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Exploration of the QCD phase diagram

* heavy-ion collisions allow us to study QCD in laboratory

* properties of the quark-gluon plasma (QGP)
at high temperature (RHIC/LHC)
and large density (GSI FAIR/NICA)

* nature of the phase transition and search of critical point:

— dedicated Beam Energy Scan (BES) program at RHIC

Reach in pg at RHIC:
collider mode (7-200 GeV): 20 - 420 MeV
fixed target (>3 GeV): upto 720 MeV
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For BES results see:
H. Zbrosczyk (STAR)
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Dialing various physics phenomena:
collision system

A+A

“hot/dense QCD matter”
final state effects

thermal and collective

particle production (flow)

Centrality:

level of overlap of the colliding
Lorentz contracted nuclei

p+A p+p

® o0
“cold nuclear matter” “vacuum”
initial state effects reference
shadowing and gluon

saturation

A very interesting physics program on its own:
high multiplicity pp collision studies
to look for onset of QGP formation
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Constraining nPDF with LHCb data
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Low x region:
parton densities modified in nuclei

Shadowing:
depletion of the effective number of gluons
poorly constrained from previous data

Color Glass Condensate (CGC):

large number of low-x gluons can lead
to a very dense saturated wave function
expected at low x and small Q? region

: 2 . Al3
Saturation scale: Oy « A
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- impressive impact on 0 2 4 6 8 10
reducing nPDF uncertainties
down to x ~ 107!




Nuclear modification factor in pPb collisions s 70

LHCb PRL 128 (2022)142004
A LHCb precision measurements in pPb collisions:
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o~ 1af PaS TV particles Strong suppression at forward rapidity and
enhancement at backward rapidity.

Difficult for models to describe simultaneously data

across the full rapidity range at the LHC + RHIC
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The ridges

O 12% Au+Au, 200 GeV

\ rldge
\\\\,

STAR “jet

thrig=3_4 GEV/C, 2 GeV/c <pTassoc< thrig

The “ridge” in pseudorapidity observed
in AuAu collisions at RHIC in 2004.

3+1D viscous
hydrodynamics
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Ridge observed in small systems at the LHC!
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What causes the ridge in small systems: CGC, mini-QGP, ... ?
- look to e*e or ep (well defined initial conditions)

ALEPH Archived Data e’e’, s = 183-209 GeV
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s this a ridge?
s this a ridge Chen (Belle), Lee (ALEPH), Bussey (HERA) Sat 17:35-18:05



Bulk production
in heavy-ion collisions



Inclusive particle production
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particles - radial flow

... just a snapshot here
Nuclear modification factor:
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===
70 15 20
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Central PbPb colisions:
particle production is strongly
suppressed by the medium

N, --- number of binary collisions
Raa = 1 AAis superposition of pp
Raa < 1 suppression by medium




Anisotropic flow

Py
Initial Strong Anisotropy
spatial » pressure of produced

anisotropy gradients particles

Fourier analysis of particle distribution:

v, : directed flow

Sensitivity to

v,: elliptic flow
vy triangular flow ...

early expansion

N,
d(p —¥p)

14 Z 2v,, cos(n(d — ¥2))
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Anisotropic elliptic flow

V,{2,|An| > 0.8}

ALICE, arXiv:2206.04587

PbPb at 5.02 TeV

New method developments: Asymmetric cumulants, Symmetry plane correlations ...

A. Dainese (ALICE) Mon 16:00
P. Dixit (STAR) Thu 9:15

pPb at 5.02 TeV

I 1 I ] | I I I I I ] T —_
20-30% ALICE & 0al ALICI'E Prellmllnary l Improlved temlplate fit
0.3F -T- - VoY Pb 5.02 TeV 7
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!gs‘ | . nl <0.8 MEREE EE E m .
0.2F 4 h T s h = pp) | - | W - g
’ . o A(R) £
B @ ¥ | [q\] O1 E =
' ] ¢ K ) . : ¥/ ALICE Hydro-coal-frag 8
0 — 0.05 T yind 3
& KD mm @) oe B
OF - — (+]p(P) Op®)
— 0 R
0 2 4 6 o] 10 0 2 4 6 8 10 2 3 4 S 6
p_(GeVlc) p_ (GeVic) P, (GeV/e)
0.25( crpm ooy ] . . - . ;
[ STAR Proiminary — AUAU at 13.6 GeV Low p;: mass ordering in line with hydrodynamics
O.2—AU+AU VSun = 19.6 GeV “°* 2 Y ] *_
Centrality: 10-40% -4 - . .
o ’ 28° r : High p;: baryon and meson grouping
. B < [} o A A A -
L M=o ggifﬁfm {’* - flow develops on quark level
n A T - ..
o1 ag% op ar The baryon/meson grouping is observed down
A A oK' . . . . g
0.05[- i;ﬁ vEaK - to low collision energies of RHIC + similar
- A @F o ] . . . .
o - . U observation also in pPb collisions at the LHC!
1 | | |
0 1 2 3
pr(GeV/c) M. Lesch (ALICE) Fri 17:35
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Hard probes: tomography of nuclear matter

Experimental challenge:
QGP lifetime is very short
—> in-situ probes needed

Jets, heavy quarks, quarkonia :
originate from initial hard scattering
of partons which carry a color charge,
interact with nuclear matter.

7,~ 0.02 fm/c < 7,~0.07 fm/c < 7oqp ~1 fm/c

Energy loss in medium:

e elastic scatterings

* gluon radiation

Depends on:

e colorcharge

e quark mass (dead cone effect)
e path length in medium

Goal:

Use in-medium parton
energy loss to quantify
medium properties.

Raa-r(PT)

Buzzatti, Gyullassy, PRL 108 (2012) 022301

05 1
04 +
03 T
0.2 1+

041 1

Parton interaction with medium not trivial,
depends on strength of coupling, dynamics

of fireball ... challenge for theorists
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Open heavy flavor production



Constramlng hadronization of charm quarks

o T 1 T ‘ T 1 ‘ 11 | ]
(] i
=12 ALICE |y| <05 ]
o [ pp,Vs=5.02TeV i
1 0; Prompt Non-prompt |

I e Data s Data 7

i FONLL FONLL + PYTHIAS Dec. |

0.8 —

B e

0.2F s

- £1.9% BR uncertainty not shown
111 | L 11 | 111 | L1l ‘ - | L 1| ‘ L1 ‘ 111 | 1 7
0 2 4 6 8 10 12 14 16

P, (GeV/c)

D meson ratios:

agree with calculations
based on a factorisation
approach and relying on
universal fragmentation
functions in e*e’/ep

T T T | T T T
_pp\/_ 5.02 TeV ;
" lvl<05 1

Ag/Do

o] ALICE Preliminary -
L] ALICE (PRL 127 (2021) 202301) =
PYTHIA 8 (Monash) —
---------- PYTHIA 8 (CR Mode 2)

""""" HERWIG 7

Catania, fragm.-+coal.

M. He and R. Rapp:

SH model + PDG

SH model + RQM

0.6

P, (GeV/c)

ALICE, JHEP 05 (2021) 220

Baryon A_*/D°:
significantly higher than in e*e’!

0.6

0.4

0.2

0.0

J. Zhu (ALICE) Thu 11:45

= ALICE, pp, Vs = 5.02 TeV .
(PRD 105, L011103 (2022)) .

= ALICE Preliminary, p-Pb, s, =5.02 TeV
—ALICE, pp, & x A x Rypy(A}) (Preliminary)

+ B factories, e'e”, Vs = 10.5 GeV §
+LEP, e'e’, (s=m, ]

“4 «HERA, ep, DIS 7
o HERA, ep, PHP T

i . ¥
B 3 i
i EN=E aN ]
| | | |
D° D* D AL =0

Charm-fragmentation fractions
are not universal!
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Hadronization of charm quarks in medium?

STAR ~ STAR, PRL124(2020) 17, 172301 ALICE, arXiv:2112.08156 ALICE
o @ srar o ActA A T T TTTTTT T T T T
I AU+AU, |5y, = 200 GeV 00400 <~ 14-ALICE 'Sy = 5-02 TeV, |y| < 0.57
x 10-80% o AR woor i
3 o 2K¢ 1.2 op .
[ p+p o .
% i . T 1-_ A Preliminary ]
e 0¢°°‘ 004 - A PRL 127 (2021) 202301]
@ - ¢ o 7o 0.8 Pb—Pb (arXiv:i2112.08156) _
QGEIDED DDDDE’; o E - 0-10% E
L ] 09 g 3 o 0.6:— ~$~$ e 30-50% _:
(b) | PYTHIA | ---- Ko ;at.al: three qulark (0-5%) 0-43 E @ _:
= --=- Ko et.al; di-quark, (0-5%) - g}_m_ -
ﬁ? “ PYTHIACR s Ko el al: with flow (0-10%) 0.oF- B
2 sl ST Cotani coal (10%dan ) <L | -
3 = Rapp ot &l (0-20%) S R A P B
‘f - pm———— Caoetal (10-80%) 0 5 10 15 20
s o ' P, (GeV/c)
— - T~
=5 B,
SIS SN " ..
Rt o —. Additional dynamics in QGP:
e — . . .
e THERMUS R i S A_/D° enhancement at intermediate p; relative
. I . 1 ) | . i il
0 2 4 6 8 to pp present from RHIC to LHC

Transverse Momentum (pT} (GeVic)

- similar to light flavor hadrons
Note: LHCb data at forward rapidity in peripheral

BbPb follows a similar trend —> parton recombination at play also for ¢ quarks
(LHCB-PAPER-2021-04, in preparation) 15



Open heavy flavor production: D°, DY, D** e g
y p . M. Stojanovic (CMS) Thu 15:00
ALICE PRC 99 (2019) 3, 034908 _ - . CMS _ PhPb0.58 b (5.02TeV) S. Kabana (STAR) poster
e T T T T T S ga0b @ TAMU i MC@SHQSEPOS2 ] m H — :
© Tt ALIGE 3 [ CILDO -.-LBT ] 03} Calculations for prompt D° + D° 0.12 -
1.4 Pb-Pb, fyy = 5.02TeV 3 [ - - PHSD  --- POWLANG-HTL ] - LBT .- SUBATECH 0.1 " . 10-30%
E Centrality 0-10% ] 0.15E DAB-I\_/IOD LGR h 025t PHSD CUJET 3.0 ' :
1.2 -, Prompt D’, D', D*" average r = Catania . . 0.08 . £
2N yi<0s ] : 0ol MTAMU TAMU SMCs Tehf
o oo = 0.06] * pLrtialel,
C g 2, o e * aa 3| CMS
L e ] o1s) 1 ~70.04 ¢ C#
2% 43 Ba, - o mmlS ' «f/ oft= 4. LF <. __-_!f"'_E'_
o { oosf, ’ -0.02 E{ﬁ
. ] _0-05:_ Centrality 0-10%, |y| < 0.8 $:: D. ) L -0.04 | N
R P —— i L : —— : o 1 10
410" 1 2 3 4567 10 20 30 1 2 3 4 5678910 20 30 GeV/e
pT (GeV/c) pT (GeV/c) 'DT ( )

ALICE: precise D meson

Charm production suppressed in heavy-
measurements down to low p;

ion collisions and charm quark flows.

STAR, PRC 99 (2019) 034908 STAR, PRL 118 (2017) 212301

1517 (a) Au+Au \s,, =200 GeV 0-10% - > %%%TDEEH,‘ P (o oo | : —
i = | mavmocqukan Simultaneous description of R,,and v,
— e oD’ g 02— Duke - 2TD.1 )

' “STAR gt 5 [ 0 e t challenging for c-quark transport models:
L @ y _— . .

< | -+ Duke T oal +j/ i # 1 Interplay of radiative energy loss

*. o 3 : o

- 02 .2 e - - g at higher p; and recombination at lower p;

= 5. 5 = c . .y

CupaUcE2TeTey k@m0 —> D mesons acquire additional flow

0 2 4 6 8 10 via ¢ and light quark recombination

p_ (GeV/c)
.
SMOG@LHCb: first measurements of charm in PbNe@68.5 GeV, S. Mariani, Thu 10:10 16




Open heavy flavor production: D *

C

< "L ' R ' !

o "8 ALICE 0-10% Pb-Pb, {5y, =502 TeV -
1.6~ Prompt D; =
ALICE, PLB 827 (2022) 136986 1 aF D+t =
ALICE, arXiv 2112.08156 - -
g 2 [T ™ T 1T 17 T T T LI B B I | | T T T LI 12: -
T, gF ALICE 0—10% Pb—Pb 1 1.0 . .=
1.65— e Prompt A’ Syn = 2.02 TeV_E 0.8 =
u Prompt Dg . 0.6} =
1-45_ ~= Prompt average D°, D, D** E 0.4k Jﬁ[ﬁ[ E
1.2 — N -
- . 0.2F Snap =
1: i _._: E open markers P, extrap rew .E

- il ] 1 > 3 s 56 1 20 30
0.8F ﬂ Iyl = p, (GeV/)
0.6 | T = $ °F \E "Pb_Pb, {5, = 502 Tev ]
- : x , .\ ALICE AN :
:_ Hh _;;_ _I 1.8 o Prompt A, [y| < 0.5 =
04 B %—1— i 160\ —— 0-10% SHMc
0.2F T — 140 Catania
E | , L . 1oF TAMU 3
1 0 p_(Gevie) 1 ]
08F AS
. . 0.6 T
Hint of hadron-mass ordering 0.4 nn $ E
RaalA) > Rpa(Dg*) > Rya(D) 0.2F ' =

1 il

1 10 (GeVic)

LGR
PHSD

TAMU
Catania

LGR: EPJC 80 671 (2020)

PHSD: PRC 92 014910 (2015)

Catania: PRC 96 044905 (2017)
EPIC 78 348 (2018)

SHMc: JHEP 07 035 (2021)

TAMU: PRL 124 042301 (2020)

c-quark transport
models including
hadronisation via
recombination and
enhanced s-quark
content in QGP describe
D, and also A_
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Charm-quark spatial diffusion coefficient I

[ 1 IQCD, L. Altenkort et al., PRD 103 (2021) 014511 Spatial diffusion coefficient constrained
from model-to-data comparison

- M ocD. H.T. Ding et al, PRD 86 (2012) 014509 using R, v, and v, of non-strange

i BB QCD, D. Banerjee et al, PRD 85 (2012) 014510 D mesons

i I  STAR, PRL 118 (2017) 212301 TAMU, MC@sHQ, LIDO, LGR, and Catania
models provide a reasonable description
- |  ALCE, PLB 813 (2021) 136054

- | AUCE, JHEP 01 (2022) 174

| STV T[S TR Y| N YT N [V Y| | T WO (ST Y [T ) T [
2 4 6 8 10 12 14 16 18 20
2nD. T, at T, =155 MeV

1.5<2nD, T, <4.5
corresponding to a relaxation time
~3-8fm/c

T
charm 18



Open beauty in QGP

non-prompt D® mesons

B. Zhang (ALICE) Thu 15:20
F. Damas (CMS) Fri 15:05

See also
CMS PAS-HIN-21-003
for v, and v,

b-quarks partially thermalize in the
medium or recombine with light quarks

ALICE, arXiv:2202.00815 = [T T T T T
g T — > 0.3 ALICE Preliminar 0.8_
. [ ALCE . data  [|LGR E 0%0-3_ ) y <08
% ' PoPb, (5 =502TeV [JTAMU  i1[iMC@sHQLEPOST] S [ 30-50% Pb-Pb, sy = 5.02 TeV ]
g 3:_ 0-10%, |y| < 0.5 3 o~ b e Non-promptD° -
g - i @02, | (— ¢) — e (PRL. 126 (2021) 162001) B
°s . S -
© op - i |

Q : 0.1~ -
1 - ]
= P " U'GR central valle _ 0.0~ ]
O 4 eeeaes i) m_ set to m, (E-loss) ... i) m_set to m, (coalescence) — - 8 .
T i i) W/o shadowing ~ — — iv) wlo coalescence i - LIDO (Non-prompt D°) &\\ LIDO (B meson) -
g ] —0.1— LIDO (b (= ¢c) — e) B
g‘{ : _I | ‘ | | | | | | 1 | 1 1 1 | 1 | | | | | | I_
= — ] 0 2 4 6 8 10 12
J; ~ P, (GeV/c)
E Enhancement at high p;: Non-zero v, observed:
o /75 10 15 quark mass dependent
energy loss:
" ”,

valley”: c-quark coalescence Raa(b) > Rya(c)

flow/decay kinematics ... > AE_ > AE,
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B. Zhang (ALICE) Thu 15:20

Beauty in QGP: constraining spatial diffusion T.sheng (CWi) Thu 15:55
coefficient?

5.02 TeV PbPb (0.37-1.6 nb™) + pp (27-302 pb™)

S I L R LR I R R i JE L L L L BN IR I :
< T ALICE yi<05] 2% ALICE Preliminary  |j<06] 3T CMS 2015 contaly -100%
0-10% Pb-Pb, ys, = 5.02 TeV : ;g [ 30-50% Pb-Pb, s, = 5.02 TeV i , 5:_ Supplementary | . DOy <
15 e Non-prompt D° (arXiv: 2202.00815) | _-gp[ ¢  Non-prompt D’ . T ¢ B ly<24
[ Syst. from data 1 @ [ [_] Syst fromdata - + B ly<24
=t 2 2017-18, centrality 0-90%
0.1 - < A B: (visible kin.)
1_Aﬁ y I S e = las e ekl s YA =150 | ® 13<ly<23
i 1 ST Lk A 1 C o |y[<23
[ 1 0B _' C
% SN B s N B : | S N
i ‘H‘*ﬂ_‘%’.— ...... 7 [ = Langevin, 2xTD, = 3 T - ! . 6 b " e
* { 01 -a Langevin, 2z T D, = 4 ] 0.55seeseses ~ ¢ & FIAN
| L i [ .‘.li“ +
ol b b s bv vy by by g g a by "SI N S T T T T T T N SN R N S SN A B = e
5 10 15 20 25 30 35 2 4 6 8 10 12 oL Lol L .H...|2 L
p. (GeV/c) p. (GeV/c) 1 10 10
! ! p, [GeV]
Can we already now constrain spatial diffusion First observations of B.° and B_*
coefficient with b measurements by comparing Also here, more statistics is
v, and R,, simultaneously? needed.

Run 3 and Run 4 data needed.
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How does medium influence jets ... a bit of history

ATLAS: PRL 105 (2010) 252303 CMS, PRC 84 (2011) 024506

= 4 T . T r 4 : I r . T | |(d|)| T I T T I L L I LI Iu-au% ]
g 40-100% ] [\/s\=2.76 TeV 0-10% : I :
— g E 40_ —
Z 1 to ATLAS | I ; '
2 @ 1°3 Pb+Pb [ : '

g ] = -1 — 201 : —h—
z ! $ Lin=1.7ub" S p; of track
- =z 12 7 ) L

S o ® >05GeV/c

M 3 s [ 0.5-1.0 GeV/c
] [ 11.0-2.0GeV/c

[ 2.0-4.0 GeV/c

.20}

0.2 04 06— 0.8 1 R [ 4.0 - 8.0 GeV/c
AJ _l 1 1 1 I 111 | I 111 | I 11 1 1 I 11 1 1 - >3.0 Gev,c
= 1o T T T 9 oF — T T LI LI 0.1 02 0.3 0.4
E @ Pb+Pb Data 'riiiii"iiiiiAiJiiiiiiiHiiiiiiiiiii'iiii'iiiiiiiii
% QO p+p Data E(c():MS 0.30% In-Cone E @ Out-of-Cone |
5 ! F OHIUING+PYTHIA 401~ pppb Vs,=2.76 Tev AR<OS AR=08
% - frat=s7w I e
= — 20 T =
1n-l 1 K] —
t £ R
© o
NOF
2 2
10%F 9"_20- P, > 120GeV/c
z =8 aﬁq) I p,, >50GeV/c |
anl 5 J
40: Ap, > BT h]1,2| <1.6 ]
Dijet asymmetry observed in central T TS SO SO T

PbPb collisions at 2.76 TeV ST A Y
without angular decorrelation. \
Lost energy is distributed to large angles
(“out-of-cone”) and low-p; particles.

out-of-cone
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Inclusive jet suppression in medium

ATLAS, PLB 790 (2019) 108
(2019) R=0.4
P . 0.8
o ittt * T
aF == 0.4
dﬂg}f‘j 0.2
2
o
E'zli'EEE 1
0.8
1] '
lv| <2.8 - 0.6¢
2015 data: Pb+Pb 0.49 nb”', pp 25 pb! Eig - gg; 0.4
IIIIIII('I: M.) E.m|d Iuminosityl uncer. %GQ :.70.°/: 02
40 60 100 200 300 500 900
p, [GeV]

Raa iNcreases with jet p;reaching
a value of about 0.6 at p; =1 TeV
in central PbPb collisions for R = 0.4.

Can we recover the lost energy?
—> study jets with larger radius R

Jet R,, in PbPb collisions shows
only a modest increase,
Raa NEver reaches unity.

CcMS VS = 5.02 TeV, PbPb 404 pb™', pp 27.4 pb”’

R=0.2 R=03 R=04 |
---.l ----- -] Bl T EEEEEREERERE ---.-l ------------
W - adi . e < == e —4—
- antik,, n,l<2

=06 R-08 | R=1.0 ]
-—-.- ------------ —---. ------------ il | GRGEEEEEEEE -
E 4= L = ]
F %010% MTan +30-50% [T, | ELumi
E e10-30% [ L #5090% [ T
200 1000 200 ., 1000 200
P (GeV)

Significant constraints

on models of jet

qguenching, medium
response, wide angle

radiat

ion ...

CMS, JHEP 05 (2021) 284

CMS 0- 10%
1300 < pJ <400 GeV

Pbe 404 ub pp 27 4 pb‘
i 400 < p ' < 500 GeV

- Sy = 5.02 TeV

] | L+ 1y

=+ttt 1+t
I [ I I I I I I

| 500 <p; <1000 GeV 1 anti-k, | <2
- CMS 0-10%
— Hybrid w/ wake

— Hybrid w/o wake
Hybrid w/ pos wake

— MARTINI

[ |LBT w/ showers only

LBT w/ med. response
PR NI S IR T S

1 02 04 06 08 1
JetR

02 04 06 08
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Larger R and lower jet p.?

X420

0.8
0.6
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T I [ EIE I I | R B | I L I OO | I | O ) | ' LI

__ALICE Preliminary

Ch-patticle jets, anti-k;,R = 0.2, |r7jet| <0.7
Bl 7 ,, normalization uncertainty
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LIDO 1 JEWEL w/o Recoils
1JEWEL w/ Recoils

=4 |

L 2

0-10% Pb—Pb S = 5.02 TeV

1 l 1 1 1 I 1 L 1 l L 1 1 I 1 1 1 I 1 1 1 I 1 1 1
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'DT, ch jet (

140
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R=0.6

140

é | I I | I I LI I LI I [ [ | I | I O | I LI i
@4 o[_ALICE Preliminary -
_ Ch-particle jets, anti-k+,R = 0.6, |r)jet| <0.3 i
. [l T, normalization uncertainty :
1~ N
-/ [EML-Based Hybrid Model w/ Wake 7
i . WLIDO W JEWEL w/o Recoils
0.8 1 JEWEL w/ Recoils _
0.6 =
04_ i —t e |
- = ‘ + =
— / —
L passs™ ® & -
0.2 """ °o | ® ' —
L @ o

- 0-10% Pb-Pb |s,,, = 5.02 TeV
G— 1 I 1 1 1 I 1 L L I L 1 1 I 1 L 1 I L 1 1 I 1 1 L ]

20 40 60 80 100 120

pT, ch jet (GeV/C)

First encouraging results using ML reported by ALICE:

* improved precision and extended reach in p; and R

e data will enable to constrain model predictions and
allow for comparison with RHIC

Standard deviation (GeV/c)
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Photon-tagged jets

ATLAS-CONF-2022-019

0.8

0.6

0.4

0.2

2018 Pb+Pb 1.7 nb™', 2017 pp 260 pb”’

=

— anti-k, R = 0.4 jets == 0-10%

N LA P

ATLAS Preliminary Sy = 5.02 TeV |
_— _
+ T i
¥l t T L& F o
i ] [ 4 f =
¢ . J
iy 3 N T mar B T
|—r;.—|:3::
I 1 i ] I ]
[PLB 790 (2019) 108] 1

Inc. jet rjet

m- 0-10%
$— 10 - 30%
+— 30 - B0%

p’ > 50 GeV, n'| <2.37
Iﬂ"ml < 2.8, Ad(y.jet) > m/2

'l |. L L 1 J I! ' L | 'l L 1 J I} il L |

&0 80 100 120 140 160
v-tagged jetp_ [GM

Raa fOr photon-tagged jets is significantly
higher than that for inclusive jets
- clear demonstration of sensitivity

of energy loss to the color-charge

of the initiating parton

(quarks lose less energy than gluons)

B. Cole (ATLAS) Sat 16:10
Dialing g/g fraction with y-tagging:
py’ > 50 GeV/c = q/g fraction ~ 80%

[ATLAS Preliminary g Data

ok i Takacs et al. -

“ 1 LIDO (u=1.3-1.8xT) -

_ 18fF% SCET (9,=1.8-2.2) -

() % -

° == COLBT :

2 16f% % e JEWEL -

© g %, % -

o0

5‘*- 1.4
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0-10% PbPb
5.02 TeV

0.8 1 I 1L 1L L I 1 1 1 I 1L L 1 I 1 1 1 I 1L L 1 l 1 1 1
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Jet P, [GeV]

Most calculations underpredict
the ratio of y-tagged jet/inclusive jet.

Takacs,Tywoniuk, JHEP 10 (2021) 038 Kang, Vitev, Xing, PRC 96 (2017) 014912,

Ke, Xu, Bass, PRC 100 (2019) 064911, Li, Vitev, JHEP 07 (2019) 148, PRD 101 (2020) 076020
PRC 98 (2018) 064901 He et al., PRC 99 (2019) 054911
Ke, Wang, JHEP 05 (2021) 041 Zapp, JEWEL, Eur. Phys. J. C 76 (2016) 695
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Flavor dependence of jet-medium interaction

p:°=4-20 GeV/c

P~ —r r Tt | T T T T [ T T 1T

T T T

a5 27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

J. Wang (CMS) Thu 14:45
M. Nguyen (CMS) Thu 15:35

CMS, PRL 125 (2020) 102001
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Path-length dependence of jet energy loss

ATLAS, PRC 105 (2022) 064903
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Exploring angular dependence via groomed

ALICE, PRL 128 (2022) 102001

jet substructure

Vacuum:

Parton shower is a multi-
scale process with a given
momentum and
angular/virtuality scale.

Medium:
Angular/virtuality scale can
be related to a “resolution
scale” at which the jet
probes the medium.

SoftDrop: Larkoski et al., JHEP 05 (2014) 146

pT.subleading

.
<,

PT.leading T PT.subleading

\/Ayz + Ag?

3

1

o .
jet, inc dgg

Pb-Pb

PP

35}

25F
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= epp
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WJETSCAPE @EJEWEL recolls Dﬁ

- Caucal JEWEL, recoils on, -
o Pablos, L =0 Yuan, gL =5 GeV? _:

Yuan, med q/g
Yuan, quark

See also ATLAS-CONF-2022-026

0 0.1 0.2 03 A,
o SR L :
g s- o op ALIGE (5, = 5.02 TeV -
2 " m Pb-Pb 30-50% Charged-particle jets ]
— OF . Sys.uncertainty R =0.4, | Mol <05 ]
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Suppression of large

splittings (promotes

angles and
enhancement of small angles.
Medium has resolving power for

narrow splittings,

filters out wider subjets).



Exploring microscopic structure of QGP

acoplanarity -
©

A 1 dNi 1 dN o
recoil — 7, - -
Ntrig dpr PT igE T Tsig Ntrig dpr PT trig €T TRef %

e

QQ

A unique observable: o
. o

* enables study of intra and =
inter-jet angular broadening ;

* large-angle jet deflection
studies can probe the
nature of the quasi-particles
in hot QCD matter
("QCD Moliere scattering”)

D’Eramo, Rajagopal, Yin, JHEP 01 (2019) 172

Y.Hou (ALICE) Fri 15:05
D. Anderson (STAR) Fri 15:20
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E R=04,|n_| <05 3 T 5 - e y+jet ch :
30 E_ TT(20,50) J_tTT(SJ} LHC _E _g—' 107" g_ - n°+jet RHIC 10< pT,jet = 1536V/C_§
25 —e— Pb-Pb0-10% 4 |z [ — PYTHIA-8 —-— - -
20f - g ==;’£E'E'~L
- [_] Sys. uncertainty e O = 3
15 ———o— _g § B 10°° &= |
- . 4 1 |eF 10 S / =
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: S 1 3 1k ===
2F == 1 & : = =
oo BN S s 10k
Ol 18 2 22 24 26 28 3 - 5 '2'5' — :';,
Ag (rad
e A0 (= 0, - 0. [rad]
" hadeor First measurements of acoplanarity
}A¢ down to low p; of recoil jets.

A¢ broadening for larger R and small
jet p; observed at LHC and RHIC!
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Exploring microscopic structure of QGP:

hardest k; , splittings

Search for high k; emissions as
signature of “Moliere” scattering

e
\

Use dynamically groomed jet substructure
(1st time in PbPb collisions)
SD zcut = 0.2 removes soft component

Deflections off scattering centers are expected
to increase the relative k; of subjets within a jet
in PbPb compared to pp collisions
— data do not yet have the sensitivity

R. Ehlers (ALICE) Fri 14:45
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—
9
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<
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|+ Anti-kt ch-particle jets |

4+ pp

ALICE Preliminary |
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=
o

Pb-Pb
PP
—
o

o
1
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Hybrid w/ wake + Moliere ]
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Quarkonia
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Quarkonia as QGP thermometer

02T, 0.74T, 1.1T, 23T,

Sequential melting:

Differences in the binding energies lead to a sequential
Y(15) melting of the quarkonium states with increasing
temperature of the QGP

& (GeV/fmd)

Y(3S)  y(25)

A,

Quarkonia dissociate in QGP due to
color screening of potential
between heavy-quarks.

Matsui and Satz, PLB 178 (1986) 416

Quarkonium recombination:
Increase of cc production cross section at the LHC
enhances quarkonium production via recombination at

the phase boundary or in the QGP

Braun-Munzinger, Stachel, PLB 490 (2000) 196
Thews et al, PRC 63 (2001) 054905

Lattice QCD calculations of spectral
functions = Ty,
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J/w production in pp collisions
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ALICE, arXiv:2108.02523

FONLL : Cacciari, JHEP 05 (1998) 007

NRQCD CS+CO : Butenschoen, PRL 106 (2011) 022003
NRQCD : Ma, PRL 106 (2011) 042002

NRQCD+CGC : Ma, PRL 113 no. 19 (2014) 192301

ICEM : Cheung, PRD 98 no. 11, (2018) 114029
NRQCD+KkT fact. : Lipatov, PRD 100 no. 11, (2019) 114021
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pp, \s =5.02 TeV
® ALICE, |y| < 0.9, L, = 19.4 nb™" + 2%
o ATLAS, |y| <0.75

o o CMS, |y|<0.9, L, =28.0 pb”" +2%

=*— Non-prompt J/y

e
? e

FONLL, M. Cacciari et al.

v v b v by by by by by

"
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M. Coquet (ALICE) Sat 11:15
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e
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Qg e’ e
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Interaction L T
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bﬂ r ALICE, pp, Inclusive J/y, y(2S),25<y <4
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0.51 [_]ICEM (V. Cheung et af) + FONLL ]
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Detailed measurements exist by all experiments
across LHC pp energies and rapidity, here just a snapshot ...

J/y and y(2S) production in pp is well
described by models (although small tensions
when considering cross section ratios exist)
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J/w and y(2S) production in PbPb collisions 3. Paul (ALICE) Sat 9:35

<
< |
T 14F

1.2F

0.8 F

0.6f

0.2 I

1.4
1.2

:

OMS, I,,,| < 1.6,0-100% ] y(2S) to J/y ratio weakly depends on charm

Pb—Pb, |5= 5.02 TeV

[ ALICE,25<y <4, 0-90% (EPJC78(2018)509)
e J/y (JHEP 2002 (2020) 041) e Jy
® y(2S) (preliminary) y(2S)

] production cross section
— important constraints on models

Good agreement between CMS and ALICE data in the

common p; range, regardless of the different rapidity
coverage

@ 16fF

ALICE Prellmlnary mcluswe Jhy, w(ZS) —> [Tt

Pb—Pb, |s,, = 5.02 TeV, 2.5 < Yo <

TAMU SHMC
iy —Jhy ® Jiy,03< p <8 GeV/c (PLB 766 (2017) 212)

CJy(2S) —y(2S) e y(2S),0.3<p <12GeVic

Stronger suppression for y(2S) compared to J/y
at low p; increase for both charmonium states

- hint of regeneration
data well reproduced by transport model (TAMU)
SHM tends to underestimate the y(2S) result in
central collisions

50 100 150 200 250 300 350 400

(N

TAMU: Du, Rapp, NPA 943 (2015) 147
art! SHMc: A. Andronic et. al., Nature 561 (2018) 321
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Sequential melting of Upsilon states CEIEEE TR

A0 pp300pbT(02TeV) PbPb 1.6 nb!(5.02 TeV)
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e T e
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Sequential melting of Upsilon states

PbPb 1.6 nb™", pp 300 pb™ (5.02 TeV)

PbPb 1.6 nb™', pp 300 pb™ (5.02 TeV)

0

CMS-HIN-21-007

Models expect different
rate of suppression

between the excited states.

Strong constraints on theoretical models!
To do: need to carefully treat
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Models:
PRD 104 094049
Coupled Boltzmann Equation JHEP 10(2018) 094
Transport rate equation PRC 96 054901
JHEP 01(2021) 046

individual theoretical ingredients ...
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Flow of heavy quarks at LHC energy

0.25

0.2
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CMS-PAS-HIN-21-001
CMS-PAS-HIN-21-008

CMS preliminary PbPb 1.6 nb" (5.02 TeV)
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- Bl <1, Cent.10-30% O 1.6<|y| <24 -
- Y(1S) ® |y <24 i
- + |y| <2.4, Cent. 10-30% Nonprompt J/y, Cent. 10-60%__]
- O 1.6<lyl<24 .
- ¢ lyl<24 .
R 5 Prompt D ]
N = ® |y| <1, Cent. 10-30% _
N E e Nonprompt D°, PAS-HIN-21-003 ]
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= u] -
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1

Comprehensive picture in PbPb collisions from Run 2 data

low p;: steep increase following mass hierarchy
in hydrodynamic regime
light quarks > charm > beauty

maximum v, reached at 3 < p; < 6 GeV/c:
light quarks = prompt D° > prompt J/{ > b—>hadrons

— coalescence of heavy quarks with light quarks at play

high p;: convergence towards a non-zero v,
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J/U polarization relative to the event plane

& W

Kharzeev et al., NPA 803 (2008) 227
Becattini et al., PRC 77, 024906

‘iir

Heavy-quark pair production occurs early
—> sensitive to strong magnetic field and
vorticity in non-central PbPb collisions!

EVENT-pLANE
ALICE arX/v 2204 101 71 |

iIbDS_ ------ | L L L L L LN LA B L [rrrr] EﬁOﬁ_ T T L I |

<= X ] - ! ]
- ALICE Pb—Pb U =b. 02 Ti.e‘wr . 05E ALICE Pb— Pb |||' =5.02 Te‘v‘ E
0.4 - Inclusive Jhy — pfp E 0.4 - Inclusive J/ly — pﬂ.r, 25<y<4 E
03F 2<p_<6GeVic,25<y<4 b - :
L T i i 1
r ] DS:_ _:
o * ] ' —*— 3.90 :
0.1f H : 0.1F - Elfl 1
0 - -] C ]
- + ] -0.1F .
-0.1F ¢ Stat. uncert. J - ¢ 0-20% 1
Dsyst uncert Event plane | —0.2 - % 30-50% Event plane

_0.2 |||||||| Laoa ool saay I N N I NS R _0.3 [ 1 1 | I I I | I I I ] I PR I N T T | 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 2 4 6 8 10 12
Centrality (%) P, (GeVic)

Non-zero polarization observed in semi-central PbPb collisions and lower p; (2-4 GeV/c)

Light-flavor hadrons (K°*, ¢) “similar”, but:  ALICE, PRL 125 (2020) 012301

smaIIe.r ab§olute polarizz_atic.m: Iy < ¢ <K* These require dedicated theory studies to make
opposite sign of the deviation: J/y > 0, ¢, K°* <0 connection with the QGP properties at its origin ..



Electromagnetic probes: direct photons



Direct photons

Inclusive y = direct y + decay y

Note: decay photons (from 7° n decays)
has to be removed with % precision

Sources of direct photons:
e prompt (at high p;)

In addition in medium:

* thermal photons

e pre-equilibrium

e jet-medium interaction

—> give access to temperature and
space-time evolution of the medium

v,(Py)

Chaterjee, Srivastava, PRC 79 (2009) 021901

020 B | B O I | A ) C | I 1T 17T I 1T 177 l | ER O | /Jz//‘l'/,f T i
" Thermal Photons g 1
- AutAu@200 AGeV P i
016__ b=6fm //////// \ —
- hadronic matter
BB ... S .
L ———-0.5xHM e 1.0 fm/c =
L. ——— QM+HM Py ///,,’/ -
0.08 . ,/::/’// 2 0.8 fm/c -~
i s /’, 0.6fm/c 3]
0.04 - // /,/’ 2 fm/c |
E (o N ]
e L Ay 11 ||111|1 ----- e .'.:'.::'.:'.:.:'.:':.l".".""'"""-q'
L 1.0 / 2.0 3.0 4.0 5.0 6.0
P (GeV/e)

quark matter

v, for thermal photons (solid curves)
reveals a large sensitivity to formation
time for p; > 1.5 GeV/c
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Direct photon “puzzle”

PHENIX
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2 _
1/2np_o’N,/dp_dy [(GeV/c)?
o

10710

L Direct photon data in Au+Au 0-20% at s, = 200 GeV |

PHENIX

m PRC 91, 064904

e PRL 104, 132301
4 PRL 109, 152302
— Ny scaled p+p fit

‘- Direct photon data in p+p at |5, =200 GeV

o PRC 87, 054907
o PRL 104, 132301
¢ PRC 87, 054907
— p+p fit: PRC 98, 054902
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UMT

T
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ALICE, PLB 754 (2016) 235
STAR, PLB 770 (2017) 451
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o & Pb-Pb |5, = 2.76 TeV E
= 10°5  [¢] 0-20% ALICE — PDF: CTEQ6MS, FF: GRV =
(0] - [+]20-40% ALICE (n)PDF: CTEQ6.1M/EPS09,7
|3 10% " (+140-80% ALICE FF. BFG2 =
Sl F JETPHOX 7

3 13'_ 10 PDF: CT10, FF: BFG2

Q nPDF: EPS09, FF: BFG2
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S E
10% E
10 ]
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10°% "3
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10_SE| I BN BN RN BT RN B STEN N B AT B -
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Excess of low p; photons observed
above model predictions from RHIC
to LHC energy and large photon v,.

photon v,
AL LA BN B B L NN B
[ AutAu @ 200 A GeV Tehem = U fm/fc
0.20 C c lity 0-20% === Tihem = 1 fmf'llc B
i: B | —=" Tepom = 1.5 fmfc
ELH[] 15 -
v, ot
a0k
0.05
(.00 [?]E.';|;:;:]:',:;.'r:1'=[;H;]HH{H;:,:;::_
r 4 PHENIX ]
0.20 F dj -
F i
E:[].la » }
v, r
=000 F
0.05 F
000 P -
00 05 1.0 15 20 25 30 35 40
pr (GeV)
Gale, Paquet, Schenke, Shen,
PRC 105 (2022) 1, 014909
" ”,
Puzzle”:

large yield: early emission, higher T
large v,: late emission, lower T
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DireCt phOton ”puzzle” (almost) resolved M. Sas (ALICE) Thu 18:40

Universal scaling of photon dN/dy
with collision centrality.

ALICE Preliminary
model: C.Gale et al. PRC 105 (2022) 014909
PHENIX 0-20% Au-Au {s,, = 200 GeV PRC 91 (2015) 064904 direct y
¥ STAR 0-20% Au-Au |s,, = 200 GeV PLB 770 (2017) 451 direct y ]

T T T T TTTT T IIIII\I| T IIIIIII|
2| ALICE,1.0< p_<5.0 GeV/c L
10 [#]Pb-Pb, m= 5020 GeV Preliminary ALICE Prellmlnary
[¢]Pb-Pb, |s,, = 2760 GeV (PLB 754, 235)
—PpQCD x Ty, Vs = 5020 GeV
—PpQCD x Ty, Vs = 2760 GeV
PHENIX, 1.0 < p_<5.0 GeV/c
Au-Au, |8,y = 200 GeV (arXiv:2203.17187)
(=] Au-Au, |5y, = 200 GeV (PRC 91, 064904) -
[@Au-Au, |5, = 200 GeV (PRL 104, 132301) p
= [e]Au-Au, |5, = 62.4 GeV (PRL 123, 022301) E
Au-Au, |5, = 39 GeV (PRL 123, 022301) n 0
[¥]Cu-Cu, ‘(_s':i =200 GeV (PRC 98, 054902)
pp, Vs = 200 GeV (PRC 91, 064904) H
pp fit x Tp,, Vs = 200 GeV
—pQCD x T, Vs = 200 GeV

4]
|

IIIlIIlI

dN/dy of ydirect

i PHENIX 0-20% Au-Au \s,, = 200 GeV arxiv.2203.17187 nonprompt ¥
| (@] ALICE 0-20% Pb-Pb {s,, = 5.02 TeV Preliminary direct y
* [ # | ALICE 0-10% Pb-Pb Ys,, = 5.02 TeV Preliminary direct y via virtual y

10

ratio data / model

1072
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STAR,1.0< p, < 3.0 GeV/c
|E|Au—Au, u‘sNN =200 GeV (PLB 770, 451)
WA98,1.0 < P < 4.0 GeV/c, upper limit at 90% C.L.

- Pb-Pb, \s, ., = 17.3 GeV (arXiv:nucl-ex/0006007)
p, (GeV/c) Vo

10 102 10°
dN_/d ”L1=e

1073

2

—_

o
A
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New ALICE and PHENIX data:
only a slight tension at very low p;
for PHENIX data remains.

More precise photon v, data needed to
explore the second part of the puzzle ...



Events / bin
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a,
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C. Baldenegro Barrera (CMS)
Thu 18:05
V. Lang (ATLAS) Sat 15:55

“Particle physics with an (almost)
empty detector at a hadron collider!”
V. Lang (ATLAS)

u+3-prong decays (CMS)
u+3-prong, u+l-prong, u+e (ATLAS)

New constraints on anomalous
magnetic moment of 1!
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Future prospects

RHIC in 2023-2025:

forward capabilities) and a new sPHENIX

" Farmenix 3072022 11T ot puon e 12
g 4 #J. 62pb::samp. pip N . .
F ] e full jet reconstruction,
L = Irect y — . . .
e b-jet tagging, quarkonia
B = -
n :_ | | I ‘ ‘ ]
4: T ‘ Outer HCal
' --‘¢==--===="ll|
i e
Simultaneous data taking for STAR (with new s 5% M
p_[GeV]
TPC
SPHENIX

experiment

* unprecedented statistics to be collected
for pp, pAu and AuAu collisions at 200 GeV
- completion of RHIC mission

LHC:

ALICE 3 Run5+
Run 3 and Run 4 will enable to perform al

microscopic studies of QGP properties ..., ... 5

. . stem | =

with upgraded LHC experiments ’ Q

X

LHCb Z
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Collider Mode I
p Pb Pb Pb B
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(SMOG) © — & ﬁ_’ﬁ S

p Gas Muon O

(He,Ne, Ar...) Pb Gas absorber (O

More PbPb data
+ Fixed-target mode (SMOG)

Muon
chambers



Thank you for your attention



BACKUP SLIDES with more details



Integrated particle yields, mean p-

§ 0.9 ALICE Preliminary
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Charged hadron spectral shape evolution
with highest possible granularity in

multiplicity:

e steeper rise in <p;>for small systems

(pp, pPb)
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ALICE, PRC 101 (2020) 044907
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M. Krueger (ALICE) Thu 9:00
F. Ercolessi (ALICE) Thu 9:55
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Strangeness enhancement one of the early QGP signatures

Hadron chemistry driven by multiplicity:

e continuous evolution of strangeness production
across collision systems and energies

e enhancement grows with strange quark content

e describing both large and small systems
simultaneously still challenging for models

ALICE, Nature Phys 13 (2017) 535  ALICE, EPJ C 80 (2020) 167
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Universality of charm hadronization? AN AHERTIIEES

STAR: PRD 86 (2012) 072013; PHENIX: PRC 84 (2011) 044905

EJ 1 _0 | ‘ | E‘- [ T T T | I I | L | I I | T |
i - =1
? . = ALICE, pp, Vs = 5.02 TeV - "’? n
o a (PRD 105, L011103 (2022)) - —10° FONLL l| ) B
< 0.8 = ALICE Preliminary, p-Pb, \s\, = 5.02 TeV — E‘ - //’ .
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4x1072 107 '2x10™ 1 234 10
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Significant baryon enhancement in pp collisions Data on the upper edge of FONLL
relative to e*e’/ep and NNLO calculations

- c-fragmentation fractions are not universal FONLL: JHEP 10 (2012) 137 NNLO: PRL 118 (2017) 12, 122001



Open heavy flavor productlon DO D*, D**
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F. Catalano (ALICE)
Thu 14:30

Radiative energy loss important to
describe intermediate and high p;
It has small impact on low-p; region

LIDO: PRC 98 064901 (2018)
LGR: EPJC 807 671 (2020)

Charm-quark hadronisation via recombination
essential to describe low/intermediate p,

D mesons acquire additional flow recombining
with light quarks

PHSD: PRC 93 034906 (2016)
DAB-MOD: PRC 96 064903 (2017)
POWLANG: EPJC 75 3 121 (2015)



Charm and Strange Beauty in QGP

CMS PbPb 5.02 TeV (1.7 nb™)
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T. Sheng (CMS) Thu 15:55

CMS, PLB 829 (2022) 137062
CMS, arXiv:2201.02659

First observation of B’ > 50
in PbPb collisions

B, and B, can help disentangle
interplay of suppression and
enhancement mechanisms in the
production of heavy-flavor mesons
in the QGP

- more data needed
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Pythia

Larger R and lower jet p- ?
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First encouraging results using

ML reported by ALICE:

e improved precision and
extended reach in p; and R

e data will enable to constrain
model predictions and allow

for comparison with RHIC
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Y.Hou (ALICE) Fri 15:05

Semi-inclusive recoil jet studies
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A unique observable: - . o e i
* enables study of intra and inter-jet 050 ks o _
e directly comparable to analytic pQCD O:' T e -
calculation 20 40 60 80 100 120 140
* large-angle jet deflection studies can plet (GeV/c)
probe the nature of the quasi- T,ch
particles in hot QCD matter
("QCD Moliére scattering”) Interplay between hadron and jet energy loss?
D’Eramo, Rajagopal, Yin, JHEP 01 (2019) 172

52



Di-j@t asym mEtry leading di-jet momentum balance

X] = IJT,Z/[)TJ ATLAS, arXiv:2205.00682
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Dijet-yield-normalized x, distributions:
increased fraction of imbalanced jets in
PbPb compared to pp collisions.

Absolutely-normalized dijet rates:
balanced dijets are significantly more
suppressed than imbalanced ones.

Central PbPb collisions: a broad maximum around x;= 0.6 for “low” p; =100 -112 GeV
—> challenge for models to describe it ... it would be interesting to see even lower p;



y-tagged jets: fragmentatlon radlal den5|ty
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- Supplementary
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| — CoLBT-hydro
+ Hybrid
T I w/o back reaction
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3 " Supplementary
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: B Data

o | W SCET, Chien-Vitev
. —LBT

2 3
&Jet
[Syn = 5-02 TeV

PbPb 404 pub
pp 27.4 pb™

VS = 5-02 TeV
PbPb 404 ub
pp 27.4 pb

p‘Trk >1 GeV/c, anti-k_jetR =0.3
P > 30 GeVre, || < 1.6
p! > 60 GeV/c, | < 1.44, 40> %

Small excess of low-p; and
depletion of high-p; particles.
Medium back-reaction

in models improves data
description.

CMS, PRL (2018) 242301

pi > 60 GeV/c
anti-k; jet R=0.3
jet 7_TE
plT > 30 GeV/c, Aq)” >3

Small relative modification
of jet core and enhancement
of particles away from jet
axis.

CMS, PRL 122 (2019) 152001
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Z-tagged fragmentation

s..=5.02 TeV, PbPb 1.7 nb™, pp 304 pb™
NN
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S el PSP WS S i i B Sl W W i i PRD 101 (2020) 076020
C N ™ > 2 ; i L o wake 1 Hybrid JHEP 1410 (2014) 019
0 5:_ ] 777 wi wake positive only ]
. :ll i I\Illllll‘\\llllllllllIll\lllll: :. v e v by v b by vy 0 X w/ wake :
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I ATLAS Preliminary 11 30-60 60+ P7 [GeV] ]
[ op, 15 = 5.02 TeV, 260 pb”’ 110 [c] [o] ATLAS 0-10% Pb+Pb 1
2:_ Po+PD, {5, = 5.02 TeV, 1.41.7n6" ] [ % Eyzr\‘itgﬂ:’del ]
155 1F .
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osf : 1t e T— * SCET; with g=2.0 reasonable description of data
30.< p7 <60 GeV :?:#: Pt 60GeV :%:Z * Hybrid model with medium wake undershoots
2 1 1 -2 —1 —1 . o .
BAOT 0 20 e 107 240 ! intermediate p; = 3-5 GeV, discrepancy even more
hZ hZ

Similarly as for y-tagged correlations pronounced in A¢ distributions

excess (depletion) of low (high)
momentum particles measured Need to improve medium response
CMS-PAS-HIN-19-006, ATLAS-CONF-2019-052
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J/w production in pPb and PbPb collisions

Inclusive J/y
Prompt J/y

IIIIIIIIIIIIIIIIIIIIIIII
® ALICE prompt J/y, -1.37 < y < 0.43
O ALICE inclusive J/y, -1.37 < y < 0.43
® ATLAS promptJ/y,2<y <15

p—Pb, s\ =5.02 TeV

[ EPPS16 reweight (Lansberg et al.)
nCTEQ15 reweight (Lansberg et al.)
[ Energy loss (Arleo et al.)
[7] Energy loss + EPS09 NLO (Arleo et al.)
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ALICE Preliminary
Non-prompt J/y, Pb—Pb, \[sNN =5.02 TeV, 0-10%

m  ALICE, Jly — e*e, ly| <0.9

¥ CMS, J/y = uu, |yl <2.4 (EPJC 78 (2018) 509)

e ATLAS, Jly — u*y, ly| < 2.0 (EPJC 78 (2018) 762)

% ALICE Non-prompt D°, 0-10%, D® — K n*, |y | < 0.5 (arXiv:2202.00815)

IIII|III|Ill|I

Djordjevic M. et al.
[ CUJET (Shuzhe Shi et al)

II|lII|III|III|

Non-prompt J/y

ALICE, JHEPO6 (2022) 011
ATLAS, EPJ C78 (2018) 171

Cold nuclear matter effects?

- hints of CNM for prompt
compared to non-prompt J/y
at low p;

- models including CNM effects

(E-loss and nuclear shadowing)

describe the data

Hot medium effects?

Prompt J/y: dissociation and
regeneration of quarkonia
needed to describe data

Non-prompt J/y:

- consistent with R, of
non-prompt D (b-quark E-loss)

- models implementing collisional

o + radiative E-loss describe data
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J/w production at RHIC vs LHC energy

No significant energy dependence is
observed from 39 - 200 GeV
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J/psi flow pp,

pPb, PbPb
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Upsilon melting: CMS vs ATLAS
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