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PHENIX Detector & Measurements
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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-

MuonArms 1.2<|n|<24
o J/Y
e Unidentified charged hadrons

e Heavy Flavor (FVTX)

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

ZDC
e Neutrons
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Electron ID:
- VTX

- Tracking
- RICH

- EMCal

Muon ID:
- FVIX
- MuTraker
- MulD
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PH-<ENIX
Broad Physics Topics being explored: HI, Spin to BSM

- continue producing high impact physics beyond 2016

PHYSICAL REVIEW C 105, 064912 (2022)
!dllﬂr!"l.lm“ﬂﬁn . . . . . v
RHIC energies, species combinations and luminosities (Run-1 to 16)

Measurement of ¥ (25) nuclear modification at backward and forward rapidity in p + p, p4Al, and
p+Au collisions at ,/syy = 200 GeV

2 (2024
PHYSICAL REVIEW C 109, 044912 ( )

= 200 GeV

2023)
pPHYSICAL REVIEW LETTERS 130, 251901 {

oton Cross St
P«?E:sm GeV inp+

Measuremmt of Direct-

"Study of charged hadron production in p+Al, 3He+Au, Cu+Au collisions at sqrt(sNN) = 200 GeV
and in U+U collisions at sqrt(sNN) = 193 GeV"

Preprint: arXiv:2312.09827 inSPIRE, Citations b4
Submitted: 2023-12-14 b2

8 9 12 15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy \fsm- |GeV] (scale not linear)
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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

. v

® " - : ¥ Initial State Pre-equilibrium QGP Phase Hadronization Freezeout
-5 . Quark-GIyon.Plasn'\a ' AU @ @
, ‘ YT © ™\

s ¥ o <{| © [© @y & //’
possible - > . . . 2 %@ y @ Q — a
criticalpaoint A / " @ o

RHIC-FXT ®) 0y © M \
FAIR, NICA, ' ®) D) Qg Ty ® s w
Neutron star mergers 6 @ M @ <
LIGO, VIRGO © @ @ ur
’ Atomic nuclei Neutronstars NICER W© @ @mm @ M @/
Baryon density QQ Interaction with the QGP Decays

—
7~0fm/c ~0.08fm/c ~1fm/c Collision Time Scale ~5fm/c > 8fm/c
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Nuclear Modification Factor R, PH--ENIX

- Mass dependence of dE/dx

dN 5. cam arXiv:2203.17058
o —dpf‘ 2.5 PH:‘ENIX .
Hy gn®f Raa(pt) = i : Au+Au, MB :
N0 . I S,y=200 GeV ]
AN (Neoin) g5 ol N
¢ iy pr 2 :
gy i — PHENIXb > e |
B ® 0 —-PHENIXc »e
0 Collisional 0 U} B »‘ 7
Radiative \\ o 1-5_‘ © STARb—e 7]
© I STARc —e 1
AE l . | arXiv:2111.14615-
e 14 o
L A )
. EE} b )
large parton mass q q A AN i
0.5 B | —
Less dE/dx for heavy quarks ) S 7_ ;
Hdead % mQ/E 0_1 N ol | l | I | [ | N [ O I | I I | l | I I | l | I | l I 1 1 l—

1 2 3 - 9 6 7 8
p$ [GeV/c]
7
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Charm and Beauty “Flow" v, PHFENIX
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Open HF v, Observed at the Froward Rapidity PH™®

3/16/25

0.25 ,
o [ ~— (O HF—> e, |n|<0.35 (PRL98.172301) | PHENIX, arXiv:2409.12715
B PH “ENIX @ charged hadron, 1.2<|n|<2.0 _
0.2— Au+Au 200 GeV —
L HF—>p, 1.2 2.0 _
- 0-70% ¢ > b 1-2<Ini< .
0.15/— E ﬁ -
0.05— ”ng % % —
D_I 1 1 1 ___I | | I I I | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I_
0.5 i 15 2 25 3 35 4

=

pT (GeV/c)

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 9



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
3/16/25 Heavy Flavor @ PHENIX 10



Suprises from the first J/Psi Measurements in Au+Au (2007) PH- <ENIX

- New phenomena, regeneration compensating for screening!

. PHENIX 200 GeV Iy

. . I | |
. |__arger gluon density at.RHIC expected to L Rapp total (y=0) m AuAu |y|<0.35 ]
give stronger suppression than SPS L ._. Rapp direct (y=0) m AuAu1.2<y|<2.2
» Larger charm production at RHIC gives . —- Rappregen (y=0) ¢ dAui2<ly|l<22 |
higher probability of regeneration, <c- e P 630e077 ]
cbar> ~20 in central Au+Au at top 10— —
energy N | ggtnghgrlnzpé&a?gbgzgwn |y|{035 S'y'St 12 f'fno -
» Forward rapidity lower than mid due to R lrf Ely'z‘éifﬁi’féf e
smaller open-charm density there for AA ' -

recombination . l
0.5

« Sensitive to open-charm production

» Expect inherited flow from open charm; | ] i
» EXxpect 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

3/16/25 Heavy Flavor @ PHENIX 11



J/w Nuclear Modification: RHIC vs LHC

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

< 147

0.8}

0.2

3/16/25

0.6 |

0.4

Inclusive J/y — p*u, Pb-Pb ys =276 TeV and Au-Au |s,, =0.2TeV
Bl ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%

Stronger regeneration

@ effect at LHC!
@ g .

i

50 100 150 200 250 300 350 400
(N__)

Heavy Flavor @ PHENIX part

PH
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S<ENIX

12



First J/y “Flow” v, In the Forward Rapidity PremeNIX

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

3/16 Pt (GGV/ C
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A

N[ /syn = 200 GeV Au+Au - J/1p + X (10 — 40% Centrality)

J/IPsI v2: energy, rapidity and centrality

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

T e 12<|y| <22 (PHENIX)
015 4 |yl < 1(STAR)

0.1—
0.05

-0.05—

_0_1:_ e
- PH ENIX

-0.15
- E Systematic Uncertainty
B I T T

4 5 6 7 8 9 10
pr (GeV/c)

3/16/25

0.2
N L Forward rapidity (0 — 50% Centrality)
T @ +Swn = 200 GeV Au + Au - J/i + X (PHENIX)
015~ . /syn = 5.02 TeV Pb+ Pb > J/if + X (ALICE)
0.1— E‘L
0.05—
C N
OF—-g------------------§fF------------
-0.05— ®
-0.151
- E Systematic Uncertainty
— _IllllllIJlIlIIIIIIIllJI[jIIIIl]llllllJIIllIlIIII
0'20 1 2 3 4 5 6 7 8 g 10
pr (GeV/c)

Heavy Flavor @ PHENIX
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\

None zero v2
 STAR (central)
* ALICE (forward)

PHENIXv2 in the forward rapidity,

consistent with zero
» Open charm, none-zero v2!
» J/Psiformation

14
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Study CNM with HF in pA PH-<ENIX

* Initial state, nPDF = “ nPDF g
* Final state, hadronization A y
t;.sf/f‘\/ o8t 77<¥/7/\‘ o8 \\-//\'\
» Multi-parton interactions
(None)universality of PDF and FF and QCD factorization e a4 / | e A
Y ; / \ " /)
sh 7\/ \ osf —— ‘\ 0sF—— \
ke "9 EPJC 82507 (2022) §

107 107> 107 A0 107 0T 107 107 107 407 100 407" 1070 407%  107% 407 10 107
xr xr

p+Au
o~
backward

Hard process

forward

T T T T T T T T T T & T J T T T T T T T
;f - 22<y<12 (25) Counts = 554.9 +/- 38,55 I % [ 12<y<22 ' w(28) Counts = 412.2 +/- 35.12
2 [ o, = 0203 Jhy Counts = 18618.8 +/- 147.14 2 | cpam 0207 Jhy Counts = 12512.4 +/- 120.83
107" 7° PHENX @) |  £10 PHENIX (b) 5
5 = o Cormelated BG fit g Correlated BG fit |
8 r - -+ Mixed Events BG fit] & <=+ Mixed Events BG fit |
R — Total fit ] H — Total it 7

== Crystal Ball Fit 1
—— 2nd Guassian Fit

2

=+ Crystal Ball Fit

Gupsiin = PDF(x,, 02) PDF(3, 0) ® 6, gy ®

/ /

=
LIIIII|

i 10
Parton distribution functions  Partonic cross section | o R .
. . S s LG e Y
(non perturbative) (perturbative) A YA T T S . LY e iR
2 3 I 5 b 3 4
1u mass (GeW/c?) wn’ mass (GeVic®)

3/16/25 Heavy Flavor @ PHENIX 15



- . PH
J/p and w(2S) in Small Systems: p+Au
= 21 | | | | | | |
‘g_ -2.2 <y <-1.2, Inclusive PHENIX (a) 1.2 <y <2.2. Inclusive PHENIX (b)
a4 - A ZS). ptAu 151%-—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)
_ AR [E—] J/w Transport Model (Du & Rapp)
B atatetatetetetetototots
0.5 pt+Au ’_{I —
.—><—. PRC 105, 064912 (2022)
| | | | | | | |
2 4 6 8 2 4 6 3
_<Ncoll> <Nf:011>
1. J/wmodification consistent with INITIAL state effects at FW and BW rapidity
2. Y(2S) modification indicates presence of FINAL state effects at BW rapidity
3/16/25 Heavy Flavor @ PHENIX 16
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W(2S) to J/y Ratios in p+Aat RHIC and LHC ~ FPHENIX
- sensitive to FSI

0.06 backward forward

Q . | | T | =
‘0 O PHENIX p+p Ys,,=200 GeV PHENIX (a)| O _PHENIX 5,2:=200 GeV PHENIX (b)| S 2
¥ B [PHENIX pt+Au {5,,,=200 GeV | PHENIX p+Au ys,~200 GeV = 3
M ﬂ'ﬂ'S — -1 o =
-2.2<=vy=-1.2, Inclusive 1.2 =y =22, Inclusive -"-:q :
=z O ALICE ptp Ys=7 TeV O ALICE p+p Vs =7 TeV = 2
= 004 ¢ ALICEp+Pb {5816 Tev ~ PTAU ® ALICE p+Pb \5,.=8.16 TeV 128
o -4.46 <y <-2.96, Inclusive o—>< 2.03 <y <3.53, Inclusive S
N 0.03F - =
" * =
> $_E_ $ = U
e y P Ry 48
-
0.01f @ » * ¥ @ [F 1<¢
. ﬁ o

| | | ]

)

coll

(N_ ) (N

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

coll

3/16/25 Heavy Flavor @ PHENIX 17



J/y Yields vs Event Multiplicity in pp PH-FENIX

- sensitive to underlying event activities, MPI
PHENIX, arXiv:2409.03728

20
v 18:_ N,er; 1.2<]y[<2.2 PYTHIAS (Detroit) pp
= 2N <2 -
RED =Tracklets N, (1.2<1n<2.4) 165 No 12128 /% = 200 GeV
Green=J/y (1.2<y<2.2) -
14 muon unsubtracted  muon subtracted
Blue =J/Y(-2.2<y<-1.2) >
= 12— PHENIX Data = -
% C
— 10 With MP
Ny = 8F Without MPI ¢
- -
JIQ->ut +u JIWQ->put+u” 6 D
/ 4r =
> 2:_ = = :
Z ] : 1 ?IF T | | | I | I |
Y 1T =2 3 4 =
N,/ (Nch)

3/16/25 Heavy Flavor @ PHENIX 18
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Spin Physics with HF Probes in Polarized pp

* Probe gluon distributions

» Gluon polarization
»Gluon TMD
»Spin in pA!

Run15 (2015) ) 1006eV/nucleon

Polarized Proton

Absolute Polarimeter

(H jet) RHIC pC Polarimeters [
2 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

3/16/25 Heavy Flavor @ PHENIX 19
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Probe Gluon TMD with HF Ay: central rapidity

PRD107, 052012 (2023)

[= ¢ = b
0°08: p'+p > e*" +X . Open Heavy Flavor e’ T s o
0.06- Vs =200 GeV 1 = OpenHeavy Flavor e - c
L |T]| < 0.35 | * O
CE o Em — %
0.02 % (A, Ay = (-0.01£0.03,
C 0.11+£0.09) GeV
o Dominated by gluon-gluon fusion
0 02: PRD84’_91%026 Constrain tri-gluon correlation functions in
—VJV.Uco +14 : i +2.2 ;
- ) Ke = (6.0,,)x10 o Ka = (2'5-2_2)"104 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 - Yiolke, S-Yoshida, PRO84,014026
1 2 3 4 5 6 7 8
p_ [GeV/c]

3/16/25 Heavy Flavor @ PHENIX 20



Probe Gluon TMD with HF A: forward rapidity PH-<ENIX

J/w production sensitive to gluon distribution " Jip
Ay sensitive to J/w production mechanism ha g
F.Yuan, PRD78, 014024: or 8
For non-zero gluon Sivers, A vanishes in color — g
octet model, but survives in color singlet model hz 0RONES 7.1
0.25¢ 0.25 0.25¢
02E o pp PRD 98, 012006 (2018) 0oF © PP (@ 02 o p+p ()
o1sE - Pl 0150 © PHAl 0158 © P+Al
015 ok " p+Au o ® p+Au
0.05F 0.050 + 0.05F
2. 0E I++ K q:l +.+ gzﬁz P, 4) * iz{]; .-h+ *
o 14 1 et ‘e |
0.055 + + -0.05] + -0.05F L
_ﬂ'1§_ PHENIX p+p, p+A = Jiy + X _0'15_ Backward Aﬂ-lﬁr -0. 15— Forward A-'l:u-r
015 Sy = 200 GeV, |y|=[1.2, 2.7] -0.15F PHENIX p+p, p+A — Jhy + X -0.15F PHENIX p+p, p+A — Jiy + X
02F 3% scale uncertainty not shown 02 VSun =200 GeV, y < [-2.2,-1.2] 0 2_ (S =200 GeV, ye[1.2, 2.2]
= | | | | | | | - | :li“:a:, s:lt:iilelunt:lerlzallnt1],|r Tmt slmmulrn F 3% scale uncertainty not shown
—DE e L1 e — 1111 S L1 11 — O b b b b b b b s b . oo bovee s v b bvns bevon bevva b b v
D2 015 01 005 0 005 01 015 02 02905 179522533564 455 029 05" 1952 253735 4 455
Xe p,(GeVrc) p,(GeV/c)
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Summary and Outlook

description of the QGP

 Future precision measurements & multi-
scale probes

» Jets, HF, photons etc.

x K p
« Good progress toward understanding \ e f / To
QGP formation and evolution \ g i
« Aim for a precision quantitative QCD b T = 7

Hydrodynamic
»sPHENIX & STAR at RHIC, LHC Evolution Pr-Eautrum
« EIC and beyond _ . s
a) without QGP b) with QGP
- CNM // \

 Nucleon structure and more " a

Spin & QCD CNM QGP

3/16/25 Heavy Flavor @ PHENIX 22
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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

23
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HF Hadronization & Event Multiplicity

3/16/25

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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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?

3/16/25 Heavy Flavor @ PHENIX 26
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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

3/16/25

(N

C

::u]]>

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

Heavy Flavor @ PHENIX

)

coll
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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

3/16/25 Heavy Flavor @ PHENIX
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PH-<ENIX

cé R
S=uai
Perturbativei Non-perturbative

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

J [

Charm jet parton shower..
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