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Probing QGP with HF and quarkonia PH.CENIX

)

* Elliptic flow is a key observable: access to transport properties of QGP

* Heavy quarks are unique:
* My > Ngcp 2 production cross-sections calculated in pQCD

* mg » Togp 2 no thermal production (charm and beauty are conserved)
* Early production; incomplete thermalization; hadronization by coalescence
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The PHENIX Experiment

CENTRAL ARM (Electrons)
* |n| <0.35

e Ap=m

* Tracking: DC, PC, VTX

e ¢elD: RICH, Emcal

FORWARD ARMS (Muons)
c 1.2< |n| <22

e AP =27

* Tracking: MuTr, FVTX

e MulD: Muon ldentification detector

EVENT PLANE DETECTORS
FVTX (1.2 < |n| < 2.2)
BBC (3.1 < |n| < 3.9)
CNT (|n| < 0.35)
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Mid-rapidity: inclusive

PRL 98, 172301 (2007)

- == Armesto et al. (I)

[ | vanHees etal. (I)

3/(2nT) Moore &
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F Raa @and v, PH “ENIX

e* from inclusive HF show
significant suppression and non-
Zero v,

HF e* R,, and v, different from
neutral pions
* |ndicates mass ordering

Do ¢ and b exhibit the same
mass ordering behavior?



Separated Charm and Beauty R,, and v, PH._ENIX

~—  PRC 109, 044907 (2024) S22 Min. bias AutAu |5,,=200GeV >
2'5_ PH ENIX | N - ——e— effrom botth;qm decay ,fr':nmmx
i Au+Au, MB - 20" e h*PHENIX PRC92.034913
2: \."S—NN=200 GeV ] 0.15:— ¢ ! ’ »
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J/W Nuclear Modification (R,,) PH._ENIX
s T T T < 14

o 1.4 _] ] Inclusive J/iy — p*w, Pb-Pb \s., =276 TeV and Au-Au |s,, = 0.2 TeV
B B 2004 Au+Au, lyl<0.35, globalsys.=+12% | Q: - W ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p_<8 GeV/c global syst.= + 15%
1.2 — 1.2 : [] PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, p >0 GeV/c  global syst.=  9.2%
® 2007 Au+Au, 1.2<lyl<2.2, global sys. =+ 9.2% ]
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J/LP

0.2;

Elliptic Flow at R

Au+Au 200 GeV 0-80 % o Jly
3 a0

o charged hadron

—— initially produced [31]
[ oomsesennin coalescence from thermalized cc [32]
3 == initial + coalescence [34]
 — - — initial + coalescence [35]
L hydrodyr}amic [36] | |
0 2 4 6 8
P (GeVic)
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d LHC PH-<ENIX

0.2

0.1

ALICE 20-40% Pb—Pb |, = 5.02 TeV

Inclusive Jy,2.5<y <4
o v, {SP, [An| > 1.1}
[ ]Syst. (uncorrelated)

j

TAMU (X. Du et al.)
[ ]Inclusive Jhy
- = Primordial Jhy

JHEP 10 (2020) 141

0

2 4 6 8 10 12 14 16
pT(GeV/c)

J/W v, at mid-rapidity at RHIC inconclusive

significant non-zero v, is observed at LHC

Hard Probes 2024, Nagasaki, 9/23/2024



Rapidity dependence of QGP interactions
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* Rapidity dependence of flow V2 £ — — :
gives access to the longitudinal %05 Charged had”?"s 'm + % N -
dynamics of the QGP : 5 2 - .

Y 0.04— i éi I $,A ! —]
B i i | LA :

* Heavy flavor and quarkonia T A -
have rapidity-dependent initial . L4 L é -
state effects 0.02- 4 g L % -

* Pressure gradients and T are 001 5 A 400GeV minimum-pias Au+Au I .

. . E A 130 GV minimum-bias Aji+Au -
different at forward rapidity - L b .
0 | N N U IR A | . E
+  How is HF dynamics affected ? AN .
OW iS ynamics affected SHENIX muon arme
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Single Muon Analysis: arXiv:2409.12715 PH. ENIX

Hadron (e.g. Kaon or a charged pion) MulD
Muon
e Hit B
MuTr
= lastgap=4
FVTX
== B y
L]
6)
- 3 HiI NN
S N B 4 —
g 0061~ U+AU uon
5 - PI_IEI(\)](I)XGAeV'A\ Rich
0.05— 0-70% centrality .
: r2<neo | e Track quality cuts to enhance heavy flavor
0.04— . . .
: o * Measure v, in hadron-rich and muon-rich samples
0.03— . o . . . o
5 Pt 1 e Tuned MC with precise light hadron composition
0.02— . o
001% S~ * use PHENIX mid-rapidity data and BRAHMS
L ——"=— e separate muons from light and heavy flavor decays

-02 -0.1 d  -0.05 0
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0.05 0.1 0.15 0.2

DCAw (cm)
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Separating h*-from inclusive muons PH:“ENIX
0.25
Hadron (e.g. Kaon or a charged pion) MulD S . PHENIX Au+Au 200 GeV
':E’t°" B 0-70% centrality
e Hi MuTr 02— 1.2<|n|<2.0
~ @ Hadron rich sample
i 015 @ Muon rich sample E E
B a® e EE o
0.1
- .
Muon B
Rich 0.05—
l D_l L1 1 I L1 1 1 l 111 I L1 1 1 l 111 11 l L1 1 1 I L1 11
0 0.5 1 1.5 2 3 3.5 4
= 1 = g pt (GeV/c)
< E (a) < F = PHENIX Au+Au 200 GeV b
%0'95 + ¢ ] + + % 0'95 L m 0-70% centrality )
S osE- S o8 u 1.2<|n|<2.0
= . = E u
TO7E PHENIX Au+Au 200 GeV To7E
.g 06 0‘710? lc‘len;rg"ty _g 06— @ Hadron/(Hadron+Muon) o
— 2<|n|<e. -
if/os?: i ios:— B Muon/(Hadron+Muon) EXtra Ct V2 fOr
 oaf- @ Hadron/(Hadron+Muon) c 0'45_
% = B Muon/(Hadron+Muon) f—j = ® C h d rgEd h d d Frons
i = § 03 P
L 02F- Em W o2 ® an d
E - o
0.1E- u u [ ] 0.1 ° L . .
O:I 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 E’l 1 1 l 1 1 N 1 l 1 N 1 1 l 1 1 1 1 l L N 1 1 l N N 1 1 InCIuSIVe muons
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Single Muon Analysis: HF flow

Hadron (e.g. Kaon or a charged pion) MulD

MuTr

Muon
Rich

PYTHIA+GEANT4 embedded in real Au+Au events tuned to
reproduce measured particle spectra in hadron-rich region

Extract the HF muon fraction by comparing data to tuned
simulation with HF contribution excluded = determine F*

Used the measured hadron v, and tuned simulation to get vif

Determine heavy flavor muon v, in the inclusive muon sample:

1
U?F = ﬁ (Uéi — (1 — FHF)U%F)

Julia Velkovska (Vanderbilt) Hard Probes 2024, Nagasaki, 9/23/2024
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V2

ENIX Charged Hadron v, Measurements  pHENIX

0.25

B i, s (O charged hadron, |n|<0.35 (PRC92.034913)| ® ChargEd hadrOn V2:
B PH “ENIX @ charged hadron, 1.2<|n|<2.0 i Hj f d d d
02— Au+Au 200 GeV — INt of rapidity dependence,
- TR | 1 consistent with PHOBOS
0'15:_ EE ﬁ % T _:
| . E
> O ~
B O — _
B O _
0.05— DO —
O _
- O —
D_I 1 1 1 | 11 1 1 I | I I | l 1 1 1 1 | | I I | | 1L 1 1 1 | 11 1 1 | 1 1 1 I—
0 0.5 1 1.5 s 25 3 B 4




V2

ENIX

0.25
B g g (O HF—> e, |n|<0.35 (PRL98.172301) _
B PH “ENIX @ charged hadron, 1.2<|n|<2.0 _
0.2— Au+Au 200 GeV —
B HF —> p, 1.2<|n|<2.0 |
- 0-70% ® HF—>p, 1.2<ni< .
0.15— E ﬁ _
B E . _
ot iﬁ% (=
- T % % .
0.05— Ann % 1 —
O_I 1 1 1 __I | | I I | | I I | | I I | | | I I | | I I | | 1 1 1 I_
0 0.5 1 1.5 2 2.5 3 3.5 4
pT (GeV/c)
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eavy Flavor v, Measurement
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* Open HF v, Is consistent
with previous PHENIX
results at mid-rapidity
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V2

’V___

ENIX Heavy Flavor v, Measurement PH-“ENIX
0.25
B T~ (O HF—> e, |n|<0.35 (PRL98.172301) _
B PH “ENIX @ charged hadron, 1.2<|n|<2.0 _
0'2:_ A‘:)t‘;‘;o/foo GeV ® HF—>p, 1.2<|n|<2.0 _:
015 ¢ -
- ° §
o E@% -
C AL % g % "
0.05:— ﬁﬁﬁu % 1 —:
00:' e e bl L b :4 * HF particles flow with the
pT (GeV/c)
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QGP, but less than
charged hadrons
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J/W Signal Reconstruction (J/4 = ut+u) PH.ENIX

160 N
PH-<ENIX

preliminary

—
i =N
o

80

lop}
o

oY
o

N
o

DiMuon Counts (per 0.06 GeV/c?)
o

-20+—

m-‘r—H-- 3 -
: | I | | I I | | [ I | | [ I | | I I | L1 1 1
2 2.5 3.5 4 45 5

J /Y Signal Mass Distribution
Run 14

Centrality: 10 — 60%
Rapidity: [—2.2, —1.2]
pr: [2,3] (GeV/c)
Ag: [0,m/4]

Julia Velkovska (Vanderbilt)

Mass,, [GeV/c?]

arXiv: 2409.12756

e Candidate J/Y are reconstructed
using dimuon decay channel

e 10-60% centrality will maximize
potential v, signal

* Measure the J/ vield in-plane and
out-of-plane to determine v,

Hard Probes 2024, Nagasaki, 9/23/2024 15



PHENIX J/i v, Measurement PH._ENIX

0.2
N [ /Syv =200 GeVAu+Au— I/ +X
o 015:_ 1.2 < |y| < 2.2 (10 — 60% Centrality) Run 14 + Run 16 o _
"°F e pr(Gevio): [00- 101, [1.0- 2.0}, 20 - 30, 30-501| * v, Of J/ at forward rapidity is
0.1 consistent with O
0.05— $ + [ﬂ
Of—==----=--mmmmooooooooooocboooooooo-
~0.05[— H’:|
—0.15:— Y
- [[] Systematic Uncertainty P H >//\\<E N I X
_IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII
0% 05 1 15 2 25 3 35 4 45 5

pr (GeV/c)
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PHENIX J/i v, Measurement PH._ENIX

a1 2P e = 200 GeV Au+ Au = I/ + X
S o 12< |yl <22 (10-60% Centrality) Run 14 + Run 16
“E o pr(GeV/c): [0.0 — 1.0], [1.0 - 2.0], [2.0 — 3.0], [3.0 - 5.0

* v, of J/Y at forward rapidity is

0.15 . .
consistent with O

0.1

IIIII|1III|IIII|IIII

0.05
3 e Theoretical calculations that

include coalescence of partially
thermalized ccbar are also

IIIIIIIII|IIII|IIII|III] IIIIIIIII|IIII|IIII|IIII
|Il|||||l|||||l||l|ll

—0.1— = = initially produced
purely thermallzed ¢z consistent with the data
015w initial + coalescence
-------- initial + coalescence Y

-0.2 Systematic Uncertainty P H>>/\<<E N I X .
025]III|IIII|IIII||||||IIII|IIII||||||IIII|IIII|IIII:
0 05 1 15 2 25 3 35 4 45 5
pr (GeV/c)
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0.2
N [ /syy = 200 GeV Au +Au - J/ip + X (10 — 40% Centrality)
> "~ e 12 < |y| < 2.2 (PHENIX)
0.15— % |yl <1 (STAR)
0.1
0.05F
o:——ﬁ ——————————————————————————————
~0.05—
-0.1F-
~0.15F
- O - 1 Systematic Uncertainty
— _IllllIIII|l||l||l||||lll||l|||lII|IIIIIIIII|IIII
0% "1 2 3 4 5 6°7 8 9 10
pr (GeV/c)

PHENIX and STAR J/Y v,
forward and mid-rapidity
are consistent

PHENIX J/i v, compared to STAR and ALICE  pHZENIX

0.21

N _  Forward rapidity (0 — 50% Centrality)
= " Sy = 200 GeV Au + Au — J/3 + X (PHENIX)
0-15_ m VSyy = 5.02 TeV Pb + Pb - J /3 + X (ALICE)
0.1
: -
0.05[
- oo
Of—-fR------------------ e
~0.05 ¢
-0.1—
-0.15\—
- % Systematic Uncertainty
— _II|IIII|IIII|IIII|IIII|IIII|III|IIII|IIII|IIII
0'20 1 2 3 4 5 6 7 8 9 10

pr (GeV/c)
PHENIX J/¢ v, measurement

distinctly different from the ALICE
non-zero result 18
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summary PH-<ENIX
0.25
§ ~ PHENIX Forward rapidity: /Syy = 200 GeV Au+Au | ® PHENIX has measured the V5 of
~ o h* e u* from HF d 0% — 70% Centrali
0.2 - from HE decay w1 charged hadrons, HF muons, /i
- " at forward rapidity
0.15— . . [ .
- . . * Significant flow in HF muons!
- h HF
0.05 0
e i
—0.05 :_ E Systematic Uncertainty
_0-10:1IIllIIIIIIIIIIIIIIIIIIIIIIIIlIIII'IIII|IIII|IIII
0.5 1 156 2 25 3 35 4 45 5

pr (GeV/c)
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Summary
0.25 -
N ~ PHENIX Forward rapidity: \/Syy = 200 GeV Au + Au
= - o ht eyt from HF decay (0% — 70% Centrality)
0.2 o J/ih (10%— 60% Centrality)
0.15— i §
0.1 8 E g
N B ﬁ $
i $ B
0.051 m - H
A
—0.05[ H % Systematic Uncertainty
_0 :I|IIIIIIIII[I||IIIIIIIIIIllIIIIIII|I|IIIIIIIIIIII
10 1.5 2 25 3 35 4 45

N
PH-<ENIX

* PHENIX has measured the v, of
charged hadrons, HF muons, J/Y
at forward rapidity

* Significant flow in HF muons!

e It >yl >v2]/w

. vzj/w is consistent with O, but
does not rule out coalescence

from partially thermalized ccbar
* No significant longitudinal

pr (GeV/c)
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> dependence in HF dynamics
* Hint of rapidity dependence in vg
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Backup Slides
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x10°
2 —
% 450 PHENIX Au+Au
- . [ ] S 4ooE- 200 GeV
— 0-70% centrality
PV 350— 1.2<|n|<2.0
— —
1 300
/"‘””"’4 — — Same event
250— — Mixed event
— — Signal
200 — 9
1503—
N 6 " 100;—
50
0_|||||||||||||||||| e o L L L
0 1 2 3 4 5 6 7 8 9 10

chi2/NDF
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Radial Distance of Closest Approach

\ ¥4

DCA. is determined by projecting the (a) “
particle track determined by the FVTX &ﬁ@"\
onto a plane in the z-axis located at the

initial collision point

Essentially this is a measurement of the
distance from the primary vertex at
which a particle was produced, i.e. for a
prompt particle DCA. =0

vertex plane

R

With a precise measurement you can
separate detected muons according the
particle from which they decayed

DCAg|
- 3. ¥

Julia Velkovska (Vanderbilt) Hard Probes 2024, Nagasaki, 9/23/2024

~ IRl

FVTX

N
PH-<ENIX

3D visualization
of DCAr

r-z plane
visualization
of DCA,

23



N
PH-<ENIX

- (a) { Centrality: 10 — 60% | 400+ (b) %Centrality: 10— 60% | 200- (c) entrality: 10 — 60% (1201 (d) Centrality: 10 — 60%
< C { 0 <pr[GeV/c]< 1 : 1 <p[GeV/c] < 2 : { 2 < pr[GeV/c] < 3 C 3 <pr[GeV/c]< 5
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150~

100" I 40;

—————————
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11111111111111111111111111111111
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No rapidity dependence for flow of DO at LH

0.25r

0.15

3V

> 0.1

0.05

0.15

0.1

 0.05F

-0.05

0.2F

CMS PbPb 0.58 nb™ (5.02 TeV)
T ] T i L L A AL T T T T
Prompt D° + D°
E Syl <
- $1<lyl<2
0-10% 10-30% 30-50%
: a SR= [ OO T ;
3 U ] o B _
2 B 4 NS N ;i I 15 0 1 T e
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[ 1 el | Ll |
1 10 1 10 10
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1.4}
[ ® Inclusive J/y (ALICE) PbPb 5.02 TeV 20-40% lyl < 0.9

19 - @ Inclusive J/Y (ALICE) PbPb 5.02 TeV 20-40% 2.5 <y <4

b
—

—

—

-

b

0.8

RAA

0.6
0.4

0.2

A\ ¥4

Id- a

CJ/Ub Ry, an

—

—

e

E;—B—‘—@—._%_‘_@_
8

dv,: m
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0.2

0.15

0.1

0.05F

X

nd forward rapiditypH ENI

- @ Inclusive J/Y (ALICE) PbPb 5.02 TeV 30-50% lyl < 0.9

| ® Inclusive J/Y (ALICE) PbPb 5.02 TeV 30-50% 2.5 <y < 4
| 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
2 4 6 8
p; (GeV/c)
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