N
PH-~ENIX

Insights into Hard-Soft QCD Correlations from
Multiplicity-Dependent Charmonium
Production in p+p and p+Au Collisions

Ming X. Liu

Los Alamos National Laboratory
For the PHENIX Collaboration

06/27-28, 2026
Jets and Heavy Flavor Physics Workshop @GSU



Quarkonium in Heavy lon
- Color screening?

N
PH-<ENIX

https://link.springer.com/chapter/10.1007/978-3-030-79489-7_2/figures/1
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J/Y Nuclear Modification: RHIC vs LHC

Coalescence of charm and anticharm quarks leads to more J/y regeneration at LHC than RHIC
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PHENIX 200 GeV J/y

i — Rapp total

PRL 92, 212301

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

Grandchamp, Rapp, Brown
hep-ph/0306077 .
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i Inclusive J/y — p*w, Pb-Pb \/s,, = 2.76 TeV and Au-Au |'s,, = 0.2 TeV
- [l ALICE (PLB 734 (2014) 314), 2.5<y<4, O<pT<8 GeV/c global syst.= + 15%
[J PHENIX (PRC 84(2011) 054912), 1.2<ly|<2.2, p >0 GeV/c global syst.= + 9.2%
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J/Y and P(2S) in Small Systems: p+Au

’V\/—.
PH-~ENIX

= 2 | | | | | | | |
%ﬂ_ 2.2 <y <-1.2, Inclusive PHENIX (a) 1.2 <y < 2.2. Inclusive PHENIX (b)
a4 B y(2S). prAu \s=200 GeV [ ] w(2S) nCTEQIS5 (Shao et al.)
15 ® Ty, prAu Y s=200 GeV | [ w(2S) EPPS16 (Shao et al.) B

[] w(2S) Transport Model (Du & Rapp)
-] J/w Transport Model (Du & Rapp)

||||||

PRC 105, 064912 (2022)
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<Ncoll>

1. J/lymodification consistent with INITIAL state effects at FW and BW rapidity
2. Y(2S) modification indicates presence of FINAL state effects at BW rapidity
- How about at the extreme case of very high event multiplicity through MPI?

- Any sign of QGP formation?
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Inclusive J/Psi Ry,a VS N
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PHENIX, Phys. Rev. Lett. 101, 122301 (2008)
STAR, Phys. Lett. B797, 134917 (2019)
STAR, Phys. Lett. B 825, 136865 (2022)
PHENIX, Phys. Rev. C 102, 014902 (2020)
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PH ENIX
Normalized J/Psiyield vs Normalized N,

At a given Nch event category, calculate the normalized J/Psi yield:

raw Aot al  MB <8J / lp'>

trig '[I'IU
Nyjy/(Nyjy) = = —=2 feol
/W /W Nevt NTW- ,total J Jy < 85{5) cO

J/y trwr

- Most of acceptance & efficiency corrections are canceled
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Multi-Parton-Interactions in p+p Collisions PH-“ENIX

Phys. Rev. D 112, L05113 (2025)

* PYTHIA8 Detroit tune reasonably agrees 20 ¢
with PHENIX p+p data, with MPI {gf “wp 1AY=22 PYTHIAS (Detrof pp
» w/o MPI, fit failed badly 16 F N, 1.2<Ini<2.4 /s = 200 GeV
* Understanding of the underline event -
activity and correlation is important ’\_\;:14 3 muon unsubtracted  muon subtracted
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p+A Collisions:
- Centrality Dependence

Centrality determined by dN/deta in “A-going” @large rapidity

PHENIX: 3.1-3.9(BBC)

6/

35

o5k

"PHENIX prAl 200 Gov |

0-5%
® 5-10%
1 10-20%
20-40%
40-60% (40-74%, p+Al)
60-88% (60-84%, p+Au)
— Wounded Quark Model [Scaled]




« . N
“Central” p+Au Collisions PH-“ENIX

PHYSICAL REVIEW LETTERS 121, 222301 (2018)
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J/{ Yield vs N, in p+Au Collisions PH-“ENIX

Unique collision event topology:

- Study correlations over wide rapidity gaps
- Small-x vs large-xin Au

- Core-corona, QGP, CNM, MPI ...

large-x of Au small-x of Au
Ae.
A J/h — pu"p
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6/26/26 J/Psi vs Nch in pAu @PHENIX 10



> J/Psivs event mul"giplicity*
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i PHENIX
J/Y Measurements in Central and Muon Arms a4
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J/Y, Psi(2S) Measurements in Dimuon Channel
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I
J/Y Productionvs N, in p+p and p+Au at 200GeV PH-ENIX

- Final State Interactions (FSI), CNM, QGP
- Local event multiplicity: N,

Event track multiplicity: N,

- Multi-Parton Interactions (MPI) - SVX, [nl<1
- Long-range particle correlations - FVTX,1<|n|<3
" dimuon
J/Psi: 1.2<|y|<2.2
" dimuon
N, " ()

MPI, local energy density?

¥ dimuon

Nep T Uny)
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)/ Yield vs N_, in p+p Collisions PH ENIX

Phys. Rev. D 112, L051103 (2025)

6/26/26

1. J/Psiyieldsincreasevs N, 20
2. Similar trend as others, same-arm “inclusive” N, | ;Eﬁ:ﬂi;ﬂ;ﬁfwum
3. Apparentclear difference in long-range <J/Psi — g Opposite Ams
N.,>correlations, same arm vs opposite arm 16 [~ STAR: {s =200 GeV, |y| < 1
4. Consistent once same-arm auto-correlation removed » Z_ﬁ:t:gzif::::*: '23"'5“ 0.8 )
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N
J/Y and N_,, Correlation: Same Arm PH-ENIX

NEW
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J/Y and N, Correlation: Opposite Arm

p+Au
.+. |J+
J/Psi

ny small-xof Au 4%

Z+
large-x of Au
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muon subtracted
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EPOS-4 and PHENIX Data

- Good agreement with “same-arm” data in Au-
going direction
- Failed p-going direction

muon subtracted

dN,, /dy/(N,, /dy)

8 PHENIX p+Au 200 GeV Run-15
?_ o Ny, (22<y<12) &N_ (-3<n<-1)
: 0 Ny, (1.2y<22) &N_ (1<1<3)
6 — —- EPOS4-Wigner A Roiiva %
sf ——- EPOSa-Wigner '\\ 2
- ——— EPOS4-CEM / \ <. -
4~ —  EPOS4-CEM / v
S Ve / \ ”A
3 PH:;_%S:E*-'E_ NIX »
- preliminary ,”
2 Z
1
% 45 5

6/26/26 . . . New/(N_ )

N
PH-<ENIX

- Challenging for “opposite -arm” data in both Au-
going direction and p-going direction
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Physics Discussions: p+p and p+Au

ptAu
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Physics Discussions
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p+p

Phys. Rev. D 112, L051103 (2025)

- -e-PHENIX: {s = 200 GeV, 1.2 < [y| < 2.2, Same Ams
-« PHENIX: Same Arms, Muon Subtracted
& PHENIX: Opposite Arms
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dN/dy
(dN/dy)

Probe CGC in p+Au?
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J/Psi Production: Feed down contributions

0.6

LHCb pPb /syn = 8.16 TeV
LHCb Pbp /sy~ = 8.16TeV
LHCb pp /s=7TeV

HERA-B pC 2.2 < y* < 5.2
HERA-B pW 2.2 < y* < 5.2
PHENIX dAu |y*| < 0.5
CMS preliminary pPb |y| < 1

ATLAS pp |y| < 1 /s=T7 TeV
[ 77 LHCDb polarization uncertainty

A/ SNN = 41.6 GeV
VSNN = 41.6GeV

A/SNN = 200GeV
VvsnnN=8.16TeV
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J/Psivs Nch in pAu @PHENIX

- Feed-down contribution

- J/P: ~20% from y., >10% from b at LHC
~5% from b at RHIC

- P(2S): >10% from b at LHC

LHCb: PRL 132 (2024) 102302
HERA-B: PRD79, 012001 (2009)
PHENIX: PRL111, 202301 (2013)
ATLAS: JHEP07(2014)154

CMS: CMS-PAS-HIN-22-003
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Summary and Outlook 4 319
e //
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[ [ [ [ [ [ /
* Inclusive J/Psi yields vs event multiplicity —%
in p+p and p+Au v ptAu
. . muon subtracted §—x< .
» pp results consistent with other data at RHIC
and LHC 2 [ PHENIX p+Au 200 GeV Run-15
> Novel effects observed in p+Au in large N ::i:’ :,yu :'12':;‘2'12'2;;‘;?;')“:}: '}5 2]:“:}3]
e ge o E 0 y AL wilmy . - -
rapidity gap correlation > 10 p+p, N;u (1.2<lyl<2.2) &N (1<ini<3) |
» QGP droplet? 2 [ PRD112, L051103 H
-
PH ENIX =
- preliminary g
* Work in progress on other signals 1 g o e 3
» Event geometry, short/long range correlation - g SO \% “
»QGP, CNM, CGC model calculations i i w?
» Revisit centrality determination of pAu etc... 101 ¢ -,
E I I I I I ] I -‘§' Z
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I
J/Y Yields vs Event Multiplicity in pp PH-~ENIX

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

20
. 18:— Ny 1.2<lyl<2.2 PYTHIAS (Detroit) pp
— L2 <N<2. -
RED Tracklets N, (1.2<1n<2.4) 16E  Ne 1.2<mi<2.6 /S = 200 GeV
Green=J/y (1.2<y<2.2) i
14— muon unsubtracted  muon subtracted
Blue =J/y(-2.2<y<-1.2) =
Z‘* 12 PHENIX Data - -
— 10 with MPI
N, = 8E without MP] ¢
= -
WP ->ut +pu- W ->put +u 6 o
/ 4t —
. 2F R : .
Z -3 ?IF T l | | | |
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J)(2S) to J/Y Ratios in p+A at RHIC and LHC PH-ENIX
- sensitive to FSI

0.06 backward forward

-] . I ) T 1 £
g O PHENIX p+p Ys,,=200 GeV PHENIX (a)| O PHENIX p+p ys,,=200 GeV PHENIX (b)| & &
= : = S
W |PHENIX p+Au {5,=200 GeV m| PHENIX ptAu ys,,=200 GeV = 3
7 0.05F 1 = 8
-2.2 <y <-1.2, Inclusive 1.2 <y < 2.2, Inclusive E:u -
=z O ALICE ptp Ys=7 TeV O ALICE p+p Ysu=7 TeV = 2
= 0.04- o ALICEp+Pb {s=8.16 ey~ PTAuU ® ALICE p+Pb y5,,=8.16 TeV 1S 8
on -4.46 <y < -2.96, Inclusive o> 2.03 <y <3.53, Inclusive sl
N, 0.03F 4 =
S . * 2
> $_$_ $ < U
P y 1 gy
&
0.01f ﬁ . [+1 . ¥ ¢ : ‘=N
: LR ¥

1 | | ]

(N_) (N

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

Y

coll col
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RHIC vs LHC R, : Put them all together PHENIX
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* J/Psi Ryg ~ strong rapidity dependence, FSI?
* Psi(2S) Ryg remain ~flat vs rapidity, also independent of collision energy,
suppression already saturated?
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PYTHIA8 p+Au MB Simulations

- Inclusive N, in Forward(p)/Backward(Au)
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J/{ Yield vs N, in p+Au Collisions PH-“ENIX

Unique collision event topology:

- Study correlations over wide rapidity gaps
- Small-x vs large-xin Au

- Core-corona, QGP, CNM, MPI ...
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Viearm = 5.36 @100GeV (LHC pp @13TeV: 9.54 )
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