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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)

Editors’ Suggestion

RHIC energies, species combinations and luminosities (Run-1 to 16)
Measurement of ¥(2S) nuclear modification at backward and forward rapidity in p + p, p+Al, and
p+Au collisions at ,/syy = 200 GeV

PHYSICAL REVIEW C 109, 044912 (2024)
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PHENIX Detector: J/{ ->di-lepton
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J/Psi & Psi(2S)
Measurements:

Wp-> e +e’;
pt+p;
BR = 6%,

Good statistics;
Good triggers;



PH.ENIX
J/Y, Psi(2S) Measurements in Dimuon Channel "’
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Selected Recent Highlights

e J/Psiflow in Au+Au collisions
* J/Psi, Psi(2S) and CNM in p+A (Al, Au)
* J/Psi and Psi(2S) productions vs event multiplicity (p+p)

Al
N

N
PH-<ENIX

[Run/Spec|[p+p [Au+Au [d+Au [Cu+Cu [CutAu [U+U [He3+Au [p+Au [p+Al
Run-16 | | ) 200Gev | 200GV []62Gev [139Gev []20GeV | | | | | |
Run-15 | [ 200GeV | | | | | | | £3200Gev | 9200Gev
Run-14 | | #200Gev [ 14.6Gev | | | | | #200Gev | |
[Run-13 || () 510Gev | | | | | | | |
Run-12 | [[]510GeV [] 200GeV | | | | 0)200Gev | [ 193Gev | | |
Run-11 | [ 500GeV |)200Gev [J27GeV []19.6Gev | | | | | | |
Run-10 | |)200Gev [ 624Gev [139Gev []77GeV | | | | | | |
[Run-d || CJ500Gev (] 200Gev | | | | | | | |
Run8 | []200Gev | ()9.2Gev | [1200Gev | | | | | |
[Run7_ | | C200Gev | | | | | | |
Run-6 | []200GeV [] 624GeV | | | | | | | |
Runs | [J410GeV []200GeV | | |)200Gev []624GeV [1224GeV || | | | |
Run-4 | []200GeV | )200Gev [ 62.4GeV | | | | | | |
Run-3 | []200Gev | | ) 200Gev | | | | | |
Run2 | []200Gev | [1200Gev [ 192Gev | | | | | | |
— |1 130Gev | | | | | | |
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Why HF Quarkonium?

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

T/T, > 17(r) [fm")
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charmonium meson

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

Quarkonium dissociation by string breaking

N
PH-<ENIX

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

Mass [L\/IeV]

4100}~ o, Charmonium
P (~ 3940)
3900 P (~ 3880) D, (~ 3800)
= P (~3800) ™D,
¥ G770) ap D,
3700}~ — DDThreshold

17 °(3590)

74(3556)
71(3510)

hJ(3525)

3500

743415)

3300~

3100
774(2980)

2900[

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

State I Ye W' Y 'l 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
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Suprises from the frist J/Psi Measurements in Au+Au

- New phenomena, regeneration compensa

« Larger gluon density at RHIC expected to
give stronger suppression than SPS
« But larger charm production at RHIC gives
higher probability of regeneration, <c-cbar>
~20 in central Au+Au at top energy
* Forward rapidity lower than mid due to
smaller open-charm density there for R

recombination AA T

« Sensitive to open-charm production
» Expect inherited flow from open charm;
» Expect regeneration would be HUGE at the
LHC! Confirmed many years later!

Need to go beyond a simple “color screening” model,
- check other observables/effects: flow, particle ratios etc.

ting for screening!

"v_
PH:-

PHENIX 200 GeV J/y

ENIX

1.5 T T

i — Rapp total (y=0)
- -—- Rapp direct (y=0)
— - Rapp regen (y=0)

Grandchamp, Rapp, Brown
¥ hep-ph/0306077

1.0p

Grandchamp, Rapp, Brown
PRL 92, 212301 (2004)

05  ©

I

m AuAu |y|<0.35

m AuAu 1.2<|y|<2.2

¢ dAu 1.2<|Jy|<2.2

—— — — — — ————— ———— ——— — —— ———— — — — — — — — ———— — ——————— — ————— —— —

ly|<0.35 syst 12%
1.2<|y|<2.2 syst 7%

PRL 98, 232301 (2007)

0.0
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B,do/dy (nb)

J/Psi Production vs Rapidity

- p+p, p+Al, p+Au, SHe+Au
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PHENIX, PRC 102, 014902 (2020)

p+p Ys=200 GeV
2006+2008 (PPG104)
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N
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Forward/Backward J/Psi measured in dimuon
channelin p+p/Al/Au & 3He+Au
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N
None-zero Open HF v, Observed: PH-<ENIX
- at both central & forward rapidity

- Charged hadron elliptic flow - Open Heavy Flavor Elliptic Flow
> E PH\/ENIX C.D |nh| <0.3d5 hch(?rged hadron (PRC92.034913)| > - PH\/E‘NIX O |n|<0.35 HF—>e (PRL98.172301)
" preliminary © charsedhadron N iy ® HF—>
02— ool preliminary
N Au+Au 200 GeV ~ Au+Au 200 GeV
. -1.2>n>-2.0 ] L -1 2>n>-2.0
0.15F D$ % T 0.15
B ﬁ e B
0.1— @ 0.1 E& @ $
N O % -
- 0 - H@ § )
0.05_— OD 0'05__ Hﬁﬁ @ * $
L O L
- O -
O_IIIIIIIlI|IIII|IIII|IIII|IIII|IIII|IIII 0_| ||||||| | |||||| | [
0 0.5 1 15 2 2.5 3 3.5 4 0 0.5 1 15 2 2.5 3 3.5 4
pr (GeV/c) pt (GeV/c)

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

6/12/24 HF Quarkonium Physics @PHENIX 10



N
First J/Psi v2 in the forward rapidity PH "ENIX

0.3
AutAu - JAY + X \/[syny = 200 GeV
® PHENIX Runl4, 10-60%, 1.2 < |y| < 2.2

* STAR, 10-40%, |y| <1 (PRL 111, 052301 (2013)) e Compared with STAR (central) and ALICE
Pb+Pb - Jip + X \/[Syy = 5.02 TeV .
B ALICE, 20— 40%, 2.5 < |y| < 4.4 (JHEP 10 (2020) 141) (forward) none-zero v2, much smaller v2 in the

forward rapidity, consistent with zero
» Open charm, none-zero v2!
» Final State Interactions(FSI)
* Breakup?
» J/Psiformation
* lack of “recombination” in the forward
rapidity?
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J/Q Production

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

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

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

* High pT:

* Jet fragmentation and parton shower, important at high pT

* “cc” hadronization to J/
* Color neutralization
* NRQCD
* Colorevaporation
* |nteractions with QCD medium in HI
* Recombination if multiple < cc > pairs created in HI

6/12/24 HF Quarkonium Physics @PHENIX

N
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Perturbative i Non-perturbative

I. Belyaev et al, Mod. Phy. Lett. A, (2017)

J/Y

Charm jet parton c
shower..

12



Charmonia in p+p, p+Al, p+Au

RpAl

PHYSICAL REVIEW C 105, 064912 (2022)

Editors’ Suggestion

1.5

0.5

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

I
1.2 <y

T
< 2.2, Inclusive

O W(28), p+Al |5, =200 GeV
@ Iy, p+Al |5,,,=200 GeV

T
PHENIX

p+Al: more suppression in Psi(2S)

in the backward rapidity

6/12/24
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ptAu
—@

T T T
1.2 <|y| <2.2, Inclusive PHENIX

W y(2S), ptAu isNN-ZOO GeV @ Jiy, ptAu is_w—zoo GeV
[ ] w(2S) EPPSI6 (Shaoetal) | | w(2S)nCTEQIS (Shao etal.)
[T ]Jny EPPS16 (Shaoetal) [ |3y nCTEQIS (Shao etal.)
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ERY Ine

+ s
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-2 0 2

p+Au: more suppression,
in both F & B rapidity
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PH.ZENIX
Psi(2S) to J/Psi Ratios in p+A at RHIC and LHC

o 0.06 I ! J ! ‘ 2
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* Similar suppression pattern, weak energy dependence
* Final stat effect is significant, and larger in the backward rapidity where multiplicity is higher
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Compared with Models

el
Inclusive w(2S) PHENIX (a)
B PHENIX p+Au y5,=200 GeV[-2.2 <y <-1.2

@ ALICE p+Pb \s,,=8.16 TeV, -4.46 <y < -2.96
—— PHENIX CNM Effects (Du & Rapp)
[ w(2S) PHENIX Transport Model (Du & Rapp)
v(2S) ALICE Transport Model (Du & Rapp)

8

il
Inclusive y(2S) PHENIX (b)
B PHENIX p+Au v§=200 GeV|l.2<y<22

® ALICE p+Pb y5,,=8.16 TeV, 2.03 <y < 3.53
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,,,,,,
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""""""
e

6/12/24

(N
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)

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

HF Quarkonium Physics @PHENIX
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RHIC vs LHC R, : Put them all together ~ PHTENIX

2 I I 1 1 |
PHENIX |5,,=200 GeV LHCb p+Pb |5 =5 TeV PHENIX

v(2S)@p+Au Vd+Au Ww(2S) [y
Jy  Op+Au Vd+Au  ALICE p+Pb |54 =5 TeV

1.5 -
Awv(2S) Ny

m
<
s

A L Tk
— — e T ) e — e e o e o o= o=
0 | | | 1 1

—4 -2 0 2 4
Yy

* J/Psi Rpg ~ strong rapidity dependence, FSI?
* Psi(2S) Rag remain ~flat vs rapidity, also independent of collision energy,
suppression already saturated?

6/12/24 HF Quarkonium Physics @PHENIX 16



Al

N
Study J/ Yields vs Event Multiplicity at Different Rapidity PH>~ENIX

- Final State Interactions (FSI) + — :
-> ”?
- Local event multiplicity: N, Y ->p" +p MPI, local energy density:
- Multi-Parton Interactions (MPI)
dimuon 1 dimuon
(J/d) /)
NCh NCh
I .
: .~
MPI, local energy density? ISI/MPI, FSI, all .
dimuon dimuon
Nen (1) Not 0e)
I /
J/qJ/" = >

v
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)/ Yields vs Event Multiplicity PHTENIX

RED =Tracklets NV, (1.2<7<2.4) “F PH ENIX
_ 18_— preliminary
Green=J/y (1.2<y<2.2) Wb © 1<y, <22
Blue = J/"IJ ('2'2 <y< -1 °2) 14:_—-— 22<y, <-12
- pp Vs =200 GeV
312:_ NY:1.2< <24
) S0
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)\ Yields vs Event Multiplicity: All Together -

RED =Tracklets N n(1.2<1n<2.4) 18 o Enx
[inclusive, dlmuon subtracted] 16~  Preliminary

—o— 1.2<yJ/W <22

Green=J)/{ (1.2<y<2.2) 14
Blue =J/¢(-2.2<y<-1.2) 12

—o—12< yJ/W <22
—e— -22< yJ/W <-1.2

pp Vs =200 GeV

N

210N 1.2<n<24
) 2 [ N:12<n<24
oC

g ->ut +u Y o We->pt T CJly > u* i subtracted
// g—
= : =
|
> 2

(o¢)

e = t
. 5%_:.*'@*'**‘ | |.I | |
OO | | | 2 | | | 4 | | | | | | 8 | | | 10 | |
- Less MPI contribution to the forward J/y production? NNh/<NN > NN /<|'§]CNh>

6/12/24 HF Quarkonium Physics @PHENIX 19



PYTHIA vs Data Multi-Parton- Interactlons PH-

—~ 12 T T | ’ | ’ |
8 B PYTHIAS pp 200 GeV ) i
~> [ Detroit Tune w/o MPI Without MPI ]
Z° 10} Jiy, 1.2<y<2.2
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P - s muon subtracted H -
T 6} -
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— @ -
oL ?:-m.\w—r——— i
0 5

-—h
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12 v L) l L l T l T I
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10— Jiyp, 1.2<y<2.2
[ - N 1<t
- - N -2.6<<-1.2
8- Ney: 1.2<<2.6 g
n muon unsubtracted il
- muon subtracted o
6l E &
[ PHENIX Preliminary ' i
4‘_ [ o ] muon unsubtracted EJ B
| [[©_] muon subtracted -
2 _W
O [ P ' '-O-'] 1 l 1 l 1 l 1 | il
0 1 2 3 4

* PYTHIA8 Detroit tune reasonably agree with PHENIX data, with MPI
» w/o MPI, fit failed badly

* Proper understanding of the Underline Events is important
HF Quarkonium Physics @PHENIX
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J/Psi Multiplicity Dependence: RHIC vs LHC

ALICE:

Dileptons not subtracted
in ALICE, STAR “N.,”

STAR:

o ->pt+u Nen

L R

PHENIX:

6/12/24

PHENIX: \s =200GeV,1.2<y <22
PHENIX: \'s = 200GeV, -22 <y <-1.2

18
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8 16 —
: e PH ENIX
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S
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VS 0[] STAR: i <1 i !
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Z > %‘ 8 m L
~ 6 [ 2 o
E -
= _
0 4 . 18
2 ,
e e e
0 A# 1 1 I 1 1 1 l 1 1 1 l 1 1 L l 1 1 1 I 1 1
0 2 4 6 8 10
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Y
More about FSI: Psi(2S) to J/Psi Ratios PH-FENIX
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* FSlco-moverinteraction effect seems similar to J/Psi and Psi(2S), interesting!
* Weak dependance to underline event multiplicity determined in different rapidity
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dN/dy
(dN/dy)

TN
Probe CGC in p+Au? PHENIX

;—) ]
\ P e
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L228002802240228002 -
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L22£022800 4
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L~}
|
r
|
L
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Runl15 (2015) _ 100GeV/nucleon

Polarized Proton

Farid Salazer, Bjorn Schenke and Alba Soto-Ontoso
arXiv:2112.04611; Private Comm.

6 6

—— Au going NRQCD 31 | — Au going NRQCD
51 —— p going NRQCD % % 51 —— p going NRQCD
4 A FUTXN 4 Nel W ->pt+p”
31 / 3-

p+Au 200 GeV PHENIX

p+Au 200 GeV PHENIX ny =0

0= : : : : :
0.0 0.5 1.0 1.5 2.0 2.5

/12124

3.0

3.5 4.0 %o o5 10 15 20 25 30 35 4.0
dNcn/dn dNcn/dn
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Summary and Outlook T
02 ? :bbelgEJ,hgot}ia{)/sol,v_sz i‘ﬁf?h (JHEP 10 (2020) 141)
0.1 " "
* FirstJ/Psiv2 measured in the forward rapidity in N I
Au+Au, small, consistent with zero * ------ X — m ----------
»Shed new light on J/Psi production at RHIC S o
»Run16 data analysis, in progress 0_2;_ PH-_ENIX
-preliminary

* Very rich QCD physics beyond QGP screening

» Initial state effects, geometry, nPDF pr [GeVic]

> Final state effects, co-mover, recombination B, i s
P i) P
» Strong none-trivial correlation observed between % /——— ‘ol
J/Psiyield and UE activity at different rapidity IR |
. V S ol STAR: Il <1
» Global vs local density? ~ : flomnii} & Yo [
» p+Au data analysis, in progress 3: o .o '
= F i . ¢
2;_*w*+++
. S P e
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. PH.ENIX
Heavy lon Collisions :
- an exciting playground for QCD physics

Birth of Relativistic Heavy lon Collider (RHIC) at BNL, 1983

P RHEET SN

>

P,

-

T.D. Lee
Nobel Prize, 1957
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PHENIX: a State of the Art Particle Detector PH-~ENIX
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. . PH ENIX
J/Psi Suppression: RHIC vs LHC

1.4
B ALICE (Pb-Pb \s,, =2.76 TeV), 2.5<y<4 global sys.=+ 12%
1 2let| © PHENIX (Au-Au\s,, = 200 GeV), 1.2<|y|<2.2  global sys.=+9.2%
- O PHENIX (Au-Au \s,, = 200 GeV), |y|<0.35 global sys.=+ 12%
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Data and PYTHIA - Same Arms

Al

N
PH-<ENIX

ZI\N

20 20
-« PHENIX: /s = 200GeV, 1.2y <2.2 ~—e— PHENIX: Vs = 200GeV, 22 <y <-1.2
18- = STAR: {5 = 200 GeV, Jy| < 18- STAR: w.f§ 200 GeV, |y| <|1
-+ ALICE: {s =13 TeV, |y| < 0. -« ALICE: {s =13 TeV, |y| < 0.9
46—+ ALICE: {s =13 TeV, 25 < y|< 4 ,6-_+ALICE F 13 TeV, 25 <[y <
- —+— PYTHIA 8: Monash Tune, MPI - —— PYTHIA 8: Monash Tune,MPI|ON
142_ «— PYTHIA 8: Detroit Tune, MRl O 14— PYTHIA 8: Detroit Tune, IHE8
- —s— PYTHIA 8: Monash Tune, MP| OFF r—#- PYTHIA 8: Monash Tune, gy
- PYTHIA 8: Detroit Tune, MRI OFF 4o PYTHIA8: Detroit Tune, MP OFF
12 T N, 1 range = N, nrange
1o PHENIX: 1.2<n<24 [. = 10| PHENIR 24 << -1-2H1 i
" STAR: n| <1 7 o STAR: |n| < 1 -
8 ALICE:[nj<1 & 1 ° C ALICE:nj <1 ®
6 :_ 8 - H 6:_
— ; ..%.48 T -
4__ = %’- = 4__ 3,:_1 !
N == 3 tod B = H
- Mo 4 ol e
2 PES -
B _k;g_ 0?# | I | | | I | | | I ! 1 | I | 1 | I | 1 |
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PHYSICAL REVIEW C 102, 014902 (2020)

Measurement of J/v at forward and backward rapidity in p + p, p + Al, p + Au, and *He +Au
collisions at ,/syy = 200 GeV

Inclusive J'y (8) ¥ o 0%-100% p+Au = Inclusive Jiy' (b)) 'F e 0%-100% ‘He+Au Inclusive Jiy  (c) '
S=200 GeV T S=200 GeV £l 8)p=200 GeV 3
Lere Ed HENIX E: e BT E
i I+ x 3 ialt e
LAY, ¥ ¥ o | #)2F :
EPPS16 LO (Vogt). ... EPPS16 (Vogt) + Abs ¥ EPPS16LO (Vogt) ... EPPS16 (Vogt) + Abs ¥ EPPS16LO (Vogt) ...\, EPPS16 (Vogt) + Abs]
EPPS16 (Shao) EPPS16 (Shao) + Abs -~ EPPS16 (Shao) EPPS16 (Shao) + Abst- EPPS16 (Shao) EPPS16 (Shao) + Abs;
L nCTlEO15 (Spao) == nCTElQ15 + Alle F, n?TEQ'lS (lShao) 2 nClTEQ‘IS +lAbs F, o n(.)TEQ15 (lShao) , = nClTEQ‘I 5 + Abs 2
- -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 - -1 0 1 2 3
y y y
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PHYSICAL REVIEW D 98, 012006 (2018)

Jhy

Single-spin asymmetry of J/y production in p +p, p+ Al, and p + Au
collisions with transversely polarized proton beams at ,/syy =200 GeV

0.25¢
0.2 © p+p
- e p+Al
0.25¢ 0.25 e
0.2f ©P*P (@ 02F o p+p (b) 0.1E-
o.15f * PHAl 0.15f  © p+Al : |
oaf " PrAu 0.1 ™ PrAu 005 *d l 4
: : 4 s || 1$ &
0.05fF 0.05F 5F O i ™ s
. oo 4y e ok af : ot 1 +
5 t : < F ' -0.05F
-0.05F + -0.05F } :
'015_ Jiy -0 1:— Ny '0.1 —
3 Backward A, F PHENIXFmrdAAN o = PHENIX p+p, p+A — Jly + X
-0.15F PHENIX p+p, p+A - Jlv + X -0.15F p+p, p+A - Jly + 015
025_ Sun = 200 GeV, y e [-2.2, -1.2) : \Sun = 200 GeV, ye[1.2,2.2] 0 55 (S, = 200 GeV, |y|[1.2,2.2]
I & 3% scale uncertainty not shown -0.2 3 3% scale uncertainty not shown 0.2 3% scale uncertainty not shown
2025 e b b b b il PP PP PP PRI PP FPPI PRPI PR PO PPPY -
00.511.522.533.544‘55 -0.2500.511.522.533.544.55 —lllllllllllllllllllllllllllllllllllllll
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Z (p: y=-2.4 +1.2*In(s)
PHYSICAL REVIEW D 101, 052006 (2020) 12 = PHENIX (lyl<0.35)
" o PHENIX (1.2<|y|<2.2)
[« PHENIX (1.2<]y|<2.2)
10— + ALICE (2.5<|y|<4.0) N
- o NA38/NAS0/NA51 p+p ¢
wk (2.8 <y< 4.0)
* . g I S » E789 p+Au (y~0) ¢
J/w and y(2S) production at forward rapidity T [ - COFp(yi<os) )
in p +p collisions at /s =510 GeV T of
= L
180 ar o
- * p+p (s=510GeV PHENIX i )
160 2_
- o (s = 200 GeV _
5 e © Jhy — pp o °
140} [ ] NLO - NRQCD B R
: fs = 510 GeV 1 1" o
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z E STAR
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g 802— ! s § 45 1.0 CDF
- ¢ * = . p_>5CeVic
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o 4 @ i . I =
N _p. g 2 o* ’2‘. = E o ISR Ly ‘
) S - M ,sE  E705 ZEUS
s + 10% Global Uncertainty - E° B e*p
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J/Psi-Jets in pp

- flat distribution?

* Quite different from expectation

* J/Psi production mechanisms
» CEM
» NRQCD
» Jet fragmentation
> ...

Number of JAy
Number of JAy (0.6 <2<1.0)
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g == = -1
p+p, Vs =500 GeV, L _ = 22.1 pb
2l jet
Charged jets, antiJ kr’ R=0.4, I |<0.6 p p
P> 10 GeV/e, p.” > 5 GeVic

-~ STAR Data
Pythia8 inclusive J/y
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STAR Preliminary
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Event multiplicity dependence

6/12/24

Strangeness enhancement in high multiplicity pp

PP
INEL>0

(h/z) / (h/r)

0.5

ALICE

| @®pp,\s=7TeV
. Op-Pb,\sy,=5.02TeV

Nature Physics 12 (2017) 535-539 |
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From PHENIX to sSPHENIX PHTENIX

charm flows

bottom
stays cool

6/12/24 HF Quarkonium Physics @PHENIX 35



