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IENIX Detector & Measurements

Central Arms |n|<0.35
e |dentified charged hadrons
e Neutral Pions/Etas

e Direct Photon

o J/ (et+e-)

e Heavy Flavor (VTX), e+/e-

Muon Arms

o J/Y
e Unidentified charged hadrons
e Heavy Flavor (FVTX)

1.2<|n|<2.4

BBC/MPC 3.1<|n|<3.9
e Neutral Pion’s, Eta’s
eCharged particles

ZDC
e Neutrons

In|~5.9
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Electron ID:
- VTX

- Tracking
- RICH

- EMCal

Muon ID:
- FVIX
- MuTraker
- MulD

ENIX



Silicon Detectors: SVT and FVTX
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PH-<ENIX
Broad Physics Topics being explored: HI, Spin to BSM

- continue producing high impact physics beyond 2016

Disentangling centrality bias and final-state effects in the
production of high-p; neutral pions using direct photons in d+

Au collisions at /sy = 200 GeV

Phys. Rev. Lett. 134, 022302 (2025)

RHIC energies, species combinations and luminosities (Run-1 to 16)

Charm- and bottom-quark production in Au+Au collisions at

v/ Sy =200 GeV Phys. Rev. C 109, 044907 (2024) | -
N

Measurements at forward rapidi 6e|liptic flow of charged ‘m § ”
hadrons and open- heavy f ons in Au+Au collisions at ] %' pl+Al '??1
\/Svw = 200 GeV arXiv:2409.12715 WL N § | o %
Measurem gtlc flow J/y in /sy = 200 GeV Au+Au NT 174 B ' Al %2.
collisions ard rapidity ArXiv:2400.12756 ' | ':, CutCu %%
Multiplicity dependent J/y and y/(2S) production at forward and Curhu
backward rapidity in in p + p collisions at \/E = 200 GeV s

arXiv:2409.03728 \ Ul
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Heavy Flavor in Heavy lon PH-“ENIX

Key questions:

1. QGP properties and dynamics
* Density, temperature viscosity, energy loss
 Colorscreening

2. QGP evolution and hadronization

3. CNM contributions

Velkovska, HP2024

Initial State Pre-equilibrium QGP Phase Hadronization Freezeout

@Y « L
= RHICTF%(TR,MC.A, ' & 0O © \

W
@ Ty © o
G Q) @“‘g © _"<

LIGO, VIRGO K

i X% Neutron stars NICER

Baryon density QQ Interaction with the QGP Decays

—
7~0fm/c ~0.08fm/c ~1fm/c Collision TimeScale ~5fm/c > 8fm/c
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Nuclear Modification Factor Raa PH--ENIX

- Mass dependence of dE/dx

e PRC 109, 044907 (2024)
H, - ‘e (N R (pt) e Pt

e N s dN,, e PHENIX _
b¥le . (Ncou) d i Au+Au, min. bias i
p i [Syn=200 GeV ]
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B — J/w— efe : prompt vs displaced
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HF and Drell-Yan in p+p: e*e” Cocktail
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Open HF Signals from di-electrons

Run 2015 p+p, Vs =200 GeV, ml <0.35
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dN/dm..- (GeV") in PHENIX acceptance

HF and Thermal in Au+Au: e*e” Cocktail

—
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-> First attempt to directly measure HF and thermal
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"l [y?1<0.35 — 0 >ee&nee —Jly —ee

I |||||Icﬂ

—
Q
[8)]

hadronic T~ |

i3 cocktail N =

e P H”Zf\i‘“E N IX .
[ _ = 1 T T T | T T T T ‘ T T T T ‘ T T T T | T I
—7 Q’ * p re min ary 8 oope Run 2014 0%-93% AutAu |, = 200|GeV
1 O ? |‘ ' _E E f |y]<0.35, p>0.4 GeV, p{™>0.8 GeV -
- S 200 -
7] 9 - m e'e :
] T 180 —
x ] E
= E Z 160 ey [ .
= - L 3 E
- — E 140 - - ...hh--.- Il ;
B _+__ £ » -~ 4 E
E_ _E g 120§ + * -
- - 5/1100 =
- 1 geay [ 1 LCOSELE < PH ZENIX ++ :
|1 ol ) Center of S so— preliminary .
center the CirCle = 255 SN T T N T N Y S NN DN A N HNE

0 4 DCAy 0 1 2 3 4
m,. (GeV)

5/20/25 Heavy Flavor @ PHENIX 11



Charm and Beauty “Flow” v, PHFENIX

e T

LN 1 dN
dpr 27 prdprdy

1 + Z v,cos[n(p —,)]

i=1

v, = (cos[2(p — ¥y)])

V,<(c—e) Vv,°(b—e)
oo~ 0.25 - - — o~ 0.25 Em—
> ~ Min. bias Au+Au |'s,,=200GeV PH  ENIX > ~  Min. bias Au+Au |'s,,=200GeV ~—
@ B preliminary o - PH ENIX
. ——e— e*from charm decay . ——e— e from bottom decay preliminary
02~ e Rh*PHENIX PRC92.034913 02~ e h*PHENIX PRC92.034913
[= <] ® N @ o
0.15— . M 0.15— ® "
B @ 3 C ® ®
- 9 - o
0.1— o 0.1 o
= ® : @ ®
E . E .
0.05— .. Q * 0.05— ..
C e C e
[ = [z -
0 __. __________________________________________________________________ 0 __, _____________________________________________________________________
_111111111]1111||||||11|1l|111]11111111111111[1111 _111111111111111111111111l111111111111111111111111
00505 1 15 2 25 3 35 4 45 5 005565 1 15 2 25 3 35 4 45 5

p. [GeV/c] p, [GeVic]
5/20/25 Heavy Flavor @ PHENIX 12



N
Open HF v, Observed at the Froward Rapidity =~ PHENIX

5/20/25
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0.1

0.05

o

e O HF—> e, |n|<0.35 (PRLY8.172301) ]
PH “ENIX @ charged hadron, 1.2<|n|<2.0

Au+Au 200 GeV

HF—> 1, 1.2<|n/<2.0
0-70% ® > b, 1.2<Inl<
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PHENIX, arXiv:2409.12715

First observation of none-zero open heavy flavor v2 at the forward rapidity
* Consistent with mid-rapidity HF results
* Smaller than light hadron v2
* Similar magnitude in central and forward rapidity!

Heavy Flavor @ PHENIX
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Quarkonium in Heavy lon

- color screening?

Matsui & Satz, Phys. Lett. B178 (1986)
- first quantitative predictions

¥: \ &
\ Qi =p o

‘E"l'

\_ 0% o0

charmonium meson

T/Te
~

RUCILY

Y{1S)

J/y(1S)

“ (2F)
(1P}

Y'(35)
wi(zs)

Binding energy ~ O(10%) MeV ~ QGP Temperatures

Quarkomum dissociation by stning breaking

N
PH-<ENIX

https://link.springer.com/chapter/10.1007/978-3-030-79489-7_2/figures/1

Mass [L\/IeV]
4100} e, Charmonium
5P (~ 3940)
3900 P (~ 3880) ‘D, (~ 3800)
= *P.(~3800) D,
Y 3770 o D,
3700} e DDThreshold

77 (3590)

74(3556)
71(3510)

h(3525)

3500
2d3415)
3300
3100
s |13 MeV
2900[

S. Digal etal. / Physics Letters B 514 (2001) 57-62

State I Xe W' Y T 1 T
E! (GeV) 0.64 0.20 0.05 1.10 0.54 0.31 0.20
T,/ T, - 0.74 0.1-0.2 - >0.93 0.83 0.74
5/20/25 Heavy Flavor @ PHENIX 14
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Suprises from the first J/Psi Measurements in Au+Au (2007) PH-<ENIX

- New phenomena, regeneration compensating for screening!

. PHENIX 200 GeV Jhy
. . I I |
. Lgrger gluon density athHIC expected to L Rapp fotal (y=0) m AuAu |y|<0.35 1
give stronger suppression than SPS L ._. Rapp direct (y=0) m AuAui.2<ly|<22
» Larger charm production at RHIC gives . —- Rapp regen (y=0) e dAu12<|y|<22 .

Grandchamp, Rapp, Brown

higher probability of regeneration, <c- hep-ph/0306077 -
cbar> ~20 in central Au+Au at top S 170 - -
energy | S b oo V<085 yst 12 -
« Forward rapidity lower than mid due to R 1.2<|y|<22 syst 7% .

. PRL 98, 232301 (2007
smaller open-charm density there for AA (2007) -

recombinaton @@} TR B

» Sensitive to open-charm production

» Expect inherited flow from open charm; | ] i
» Expect regeneration would be HUGE at the - i ]
LHC! Confirmed many years later! -/ et P p— ]
Need to go beyond a simple “color screening” model, 0.0 ' : :
) - . 100 200 300 400
- check other observables/effects: flow, particle ratios etc. N
part

5/20/25 Heavy Flavor @ PHENIX 15



J/@ Nuclear Modification: RHIC vs LHC

Further confirmed the coalescence of charm and anticharm
quarks leads to J/p regeneration at LHC

1.4
f(t i Inclusive J/y — p*w, Pb-Pb \/s,, =2.76 TeV and Au-Au |s,, = 0.2 TeV
m 15 . B ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
) m, [] PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, pT>0 GeV/c  global syst.=+9.2%
L
|| _
0.8F : Stronger regeneration
- LD L effect at LHC!
i l
06 i ! @@ H [ |
[ |
I 7]

b b b b b b b
% 50 100 150 200 250 300 350 400
(N_,.)

5/20/25 Heavy Flavor @ PHENIX part

PH

’—V__
S<ENIX
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Y
First J/y “Flow” v, in the Forward Rapidity ~ ©7 =X

U2 Sem = 200 GeV Au + Au— I/ + X B
S o 12<|y| <22 (10-60% Centrality) Run 14 + Run 16 -
o Pr(GeVic):[0.0 - 1.0], [1.0 - 2.0],[2.0 - 3.0], [3.0 - 5.0]
0.15 -1 <+ PHENIXV2inthe forward rapidity,
PHENIX, arXiv:2409.12756 . consistent with zero
0.1 — » Open charm, none-zero v2!
. * Lightquark contributions?
0.05 e = > J/Psiformation
0 R LT L L 22 i v e « weak “recombination”in the

forward rapidity?

|II|l|!I|I||lIJ||I|I!

I
=
o
wn
IIII|IIII|iIII|IIII|IIII IIIIIIIII|IIII|IIII|IIII

—-0.1— — - initially produced * Run2016 Au+Au, in progress
purely thermalized cc - 4x more stat!
~-0.15[ www- initial + coalescence
------- initial + coalescence \wf—
_ Al
0.2 Systematic Uncertainty P H f;:;;f\ixE N I x

_ III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0'250 05 1 15 2 25 3 35 4 45

=" enLLLI

5/20, Pt (GGV/ C
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Al

J/Psi v2: energy, rapidity and centrality PHENIX
dependence, RHIC and LHC

Forward J/y v, at RHIC is consistent with zero, but non-zero at LHC

- Consistent to the cc regeneration scenario at LHC

PHENIX, arXiv:2409.12756
0.2

0.2

5/20/25

Heavy Flavor @ PHENIX

™N " «/Syw = 200 GeV Au + Au = J/ip + X (10 - 40% Centrality) :§1 I Forward rapidity (0 — 50% Centrality)
C e 12<|y|<2.2(PHE C Syn = 200 GeV Au + Au - J/3 + X (PHENIX)
0-15:—; |y|:1y{S¥AR)( Y 015 : \{sj\;_,\,: 5.02 TeV Pb + Pb — J /1) + X (ALICE) * None zerov2
o1k oib * STAR (central)
: % - EF * * ALICE (forward)
0.05[— @ 0.05
- , o |
L Rt G EEE TR OF—-f------------------ e . -
_ % i * PHENIXV2 in the forward rapidity,
005 ~0.05 ? consistent with zero
0.1 Pmlx S0 TN » Open charm, none-zero v2!
0151 _0.18F- PH-CENIX » J/Psiformation
- & Systematic Uncertainty - £ Systematic Uncertainty
_DIZUIIII‘llllIl2|IIII3|IlIIiII]IéIIIIéJ Illlllélllléllll10 _0‘20II1|4|||I£IIII£IIII4|.IIII L1l 1 1I;IIII$IIII$IIII10
pr (GeV/c) pr (GeV/c)
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N
Study CNM with HF in pA PHENIX

* |nitial state, nPDF U smmewan | Y nPDF L

nNNPDF3.0

* Final state, hadronization 813 i 4
, osf \/ osf 7\%/7/—\‘ 0.5F \‘\'///\\
* Multi-parton interactions 11

(None)universality of PDF and FF and QCD factorization PLI. = ) e

68% CL

1.2 1.2 1.2+ |
J / \
1.0 = 1.0 1 1.0
l L

(A)

. _/ | el
08 = 08 0.8F— _——
- i \| ol
b "9 EPJC 82507 (2022) | *
10°° 107 1077 107 1077 1077 10° 107 100 107 107 107 107° 107 1077 107 1077 1077
xr &xr xr

Hard process

Q? = oo p+Au
@—><«
backward forward
E [oigern a [gmemdmen | D [LoGn | vees v
2 [ o.,=020 Jhy Counts = 18618.8 +/- 147.14 § o| Opa= 0207 Jdhy Counts = 12512.4 +/- 120.83
g e L0 PHENX @ |  S10F PHENIX (b) 3
§1 = o Cormelated BG fit g Correlated BG fit |
] - -+~ Mixed Events BG fit] § == Mixed Events BG fit |
z — Total it 4 2 B — Total fit 1
3 5 = - Crystal Ball Fit 102 A - Crystal Ball it
G-t = PDF(x,, 0%) PDF(x, 0%) ® 03y qq ®@ ok e | e f
4 / ‘. - 1l s T
o . . . , . ! i i 10 / Mﬂ
Parton distribution functions  Partonic cross section ~ Fragmentation functions L. / R , i / ST,
; ; , TN T E § y e . / 3 N Y
(non perturbative) (perturbative) (non perturbative) A YA T T A, . TR i
2 3 4 1u mass (GeW/c?) 4 wn’ mass (GeVic®)
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- . PH <
J/g and @(2S) in Small Systems: p+Au
= 2 I | I I I I I I
‘g_ -2.2 <y <-1.2, Inclusive PHENIX (a) 1.2 <y <2.2. Inclusive PHENIX (b)
a4 - A ZS). prAU sy [$3=200 GeV [ ] w(2S) nCTEQI1S (Shao et al.)
15 @ Thy. ptAu Vs =200 GeV | [E] w(2S) EPPS16 (Shao et al.) N
N [] w(2S) Transport Model (Du & Rapp)
RN [E—] J/w Transport Model (Du & Rapp)
B atatetatetetetetototots
05k oiau ’E -
._><_. PRC 105, 064912 (2022)
| ] | | | | | |
2 4 6 8 2 4 6 8
_<Ncoll> <Nf:011>
1. J/wmodification consistent with INITIAL state effects at FW and BW rapidity
2. Y(2S) maodification indicates presence of FINAL state effects at BW rapidity
5/20/25 Heavy Flavor @PHENIX 20
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N
W(2S) to J/Y Ratios in p+A at RHIC and LHC ~ PHERKX

- sensitive to FSI

0.06 backward forward

Q . | | T | =
= 0 PHENIX ptp V=200 GeV PHENIX (a) O PHENIX 8,2=200 GeV PHENIX (b)| S 2
S B |PHENIX p+Au V5.,=200 GeV B PHENIX ptAu ys.=200 GeV -~
M ﬂ'ﬂ'S_ — :-q w
-2.2<=vy=-1.2, Inclusive 1.2 =y =22, Inclusive -"-:q :
E" O ALICE ptp Ysy=7 TeV O ALICE ptp Ysp=7 TeV - @
= 004 ¢ ALICEp+Pb \s=8.16Tev ~ PTAU ® ALICE p+Pb \5,.=8.16 TeV 128
e -4.46 <y < -2.96, Inclusive @o—>< 2.03 <y < 3.53, Inclusive Boa

w =
__ —_ _— LD
% 0.03 $ $ g
_________________________________ 4 g o
ﬂ.uzﬂ@* I#_ﬂ@"@ﬁﬁh*é 143
-
0.011 @ $ L * ¥ # : 15 &
. S £

| | | ]

)

coll

(N_ ) (N

* Similar suppression pattern, weak energy dependence
* Final stat effectis significant, and larger in the backward rapidity where multiplicity is higher

coll

5/20/25 Heavy Flavor @ PHENIX 21



J/p Yields vs Event Multiplicity in pp

- sensitive to underlying event activities, MPI

RED =Tracklets NV, (1.2<7<2.4)

Green=J/y (1.2<y<2.2)
Blue =J/Y(-2.2<y<-1.2)

N
Nch

I ->p* +u” / I ->p" +
|

5/20/25

Z

Ny /N,

Heavy Flavor @ PHENIX

N
PH-<ENIX

PHENIX, arXiv:2409.03728

20r
18:— Ny 1.2<ly|<2.2 PYTHIAS (Detroit) pp
16F Ny 1.2<nl<2.6 /s = 200 GeV
14 muon unsubtracted  muon subtracted
12F PHENIX Data - -
10F With MPI
85 Without MPI ¢
6F B
4 -
- [
2__ - . ¥
I e
DD_ = ol I | | | I | [ |
1 2 3 4 5
N,/ (N)
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N
PH-<ENIX

Spin Physics with HF Probes in Polarized pp

* Probe gluon distributions

» Gluon polarization
»Gluon TMD
»3Spin in pAl

Run15 (2015) ) 1006eV/nucleon

Polarized Proton

Absolute Polarimeter
(H jet) RHIC pC Polarimeters [

BRAHMS & A,DY

Q) PHENIX
Dl

\ Siberian Snakes
2 x 10* Pol. Protons / Bunch

Partial Siberian Snake
€=20 71T mm mrad

BOOSTER

Pol. Proton Source

W\
500 pIA, 300 pis /' &

200 MeV Polarimeter ¥~ AGS Internal Polarimeter

Y\ Rf Dipoles
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N
PH-<ENIX
Probe Gluon TMD with HF Ay: central rapidity

PRD107, 052012 (2023)

PRD84, 014026 Constrain tri-gluon correlation functions in

- O =¢orb
0'08: pT+D — e + X « Open Heavy Flavor e* . -
0.06— Ys =200 GeV ; = OpenHeavy Flavor e - ¢

F Il <0.35 T ~—
0.04~ PHENIX PRD78, 114013

- 1 T ] T he
0.02+ % (A, Ay = (-0.01£0.03,

- 0.11+0.09) GeV

ok Dominated by gluon-gluon fusion

-0.02 3 T e ; T
Ko = (6°O.17)X10 ............. Ko = (2'5-2_2)"10 the Twist-3 collinear framework
—004 - Z.Kang, J.Qiu, W.Vogelsang, F.Yuan, PRD78,114013
~0.06]  3.4% polarization scale uncertainty not included o, SYbshids, PROBS0T020
1 2 3 4 5 6 7 8

5/20/25 Heavy Flavor @ PHENIX 24



N
Probe Gluon TMD with HF Ay: forward rapidity PH--ENIX

J/y production sensitive to gluon distribution
Ay sensitive to J/y production mechanism
F.Yuan, PRD78, 014024:
For non-zero gluon Sivers, A, vanishes in color
octet model, but survives in color singlet model

O

p+p (2

e p+Al
iy

m p+Au
|

=
——t

Backward A"
PHENIX p+p, p+A — Jiy + X

VEun =200 GeV, ye[-2.2,-1.2]
3% scale uncertalnty not shown

0.25¢ 0.25
02E o pp PRD 98, 012006 (2018) 0.2
015 ° P*Al 0.15
- = p+Au
01F 0.1
0.05E *+ | 4 0.05F
2 - I ki > F
{z DE T. T ‘|’|+ +| %q:z(}z
0.05F + + -0.05F
01 PHENIX p#p, p+A — Jhy + X 0.1
015 (5o = 200 GeV, |y | < [1.2,2.2] -0.15F
02E 3% scale uncertainty not shown 029E
E ol b b ber b by g b a E””
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Summary and Outlook

description of the QGP

 Future precision measurements & multi-
scale probes
» Jets, HF, photons etc.

« Good progress toward understanding \ Sl f / o
QGP formation and evolution ‘ § g
« Aim for a precision quantitative QCD % T = 7

Hydrodynamic
»>sPHENIX & STAR at RHIC, LHC Evolution pre-Eubr
. E[CCETI\]/Id beyond ) a)withothGF/ \ b) with QGP =

 Nucleon structure and more A B

Spin & QCD CNM QGP
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Birth of Relativistic Heavy lon Collider (RHIC) at BNL, 1983

T.D. Lee
Nobel Prize, 1957

RHIC has proven to be an exceptional ‘playground’ for advancing our understanding of QCD and Nuclear Matter
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P+P Sy, = 200 GeV

# PHENIX present work, |y| < 0.35
p, < 10 GeV/c

# STAR PLB 722 (2013), ly| < 1

¢ STAR PRC 80 (2009), Jy| < 1
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RHIC vs LHC R, : Put them all together ~ PHENIX

2
ﬁ PHENIX sm=znl-n GeV LHCb leer Sn=3 TeV | PHENIX
2 w(2S) @p+Au Vd+Au Mw(2S) [y
Jhy  OptrAu Vd+Au  ALICE p+Pb ys,,=5 TeV
L3 Awi(2s) Ny ]
PRC 105, 064912 (2022)

g S
L]
~
—_—
—y
L

0.5 $‘+'“' ""‘L““ "ﬁ]‘*"‘;

| | | | |
[}—4 -2 0 2 4

* J/PsiR,g ~ strong rapidity dependence, FSI?
* Psi(2S) Ryg remain ~flat vs rapidity, also independent of collision energy,
suppression already saturated?
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Compared with Models: RHIC and LHC

1.5

Inclusive W(2S) ' PHENIX (a) Inclusive y(2S)

B PHENIX ptAu ys,,=200 GeV,(|-22 <y <-1.2 |
@ ALICE p+Pb \s5,,=8.16 TeV, -4.46 < y < -2.96
—— PHENIX CNM Effects (Du & Rapp)
[ ] w(28) PHENIX Transport Model (Du & Rapp)

W(25) ALICE Transport Model (Du & Rapp) $

W PHENIX p+Au \5,,=200 GeV

PHENIX

(b)

1.2<y<22

® ALICE p+Pb ]'swh;ﬂ.lﬁ TeV,2.03 <y-<353

5/20/25

(N

C

::u]]>

stronger suppression in the backward rapidity, more final state effects not accounted for?

Heavy Flavor @ PHENIX

)

coll
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HF Hadronization & Event Multiplicity

5/20/25

LHCb pp Vs =13TeV
p.>0GeVic 54 b
preliminary

+
=

—+-pp > bb+X

Global uncertainty: chf

¢ ete- — Z° — bb
I R

2 4 6
VELO VELO
Ntracks /<N tracks >NB

Heavy Flavor @ PHENIX

T T ] T

T T T |' T T T T I T T

| ALICE pp, Vs = 5.02 TeV
" vl <0.5

—&— This paper
—— PYTHIA 8 (Monash)

-------- PYTHIA 8 (CR Mode 2) |
Catania, fragm.+coal. |

SH model + RQM
— QCM

—&— PRL 127 (2021) 202301
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J/Y Production

Perturbative + Non-perturbative
- J/Y (cC), a simplest QCD system

* “cc” pair from hard processes
* Low pI:
* Traditional “single” hard scattering process in “p+p”

* Multiple semi-hard parton interactions (MPI), important at
high energy

« High pT:

* Jetfragmentation and parton shower, important at high pT

* “cc” hadronization to J/{

* Color neutralization
* NRQCD
* Color evaporation
* |nteractions with QCD medium in HI

* Recombination if multiple < c¢c > pairs created in HI

5/20/25 Heavy Flavor @ PHENIX

N
PH-<ENIX

cé R
S=uai
Perturbativei Non-perturbative

I. Belyaevet al, Mod. Phy. Lett. A, (2017)

Charm jet parton shower..
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