7Gev V(2:?3{2}|19.6Gev V<2:?3{2}|200c;ev
nowiedge or uncertainties
show meaningful 1 ,
Improvement i . 4
@ ML: key role to play > ".‘i ) \J;\V

in Bayesian Inference

® e.g. Cost-efficient methods

chh/drlllg'G GeV chh/dnlzoo GeV
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Improved uncertainty quantification + tools

19.96*388 19.86*%3% 20.03*93% 0.03*331 0.03*33 0.0433%% 15139 1.51%39%%2 1.46311 1.70#3% 1.71#3%3 1.82%319  2.37%35%F 2.36%3%%F 2.22%0%3
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r o T o .
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analvysis tools are critical
y 030798 030798 0321318 0.57:381 0577891 0.6370% 0287981 0207981 0287905 0.187988 0.187991 0.1378% 012798 0127981 0.157988

LR
———— o e =

T " ol
I I | I I I
0.4 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25

strin strin
;"9 [fm] ostring

1
0.4 0.6 0.8 0.2

arem

@ New emulators with
knowledge of uncertainties
ShOW meanlngful S ;;
improvement :

0.0 0.5 1.0 0.0 0.2 0.4 0.0
astring tilt apreFlow
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@ ML: key role to play
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® e.g. Cost-efficient methods | o | 4
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Model sensitivity + experimental design

Observable sensitivity to posterior perturbation
JETSCAPE, PRC.103.054904

Identifying new + sensitive observables
e.g. "Bayesian experimental design”

| e |
7 (a) JETSCRPE
.E 0.5 10 14 1 T T ] T T 1] T ] T 1 T T [ T T T 1 I 14 1 T 1 l 1 1 1 1 ] 1 1 1 1_1
Y4 - S — 3
N 9 —MATTER 90% CR =
& 0-0 I I = 90/ C rior ‘ =
c 8~ ---LBT90% CR * 10 —
~ -0.5 E < =
'(T') ' = MATTER+LBT1 90% CR 3
— g - JET Collaboration 02 04 06 08-
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© - I P =
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— < -
2 0.00 —— f——— 4:— ! E
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Model sensitivity + experimental design

Observable sensitivity to posterior perturbation
JETSCAPE, PRC.103.054904
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Raymond Ehlers (LBNL/UCB) - 29 July 2024

Identifying new + sensitive observables
e.g. "Bayesian experimental design”

Y 10 0.1

X struct (77/ S)min
Nijs, van der Schee, PRC 106 (2022) 4, 044903

0.2
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Connecting Forward LHC + EIC

@ Complementarity between

Inclusive DIS | SIDIS | DIS dijet | Inclusive in p+A | y+jet in p+A | dijet in p+A
forward LHC/RHIC + EIC G - - - —
WW + +
@ Bayesian inference: xGpp + + - + + +

essential for comprehensive analysis of
heterogeneous datasets (EIC, fLHC,
fRHIC) with rigorous theory to explore
linear/non-linear QCD evolution

Table 7.2: The process dependence of two gluon distributions (i.e., the Weizsacker-Williams
(WW for short) and dipole (DP for short) distributions) in e+A(e+p) and p+Acollisions. Here
the + and — signs indicate that the corresponding gluon distributions appear and do not
appear in certain processes, respectively.

25 ! ! ' ! 0.50 | | l. [ | | | | | | | | | | I | | | | | | | | [
4 GBW, pp, [4, 5] GeV  pi® > 2 GeV mep ]
+ GBW, pPb, [4, 5] GeV i ASSOC oep smeared ||
2.0} P o 0.40 | pr > prfr > 1 GeV ecAu -
® Model COnSiStency with data p+p/Pb— 7+ 70+ X 4_:_._,4-»—4 - 0.2< 2,8, 2p0° < 0.4 oeAu smeared |-
Vs=88TeV,4<y<5 r&— Py n o -
@ Models which ; "' Dihadron pairs: 45000 _._:‘: 3 0.30 :_ Vs =90 GeV EKI:I t—:
(Bayes evidence) + o yetlow report -
o Lof == O 0.20
@ Observable sensitivity o
studies 05 e 0.10
. Forward LHC
0.0 1 l l 1
2.2 2.4 2.6 A 2.8 3.0 O ) OO 2 2 . 5 3 3 . 5 4 4 5
A¢ (rad)
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Summary

@ New g extraction including jet Rpa: arXiv:2408.08247 0.6

@ Includes
@ Overall reasonable description of data 0.5
@ Studies on hadron vs jet, jet substructure point to
regions of agreement, tension =
= 0.4
S
@ General tool to investigate models 2 0.3
@ Pinpoint regions of interest, @
0.2
@ Many lessons learned and tools developed, to 0.1

be applied in era of HIC + EIC
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E.=100GeV, T =200 MeV
ref

Posterior, u?=Q}

Hadron
— Jet
— Hadron p_ > 10 GeV
— Hadron p_ > 20 GeV
Hadron p_ > 30 GeV
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Bonus: So, you want to run JETSCAPE or X-SCAPE?

@ Start with the JETSCAPE summer school: https://indico.cern.ch/event/1282714/
@ Information, documentation, hands-on exercises

® Recorded on YouTube

@ If you want to get going right away, start with the hands-on session and see below

TLDR (many caveats apply)

docker run -it jetscape/jetscape_full /bin/bash
cd <BUILD_DIRECTORY>; .[/runjetscape ../config/jetscape_user_PP19.xml| # Runs PP19 tune

Bulk medium calculations Jet energy loss calculations
@ Start with Bayesian soft-sector tune: @ Start with AA22 tune: PRC 107 (2023) 3, 034911
PRL 126 (2021) 24, 242301, PRC 103 (2021) 5, 054904 o XML configuration file (on GitHub)
® XML configuration file (on GitHub) ® Currently requires pre-computed hydro events,
@ Configuration corresponds to MAP parameters which you need to request from JETSCAPE
® Read the paper and README carefully, as some tweaks ® Tuned on-the-fly hydro may be possible soon
on the configuration may be necessary ® MAP (presented here) available soon
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https://github.com/JETSCAPE/JETSCAPE/blob/main/config/publications_config/arXiv_2204.01163/jetscape_user_PbPb_2204.01163.xml
https://github.com/JETSCAPE/JETSCAPE/blob/main/config/publications_config/arXiv_2011.01430/jetscape_user_AA_2011.01430.xml
https://indico.cern.ch/event/1282714/
https://www.youtube.com/watch?v=ImT9bCsvEaY&list=PLcszmtpeQYuIEgvG9NzdiruUXK-UFdc0I




JETSCAPE Framework

MC event generator package for heavy ion collisions

- General, modular and extensible
- Communication between modules
- Available on ) GitHub

=

=

=

Hard Particle
Production

@4 VUV 4 VU
H V B v

Viscous Fluid Dynamics for -
Medium

)

I

Hadronic Cascade

=
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Bayesian Inference workflow

Model + S
odel +oystem Physics Model
Parameters T
Experimental Gaussian Process |
Data | Emulator

MCMC

R

T Posterior

Bayes’ Theorem
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Bayesian experimental design

1.

* Quantify impact of new sPHENIX data

(to prioritize measurements?)

* eg. Neutrino physics:
Phys.Rev.C 103 (2021) 6, 065501

+ eg. OO w/ Trajectum:
arxXiv:2110.13153

Calibrate model to existing data (ie.
Bayesian analysis)

» eq. JETSCAPE hard sector calibration

Generate pseudo-data with expected
sPHENIX uncertainties

» Can sample posterior dist. for
parameters

Re-run Bayesian Inference, and
observe impact on new posterior

» Further vary observables included

Raymond Ehlers (LBNL/UCB) - 29 July 2024

q/T

EEEEEEEE
10—

- | | | | | | ]

- A RARE RARE LA -
9 —MATTER 90% CR 15} e
8F - LBT90% CR % 10f- <

= o F -
7E MATTER+LBT1 90% CR 5 =

F . i 2 .
g ¥ V=Y Cosabonwion %02 04 06 08

- ‘ . T (GeV) .
4+ —

1= p=100GeV/c -
8: 1L 1 1 l | ) ] . ] l L 1 1 l Ll 1 1 1 L1l 1 1 l 111 1 l L1 1 1
N 0.2 0.3 0.4 0.6 0.7 0.8
T (GeV)
g F PHENIX BUP 2022 |
2 -10% Au+Au, Years 1

3 2 pb"' samp. p+p 1

t 1 nb"' rec. Au+Au 1

< !

<& ‘ pe | 1

s J .......... {..
‘ [~ 1 1% Au+Au, Year 1-3 |
) 05 1 Eff., 40% Pur. |
R™ =06 » Eff., 40% Pur.
LA =05, Rep 1 ‘
- 1 + ‘—.
0? 10° j
p':' (GeV) —
EL 220, | =200 MoV . ]
(s 13, p > 30 GoV , LIDO, arXiv:2008.07622 [nucl-th]
pb"' samp. pep 0.2~ pQCD, Phys.Lett. B726 (2013) 251-256 ‘
b’ samp. AusAu (0-10%) — g'“z’ =20 |
o —— =22 |
: 15 20 25 30 35 40 45
4 p, [GeV]
. _+_ - s IX BUP 2022, Yea
JEWEL 2.2.0, T = 260 MeV
- —+- - —t_ [ 40-Gev. z, 1,p=
0.2 0.4 1.2 4 == p+p
o Aus 0%)
,,,,,,,,,, ——
@ 0% Au+Au, Years 1-3 4 ~* —— o]
pb™' samp. p+p ] .
ec. Au+Au -
'samp. Au+Au

AR A A A A A A A A A T R Y
|

RE, Nucl.Phys.A 1043 (2024) 122821
(Predictions for the SPHENIX physics program)

Further constraints
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Evaluating virtuality dependence for g

Imagine for now we stay with latest analysis

f(Qz)‘ q = Qﬁ?L Xf(Qz)

1 4+ « +—— Evaluated

Average

0; 0°
Average over the whole thing (f(0?)) <f(Qg)
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Virtuality dependence: f(Q?)

101 -
| JETSCAPE VERY Preliminary E-M=100 GeV?

Posterior

103

Q% (GeV?)
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