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Which aspects of collider events contain useful
iInformation about emergent properties of QCD?
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Which aspects of collider events contain useful

iInformation about emergent properties of QCD?

Vast phase space
o (10 — 10%) correlated particles per event
0 Typically: 1D projection over ensemble

Which observables
should we measure?

O = f(Pgs - -->Ppn)

SIE
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Types of observables

Single objects Many-body observables
Identiﬁed hadron ]et substructure |
. HF correlations
_—— e Jet
N © 1 @
Quarkonium '

These are “straightforward” ~ Contain the most information

What is our strategy of how to leverage the full available information?
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Three approaches to learn about the QGP

|. Single observables

2. Sets of observables

3. Particle-level information
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Three approaches to learn about the QGP

|. Single observables

James Mulligan, UC Berkeley / LBNL uark Sep 4,2023



Experimental and theoretical building blocks

New channels W New insights
Example: CMS y-jet R Example: Energy correlators
‘ g
Provide handle on confounding QCD mechanisms | Novel non-perturbative observables that may

be calculable in QCD

CMSPreliminary  PbPb 1.7 nb™, pp 301 pb”' (5.02 TeV)

—Centrahty 0-30% - PoPb —

C Soft Dropz  =0.2,=0 + > lead jet =
: cut p :
v P > 100 GeV , —L5—> 0.4 5
S 2 3
-

e ml<1.44, |ﬂ,eadjet| <2 =

: —m Hyb rid no elastic, no wake * | Hybrid elastic, no wake =]
E] Hybrid no elastic, wake ["A | Hybrid elastic, wake
Q pa—
(al o)
16
o

- . e M g lan Moult, Tues 9:10am

Wenging Fan,Wed 8:50am
Carlota Andres,Wed 10:10am

llllllllllll

0.1 0.15 0.2
Groomed jet radius Rg
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https://indico.cern.ch/event/1139644/timetable/?view=standard#893-measurements-of-the-jet-ax
https://indico.cern.ch/event/1139644/timetable/?view=standard#561-looking-for-the-dead-cone
https://indico.cern.ch/event/1139644/timetable/?view=standard#454-first-energy-energy-correl
https://indico.cern.ch/event/1139644/timetable/?view=standard#483-probing-the-dynamics-of-co

Connecting experiment and theory

Observables must be corrected for detector and background effects

Detector-level Particle-level

Example: High-dimensional corrections

ML-based unfolding algorithms may allow us to

=
. . . . s
directly explore high-dimensional observables 5
Andreassen et al. PRL 124 182001 (2020) Z
Can this be successfully implemented Step 1: Step 2:
. . . Reweight Sim. to Data Reweight Gen,
in heavy-ion environment! -
Vi —1 r W, Un—1 — Vn
— Open question :'3; Stmulation - dem; (seneration
.E R
v Push Weights

See also:
Novel application of mixed-event | | |
background correction
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https://indico.cern.ch/event/1139644/timetable/?view=standard#444-new-measurements-of-inclus
https://indico.cern.ch/event/1139644/timetable/?view=standard#144-probing-parton-shower-and

Three approaches to learn about the QGP

2. Sets of observables
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There is no golden observable

Multiple stages of heavy-ion collision — fit + predict Similar predictions for single
observables

ALICE PRL 128 (10), 102001 (2022)

QL
& == JETSCAPE Pablos, L =0
O o i == Caucal == Pablos, L., =2/nT
A <)
I
e
A

Yuan, med g/g Pablos, L, =

hydrodynamic evolution hadronization
medium response hadronic rescattering

initial state

—P® Need multiple observables to constrain medium properties
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Bayesian inference in heavy-ion collisions

Andi Mankolli, Tues 8:50am Chun Shen, Tues 3:30pm Débora Mroczek Wed | 1:00am

Mayank Singh, Tues 9:50am Raymond Ehlers, Tues 3:50pm Wenbin Zhao,Wed 3:40pm
Mauricio Teixeira, Tues 9:50am Ulrich Heinz, Wed 8:50am

Shear viscosity Jet transport m

JETSCAPE PRL 126,242301 (2021) Apolinario, Lee, Winn PPNP 127, 103990 (2022) Xu et al. PRC 97 1,014907 (2018)
Y771 7 1 T T
B Jetscape Matter ] 20 1
0.6 1 A\l o e '. o (DanTyReD
0.5 - JEISLATE E :'EI—_ L\:A::Z:saeltzo I1<fN4,115206.04837 E || —— median value
| 100 e g e o Lo prior
0.4 o U pmedgmie o | 0% CR
2 43 < ‘% : 1=0.154 GeV
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0.2 I N + " |
40 ‘ $ ! +'| R ' T~ <
01 8 Coodd” _ e
0.0 - E D;ﬂ@ Qe | | | | |
T I I I I N I A A A N S RN E SR A SR R
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T [GeV] T (GeV) p |GeV/c
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https://indico.cern.ch/event/1139644/timetable/?view=standard#526-rapidity-dependent-dynamic
https://indico.cern.ch/event/1139644/timetable/?view=standard#698-quenching-minijets-in-a-co
https://indico.cern.ch/event/1139644/timetable/?view=standard#282-location-of-the-qcd-critic
https://indico.cern.ch/event/1139644/timetable/?view=standard#123-bayesian-inference-of-qgp
https://indico.cern.ch/event/1139644/timetable/?view=standard#525-measuring-jet-quenching-wi
https://indico.cern.ch/event/1139644/timetable/?view=standard#98-bayesian-calibration-of-vis
https://indico.cern.ch/event/1139644/timetable/?view=standard#182-bayesian-analysis-of-nontr
https://indico.cern.ch/event/1139644/timetable/?view=standard#95-multi-scale-imaging-of-nucl

Experimental guidance from Bayesian inference

Long-term planning

JETSCAPE PRC 104, 024905 (2021)

Example: s I W—T:éc,umc

Restrict to b e

either RHIC or |

LHC data e |
ol | .

15
D10t

Fit dominated

O j + 1‘ -

by LHC data ; ~
02.‘ m F
b 05 1 0 05 1 0510150 51015 1 2 3 4
A c B D Q

S[b] S[A¢]

S[Tsw]

Parameter sensitivity

Quantify impact of a model parameter
on measured observables

JETSCAPE PRC 103, 054904 (2021)
0.0025

00000 }_____-_-_—_-_h_h_-_
—0.0025

0.1
0.0‘| — — —— ——-+
01 1
2.5
O.OJ| mu— _!'-_“_—_— | T — T —
—-2.5

dNcp/dn dNp/dy dNp/dy  (prir (PT)p  v2{2} v3{2} wv4{2} Op7r/ipT)

See also:

Lai arXiv 1810.00835
Sangaline, Pratt PRC 93, 024908 (2016)

Model-dependent guidance on where to focus experimental effort
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Sensitivity of transport coefficients to observables

Jet substructure constrains g

12 -

/M E =100 GeV, 0-10% central data
e Prior 90% Credible Interval (ClI) : . .. o o o
1oy AETSCAPE Jet Raa: Posterior 90% Cl Starting point: systematic, iterative
Jet Raa + substructure: Posterior 90% Cl selection of observables to
3 - constrain QGP properties
m
~ .
S~
<O

Note: Very few published jet observables
) - can be directly compared to theory

a This analysis: D(2), z ,Hg

0 — | | | | | | |
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T (GeV)
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https://indico.cern.ch/event/1139644/timetable/?view=standard#525-measuring-jet-quenching-wi

Universality

AA

PP

High energies High densities

_|__

e’e ep, eA

Elementary beams Precision probes

Abundant, complex, complementary data sets
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Universality

Small-x evolution Factorization Non-perturbative
Complementarity: Example: universality of jet physics
O Forward pA at LHC f tation i GP
o eA DIS at EIC ragmentation in Q Example: universality of CSS

ALICE |[HEP 05 245 (2023 :
Qi S 002 (25 19 ). || kernel (TMD fragmentation)

Y/ Qg(x) g < 1 _-‘ ....
%, DGLAP -l 4 - ..l e
\ G /O%% \ .‘.'-.' . \ ARa)(is o0o
= QMWLK : QL EEETT T L v : :
= BK BFKL . "#’:. Y Tl - >
-— ) : Standard axis
saturation '
non-perturbative region o~ 1
In X J r,med(z) =J med(z)
Physics of the ALICE Forward Calorimeter ’ K Drell-Yan vs. jet substructure

parton — subjet  parton —» jet ALICE JHEP 07 (2023) 201

Statistical inference: rigorous universality tests across observables and collision systems
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https://inspirehep.net/literature/2661418
https://indico.cern.ch/event/1139644/timetable/?view=standard#315-alice-forward-calorimeter

Current bottlenecks in Bayesian inference

Experiment Theory

Report uncertainty correlations

| ) ”
Yi Chen ?36, Fully Correlated: 16 Report SIgI‘IEd unc.

Non-correlated: 20 breakdowns in HEPData

2 ~ Anti-correlated: >2 :
1 TEEEE T (or cov. matrix)

Easy but crucial — experiments should require this
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https://www.hepdata.net/record/ins2070434

Current bottlenecks in Bayesian inference

Experiment Theory

Report uncertainty correlations

| I
. 0

fiChen == Fully Correlated: 16 Report SIgI‘IEd unc.
bz }, Non-correlated: 20 breakdowns in HEPData
e i 1 Anti-correlated: >20 (Or COV matriX)

Easy but crucial — experiments should require this

| 68% 95%
i i R VR ~ ldeally: report
® 680@ 95:%
: o 63% 95% more than lo
| i interval
0 1

Should explore this for key observables
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https://www.hepdata.net/record/ins2070434

Current bottlenecks in Bayesian inference

Experiment Theory
Report uncertainty correlations Model uncertainty
| I
: e dii” o 1 Jet T = 200 MeV
Yi Chen A — Fully Correlated: 10 RePOI‘t SIgI‘IEd UNC. Goa|- Model mde endent 0.8 Hadron E =;c())s()te(3;ie¥
?/ }, Non-correlated: 20 breakdowns in HEPData QGI:; . P o | N\ Overlaparea = 0355
i Anti-correlated: >20 . propc rties N 0.6 1 JEVSCAPE
{ (or cov. matrix) 5 2% Preiminary
Easy but crucial — experiments should require this Requires: quantifiable g7
model uncertainties 02 ‘LLLLLH\
0.0 l

4 6 3
q/T3
' 68% 95%
Yi Chen Wi, o = = Ideally: report
® 680@ 95:%
o O5% 95% more than lo
’ i ' interval
0 1

Should explore this for key observables
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https://www.hepdata.net/record/ins2070434

Current bottlenecks in Bayesian inference

Experiment Theory
Report uncertainty correlations Model uncertainty
| ® oredictio” o ” 1 Jet T = 200 MeV
Yi Chen A — Fully Correlated: 10 RePOI‘t SIgI‘IEd UNC. Goa|- MOde|_|nde endent 0.8 Hadron E =;c())s()teGrie¥
£l ? Non-correlated: 20 breakdowns in HEPData ' P N\, Overlap area = 0.355

1 JETILCAFPE

Preliminary

O
o

1 "~ Anticorrelated: >20 (or cov. matrix) QGP properties

Area-normalized
o
AN

Easy but crucial — experiments should require this Requires: quantifiable

model uncertainties

/

0.0

Tildhee e =" |deally: report
o 8% 95% Long-term: compare extracted
e more than lo . .
. s interval quantity to calculated quantity

Should explore this for key observables
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https://www.hepdata.net/record/ins2070434
https://indico.cern.ch/event/1139644/timetable/?view=standard#22-lattice-qcd-overview
https://indico.cern.ch/event/1139644/timetable/?view=standard#56-quantum-computing-for-relat

Three approaches to learn about the QGP

3. Particle-level information
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Learning from data

Can we guide the experimental program in a model-independent way?

Models are imperfect

a0 Real-time quantum dynamics
O Non-perturbative processes
a0 Parton shower approximations
O

2 Example: large-R jets Example: jet mass

I <

© . CMsjHEpos2s4@021) - ALCEPLB 776249 (2018)

| 500<p<1000GeV | antik,, | <2 S | eo<p,,, <80Gevic

e i ‘ 8 = | h

oC 150 T - CMSO0-10% ] S 0'2: ALICE 1 @ 0-10% Pb-Pb \s, = 2.76 TeV

] = PYTHIA Perugia 2011

= Hybrid w/ wake )
] = =« Q-PYTHIA

3 ' [ — Hybrid w/o wake ;
1- _____ — —+— _________ ij:: 1 Hybrid w/ pos wake 7
3 — 1T —MARTIN :
0.5 1 LBT w/ showers only

1 JEWEL + PYTHIA 0-10% Pb-Pb
Recoil on

||||||| ReCOil Off

LBT w/ med. response
P

02 04 06 08 1 02 04 06 08 1
Jet R
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Learning from data

Chien, Elayavalli 1803.03589
Du, Pablos, Tywoniuk JHEP 03 206 (2021)
Apolinario et al. [HEP || 219 (2021)

: , , . . Lai et al. JHEP 10,011 (2022)
The physics of many QGP signatures is encoded in the difference REEEYEIEIHZEREY

between ensembles of proton-proton and heavy-ion events

Learn a function that encodes the differences
between proton-proton and heavy-ion events

——P ML classifier trained directly
on experimental data

Goal: Use ML to discriminate pp from AA
events in a way that is interpretable
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The information content of jet quenching

Lai, Mulligan, Ptoskon, Ringer JHEP 10,011 (2022)

JEWEL vs. PYTHIA8 100 <pr jet <125 GeV

1.0 : “Optimal” classifier
O |nput: four-vectors of all jet particles
0.8 ,
& | |
g... il il gl el 44
U,y e Particle Flow Network
D R -7
= e —— Nsub (M = 5), DNN
- Nsub (M = 15), DNN
0.2 - g —— Nsub (M = 20), DNN
| —— Nsub (M = 25), DNN
——— Nsub (M = 30), DNN
0.0 | | |
0.0 0.2 0.4 0.6 0.8 1.0

False AA Rate
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The information content of jet quenching

Lai, Mulligan, Ptoskon, Ringer JHEP 10,011 (2022)

JEWEL vs. PYTHIA8 100 < pr,jet < 125 GeV o ,
10 — = “Optimal” classifier
O |nput: four-vectors of all jet particles
0.8
avavasaly
QO !!! :!f E!E Z!E
-I(_U’ 0.6 ) N Al ] ® o AA
m 0 , |
< L YA HYE ) DX
<
U 04- , Particle Flow Network How many high-level observables do
- isuo (M=3), ONN we need to measure!
Nsub (M = 15), DNN -
0.2 - ’ —— Nsub (M = 20), DNN e e
| —— Nsub (M = 25), DNN R R
) —— Nsub (M = 30), DNN /\ /\
0.0 +2 | | | | See also:
0.0 0.2 0.4 0.6 0.8 1.0 I I Lu et al., JHEP 08 046 (2022)
False AA Rate A A Romio et al. 2304.07196

Systematic approach: how many observables does one need to measure?
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https://arxiv.org/pdf/2304.07196.pdf

Experimental guidance from ML

Lai, Mulligan, Ptoskon, Ringer JHEP 10,011 (2022)

Design the most strongly modified observable that is theoretically calculable

— JEWEL
0.14 7 PYTHIAS

d
max | —24(9) — 1

0| Aoy
3[8
Symbolic regression

0.00 | - | | | | | | |
-8 -6 -4 -2 0 2 4 6
oML, (4 terms)

First step in a new paradigm: data-driven design of complete set of calculable observables

Complementary to Bayesian approach
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Data-driven guidance across QCD systems

Lee, Mulligan, Ptoskon, Ringer,Yuan JHEP 03 (2023) 085

Cold nuclear matter Spin physics

Data-driven bound on jet modification Data-driven observable design to App — do' —do~
in small systems maximize TSSAs — hadron structure doT + do+
404 N . Avr| |
max (9) — 1 —’ i max ‘AUT(9)| ___’
6 | doy, = 0
| P11+ P

Can apply these directly on experimental data today at RHIC and LHC — and the future EIC
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Summary

We have vast freedom in what we choose to measure at colliders in order to elucidate

emergent behaviors of QCD — are we fully exploiting the data sets we have in hand?

Single observables Sets of observables
| Experimental and theoretical Rigorous, model-dependent
building blocks inference of QCD properties

Particle information

Model-independent learning
directly from experimental data

A new era: systematic, iterative design of sets of experimental analyses

James Mulligan, UC Berkeley / LBNL Quark Matter 2023

Sep 4,2023



