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HIC ñStandard Modelò



Pressing questions and open items

Input from 
EF community workshop (Yen-Jie Lee)

https://indico.cern.ch/event/647676/timetable/#28-wg5-heavy-ions
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Nuclear gluon PDF: constraints scarce so far

In preparation of EIC, HIC@ LHC provides the best input to nPDFs 

State-of-the-art nPDFs for perturbative QCD calculations

Strong constraints on gluon modifications from dijets and W bosons 

NNLO nPDFanalyses to include LHC data

ŀǊ·ƛǾΥ нммнΦмнпсн arXiv: 2112.11904
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Nuclear gluon PDF: constraints scarce so far

Lƴ ǇǊŜǇŀǊŀǘƛƻƴ ƻŦ 9L/Σ IL/Ϫ [I/ ǇǊƻǾƛŘŜǎ ǘƘŜ ōŜǎǘ ƛƴǇǳǘ ǘƻ ƴt5Cǎ 

State-of-the-art nPDFs for perturbative QCD calculations

Strong constraints on gluon modifications from dijets and W bosons

alsopossibly from top quark production

NNLO nPDFanalyses to include LHC data

arXiv: 1709.07411 

arXiv: 1812.06772

ăǇǇ

ă pPb
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Probing the initial state with DY: another standard candle 

½ ōƻǎƻƴ ǇǊƻŘǳŎǘƛƻƴ ŎƻǳƭŘ ŜǾŜƴǇǊƻǾƛŘŜ ŀ ƴŜǿ ƴƻǊƳŀƭƛȊŀǘƛƻƴ ƳŜǘƘƻŘΗ

Drell-Yan (DY) inclusive & differential pPbmeasurement in extended15< m˃ <˃120 GeV

the most precise to date Ą provide novel constraints on the quark nPDFs

High-precision in PbPbtoo

Deviation from flat centrality dependence described by HG-PYTHIA

Possibility to determine NN luminosity with # of Z boson counts

arXiv:2102.13648 

arXiv: 2103.14089 



ŜǾŜƴǘǎ ŦǳƭƭƻŦ ǇƘȅǎƛŎǎ



9

Understanding vn in the smallest systems

Do we have systems smaller than in pp at LHC? 

ʴ!, ɹ ǇŜǾŜƴǘǎ ƎƻƻŘ ŎŀƴŘƛŘŀǘŜǎ ǘƻ άōǊƛŘƎŜ ǘƘŜ ƎŀǇέ ǿƛǘƘ e+e-

Not yet conclusiveΥ ǎƛƎƴǎ ƻŦ vDtΣ /D/Σ ʴ Ą vector meson (VM) fluctuation?

Lƴ ǇǊŜǇŀǊŀǘƛƻƴ ƻŦ 9L/Σ ŀƭǘŜǊƴŀǘƛǾŜ ǳǎŜ ƻŦ Ǉtōƛǎ ǇǊƻƳƛǎƛƴƎ

?

arXiv:2204.13486 
arXiv:2107.10771

ŎŦΦ ±ŀƭŜƴǘƛƴŀΩǎ ǘŀƭƪ
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Processes like ɹ Ąɹ˃ w˃ill be high precision-like at HL-LHC

calibration of photon flux, constrain predictions for ʴĄɹ ee, ̱ ˍ

Small cross sections, e.g., Oό4h) for ɹ Ąɹʴ,ɹ but Z4  enhancement

best limits on couplings of axion-like particles over ma ҐлΦмҍмлл DŜ±

Source: IFJ PAN

tǊŜŎƛǎƛƻƴ v95ŀƴŘ .{aǎŜŀǊŎƘŜǎ

Taking advantage of huge photon fluxes from large-A UPC

arXiv: 2203.05939arXiv: 2206.05192

ʴĄɹˍˍ

ʴĄɹʴʴ

https://press.ifj.edu.pl/news/2016/05/19/IFJ160519b_fot01.jpg
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Investigating the initial stages with more elaborateobservables

ǎƪŜǿƴŜǎǎ

kurtosis

άǎǳǇŜǊǎƪŜǿƴŜǎǎέ

Resolving v2  event-by-event fluctuations with unprecedent precision  

/a{πt!{πILbπнмπлмл

Subtledifferences in v2ϑнƪϒόƪҖрύ  Ą fluctuation-driven momentsof v2

measuredv2{10} measured for the first time! 

constraints on hydro predictions

High-precision forsign changes when correlating vn{2k} with [pT]

very sensitive to gluon correlations (CGC): not seen in data

CMS-PAS-HIN-21-012
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/ƘŀǊƳ ǉǳŀǊƪ ŘȅƴŀƳƛŎǎ Ǿƛŀ όƳǳƭǘƛύǇŀǊǘƛŎƭŜ ŎƻǊǊŜƭŀǘƛƻƴǎ

Firstɲv2 measurement for D0
Ą sensitive to the strong created EM fields

no EM induced charge-dependent splitting in v2

First high-precision v2{4}/ v2{2} also forD0
Ą check whether fluctuations on v2  are universal

ǘƘŀǘΩǎ ǘƘŜ ŎŀǎŜ ƳƻŘǳƭƻ ǾŜǊȅ ŎŜƴǘǊŀƭ όǇŜǊƛǇƘŜǊŀƭύ ŜǾŜƴǘǎ

arXiv: 2009.12628

Resolving v2  event-by-event fluctuations with identified particle v2{4}

ŀǊ·ƛǾΥ нммнΦмннос 
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Extracting QGP thermodynamic properties

Soft particle production and kinematics give us information about QGP and its evolution

viscosities ́ κǎand y κǎ control dissipation of energy-momentum perturbations

Bayesian analysis of particle yields, mean pT, v2, v3, v4 

ʹκǎ

ʸκǎ

/́s near to AdS/CFT threshold: almost perfect fluid!

Data from LHC (ALICE and CMS)
ŎŦΦ /ƘǳƴΩǎ ǘŀƭƪ
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Comparing heavy flavorparticle flow in all systems
There is charm anisotropy... everywhere

ordering: v2 (PbPb) җ v2 (pPb) >  v2 (pp)

sosystem sizeshould play a role?

For open bottom hadrons: v2 (PbPb) > 0 but  v2 (pPb) ~ v2 (pp)  ~ 0

can HF probes help to answer whether QGP is formed in high-multiplicity pPb/pp?

bƻǾŜƭ ƛƴǇǳǘ ǘƻ ǘƘŜ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ƘŜŀǾȅπǉǳŀǊƪ ǘǊŀƴǎǇƻǊǘ ŀƴŘ ŜƴŜǊƎȅ ƭƻǎǎ

PbPb
pPb
pp

Summary tool 

https://boundino.github.io/hinHFplot/
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Iƻǿ ŜƴŜǊƎȅ ƭƻǎǎ ƛǎŘƛǎǘǊƛōǳǘŜŘΚ

Important to include medium response in the modeling 

Jet shape: radial profile of particles in jets

energy outside jet cone is mostly low energy particles

energy is transferred to soft particles at large angles

Similar conclusions whenchecking the behavior of particles associatedwith Z bosons 

models with parton-medium interactions describe data

ŀǊ·ƛǾΥ нмлоΦлпотт 
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How energy loss isdistributed?
[ŀǊƎŜǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ŦƻǊ ō ǘƘŀƴ ƛƴŎƭǳǎƛǾŜ ƧŜǘǎ ŀǘ ƭŀǊƎŜ ɲǊ

5ŜǇƭŜǘƛƻƴ ŀǘ ǎƳŀƭƭ ɲǊΥ ǎǳƎƎŜǎǘƛƻƴ ƻŦ ŘŜŀŘπŎƻƴŜ ŜŦŦŜŎǘ ŦƻǊ ō ƧŜǘǎ

arXiv: 2210.08547 

Increased medium response to the propagation of a heavier quark
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9ȄǇƭƻǊŜ ŜƴŜǊƎȅ ƭƻǎǎ ŀƴŘ vDt ŜȄǇŀƴǎƛƻƴ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜ 

arXiv: 1712.08959

CMS-PAS-HIN-21-008Measure the rate of jets wrt. collision geometry

dijet vn show the path length dependence of energy loss

Measurements of v2 and RAA

mass splitting at low pT but converge at high pT (ḻmb ) 

v2  ̞ όн{ύ άƻǳǘ ƻŦ ǘǊŜƴŘέ ŘŜǎǇƛǘŜ ƭŀǊƎŜǊ ǎǳǇǇǊŜǎǎƛƻƴ 

IƛƎƘπǇ¢ǇǊƻōŜǎ ǘƻ ōŜŎƻƳŜ ǇƻǿŜǊŦǳƭ ǘƻƳƻƎǊŀǇƘȅ ǘƻƻƭǎ
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Wait, all these previous conclusions depend onR?

Calorimetric (ATLAS)
Tracks (ALICE)
Both (CMS)

5ƛǎŎǊƛƳƛƴŀǘƛƴƎ ǇƻǿŜǊ ŦƻǊ ƳƻŘŜƭǎ ŀƴŘ ǘƘŜ ǇƘȅǎƛŎǎ ƳŜŎƘŀƴƛǎƳǎ ŀǘ Ǉƭŀȅ

arXiv: 2102.13080

arXiv: 1208.1967 

ALI-PREL-511679

²ƛǘƘ ƭŀǊƎŜǊ ƧŜǘ w ƻƴŜ ŜȄǇŜŎǘǎ

ǿƛŘŜǊ ŀǊŜŀ ǘƻ ǊŜŎƻǾŜǊ ƭƻǎǘ ŜƴŜǊƎȅ

ǇƘŀǎŜ ǎǇŀŎŜ ǘƻ ƻǇŜƴ ŦƻǊ ƧŜǘǎ ǿƛǘƘ ǿƛŘŜǊ ǎǇƭƛǘǘƛƴƎǎ

/ƭƻǎŜǊ ƭƻƻƪ ǘƻ ǘƘŜ w όƛƴύŘŜǇŜƴŘŜƴǘ ǎǳǇǇǊŜǎǎƛƻƴ 

5ƛŦŦŜǊŜƴǘ ƧŜǘ ŎƻƭƭŜŎǘƛƻƴǎ ŀƴŘ ¦9 ŜǎǘƛƳŀǘƛƻƴǎ
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Heavy quarkonia suppression 

Interplay of suppression-regenerationcrucial to grasp data

/a{πt!{πILbπнмπллт

Observation of the sequential melting ƻŦ όƴǎύ in PbPband pPb

Similarlyto the hierarchy suppression ōŜǘǿŜŜƴ Wκ˕ ŀƴŘ ˕όн{ύ

first time including Y(3S) in the picture

arXiv: 2202.11807



22

.ǎ ŀƴŘ .Ŏƛƴ tōtō  

arXiv: 2109.01908

Novel probe for suppression-regeneration

arXiv:2201.02659 

CƻǊ .ǎ  ƭƻǿπǇ¢ŜƴƘŀƴŎŜƳŜƴǘ ǎǳƎƎŜǎǘŜŘ ōȅ ƳƻŘŜƭǎ

ŎǳǊǊŜƴǘ ǳƴŎŜǊǘŀƛƴǘȅƭŀǊƎŜ ǘƘƻǳƎƘ

CƛǊǎǘ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ .Ŏ

ǳƴƛǉǳŜ ǎǘŀǘŜ ŦƻǊ ŜƴƘŀƴŎŜƳŜƴǘ όƭƻǿ Ǉ¢ύ ŀƴŘ ǎǳǇǇǊŜǎǎƛƻƴ όƘƛƎƘ Ǉ¢ύ
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Femptoscopic measurements with charged and strange particles
Charge-dependenttwo-ǇŀǊǘƛŎƭŜ άōŀƭŀƴŎŜέ ŦǳƴŎǘƛƻƴǎ ƛƴ extended pT range

ƳƻŘŜƭǎ ŎŀƴΩǘ ƎǊŀǎǇ ɲʹ width vs Nch, better in ɲ˒

tǊƻōƛƴƎ vDt ŎƘŜƳƛŎŀƭ ŜǾƻƭǳǘƛƻƴΣ ƛǘǎ ǎƛȊŜΣ ŀƴŘ ōŀǊȅƻƴ όƘȅǇŜǊƻƴύπōŀǊȅƻƴ όƘȅǇŜǊƻƴύ ƛƴǘŜǊŀŎǘƛƻƴ

CMS-PAS-HIN-21-017 CMS-PAS-HIN-21-006
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tǊƻŘǳŎǘƛƻƴ ƻŦ ŜȄƻǘƛŎƘŀŘǊƻƴǎ ƛƴ IL/

Machine learningtechniques increases sensitivity to rare probes

LHCb-CONF-2022-001

arXiv: 2102.13048 

9ȄƻǘƛŎ ǎǘŀǘŜǎ ǘŜǎǘ ƳƻŘŜƭǎ ƛƴ ŀƴ ŜȄǇŀƴŘŜŘ ǊŀƴƎŜ ƻŦ ƴŎǉ

ŜŦŦŜŎǘǎ ŀǊŜ ǎŜƴǎƛǘƛǾŜ ǘƻ ǎƛȊŜκōƛƴŘƛƴƎ ŜƴŜǊƎȅ ƻŦ ōƻǳƴŘ ǎǘŀǘŜ ŀƴŘ vDt ŘŜƴǎƛǘȅ

Ŏ̝мόоутнύκ˕όн{ύΥ ǎƻƳŜǘƘƛƴƎ ŘƛŦŦŜǊŜƴǘ ŦƻǊ ŜȄƻǘƛŎ Ǿǎ ŎƻƴǾŜƴǘƛƻƴŀƭ ƘŀŘǊƻƴǎΚ 

ƛƴƛǘƛŀƭπǎǘŀǘŜ ŜŦŦŜŎǘǎ ŎŀƴŎŜƭ ƛƴ ǘƘŜ Ǌŀǘƛƻ

ŜƴƘŀƴŎƛƴƎ ŜŦŦŜŎǘǎ ǎǘŀǊǘ ǘƻ ƻǳǘŎƻƳǇŜǘŜōǊŜŀƪǳǇ όŀǘ ƭŜŀǎǘ ŀǘ ƭƻǿ Ǉ¢ύ 



Goals for high-T/low-ϵB QCD matter Experimental tools

From early phase to hydrodynamization Cƭƻǿ ŀƴŘ ŦƭǳŎǘǳŀǘƛƻƴǎ

Quenching and connection to smaller systems

Transport properties and thermalization 

RAA, jet (sub)structure, high-pT probes

IŜŀǾȅ ŦƭŀǾƻǊ ǘǊŀƴǎǇƻǊǘΣ ǉǳŀǊƪƻƴƛŀΣ ŜȄƻǘƛŎǎ

Controlling initial conditions  pA , nPDF fits, flow (de)correlations

Precision QED and BSM searches tƘƻǘƻƴπƛƴŘǳŎŜŘ ǇǊƻŎŜǎǎŜǎ

Pinning downhydro-like behavior  

Nonexhaustive list

CǊƻƳ άǎƳƻƪƛƴƎ Ǝǳƴǎέ ǘƻ high precision, exotic and new signals

²ƛǘƘ ƛƴǇǳǘ ŦǊƻƳ 
²ƻǊƪǎƘƻǇ ƻƴ ǘƘŜ ǇƘȅǎƛŎǎ ƻŦ I[π[I/ όнлмтύ
/a{ IL tƘȅǎƛŎǎ ŀǘ [I/ wǳƴǎ оҌп ŀƴŘ .ŜȅƻƴŘ

vn in ɹ A, ɹ p

https://indico.cern.ch/event/647676/timetable/#28-wg5-heavy-ions
https://arxiv.org/abs/2209.11564

