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QCD phase diagram

How do we transition from point like to
non-point like physics. How do arrive
at a perfect liquid?

How do the confined hadronic states
emerge from these quarks and gluons.
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NUCLEAR THEORY

Identified charged-hadron production
PHENIX. The ratios of p/r as a function of p; ety

PRC 109, 054910 (2024)
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ldentified charged-hadron production’g
PHENIX. Nuclear-modification factors Ty o

PRC 109, 054910 (2024)
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Identified charged-hadron production

NUCLEAR THEORY

Stony Brook
PHENIX. Nuclear-modification factors University
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- Nuclear modification factors of both 7" and ¢ mesons are consistent with each other and unity within
large systematic uncertainties

0

» In Au target collisions there ¢) meson R, tend to be larger then 7* meson R, 4
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Hyperon production
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107" STAR Preliminary
- A+A  Hyperon-to-pion ratios follow
- —
B s;v%{}%w% s (8 Sle A~ Apn TR the same trend as a function of
- dN .., /dn for different collision
O 102k systems
© - _+ - .
Y - ® MOUALA . =4E e Similar hyperon production
O - AT mechanism for systems with
QL i same multiplicity despite
> differences in collision energy
10k STAR (200 GeV) ALICE or system
- @ Zr+Zr&Ru+Ru A Pb+Pb2.76 TeV
- Au + Au o7 p+Pb5.02TeV
I V p+p X p+p7TeV
STAR: ALICE:
— E—— — " — PRL 98, 062301 (2007) PLB 728, 216-227 (2014)
1 10 100 1000 PRC 75, 064901 (2007) PLB 728, 25-38 (2014)
_ " iNnlie PRC 79, 034909 (2009) PLB 758, 389-401 (2016)
Charged-particle Multiplicity dN _ /dn Nature Phos 15 555530 (2017
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Hadron production

ALICE. Nuclear-modification factors

A

Stony Brook
University

NUCLEAR THEORY

04
SO INSTITUTE for
1

e Species dependence with
evidence of baryon—-meson
splitting

> Influenced by a combination of
effects like radial flow, parton
recombination, enhanced
strangeness production,

steepness of particle p; spectra in
reference p + p collisions, etc

mﬁ | I | | | | ALIICEI | | | | | | mé 2.0 i | AILICIE | | | | | | | i

LOW*p T( <2 GeV/ C) Y T B L Pb-Pb Sy = 5.02 TeV -
_I_ . — *+ —

« K'*and K R, , values are the Pb—Pb (5. = 5.02 TeV 15 Jo i —
AA . AL . 00-10% —140-60% or

smallest among the listed -10% - 010-20% o0 e -
oK P T = 20-40% -

hadrons KO K - - -

| s ¢ 5 1.0 (— {000 —

» Rescattering effect : - -
_ = .

b BE

Intermediate p range i -
Prrang 4 - -

10 15 0 5 10 15
P (GeV/c) P (GeV/c)

For pr > 8 GeV/c ALICE https://arxiv.org/pdf/2308.16119

e All the particle species show similar R, , within the
uncertainties, including the K™=

» Suppression of various light flavored hadrons is independent
of their quark content and mass
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Elliptic flow NCQ scaling

STAR. Search for breakdowns

STAR BES observation: NCQ scaling of v,
* |s followed in Au+Au at 14.6 GeV

NUCLEAR THEORY
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* but breaks down at 3.2 GeV: hadronic vs partonic regime
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Collectivity in small systems

Stony Brook
A L I C E University
« Mass ordering observed at low p; * Bryon to meson grouping and splitting
* Consistent with hydro-like behavior (within 1o confidence) disappears
| > Hint of an onset
« Baryon/meson grouping at intermediate p
—~— T T ; ; ; T ; ' ; T T ; v U ' ' o ' ' ' | ' ' ' 1
@ [ ALICE Preliminary ext #pp) | [ ALICE Preliminary ent ¥pp)
v - pp, s=13 TeV ) A Y pp, Vs=13TeV _ _
£ 0.2 25<N, <50 5K° ¥AR) 4 5 02 15<N,<25 ¥AA) —
v - Low Multiplicity Template: N_ <15 K2 - v -~ Low Multiplicity Template: N <15 Ks -
S 1 ¢ | :
S . # 1 S
~= 0.1k o . — =~ 0.1
> i . = * I _ _ * + -
- o B ¥ ¢ T - B & + i
+ _ o ° O -
ot A i tod
@ - -
i .: ¥ ¢ B} ]
O I I I I o O L 1 I | | L
0 2 4 6 8 0 2 4 6
p_ (GeV/c) P, (GeV/ce)
;
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1869.62+0.20 MeV/c.

1968.47+0.33 MeV/c

2286.46+0.14 MeV/c

5279.65+0.12 MeV/c.

5619.60+0.17 MeV/c

& @ DY 1968.47+0.33 MeV/c

Open heavy flavor
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Open heavy-flavor v, measurements o Q)

Stony Brook
R H I C University
0.25
g [ PHTENIX O Inl<0.35 HF—> e (PRL98.172301) “ > 02— 4 200Gev ly|<0.7 Au+Au Collisions
- preliminary o charged hadron N LIL ® 54.4GeV |y|<0.8 0-60%
—  Au+Au 200 GeV N — -
o ") 1.2<|n|<2.0 ® HF—>yp e - m 27 GeV lyi<0.8
E E 0.1 non-flow B §T - :E B
0.15 ™ E $ B = - :T; fAI" L+_' ("T‘J'
; . ® e I I ¢ P - )
0.1— I ® \* + i P 0 b i
i —_— L & =]
L 0 . Y I+ " b
0.05— @ - - B
E s " STAR s
i " -0.1— L —
g ——4
pt (GeV/c) ' ’ 0 (GeV/c)
i i i i - 54.4 GeV - significant v, of e’ !
» Open HF v, is consistent with previous - 9 2
PHENIX results at mid rapidity » Strong interaction of ¢ quarks with QGP

* HF particles tlow with the QGF, but less . Hints of close to thermal equilibrium with the medium

then charged hadrons » 27 GeV - v, ~ 0 within uncertainties

Hint of deviations of ¢ quarks from local thermal
equilibrium?
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Separated Charm and Beauty 0

PHENIX. Nuclear modification factors and elliptic flow University

PRC 109 044907 (2024)

s v 0025

~ > ~ Min. bias Au+Au s, =200GeV -
PH ENIX
2.9 PH ENIX " » »—— e’ from bottom decay preliminary
Au+Au, MB | - *  h' PHENIX PRC92.034913
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5 015 . ¢ "
| —— PHENIXb e :
w —~PHENIX ¢ — e o
1.5 STARb — e

v e, D

\‘\ STARCc — e 0.05 .

& 3 PRC92.034913
3 e - 1.3 s

\ -UJ l-l:nl.-] 05 T 1 5 2 25 3 ' 35 4 45 .
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R | ; Min. bias Au+Au s, =200GeV PH ENIX
\\\\\\ . e’ from charm decay pr———y
————— ' > h PHENIX PRC92.034913
0
1 2 3 4 5 5 7 8 - o B ° ?
pt [GeV/c] s . .

Clear mass ordering observed between (b — l) =
and (c — l) at RHIC for both R, 4, and v, |4

* Interplay of energy loss and hydro at mid-p?

br (GeV/c)
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Charm and Beauty hadrons in medium ’@:::.. @

. g Stony Brook
ALICE, CMS, ATLAS, and STAR. Elliptic flow University
o 03 T ] T T | I B T T T T ] Vo — Sem|Centra| HlC
> - v ATLAS, ¢ -, lyl<1.0, 30-40%, PbPb 5.02 TeV - o~ 030 ———T ] R
025K * CMS, prompt D, |y|<1.0, 30-50%, PbPb 5.02 TeV ] - ¥ ATLAS, b -, |y|<1.0, 30-40%, PbPb 5.02 TeV -
"=~ » STAR, prompt D%, |y|<1.0, 10-40%, AuAu 200 GeV - 025F * CMS, non-prompt D", |y|<1.0, 30-50%, PbPb 5.02 TeV 7
- . S ALICE, b — e, |y|<0.8, 30-50%, PbPb 5.02 TeV .
: it E “F 5
0-15 S|P ,ﬁ E 0.15F -
0.1 ME I = 5 E
- e N ‘%‘E ﬂ‘ N 0.1 J s ’ -
_ : : : - e :
0.05 — - - 0.05F & i r—l—%* oEke —
- 2 H ] - | #E Y gl .
0 - 0= . Ok -
—005 :_I | | l | R | | | | I_: _005 :_ | | _:
1 10 1 10
p_ (GeV/c) - p.. (GeV/c)

ALICE, v,, PLB 813 (2021) 136054
CMS, v,, PRL 120 (2018) 202301

» Positive v,: participation to the collective motion ATLAS, v,, PLB 807 (2020) 135595

STAR, v,, PRL 118 (2017) 21

e Positive v, for p > 2 — 3 GeV, lower values for beauty than
ATLAS, v,, b to u, Phys.Lett.B 807 (2020) 135595
for charm hadrons ALICE, non-prompt D v,, EPJ.C 83 (2023) 1123

ALICE, v, b to e, Phys.Rev.Lett. 126 (2021) 16, 16200
CMS, v,, non-prompt DO, arXiv: 2212.01636
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Charm and Beauty hadrons in medium ’@:::.. @

Stony Brook

ALICE, CMS, ATLAS. Nuclear modification factors University

small parton mass

Y Dead cone effect:
I Light = Light h* (CMS) lyl < 1 ) e gluon
1.2 | Charm e Prompt D° (ALICE) lyl < 0. - S e g L
radiation

suppressed at

angles smaller than
0 <m/E

I ® Prompt D° (CMS) lyl < 1 - T2
I Beauty # (b—) p (ATLAS) Inl <2 _

1 -1 = R =) I (ATLAS) Iyrz2 ~~ -~~~
I I (b—) J/Y (CMS) lyl < 2.4 _

0.8 1

| -

o

. =
|

@]

2
—
o - -

0.6

‘: Consistent with

— mass dependent

oL e -
bPb5.02 TeV Cent. 0-10% .
1 1L 1 I | | | | | I . | I ]
10 100
pr(GeV/ce)

“Flow bump” due to (radial) flow of medium and coupling at small p
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Baryon-to-meson ratio .ﬁ?k’tﬁ'&’ﬁ;‘zams Q k
tony Broo

ALICE. Radial flow o

ALICE. PLB 829, 137065 (2022)

O E L L I 1 ] L L 1 L I 1 | T L I L] L 1 L ] L} | Ll L) | 1 1 1 ] 1 1 1 1 ] | | 1 1 ] 1 1 1 1 ' l 1 1 1 :
+= O09FALICE . - E
“ 08 2 op, Vs = 13 TeV N multiplicity classes Pyon Multiplicity classes -
= : y| < 0.5 (dN/dn): (dN_,/dn): ]
8 0.7:— - 3.1 AY /D" —— 44 AL/ D] =
CéJ 0 6: —4— 37.8 —4— 31.5 &
I | E —fF=- 3.8 v 3 0 —fe— 4.6 _ 0 <
- (A+A)/(2K) (A+A)/(2K)) =
$ 0.5F 32.5 . 25.8 ®
= < &
g 0 4E :
' 0.3 g z
0.2¢ H _@_—E——@_ =
0.1F £
: A l L L 1 L l L 1 L 1L L 1 1 1 I 1 L L L I 1 L 1 1 l 1 1 L 1 l L 1 1 1 :

15 20 5 10 15 20
(GeV/c) P, (GeV/c)

in ee these ratios are flat in p, in p + p at low p; peak
« Charm baryons/meson like for strangeness peak of the ratio — quark coalescence

peak pushed to higher p; at high multiplicity
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Baryons vs. mesons
ALICE. Charm hadron results. p+Pb

CDD 1 _4 : | | | | | | | | | | | | | | | | | :
\‘O 1 2—_ s\ = 5.02 TeV ]
< - *  ALICE, pp, ly| < 0.5 -
1 B ¢«  ALICE, pPb, |y| < 0.5 |
0.8 —
0.6 :—ﬁ-ﬁt@%{ -
§ O -
0.4 i -
]l f-—a §
0.2 . =
O : | | | | | | | | | | | | | | | | | | | :
10 20 30 40

Baryon-to-meson ratio (pp, pPb) P-. (GeV/c)

NUCLEAR THEORY

Stony Brook
University

Observed a strong p dependence of the

baryon-to-meson ratios in the charm
sector, similar to that observed in the
light-flavour sector

Ratio modified in p+Pb w.rt. p + p
(intermediate p)

Possible influence of recombination or
radial flow?

No significant p, dependence observed
at large rapidity in p+PDb
Possible rapidity dependence?

ALICE, pp, pPb, PRC 107 (2023) 064901
CMS, pp, PbPb, JHEP 01 (2024) 128
LHCb, pPb, JHEP 02 (2019) 102

LHCb, PbPb, JHEPO6 (2023) 132
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Baryons vs. mesons i

Stony Brook
ALICE. Charm hadron results. p+Pb University
s 14—+ * Observed a strong p, dependence of the
- - 6 =502 Tev - baryon-to-meson ratios in the charm
< 1.2 e ALICE. oPb V<05 - sector, similar to that observed in the
; PR T - light-flavour sector
(L *  LHCb,pPb,2<y<4.5 B | S
- % LHCb, pPb, -4.0 <y < -2.5 - » Ratio modified in p+Pb w.r.t. p + p
08 _‘ (intermediate pq)
- { « Possible influence of recombination or
0.6 — J&H@%{ — radial flow?
0.4 - ug - * No significant p, dependence observed
ﬂ—ﬁﬁﬁﬁ_ﬁ_ I at large rapidity in p+PDb
0.2 i 5 —  » Possible rapidity dependence?
O : | | | | | | | | | | | | | | | | | | | :
1 O 20 30 40 ALICE, pp, pPb, PRC 107 (2023) 064901
CMS, pp, PbPb, JHEP 01 (2024) 128
Baryon-to-meson ratio (pp, pPb) P-. (GeV/c) LHCb, pPb, JHEP 02 (2019) 102

LHCb, PbPb, JHEPOG (2023) 132
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Baryons vs. mesons > Y -\

Stony Brook
ALICE. Charm hadron results. Pb+Pb University
OD 14_ I | | I l I | | | I | | I | I I | ] o - T T T T T _ _,]:
~, , 2: Sy = 5.02 TeV _ 0 SE ALICE ] <0.5=
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» Larger modification of the p distribution for the most central collisions ALICE. PLPo LB 830 (2055, 157766
: : : . CMS, pp, PbPb, JHEP 01 (2024) 128
- Qualitative agreement with model calculation LHCb, pPb, JHEP 02 (2019) 102

LHCb, PbPb, JHEPOG6 (2023) 132
TAMU: He et al, PRL 124 (2020) 042301
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Baryons vs. mesons

Stony Brook
LHCDb. Beauty sector. p+p University
0.8— ————————
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* Results described by models considering additional effects to the independent fragmentation
picture, e.g. coalescence or colour-reconnection mechanisms

* Evolution of the ratios with charged-particle multiplicity
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J/W Development of

C C_' Start of collision quark-gluon plasma Hadronization
3096.916 MeV/c -
(RHIC)
energy
p(25)
cC C

3686.09 +0.04 MeV/c

Charmonium




JIw R, VS. pr

NUCLEAR THEORY

. - Stony Brook
STAR. Au+Au collisions University
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F e 27 GeV » Low p; suppression,
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JIw R, 4 s, Q)
ALICE. CMS. Interplay betweer. Stony Brook

eneration and suppression University

E JHEP 02 (2024) 066 CMS. EPJC 78 (2018) 509 ALICE, JHEP 02, 066 (2024
CMS, EPJC 78, 509 (2018))
! l | | | - . l | | | | 1 B I | | | | | | | [ | ) | | | 1 I ] | | | | | ] '

< 1 1 1 1 I
<

- ALICE . 1 KL s
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I Inclusi\,/e Y l, | <NO o | g Ll 0 (CMS) PbPb5.02 TeV 0-10% lyl <2.4 1
- VW= - : ® (ALICE) PbPb 5.02 TeV 30-50% lyl <0.9 -
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i + + Transport (R.Rapp et al.) i = : ]
in 4 LA N 4 IS Transport (P.Zhuang et al.) __ < a = : -
1 | - SHMc (AAndronic etal) r - L peripheral T -
L aLdi Energy loss (F.Arleo etal.) | s x - .
1 ry . 0.5 P . . ‘ ] =
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« Stronger R, 4 increase towards lower p; in midrapidity, exhibiting comparable suppression at high p
 Stronger R, , increase towards lower pin central events, exhibiting larger suppression at high p

» Theoretical predictions support (re)generated J/y concentrated at low p, at midrapidity with larger
CC Cross section
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J/y In different system energies

Stony Brook
SHM: Nature 561 321-330 (2018) 1.2
15 m s, =2.76TeV (| < 0.8, £13% systematic uncertainty) | ® This analysis: Au+Au, 14.6, 19.6, 27 GeV 08
14 _ ® \s,, =0.2TeV (| <0.35, +12% systematic uncertainty) 5 1P Au+Au. 54 .4 GeV S
1.2 : * Vs =0.2TeV (Y < 1.0, +14% systematic uncertamry) B 5 " 0 Au+Au, 39, 62.4, 200 GeV it +
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0.2 il ! - > s ol
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it P i 107 — 10°
1.0 & ¥ [— g \ S\N (GeV) Transport Model. PRC 82, 064905 (2010)
td o ’1
041 T e Iy = 0344 £ 0085 mb 1 e Strong rise of the J/l//RAA from RHIC to LHC energies:
™ Yiwm : > Interplay between regeneration and suppressior
e e * Both SHM and Transport model simultaneously
0 500 1,000 1,500 2,000

ol | describe RHIC/LHC data
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Excited charmonium states - Yot -\

Stony Brook
LHC and RH IC University
PHENIX, PRC 105, 064912 (2022) ALICE, JHEP 07 237 (2020)
m 2 T T T T 1.8¢
< PHENIX |5,,=200 GeV LHCb p+Pb |s5,,,=5 TeV PHENIX - ALICE, Inclusive w(2S), Jiv — p'u-
= Y(2S)@p+Au Vd+Au By(2S) [y 1.6 —  p-Pb \"sNN =8.16 TeV, p. < 12 GeV/c
ol 'Y SERTENITIN SEEI - _ 14 : CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909)
Avy(2S) Ay : w(2S) Jy
1.2 : Comovers (E. Ferreiro, PLB 749 (2015) 98)
- y(2S) - Jly

os- 4 4 + L+ — 0.6 .. ¢k

0.4
L e y(29)
0 l | | | | 02L ¢ Jwv (JHEP 07 (2018) 160)
-4 -2 0 2 4 \
0 lllllll li lLl .............. Jllllllllll LLLLLLLL
y -5 4 3 -2 -1 0 1 2 3 4 S

« Stronger suppression of y(2S$) in backward-y both at RHIC/LHC

* |nitial-state effects or coherent energy loss, largely independent on the specific charmonium
resonance — final-state effects?

 Comover model agrees with the measurement within uncertainty
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w(2S) production

ALICE. CMS. Pb+Pb

<
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ALICE, PRL, 132 042301 (2024)

lIl'llIlIllIIlll
CMS,ly |<1.6,0-100%

cms

[ ALICE,25<y <4,0-90% (EPJC78(2018)509)

cms

- e J/y (JHEP 2002 (2020) 041) o J/y
® y(25) y(2S)

? 1 1 Ll | I I L L L l 1 L 1
Pb-Pb, |\ = 5.02 TeV

)~

NUCLEAR THEORY

Stony Brook
University

» Larger suppression for y(25) than J/y in
measured p;range

» Increasing trend at low p also in y(2$) —
hint of y(2S) regeneration

* More differential and improved precision
measurements required & Run 3 + Run 4
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0.28 fm Y(1S) 1100 MeV “ Y(1S) 9460.30+0.26 MeV/c

Iyt J/Y 640 MeV Y(2S) 10023.26+0.31 MeV/c
0.56 Tm Y(2S) 530 MeV
Xb(2P) 300 MeV Y(3S) 10355.2+0.5 MeV/c
0.78 fm Yo, Y(35)180-220 MeV

Y(2S) 50 MeV

Botomonium




Y RAA VS <N part>
STAR. Au+Au

STAR, Phys. Rev. Lett. 130 (2023) 112301
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NUCLEAR THEORY

Stony Brook
University

* Different sensitivity to the medium:
Y(1S): 1100 MeV:
Y(25) : 500 MeV
Y(3S) : 200 MeV

* First measurement of suppression of
three Y states separately at RHIC

« > 3¢ difference for Y(15) and Y(395)

Mariia Mitrankova
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Bottomonium

Stony Brook
CMS. ALICE. LHCb University

CMS. PLB 835, 137397 (2022) Int.J.Mod.Phys.A, 35, 29, 2030016 (2020)

PbPb 368 ub’, pPb 34.6 nb™”’, pp 28.0 pb™ (5.02 TeV) 14 1 .
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» Sequential suppression observed in p-Pb collisions with improved precision for Y (15), Y(25),
and Y (39)

— yet much less than in Pb+Pb collisions
* Suppression trend reproduced by PDF + comover breakup Model

« Hot-medium effects describe Y suppression in p+Pb collisions as well

Mariia Mitrankova Institute for Nuclear Theory program “Heavy lon Physics in the EIC Era” (INT-24-2b)



Bottomonium production - YErar i - |

LHC. Pb+Pb i
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il B "I i e > Regeneration contribution
- » Cold nuclear matter effects?
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ALICE, PLB 822 (2021) 136579
ATALAS, PRC 107 (2023) 054912
CMS, arXiv:2303.17026
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Quarkonium

N Stony Brook
Elliptic flow measurements University
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 Good agreement in CMS and ALICE in
STAR (central) and ALICE (forward) none-zero v,, much various systems: without strong rapidity

smaller v, in the forward rapidity, ~ 0 dependendence found in current
« Open charm, none-zero v, precision
 Final State Interactions « J/y:Pb+Pbv, > p+Pb
 J/y formation w>p+pv,~0
e lack of "recombination" in the forward rapidity? e Y(1S): Pb+Pbv, ~ p + Pb v, ~ 0
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SUMMARY

NUCLEAR THEORY

Stony Brook
University

* Baryon enhancement effect is seen even in small collision systems at RHIC

» Strangeness enhancement is observed at RHIC in large system collisions and strangeness
production increases with particle dN ., /dn at LHC (even in charm sector)

* |n heavy ion collisions clear mass ordering of suppression and flow of open charm leptons is
observed at both RHIC and LHC

 Baryon enhancement is observed at LHC in charm sector?

 For J/y production - interplay of regeneration and suppression at LHC

« w(2S) tends to be suppressed even in small system collisions at RHIC and at LHC

« Sequential dissociation of Y (nS) states in medium at RHIC and LHC with similar pattern
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“Heavy lon Physics in the EIC Era”

 LHC Run 3 program started and smoothly ongoing
— much larger data sample expected with upgrade detectors
 sSPHENIX is collecting data in p+p collisions - future Au+Au

. STAR recorded large sample of isobar collisions , /5 = 200 GeV in 2018

— great opportunity to study the systemsize dependence
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“Heavy lon Physics in the EIC Era”

 LHC Run 3 program started and smoothly ongoing
— much larger data sample expected with upgrade detectors
 sSPHENIX is collecting data in p+p collisions - future Au+Au

. STAR recorded large sample of isobar collisions , /5 = 200 GeV in 2018

— great opportunity to study the systemsize dependence
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