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The QCD phase diagram

Phases of QCD Matter

Areas of different net baryon densities and
temperatures can be probed using different collision

energies and nuclei.

The order of the transition is expected to change

with the net baryon density.

Temperature

Goal: explore experimentally the QCD phase
diagram (order of transition, critical point,

properties of the QGP).

Open and hidden charm and beauty are an

important tool in these studies
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pen Heavy Flavor

Charm and beauty (heavy flavor, HF) hadron production in ultrarelativistic heavy ion collisions are key

observables for the study of sQGP :

* Charm and beauty quarks are produced in initial hard scatterings and experience the entire evolution
of A+A interactions

* Their masses are large compared with the thermal energy expected in heavy ion collisions

* The nuclear modification factors R, , and R, of ¢ and b can reveal imprints of jet quenching in sQGP

* Mass dependence of jet quenching in sQGP is expected

* Flow of open heavy flavor hadrons helps elucidate interaction of HF with medium, thermalization and

production mechanisms of HF and probe sQGP properties

© mb Flow
interaction with QGP
~0.3-1fm/c

time scale ~5fm/c  ~ 120 um/c  ~460 u

picture from T. Hachiya, PHENIX Collaboration, QM2022
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Matsui-Satz: screening the potential

Screening in
a deconfined
medium:
effective
charge of Q
and Q
reduced

L ?.‘.

Assume: medium effects described with a T-dependent potential

Q and Q cannot
“see” each other

o < rQQ

_Gef yrinpm

® RHIC data

Quarkonia: Thermometer of QGP via their suppression pattern (Satz, Matsui)

Many effects play a role like dissociation in QGP, cold matter absorption,

recombination/coalescence from ¢, char, feeding, eg B mesons carry 10-25% of

charmonia yields (B->J/Psi from J/Psi-h correlation STAR measurement)

Models: B. Kopeliovich et al, D. Kharzeev, E. Ferreiro, A. Capella, A. Kaidalov

et al ete.
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Matter in the overlapp area of two colliding nuclei gets compressed and heated

Initial anisotropy gets transfered into the momentum space via pressure gradients

dN - - v : flow coefficients
b c1+2) v,cos[n(d—D,)] (v1: directed flow,

n=1 v2: elliptic flow, ...)

v, =<cos[n(p—-D,)]>

’ ‘ - . ‘ Higher harmonics
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Partons interact with the medium and
loose energy through eg gluon radiation

Collisional “elastic” energy loss:
elastic interaction with the medium

P P
C
-

leading particle
b

leading particle
jet

Radiative energy loss:
parton radiation due to interaction

quark or gluon
with the medium
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“The nuclear modification factor” R , ,

Suppression of jets in AuAu: Ry, <1 compares A+A to expectations from p+p :

Quarks are expected to exhibit different Yield(A+ A)
radiative energy loss depending on

Yield(p + p) x <Ncoll>
their mass (D.Kharzeev et al. Phys
Letter B. 519:1 999) N coll : Average number of NN collisions in AA collision

M.Djordjevic PRL 94 (2004,

03l light
dead cone
0.2 charm
n Vzr
AER

R, (pr) =

0.1¢

‘ L=5fm, A=1fm
15 20 25

TREL AT
AR

3
-

Sonia Kabana '(



Accelerator facilities and experiments today
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Relatlwstlc Heavy Ion Collider

“atthe Brookhav’en lsab, Long Island; New: York, USA

RHIC has been exploring nuclear
matter at extreme conditions over the
last 22 years, since 2000

4 experiments initially:

STAR PHENIX

BRAHMS PHOBOS

Still runing: STAR

Still analysing data: PHENIX

New: sPHENIX

Main colliding systems:

p+p, p+A, d+Au, Cu+Cu, Au+Au

Cu+Au, U+U, Zr+Zr, Ru+Ru
Main energies A+A :

Vsnn = 62, 130, 200 GeV

and low energy scan

7.7,11.5,19.6, 22.4, 27, 39, 54 GeV
+ Fixed target

Sonia Kabana e
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The STAR Experiment at RHIC

TPC

f
>
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Heavy Flavor Tracker (HFT), Time Projection Chamber (TPC), Barrel
Electromagnetic Calorimer (BEMC), Muon Telescope Detector (MDT), Time-Of-
Flight detector (TOF). Delta(phi)=4pi, |etal<1



* Open heavy flavor

Flow
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PHENIX (201 7) elllptlc ﬂOW Of (bott0m+charm)

to muons i 0- 20% d=Au 200 GeV

C. Aidala et al. (PHENIX collaboration), Phys. Rev. C 96, 064905 (2017).
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[T
0.3 0-20% d+Au \s,,=200 GeV T 0-20% d+Au \s,=200 GeV —_
0 252_- u from open heavy flavor decays 1 « p from open heavy flavor decays ]
~ - = Charged hadrons + = Charged hadrons |
; 0_2-_-2.0<n<-1.4 T 14<n<20 h
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*

Finite v2 observed for (bottom+charm) to muons at pT 1-2 GeV




PHENEX (preliminary) elliptie flow (v

] of

electrons from- charm and bottom deeays in

o~ 0.25
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T Hachiya et al, PHENIX collaboration, QM2022

* v2 of charm —> electrons (e+-) is positive (with “3.5 sigma)
* hint of positive v2 of bottom —> electrons (e+-) (with "1.1 sigma)
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STAR (prehmmary) \‘Heavy F laVOI' elllptlc flow

v27in AuAarcolisions at 27.54 GeV

https://inspirehep.net/files/455b29474e322e64d513aad916bd6030

S 0.2
544 27 GeV AU+AU
=] m e"F 0-60%
0.15 0 ¢ 0-80%
K" 0-80%
o 1+ 0-80% n o T
6
0.1 i Jy ‘{P E '
S o0
M 2 ,z-, qj 0 i
S‘vbu W U
0 AR R ———
| | —
0 0.5 1 1.5
P, [GeV/c]

*The elliptic flow of heavy flavor electrons in Au+Au collisions at 54.4 GeV

indicates strong charm quark interactions with the medium
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Open heavy flavor
Nuclear modification factor and jet quenching
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Evidence of Mass Ordering of Charm and Bottom
Quark Energy Loss in Au+Au Collisions at RHIC

P z = - . T o | ‘Z;\'r V
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PHENIX (2016) hlerarchy ()f suppression of

heavy flavor'h.cto electrons

A. Adare et al. (PHENIX Collaboration), Single electron yields from semileptonic r % b Ihﬁgi(s ys jn Au+Au
collisions at VsNN = 200 GeV, Phys. Rev. C 93, 034904 (2016). ﬁﬂ%éﬁ/ﬁ’ 'oorté%a 4 arb%%i'adp

R\ = vield in A+A/ yield in p+p scaled by e
-OF —C €
number of binary collisions 14 — be
= (c+b)—e
| | | | | 1ol [ * Phys. Rev. C 84, 044905 (2011)|
10° h'Au+Au MB /sy =200 GeV ¢ e Unfolded charm | '
101 ° PHENIX Run 4 + Run 11 1 ¢ Unfolded bottom | ] 1.0k
c% 1072 °. a 0.8
s S
3 10 , P, 0.6}
= | (53
=10 _ 1 % 0.4}
I = *
= 10 ',. ® 0.2}
/_,: 1()'6 ° ’IQ - - - + +
£ ‘ 4 (b) Au+Au from Unfold
< 107 ° 3.5} p +p from e-h correlations 1
= ® Phys.Rev.Lett. 105 (2010)
108 | !
. 3.0f ]
100 | @ 1o }
0 5 10 15 0 5 10 15 T< 2.5¢
pS [GeV/d] pb [GeV/d] 20
1Z15
o
* Hint of less suppression for b —> e than ¢ 1.0p = = == = e e e S e oo
. . . ly|<0.35
—> e observed in MB Au+Au collisions at 0.5} Au+Au MB /5w —200 GeV
0.oL_PHENIXRun 4 + Run 11

200 GeV at pT 3-4 GeV
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STAR (2022 EVldel‘lCG\Of Mass Orderlng of Charm

and Bottom Quark Energy Lossin Au+Au Collisions

STAR Collaboration, June 2022, arXiv:2111.14615

1 T T T T T T T T T T T T
— E (@) STAR Au+Au |[sy =200 GeV .
X 08 O -
TR ) -
F _F " 0o
* Enhanced b — > e fractions measured in % "l x $ i # E
0-20% and 0-80% Au+Au 200 GeV g F %8 ’: OPf:T’g_ZOO oy
z C il =
compared to p+p and FONLL o "7 FONLL -

0 1 M M M 1 M M i 1 2 M i 1
* Results in 40-80% are in agreement e e S
. ~ [ (b) STAR Au+A =200 GeV ]
with p+p and FONLL X s P ) 3
* Centrality dependence observed for pT £ osF $ % USRS cEh 3
Z B Z @,/””x I i :
< 4.5 GeV = .L 5 .- -

v 04 O

T - ¢ . 4 0-20% ]
< oo ;E b 20-40% —
Z C W 40-80% .

ot ——

P, (GeV/ce)
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STAR (2022) EVldence ()f Mass Orderlng of Charm and

Bottom Ouark Energy Loss i AutAu Collisions

PHSD: Parton-Hadron-String-Dynamics model
Duke: modified Langevin transport model

Both models include heavy quark (HQ) diffusion in
the QGP medium, HQ hadronization through
coalescence and fragmentation and mass-dependnet
energy loss mechanisms

Data consistent with model predictions

R(AA) vs pT of e+b—=> e: STAR and
PHENIX are consistent

Evidence of mass ordering of R, , of

electrons from bottom and charm in
Au+Au collisions at 200 GeV is
observed

Results are consistent with models
including mass-dependent energy loss

mechanisms

Sonia Kabana ":,\-,

STAR Collaboration, June 2022, arXiv:2111.14615
PHENIX Collaboration, PRC93, 034904 (2016), 1509.04662
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STAR (2022) EVldence of Mass Orderlng of Charm and

“Bettom Quark Energy Loss in Au+Au Collisions

STAR Collaboration, June 2022, arXiv:2111.14615 * PHSD: Parton-Hadron-
String-Dynamics model

3 ' ' ' ' = *  Duke: modified Langevin
(b) ¢ 0-20%/40-80% -
25 ' = transport model
: rh 0-20%/20-40% -
N A\ - - *  Both models include heavy
3 o 2 Boeo = quark (HQ) diffusion in the
% 15 -$'="'—‘- :-*"~. IR L LT T QGP medium, HQ
_g & ::.r;aj’w """"" "‘""'"'="'""""""‘""::"-—--*-:—7—2-;..:...:...:. PR hadronization through
a1 ; - i+ ; coalescence and
05 = Duke D Ny = fragmentation and mass-
. = :22:):,2“0% :-_ _-_ : - _ ] dependent energy loss
02- 2 N N " -; 2 N N " L; N A N 2 g 2 o mechanisms
P, (GeV/e) *  Data consistent with model

predictions

* b to ¢ R(CP) of (0-20%/40-80%) and R(CP)(0-20%/20-40%) reject
the null hypothesis at 4.2 and 3.3 standard deviations
respectively.

* b to ¢ RAA) and R(CP) can be reproduced by models suggesting

the mass ordering of parton energy loss in SQGP

. P =P 2028 UT RS 1 2l SR IS 5]
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PHENIX (2022) hlerai‘chy of suppressmn of b >e

and ¢ = edn AudAtcollisions at 200 GeV

U.H.Acharya et al (PHENIX Collaboration) Charm- and Bottom-Quark Production in Au$+$Au
Collisions at $\sqgrt{s_{ {NN}}}$ = 200 GeV, 2203.17058

= (@ PHENIX =% (b) =3 © *b->e hlgher than c-> e
i Au+Au \s =200 GeV i [ .
_F weess 7 . % %205 in Au+Au 200 GeV
T, F —b—oe T, _F T, L o e 0
;1 5 ;' ;1-5: Minimum Bias and

various centralities exept

mﬁ _ mﬁ :r§
0.5p the most peripheral
collisions
257 257
@ @ *  Evidence of mass
ot of
5 X 20%-40% 5 ; 40%-60% .
2 % ordering of RAA of
3 J: . electrons from bottom
'5055 '5055 and charm in Au+Au
. . collisions at 200 GeV
GRS e TR T .
pe [GeVic] ps [GeVic] 1S ObSGI‘VCd

~ : P IS‘ = . &
L T RSP TS N SN R PWTES 24
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PHENIX b —c and ¢ = e in 0-10% Au+Au

collisions at 200 GeV vs models

U.H.Acharya et al (PHENIX Collaboration) Charm- and Bottom-Quark Production in Au$+$Au
Collisions at $\sqgrt{s_{_{NN}}}$ = 200 GeV, 2203.17058

*  T-Matrix model assumes formation of

25 hadronic resonance by a heavy quark in
i zHER"XOCV 10% b—-e i the QGP based on lattice QCD
- /:—+_I216 0 (;-eV ° —coe . * SUBATECH model employs hard thermal
2__ VSnn= | loop calculation for the collisional energy
- B — e (DGLV) . loss
L D — e (DGLV) i % 0
[ = . DGLV model calculates both collisional
B == B — e (SUBATECH) | — :
-2; 151 D — e (SUBATECH) — and I‘?:ldlathe By ¥oss assuming an
_ B B — e (T-Matrix) . effectively static medium
o T D — e (T-Matrix) i
T L :
< NN, 1 * Data agree at high p'T with
o T N | 5
- \\ \\ ,,,,,,,, i models predicting less
0.5~ \\\ N higmn B suppression of b — > e than ¢ —
i \\\ /] > e
O_I L1 1 I L1 1 1 I L1 1 1 I | li _I—II—ITI—II_I-' I_l : I—I * At IOW pT SUBATECH mOdel is
1 . 3 ‘ > ° ! 8 consistent with ¢—=> e
o -
p- [GeV/c]

e HEP 2023 UTESIE 1) 2t S RO SIS o5

Sonia Kabana



PHENIX vs STAR Mlmmum Bias Au+Au

2.5
_ PHENIX 1
i Au+Au, MB i
- \'syn=200 GeV . M. S. Abdallah et al. (STAR
2 B Collaboration), Evi-
B — PHENIXb — e | dence of Mass Ordering of Charm and
© n — | Bottom Quark
1 - PHENIXc —e . Energy Energy Loss in Au+Au
o 15 STARD — e — Collisions at RHIC,
- ~ . arXiv:2111.14615.
O - STARc — e 7
T . ]
S o
S [ i U.H.Acharya et al (PHENIX
a B \\ | Collaboration) Charm- and Bottom-
- \ - Quark Production in Au$+$Au
0.5 N — Collisions at $\sqrt{s_{_{NN}}}$ = 200
i W . GeV, 2203.17058
O_I L1 1 | I I | I I | I I | | I I | | I | | L1 1 I—

1 2 3 4 5 6 7 8
p$ [GeV/c]

* STAR (points) and PHENIX (lines) b and c to electron measurements
in Minimum Bias Au+Au 200 GeV are consistent
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Charm and Bottom via semileptonic decays in

small systems
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L STAR p+p IS =200 GeV |
> 107K o STAR 2012 HFE,|y|<0.7 7
o BN —— FONLL (upper limit) ]
G 10°F - 2> FONLL E
o) - e FONLL (lower limit) ;
\E/ 1 0—7 3 " v,,.',,"‘(: ....... E
I of 3
Q107 F E
© 3
S~ .
o’)b 10°F E
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Lu1 0’10 T T T T T T g
2 5__I LI | I LI I LI I LI I | I LI I | I LI I I L | I LI | I_:'
= “YE ) { :
Zz o8 §. ¢ o
o ~48.1°% .8 ¢ é :
L 1.5 A L E
[4y] - ]
TG E

D I I I I I I l l I I I I I l I L I l I I 1 l L1 I L 11l I L1 1.1 I L1l I I
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The transverse momentum spectra of

electrons from HF decays in p+p
collisions at 200 GeV 1s

qualitatively consistent with the
upper limit of FONLL calculations
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PHENIX (2019) new pi p baseline available for

cand:b

PRD 99, 092003 (2019)

PRD 99, 092003 (2019)

W'gr | | T
. 102 p+p at \'s,,, = 200 Ge
PH ENIX 4 PHENIX e c—e
10°
p+p at Vs = 200 GeV 1o < e (b—-e)x102

< 0.8M<035 —— FONLL ¢ —e
T

L

= PHENIX Unfolding 10"

- FONLL 102 |
«+ STAR e-h Correlation
= STAR e-D° Correlation
= PHENIX e-h Correlation

— FONLL b-—se

(12np) dzcrldedy) [mb (GeV/c)?)
=

PH ENIX

2 $884p
¢ “""No .

LA A LT I S F SO SR S §

(b-—e)/FONLL (c— e)/FONLL
)
o

Electron p_[GeV/c] 1§: HHHHHHH IR ; ; ; :
ost =
1 2 3 a 5 6 7 8 9

Electron P [GeV/c]
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PHENIX (2019) bott()mln 1[/)+p c‘(_)l'isions at 200

GeVe

Measurements of pyu pairs from open heavy flavor and Drell-Yan in p+p collisions at \sqrt{s}=200 GeV
PHENIX Collaboration, C. Aidala(Michigan U.) et al. (May 7, 2018)
Phys.Rev.D 99 (2019) 7, 072003 ¢ e-Print: 1805.02448 [hep-eX]

a 2; PHENIX bb cross-section measurements
3. r + —
18" m Dielectrons p+p (S = 200 GeV at p+p (s=200 GeV at RHIC
> - A e-hcorrelatons = | | e FONLL MC@NLO — stat. error
S 16:_ ¢ BoJly — NLO(Vogt) --- POWHEG — stat. @ sys. error
bl.'g 1.4 ® Dimuons N :
- ---- POWHEG - S PHENIX, dimuon
i 1.2 MC@NLO i this analysis
F aeneens FONLL
1 il . @ . ., PHENIX,BJy
- A il " PRC 96, 064901
0.8 :
- ’ ®——  PHENIX dielectron
0.6 | . ' PRC 96, 024907
- - -,
0.4 q N P ° o PHENIX, e-h correlations
- ., — PRL 103, 082002
0.2 S
O—L"-.r"l“ll||II|II1I|IIII|||||||.T~.|."!--I Lovoa v b b b b b b bnas
-3 -2 1 0 1 2 3 1 2 3 4 5 6 7 8 9 10
Y, 0,5 [HD]
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PHENIX (2019> bottom ’cross section in pp

-

» o /

collisions at-200 GeV

'E 103 = (a) LHCb p+p
= = +
s 3 ATHASP V Measurements of pu pairs from open heavy
5 102 CDF p+p '-;:: flavor and Drell-Yan in p+p collisions at \sqrt{s}
= PHENIX p+p PP =200 GeV
10 - 14 PHENIX Collaboration, C. Aidala(Michigan U.) et
e w7 oo al. (May 7, 2018)
- y Phys.Rev.D 99 (2019) 7, 072003 * e-Print:
1 = 1805.02448 [hep-ex]
:E771 048 —— NLO pQCD (Vogt) (m = 4.75 GeV)
10T A FONLL (m = 4.75 GeV)
- - POWHEG (m = 4.75 GeV)
1072 MC@NLO (m = 4.75 GeV)
> 4;_ : —— : I
Ol afE
20 ’ | ®)
': % 15 — _.-. — ‘""""""""_"—"L,*mt-—w.r——vvi—-—" *
SIg . = o e ] At low energy models
£z 102 10° < (1304 .
a 8[GeV] are less consistent
FIG. 29. Bottom cross section o,; as a function of /s. Un- Wlth data

certainties due to rapidity extrapolation are not included in
the LHCb measurements. Measured cross sections are com-

pared to NLL and NLO calculations.
. N n\\\—s

Sonia Kabana ’(;,c.




_— | “:W S
\._J = '._i; V] d 9 ; -
R - \“:‘f-!" Jh/ - —



STAR (prelimlin'a.‘r‘y,)‘ C']‘qa‘lrmed‘ hadrons: D*- and DY

-~

measurement

J. Vanek et al, STAR Collaboration, QM2022

2 \ 2
L STAR preliminary ’! 8058::+2016 N STAR preliminary ® 8358124-2016
15 AusAu Sy, = 200 GeV =Bf> 0P v | Au+Au s, =200 GeV EDt Glob. Sys.
. Centrality 0-10% Dip UGSt 1.5 _ . mm D° Glob. Sys.
L Glob. p+p uncert. B Centrality 10-40% p+p uncert.
- J 1 < F Giob. p+p uncert
o ‘11 o g TrborTTOUUY i
05k r‘i-uﬂ.%% :,,5559 1 ¢ é Q
| < . o B n . D A,
o LI S 05- 8- 0 T g -
O__ ‘ L. I | W I E] ) i ]
o 2 4 6 8 10 - . . . T
P, (GeVie) % 4 10
Vv
2'5: - ® D' 201442016 pT (Ge /C)
C STAR preliminary 0 0° 2014
2‘_ Au+Au (s, = 200 GeV I D Glob. Sys.
(KD E Centrality 40-80% - gl)oil.os;ps zfl-cert. % C lo d d f R f D v
<1'5:_ entra lty epen ence o AA O
< " X
RN O S S SO T S — . and D? measured
- #8200 0 - 0 g
05% 0l @ ) p+p uncert. - . .
00 T R * R,,of D7-and DV are consistent with
2 4 6 8 10
P, (GeV/c) each other and suppressed at high p,in
p+p reference (STAR): Phys. Rev. D 86, 072013, (2012) . o
D (STAR): Phys. Rev. C 99, 034908, (2019). central (0-10%) Au+Au collisions
Jan Vanek, QM 2022 S —
Sonia Kabana 573, - e HEP 20 "if\‘_"“"‘x_’.‘?/ J-)\'\_.EM




*

Re.p (/40-80%)

(\®)

I I I I I I I I I I
STAR Preliminary o 0-10%
[ AutAu |5 =200 GeV ® 10-40% i

- antik;,R=04 [ ] Sys. Unc. (Uncorrelated)
- P, >5GeVic B 0-10% <N,,> Unc. A
_ B 10-40% <N > Unc. _|

. *Fragmentation from PYTHIA 8 -

I 1 1 | 1 I 1 1 1 1

5 10 15

o [GeV/c]

Niida et al, STAR Collaboration, AUM2022

* R<CP> shows suppression al PT <9 and 11 GeV for 10-40% and 0-10% respectively
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STAR (2020,202{1)_Fir‘s_t‘ A and D_ measurements

STAR Collaboration, PRL 124 (2020) 17, 172301

STAR Collaboration, Phys. Rev. Lett. 127, (2021), 092301

2 Au+Au |Sy = 200 GeV, 3 < p_ <6 GeV/c
= Ap+ A A p+P
§ 3 ¢ D%+D° 0 % - ﬁ
o . ) - @ Au+Au, 0-10% 0-10%:
% o omana (coa) Nl 0.8 O Au+Au 10-20?’/ —ms T(;in hua (seq. coal.)|
S -- Catania (coal.+frag.) VPYTHIA,CR _ . Y PYTHIA: iy ° Cataglia (coalq). .
c Tt g~ | _PYTHIAD+D e _
@ 2= CT.D,. 061 He,Rapp, 0-20% —— Catania (coal.+frag.)
....................... ol — — Cao,Ko
- o \\’:?’/
0 0 5 (@)
1 T +
o _.’___._'_,_.-.-.—--“'"’D O b
------------- O -
v Eﬁ O
ol | | | | | | | \/SN 200 GeV (a)
0 100 200 300_ —t _
i ';'“m'jer of Participants (N, ., 08l | @ Au+Ad, ---- Tsinghua (seq. coal.), 20-40%
STAR, Phys. Rev. Lett. 124 (2020) 172301 .
STAR, Ph));s. Rev. Lett. 108 (2012) 072301 o O Au+Au, —— Tsinghua (seq. coal.), 40-80%
STAR, Phys. Rev. Lett.97 (2006) 152301 IO "
S.Plumari, et al., Eur. Phys. J. C 78 (2018) 348 T PYTHIA p+p
C.Bierlich, J.R.Chrisiansen, Phys. Rev. D 92 (2015) 094010 OD 0.6
S - ) @
* A/DVand D/ DY ratios in 200 GeV q 04 E?&g‘
+ o  L__.---" - el
Au+Au are higher than PYTHIA L - ==
* Data are in accordance with models R (b)
N | N | N | N | N | N | N |
that include coalescence 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)

R i i N O a5

hadronization of charm hadrons
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STAR 2207.06568

30-60% 10-30% 0-10% 0-60%
1.2 B | I |
| Au+Au 200 GeV, [y| <1,0<p_<10 GeV/c
| ESSRURRRSSRRRNRRRRNRINE ek cotuoc 2 | ENUURRRR
STAR ® Y(1S)
0.8 B 0 T(ZS)
< I
m<t 0.6l [ﬂ v Y(@3S) (95% C.L) |
0.4 | - (@
4 # 4
! .
0.2 B
N_,, uncertainty ] 1
0 ] ] ] ] | ] ] |
0 50 100 150 200 250 300 350
Npart

Observation of Y quarkonia sequential suppression by STAR

in central Au+Au collisions
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1.5 1.5
Inclusive J/y \'s,,=200 GeV Inclusive J/y \s,,,=200 GeV

| i -2.2<y<-1.2 (A-going) 1.2<y<2.2 (p/d/*He-going)

N
) PH <ENIX
% ‘ preliminary

L W o _
,z:z:, DRE. . TR s,

I:QAB
RAB

_\

prellmlnary

ﬂy—a—.—q

‘

‘

'

—

' 1
————
o=
L T
'

'

'

:

'

N
H PH “ENIX

k. — -

. dd+Au  éCu - @d+Au u+iu i El 3 [ﬂ
¢*He+Au +Cu+Au $Au+Au +U+u [ﬂﬁm ¢3He+Au $Cu+Au $Au+Au +U+u
| 193 GeV | 193 GeV
0 e ol L '
345 10 20 10? 2x10? 345 10 20 10° 2><1o2
part part
1807.09231

Across all collision systems similar suppression is observed vs Npart
Additional suppression effects are coming into play as the reaction volume increases
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1.6
1.4
1.2
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0.4
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Au+Au@54.4 GeV, p_> 0.2 GeVrc, e'e”, |y|<1.0
Ru+Ru&Zr+Zr@200 GeV, P, > 0.2 GeVlc, e'e, |y|<1.0
p+Au@200 GeV, p, > 0 GeV/c, utu-, |y |<0.5, PLB2022
p+Au@200 GeV, P> 5GeVlc, e'e™, |y|<1.0

Au+Au@200 GeV, p,> 0.15 GeV/c, u*u-, |y|<0.5, PLB2019
Pb+Pb@2.76 TeV, p,> 0 GeV/c, e'e™, |y |<0.8, ALICE, PLB2014

Pb+Pb@5.02 TeV, p,>0.15 GeVlc, e'e™, |y[<0.9, ALICE, NPA2021
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STAR Preliminary
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Global uncertalnty
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—e— |sobar@200,MB,SP,0-80%

—e— |sobar@200,HT,EP,0-80%

—=— Au+Au@200,EP,0-80%,PRL2013
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No significant collision system and energy dependence for J/Psi RAA at RHIC :

Jpsi in 1sobar systems (blue rectangles), in Au+Au 54.4 GeV (red)

v2 pf J/Psi consistent with zero at low pT: small regeneration and/or flow

RN, (02> / 39
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PHENIX: PRC 105 (2022) 064912

= ~1 1 1 1 | 1 | | |
E_ 2.2 <y <-1.2,Inclusive PHENIX (a) 1.2 <y <22, Inclusive PHENIX (b)
a7 B v(2S),p+Au vs_:200 GeV [ w(2S) nCTEQ15 (Shao et al.)
15 @ Iy, p+Au |5 =200 GeV | =] w(2S) EPPS16 (Shao et al.)
N [] w(2S) Transport Model (Du & Rapp)

...... , E=2] J/y Transport Model (Du & Rapp)

\
0.5 |-il] |+:I —+
Au-direction p-direction
2 4 6 s 2 4 6 3
<Ncoll> <I\Icoll>

Psi(2S) is more suppressed than J/Psi in Au-direction
NnPDF only cannot describe the data

Qualitatively consistent with QGP formation in p+Au collisions at RHIC

Sonia Kabgna 7
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I | |
1.2 <ly| <2.2, Inclusive PHENIX

B y(2S), ptAu |5=200 GeV @ J/y, ptAu |s,,,=200 GeV

| [ ]w(2S)EPPS16 (Shao etal.) | |y(28) nCTEQ15 (Shao etal.) |

[]Jny EPPS16 (Shaoetal.) [ |J/y nCTEQ15 (Shao et al.)

The pT and centrality integrated R(pA) as a function of rapidity

Sonia Kabana &5

At forward y J/Psi and Psi prime coincide and are discribed by shadowing models
At backward y:
Psi prime is more suppressed that J/Psi and shadowing models lie higher

L NS
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| |

PHENIX \/5,,,=200 GeV LHCb p+Pb |5, =5 TeV PHENIX
yv(2S)@p+Au Vd+Au MwyQ2S) [ Iy

Jy Opt+Au Vd+Au  ALICE p+Pb \s =5 TeV

L5 Avy(2S) Ay o

U 1

[]

2
2

T

o
of 44 4 ¥ o -

The R(pA,dA) as a function of rapidity for J/Psi (open points) and Psi prime (solid points).
At forward y J/Psi and Psi prime show a similar R factor indicating cold nuclear matter
effects are dominant.

At backward y, psi prime is more suppressed that J/Psi in all 3 experiments strongly
suggesting that final state effects are present in small collision systems
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Some results:

* Evidence for mass ordering of bottom and charm (measured via b, ¢-> e) in Au+Au 200 GeV has been

observed at RHIC and at LHC in some pT ranges
* Flow results suggest strong interaction of charm quarks with medium
* First measurement of D_0-tagged jets R(AA) at RHIC and suppression observed

* Sequential suppression of quarkonia is observed in both RHIC and LHC

* Psi prime suppressed more than J/Psi in backward rapidity region in small systems




Qutlook RHIC

STAR and sPHENIX upcoming run period

sPHENIX BUP2022 [sPH-TRG-2022-001], 24 (& 28) cryo-week scenarios
Year | Species svn | Crvo Physics Rec. Lum. Samp. Lum. @ STAR Until 2015 @ STAR Today ) STAR 2023+2025 () LHC Published
[GeV] | Weeks |  Weeks |z| <10 cm |z| <10 cm b
2023 | Aut+Au | 200 |24(28)| 9(13) 3.7 (5.7) nb™! 45 (6.9) nb! W%
L4 v(@2s
2024 | plp 200 |24(28)| 12(16) | 03(0.4)pb ' [5kHz] | 45(62) pb~! @9
4.5 (6.2) pb~! [10%-str] Y P
2024 | p'+Au | 200 - 5 0.003 pb~! [5 kHz] 0.11 pb! ble e ————————— SIS R
0.01 pb~1 [10%-str] 1 29456 10 2030
HLF : p, [GeVic]
2025 | Au+Au | 200 |24 (28) | 20.5 (24.5) 13 (15) nb~! 21 (25) nb~!

* STAR: Future data will extend the kinematic range for open heavy flavor hadron measurements via

semileptonic decays

* PHENIX:
Will add to analysis the data Au+Au from 2016

New b and c results from Au+Au and small systems are coming soon

* sSPHENIX: starts in 2023

Sonia Kabana ;,’:‘ P i - . 023 ]?;a'\ . '\EM
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Extended Calorimetry —— S5 MinBIAS

precision vertexing
and tracking for

jet quenching, charm,
beauty

See talk by Sebastian Tapia Araya, Friday in HEP 2023
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~sPHENEX

Exceptional performances expected for open heavy flavor

Cleanly separate open bottom meson via DCA

DCA resolution of charged pions Prompt and non-prompt D-meson DCA
[sPH-HF-2017-002]

0.008 ————— ———

'g E E E ° ng‘; ;PAEA’\:"I.\‘ISil{mlz;lm;l " “r"“
~ 0.007 SPHENIX simulation | " 10° F @ Diupuom AurAu =200 GeV o & .\‘:D
* F 1> ® Background 0-10%, 24B oD’
3 00065 nTPC>20, nMVTX>2 3 5 prongrl \/X
e E e 3MHz pp 1 § 10° ol
° 0.005F 3438 }
SR e 50kHz 0-20fm AuAu 7 © ol
E 3 10! ;
0.0045- : Toa
B4 E
0.003¢ +i++ R
0.002F oo 3
F = 3 102
0.001 = 3
O: PR | " " L PR | 3 L PR |
1 10 0 0.02 0.04 00.06 0.08
b, [GeV] D’ DCA [em]
,j Brookhaven
National Laboratory Jin Huang <iihuang@bnl.gov> Strangeness in Quark Matter 2022 16
News from beam use proposal 2020 — hadronization
» STAR and ALICE B SEHTROHZN
collaboration reported = " SPHENIX BUP 2022, Years 1-3 1
enhanced charm baryonto 2 5- —a— 62 pb'str. p+p -
H i = - —e— 21nb'rec. Au+Au, 0-10% i
meson ratio > challenging 1 T STAR AuiAu, 0-20%, PRL124 1
hadronization models 2 4T , . o
F $s!ngnua. simul. cc>|a|1d%-(f)3°(/) Yo
i N singhua: seqg. coa - CO
» sPHENIX streaming readout 3 O Lt v WA

will deliver first p + p
measurement at RHIC

» sPHENIX will also map out
the A./D ratio over
momentum dependence

Catania; coal+frag, 0-20%
TAMU: di-quark 0-5%
. TAMU: 3-quark 0-5%
PYTHIA8 (CR)
- PYTHIA8 (Monash)

Ll

TNV T

TT
_&

J\J\\\I

i 110 X
p. [GeV]

Strangeness in Quark Matter 2022

Brookhaven

National Laboratory Jin Huang <jihuang@bnl.gov>

Sonia Kabgna

Higher p;: bottom quark via b-jet

» New for RHIC, enabled by precision tracking and full calorimetric jet

12 [sPH-TRG-2022-001]
s B L L R S
« [ SPHENIX BUP 2022 ]
1~ b-jet Anti-k_R=0.4, 0-10% Au+Au, Year 1-3 —
[ p+p: 62pb ' samp., 60% Eff., 40% Pur. ]
0.8 Au+Au:21nb’ rec., 40% Eff., 40% Pur. ]
Secondary 4 Ei> b
Vertex -
L /%O- brjet 0.6/ ®
at g 0‘4; —
Primary r . b
Vertex \ # [ [ LIDO, arXiv:2008.07622 [nucl-th]
b-qu
: g“?”?e of 0.2~ pQCD, Phxds.Lett. B726 (2013) 251-256 |
. Jlosest med _ 2 0
bjet Approach gmed
(DCA) 0‘9222 .......... | B
A 15 20 25 30 35 40 4t
Brookhaven

7/ National Laboratary Jin Huang <jihuang@bnl.gov> Strangeness in Quark Matter 2022 pT [Ge1\9/]

Access b-quark suppression/v2 via non-prompt D

» Bringing high precision non-prompt-D suppression and flow to RHIC

g slower bottom quarks 2 [N ;"
‘c“/) Probe the mass dependence of quark \ * Determine the bottom quark collectivity
B energy loss in QGP, light > c > b € / T * > clean access to D, q at RHIC energy
* Sensitive to pick up collision energy loss —
W,
sPH-TRG-2022-001
s 16— < 025 ,,,,T[,.,,.,,],,_
< 1 4:_ SPHENIX BUP 2022, 0-10% Au+Au, Years 1-3 _: 0 2:_ SPHENIX BUP 2022, 0-80% Au+Au, Years 1-3
"L 6.2pbTstr. p+p, 21 nb”' rec. Au+Au 1 ““E 21 nbrec. Au+Au, Res(¥,)=0.5
p + p baseline |1.2~ . — B-meson 015 = B-D°
uniquely E g - B—D° 3 F 0 ]
1= - E ]
enabled by E - Prompt D° ] 01 - Prompt D 3
streaming data |0.8 = E ]
s 1 0.05F ]
065 = [o -ooon.oo..."“|< =
- 3 oF=Z J. J R i | |‘ * * } ]
0.4 — E T T T T 7 | | E
02F - Y — D-meson (it to STAR PRL118) 3
r E F B-meson (m, scaling) E
C 1 Il 1 1 7 0 16— | 1 PR B 1 | -
% 2 4 6 8 10 0% 2 4 6 8 10
p_[GeV] Jin Huang <jihuang@bnl.gov> Strangeness in Quark Matter 2022 [GeV]!
-
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Forward Tracking System (FTS)
Forward Silicon Tracker (FST)

Forward Small-strip Thin Gap
Chambers Tracker (FTT)

Forward Colorimeter System (FCS)
Electromagnetic Calorimeter

Hadronic Calorimeter
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m 2004 Au+Au, |y|<0.35, global sys. =+ 12%

® 2007 Au+Au, 1.2<|y|<2.2, global sys. =+ 9.2%
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More suppression of J/Psi observed
in forward rapidity (red points) might
be due to recombination in central

rapidity
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ST AutAuo A + X JSyn = 200 GeV
" e PHENIX Runl4, 10-60%, 1.2 < |y| < 2.2

0 2—_ [] Systematic Uncertainty
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-0.1
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... PH-ENIX
preliminary
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Elliptic flow of J/Psi in forward
rapidity is consistent with zero
supporting no recombination
present at forward rapidity

A. Drees et al (PHENIX Collaboration)ICNFP 2022
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PHENIX 2022/ b e and ¢ - e and ¢,b hadrons

in Au=Au collisions at 200 GeV

Collisions at $\sqgrt{s_{ {NN}}}$ =

—MB = 20%-40%x10°
— 0%-10%x102 - 40%-60%x107
— 10%-20%x10* §ipp (T,, scaled)

N

L .

g R

f\ S

= PHENIX

[ Au+Au, \s,, =200 GeV

 1yl<0.35
IIII|IIII|IIII|IIII|IIII|IIII|IIII|
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p? [GeV/c]

- (b) —MB 7 20%-40%x10°®
L boe — 0%-10%x102 — 40%-60%x107

— 10%-20%x10* #ipp (T,, scaled)

PHENIX
Au+Au, \'s,, =200 GeV
[ lyl<0.35
1111 | 1111 ] 111l | | | I - I 1111 I | ]
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200 GeV, 2203.17058
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?E_E;hadron (=] 0%-10%x10?
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f";f';

Fd

PHENIX
Au+Au, \jsNN=200 GeV
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2 4 6 8 10 12
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PHENIX

Au+Au, \dsNN=200 GeV
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U.H.Acharya et al (PHENIX Collaboration) Charm- and Bottom-Quark Production in Au$+$Au

10°

100l AutAuMB ] @ 7 AurAuMB
2)5:3.0 GeV/c Vny =200 GeV. 3.04.0GeVic ) v/syy —200 GeV
bi(b+c)=0.427 [l PHENIX 102 [DIb+)=0520 [ * "PHENIX |
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s 05f s 03[ ]
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DCAT [cm]

Au+Au MB
/snn =200 GeVy

PHENIX
Run 4 + Run 11

N A
10% 4.05.0 GeVic
bl(b+c)=0.488

counts

100}

n&n'o'cn
T

Data / Re-fold
| Oaann

50
0.15 010 -0.05 000 0.05 010 0.15
DCA; [cm]

* lleftc—> e and

DCA; [cm]

—— Data

—— Background + charm + bottom
—— Total Background

—— Unfolded bottom

—— Unfolded charm

b—>ei1n

Au+Au compared to p+p

scaled by number of

collisions

* Right up and down unfolded

¢ hadrons and b hadrons

Au+Au compared to p+p

scaled by number of

PP W o llisions - 9 Ao



PHENIX (2019) ¢ and b to mumu in pp

collisions 200 GeV

Measurements of uu pairs from open heavy flavor and Drell-Yan in
p+p collisions at \sqrt{s}=200 GeV

PHENIX Collaboration, C. Aidala(Michigan U.) et al. (May 7, 2018)
Phys.Rev.D 99 (2019) 7, 072003 « e-Print: 1805.02448 [hep-ex]

-9
>. o/PHENIX () pp »ceX - pwX o 19 -
O10°F 44 21.2-PHENIX (b) pp — bb X — put X
I - p,>3GeVic, 1.2 < | < 2.2 0] ) e p+p 15 =200GeV
A X = [ p,>3GeVic, 1.2< | <22
[ - 1.5 <m,. [GeVic] <2.5 O 2 -« POWHEG o, = 3.94ub
Qo / Global Uncertainty 12.0% '_',_ 1F 35 < ™, [GeVic] < 10.0 - PYTHIAVE o =3.59ub
9 i o | GClobal Uncertainty 12.0% PYTHIAV6 (pair creation)
% E 0 8 - -2 PYTHIAVG (flavor excitation)
1 0‘9 % - > I PYTHIAVE (gluon splitting)
0.6
| ® p+p Vs =200GeV 04—
40|/~ POWHEG o, = 0.316mb i
107" | mm PyTHIAVE o = 0.343mb
- PYTHIAV6 (pair creation) 0 .2 7
PYTHIAVG (flavor excitation) _,i
I PYTHIAVS (gluon splitting) Oi e ——— e — ‘ .L
I el 11 A | A | v | ' | 717 LA Ll ‘ Llll LA L 11111 lll
0 1 2 3 4 5 0051152253354455
pT[GeV/c] P, [GeVic]

P 2003 TITESIE 1) 2t - SR SO FTES S 59

Sonia Kabgna 7



" ) P it
———— A\\\ Y ¢ ~/ - - gy
. . e

. STARTotal charm ¢ross section

Collision System Hadron do,,/dy [pb]
D’ [1] 390+1+1

Au+Au at 200 GeV RIEIESE
Centrality: 10-40% @ D_[2] 15+2+4

0<p,.<8GeV/c
F A 8] | 40+6+27°

Total 112+ 6 + 27
p+p at 200 GeV [4] | Total | 130 + 30 + 26

D° [1] STAR, Phys. Rev. C 99 (2019) 034908
D, [2] STAR, Phys. Rev. Lett. 127 (2021) 092301

A_[3]STAR, Phys. Rev. Lett. 124 (2020) 172301
p+p [4] STAR, Phys. Rev. D 86 (2012) 072013

* Dt data : preliminary

* Total charm production cross section per binary
NN collision in Au+Au collisions, is consistent with

that in p+p collisions within uncertainties

- / J . '\.'
Sonia Kabana .



30-60 % 10-30% 0-10% 30-60% 10-30 % 0-10 %
1.4 T T T 1-4 1 1 1

- % Y(1S): STAR Au+Au@200 GeV, lyl<0.5 - % Y(1S): STAR Au+Au@200 GeV, lyl<0.5
12 ¢ Y(S): CMS Pb+Pb@2.76 TeV, lyl<2.4 12 ¢ Y(1S): CMS Pb+Pb@2.76 TeV, lyl<2.4
KSU STAR CMS i TAMU [JSTAR Acms
L bt 1fp Global uncertainty
0 STAR Preliminary s T
o 08 o 08|
n | n |
= 06( = 06|
- I ¢ @ — i
04 @ @ E] 04
02 N,y uncertainty 02} N_,y uncertainty
0 100 200 300 400 0 100 [B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018)]
Npart [X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)]

KSU model: use a lattice-vetted heavy-quark potential
TAMU model: use mn-medium binding energies predicted by thermodynamic
T-matrix calculations using internal-energy potentials, from lattice QCD

T2 (Mev) | RHIC (0.2 TeV) | LHC (2.76 TeV)
KSU 440 546

TAMU 310 555

STAR data on Y(1S) are consistent with LHC data
KSU and TAMU models are consistent with data on Y(1S)
from RHIC (STAR) and LHC (CMS)
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[CMS: PLB 770, 357 (2017)]
[B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018)]
[X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)]

e Indication of less suppression at RHIC than at LHC
STAR: Y (25+3S) Raa: 0.35 = 0.08 (stat.) £ 0.10 (sys.) (0 < pr < 10 GeV/c, 0-60%)

CMS:

Y (2S) Raa: 0.08 + 0.05 (stat.) = 0.03 (sys.) (0 <pt <5 GeV/c,0-100%)

KSU and TAMU models are consistent with data on Y(2S+3S) in central and semi-central collisions from

RHIC (STAR) and LHC (CMS)

STARY data in central A+A collisions are consistent with "sequential melting" in QGP
(Y(1S) vs Y(25+38S))
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PHENIX(2018) R(pAu) of bottom to dlmuons m

p+Au colllsldhs at 200 GeV

Xuan Li et al, PHENIX Collaboration, https://arxiv.org/pdf/1809.09247.pdf
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