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Quarkonium Measurement in p+p

i i i i E. G. Ferreiro, SQM19
e Understanding production mechanism in p+p. erreiro, 5Q

- Heavy quarks are primarily produced in initial A.\ o
hard scatterings ( Perturbative QCD) | @ > Qgi
| | By =[S
- Formation of quarkonia state happens Perturbative Non-perturbative\l
over long distances (Non-perturbative QCD) Ars— Coherent soft interaction

2mQ

- Evolution of heavy-quark pair into quarkonium states is usually parameterized by
phenomenological models

* Color-Evaporation Model (CEM) Phys. Rept. 462, 125 (2008)
All pairs with invariant mass less than open heavy flavor threshold forms quarkonium
states

* Non- Relativistic Quantum Chromodynamics (NRQCD) PRL 106, 042002 (2011)
Based on effective field theory where formation of quarkonium state is dependent on
long-distance matrix elements (LDMEs)

* Other available model: Color Singlet Model, CGC+NRQCD, ...

See Nihar Sahoo's talk for STAR

e Baseline of Heavy-ion Measurements. _
heavy-ion results; 28 Feb, 12.20 PM
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uon Telescope nner upgrade

etector -
, , vent Plane Detector

¥

arrel “lectro/''agn
alorimeter. "~

BES-Il configuration

. . .Q\‘- . - ii n
__ime f light | [L.ime rojection “hamber
TPC: Tracking (momentum measurement, particle identification) (|n| <1.5,0< ¢ < 2m)

TOF : Particle identification at high p;(|n] <1,0< ¢ <2m)
BEMC : Triggering and identification of high-p; electrons (|n| <1,0< ¢ < 2m)

MTD : Triggering and identification of muons (|n| < 0.5, 45%in ¢ )
Md Nasim, QWG 2024, IISER Mohali
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J/4 (c€) Production
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J/1p Reconstruction  ee.vs=200cev

J/Yy->u"+u (BR=59%)
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J/p are reconstructed in both di-muon and di-electron decay channel

STAR: PRD 102, 92009 (2020) and PLB 786, 87 (2018)
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J/1p Reconstruction e vs=s00cev

J/Yy->u"+u (BR=59%) J/yp->e" +e (BR=5.9%)
© 600 p+p 510 GeV v2Indf = 31.0/28 [ p+p 500 GeV 4o < 12 GeVe
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S Iy”“l < 0.4 O yI<
0 - —fit G [ —unlike-sign w0
@ 400 éffsignal Sis00|- L Jlke-sion ool H +
S ~ ----background 2 | ceeclerere) i + '
o) L - ---fit (signal + res. bg.) |; 50- %
&) 300'_ 8 - ---residual background | | { ﬁ (H
- \\;;1000; N"" = 9581+ 207 343638 4 42 44
L+ 5
200 35930 3 F
: i 500
1001 :
: Fatdalat, %**#W*
O_ ‘ i BRI BN A OjT\ I ‘_\_r-r_l_—r—\_tn_\_t—\_T \T«ﬂf} Mﬁ #\*?*
24 26 28 3 32 34 36 3.8 22 24 26 28 3 32 34 36 38 4

, M, [GeV/c?]
M, [GeV/c]

J/p are reconstructed in both di-muon and di-electron decay channel

STAR: PRD 100, 52009 (2019)
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p+p Vs =200 GeV
-—STAR 2012
-~ STAR 2009 MB
-—STAR 2009 H
_‘-ﬁ- PHENIX
i 3
&

p+p Vs =200 GeV

~STAR 2012
Hcem

——r—r—
p+p Vs =200 GeV

——r—r—r—r——T—r—r
p+p s =200 GeV

- STAR 2012 ~STAR2012
i cGe + NRQCD B NLo NRQCD B
NLO NRQCD A 7

+

Ratio to 2012 data

Available models

CEM: Color Evaporation
Model

Phys. Rept. 462, 125 (2008)

NRQCD : Non-relativistic
QCD approach

PRL 113, 192301 (2014)

PRL 106, 042002 (2011)

PRL 108,172002 (2012)

5 10 0
P, (GeV/c)

More precise measurement than before, consistent with PHENIX

5

10 0
P, (GeVlc)

5 10 0 5

10
P, (GeVlc) P, (GeV/c)

All models give reasonable description of the data

STAR: PLB 786, 87 (2018)
PHENIX : PRD 82, 012001 (2010)
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J/Y Cross-Section in p+p at 500 GeV

10?
STAR p+p collision (@)
10 * 510 GeV, Jiy—utw), lyl<0.4
o ® 500 GeV, Jhp—e'e, lyl<i
1 %% [] Systematic uncertainty
1 o 77/ Polarization envelope
10 === Levy function fit
1072 ([T} FONLL, B—Jiy—e'e’, lyl<i
107°
107
Luminosity uncertainty
107° E-(11.2% for u*w & 8.1% for e'e) e
E is not included
5E- * 510 GeV, Jiy—u*w, lyl<0.4
4E- « 500 GeV, Jyy—e'e, lyl<i
3E
25
1=
"'c‘) 3;— Y (CGC+NRQCD+FONLL)/(Jhp—u*w’, lyl<0.4)
5 oF N\ §(NLO NRQCD+FONLL)/(Jiy—e*e, lyl<1)
® . (c)
F-Ee ~ -~ e R A
o 1 S .
3k - (ICEM+FONLLY/(Jy—e, lyl<0.4)
of S (ICEM+FONLL)/(Jhp—e'e, lyl<1)
1 -

0O 2 4 6 8 10 12 14 16 18 20 22
JAp P, [GeV/c]

* Precise measurement of J/1 cross-section

up to p; =20 GeV/c

* Low p;reach is extended through di-muon

channel

* All models give reasonable description

of the data, mainly at high p

Available models

NRQCD : PRL 106, 042002 (2011)
PRL 113, 192301 (2014)

ICEM: Phys. Rept. 462, 125 (2008)

STAR : PRD 100 (2019) 52009
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J/y Production Vs Event Activity
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* Correlation between soft and hard processes
» Stronger-than-linear growth in high mult. events

e Similar trend at RHIC and LHC STAR: PLB 786 (2018) 87

ALICE : PLB 712 (2012) 165-175

Percolation: PRC 86 (2012) 034903
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J/y Production Vs Event Activity

T T T =t
[ STAR J/y I PYTHIA8JWY
Y p,>0 GeV/c I = p,>0 GeV/c
L p, >1.5GeV/c ) 1 [ | p,>1.5GeV/c
C A p,>4 GeV/c I [ | p,>4 GeV/c
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Correlation between soft and hard processes
Stronger-than-linear growth in high mult. events

Similar trend at RHIC and LHC

Available model explain data,

4 0 2
(d N('i"hB/dn)/<d Ni"hB/dn> (d NZ]B/dn)ﬁ

it

NJ/ w

10

21 STAR: Jiy—u*u, lyl<0.5, p_>0 GeV/c

i p+p collisions @ 500 GeV

" % STAR: J/y—e'e, lyl<i, pT>4 GeV/c
-- PYTHIA8.183 default: p_>0 GeV/c
--.PYTHIA8.183 default: pT>4 GeV/c

— Percolation model: pT>O GeV/c

|1|I|I\I|

STAR preliminary

T

"STAR data points

III‘IIlllI

_-.’ ST
_,*'—' - +15% one-sided error along both x- and y- direction
.1.:}:‘111111111 1111 1111 11 1 1 111 | 1 1 1 1 1111

0 0.5 1 1.5 2 25 3 3.5 4 4.5

- measurement in higher multiplicity bins is important

Event activity

p+p, Vs = 500 GeV

STAR: PLB 786 (2018) 87
ALICE : PLB 712 (2012) 165-175

Percolation: PRC 86 (2012) 034903
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J/ (cc) Production Associated with Jet
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® J/\p Production Associated with Jet
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Reconstructed J/1p in different jet activity categories (left to right: N;,, = 0 to Ny, = 2)
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J/Y Production Vs Jet Activity

o . 5} .
S 102 — STAR Preliminary  p4p, {s =200 GeV S 102 — STAR Preliminary  p4p, (s =200 GeV
-5. E i - utuw § E i - utu’
= ¥ Irjjzluswe Jhp — J}/Lw = ¥ i Irlf:luswe Jhp — Jl/kw
13% p;" <10 GeVic, Iyl < 0.4 E% p.' <10 GeVic, Iy "1 <0.4
S h jet, R = 0.4 S h jet, R =0.
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- pljzseeV/c,|¢|<1-R 3 P =3 GeVlc, IY°1<1-R
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F —¥ Data F —¥ Data x
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2 1 | 1 2 1 | 1
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< . ——— brerrrrreess < e iresreeseseseeseesseeseesseeseessessesseessesneenesseeeeaneeed
P — . :
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Jet Activity Jet Activity

Production cross section of J/1 as a function of jet activity (number of jets per event)

Inconsistency in shape between PYTHIA and data mainly for R = 0.6 (p-value = 0.01)
arXiv: 2110.09447
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J/Y Production in Jets

* First measurement of J/y production in jets at RHIC
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* Unlike PYTHIA, no significant z dependence observed within uncertainties for z <1

* Provide further constrain on models

26/02/24

Md Nasim, QWG 2024, IISER Mohali

15



J/ (cc) Polarization
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Polarization Measurement

Measure the spin-alignment of vector meson with respect to a chosen direction.

Polarization can be measured through the angular distribution of the daughter particle

9N
0cos00d

x 1+ Agcos?0 + 7\¢sin29cos(2d)) + Aggpsin(20)cosd

(A9, 44, Agp) =(0,0,0) -> No p.olar.ization o quarkonium
(A9, A4, Agy) =(-1,0,0) -> longitudinal polarization rest frame
(Ag, /1¢ , /lgqb) = (+1,0,0) -> transverse polarization

. )
. . . production ~
Polarization axis : plane —___
Helicity (HX) Frame:
Direction of vector meson in the collision center ¥ 4/\_»
®

of mass frame

Collins-Soper (CS) Frame: the bisector of the angle
between the beam and the opposite of the other beam,

in the vector meson rest frame

Image taken from
EPJC 69, 657-673(2010)

f-i—
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J/y Polarization Measurement

N

I STAR
O Jhy—e'e, HX, lyl<1.0
— @ Jiy—u*w, HX, lyl<0.5

—

p+p Vs = 200 GeV (b)

O Jhp—e'e, CS, lyl<1.0
¢ Jyp—=u*u, CS, lyl<0.5

_______________

e 21!;‘:::,»&;;;;:‘-;: o
1.4 ==

e A § i S
| @ Y
[ (prompt)
-0.5 NLO NRQCD1: lyl<1.0 Slyl<0.5 - (direct)
- NLONRQCD2: [llllyl<1.0 Elyl<0.5 CGC+NRQCD: %/ lyl<1.0 \\lyl<0.5
0 5 10 O 5 10
P (GeV/c) P, (GeV/c)

HX frame (left) ---- CS Frame (right)

p+p, Vs = 200 GeV

The inclusive J/1’s do not
exhibit significant transverse
or longitudinal polarization

No significant p; dependence

Available model explain data
within the measured uncertainties

ICEM: PRD 98 (2018) 114029.
NLO+NRQCD: PRL 110 (2013) 042002
CGC+NRQCD: JHEP 12 (2018) 057.
STAR: PRD 102 (2020) 92009
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Y Reconstruction in p+p at 500 GeV

dN

Y —> e +e [BR=2.3%(15),1.9%(25),2.1%(3S)]

p+p, Vs = 500 GeV p+p, Vs = 200 GeV
400 60
=" [ STAR p+p @ 500 GeV LS £ PRD : 2010 STAR
: - I :
© 350 —L ~22 pb™ ¢ N,.+N_ S [ p+p,\s=200 GeV
= - c 90f ly |<0.5
300 CSTAR Preliminary } CB + DY + bb + Y(18+ +3S) % E e N, -2\N.N.
- i CB + Drell-Yan + bb QL 10 ~—— Y +bb + DY. Fit
250 & Comb. Background (CB) 1 - Integral of Fit
=30 e
O<p_<10 [GeV/c] lyl<i € [
200 p.<10[ 11y S |
Y(1S) =544 + 34 20—
150 : Y(2S+3S) = 156 = 27 -
- 10? 1
100 - | A ¢
- o5 v
50— S O ) |
r ;ax - _107 RTINS B R | TR R | ol
0= 7' ...... - 4 6 8 10 12 14 16

m,, (GeV/c?)
M., (GeV/c?)

* Y are reconstructed in di-electron decay channel in p+p 500 GeV,

more precise compared to published result in p+p 200 GeV
STAR : PRD 82 (2010) 12004
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Y cross section in p+p collisions

? S
7 N
o, N
57 \

T F T T T T T T T T T 3 = L.
o|2 [ STARp+p @500GeV  ® STARY(1S425435) - ﬁlﬁ:zﬁs_:gizv STAR Preliminary o
o 8 10 g lyl<1 [ Juncorrelated syst. ¢ STAR Y(1S) § 103;*STAR /5 < 500 GeV

— b Comelatedsvst  m STAR Y(28438) | —~ [ Y STAR /s =200 GeV Published
LB 10E CEM R. Vogt Y(1S) : S | iyi<os ® CFS, p+A
o|la = . ~ B E605, p+A

° I CGC+NRQCD Y(1S) ] 102 Acco;:
e _ —> , PP
- & 1% 3 %‘ - ¥ R209, p+p
o C ] ~. O RB806, p+p
m 107 '8 10? [JUAT1, p+p
- : - /\ CDF, p+p
C S - O CMS, p+p
107 E | | | | | | | | 1=
o 1 2 3 4 5 6 7 8 9 10 - —— NLO CEM, MRST HO,
p_ [GeVic] i m=4.75 GeV/c?, m/u=1
CEM: PRC 92 034909(2015) 10~ il S L
CGC+NRQCD: PRL 113, 192301(2014) 10° g (GeV)m
» Spectra for Y(1S) and Y(2S+3S) * STAR results follow the world data
trend
* Models agree with data reasonably well, * Consistent with the CEM calculation
CGC+NRQCD model seems to over predicts
at low p;
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Y’ Production Vs Event Activity

. /\>~ I I I I I I I I A \ooE ! T T T T T T T |
zZ 12 STAR p+p @ 500 GeV lyl<1 - =3 STAR p+p @ 500 GeV lyl<1
. . _ V20— @® STAR Preliminary Y(1S) p_>0 GeV/c —
linear function N,/<N >=N_/<N_> 18 ¢ STAR Preliminary Y(1S) p1>4 GeV/c il |
10~ @ STAR Preliminary Y(1S) p_>0 GeV/c s B PYTHIAS STAR HF tune Y
- o 16} PYTHIA8 STAR HF tune Y p_>4 GeV/c =
sl ¢ STAR Preliminary Y(1S) p,>4 GeV/c X 14 ™ STAR J/y {s=200 GeV p.>0 Gevic 285
[ PYTHIAS STAR HF tune Y m  STARJ/Ap /s=200 GeV p_>4 GeV/c /»f
Al PYTHIAS STAR HF tune Y p_>4 GeV/g N ] 12 — Percolation model J/y \/J§=500 GeV o
e, T 10522 CGC/Sat Jhy Vs=200 GeV
...... CGC/sat Y(1S) A 771 CGC/Sat Y(1S)
"». N 8 _‘. ''''''
6
4
2
0)
0 0.5 1 1.5 2 2.5 3 3.5 4 0O 0.5 1 15 2 25 3 35 4 45 5
N./<N,> N, /<N.>

CGC/Sat: EPJC97(5) 376(2019)

« Stronger-than-linear growth in high mult. events ~ * Y shows similar trend like J/ip when
plotted against event activity

* PYTHIA, CGC model reproduce the trend in the
data
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Summary

The recent results on quarkonium production in p+p collisions from STAR are presented

J/Y Production:

Precise and more differential measurement of J/y cross-section

* J/i do not exhibit significant polarization

Y Production:

More precise measurement at Vs = 500 GeV compared to published results at 200 GeV

Y cross section (186+ 14(stat) + 33(sys) pb ) at Vs =500 GeV follow world data trend
predicted by Color Evaporation Model

Current measurement along with model calculation could provide better understanding
on quarkonium production mechanism in p+p collisions
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Outlook

New results to be available soon using Run 17 and 22 data in p+p @ 510 GeV

Integrated luminosity ~ 750 pb~! for BHT e and ~ 375 pb~! for di-muon triggers

Projection for J/y and Y in p+p using 2017+2022 data

8  pp collisions @ 500 GeV

70 Jy—-pty, |y|<0.5, P, >0 GeV/c

- O STAR data: L,m_22.o pb’
* STAR proj. : L_=375.0 pb’!
- PYTHIA8.183 default

— Percolation model

NJ/w
<N >

(=]

III]IIII]I

Jy—e'e, lyl<1, p >4 GeV/c

O STAR data: L, =22.1 pb”’

* STARproj. : L =750.0pb™" 4~
int *E@:

- PYTHIA8.183 default

w »

N
Illlllllllllll]llll]l

STAR data points
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OO

0.5 1 1.5 2

Event activity
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T T T T T T
STAR p+p @ 500 GeV |y|<1

linear function N /<N >=N_/<N_,
® STAR Prellmlnary T (1S) P, >0 GeV/c
¢ STAR Preliminary Y(1S) P, >4 GeV/c
I PYTHIA8 STAR HF tune T
PYTHIA8 STARHF tune T pT>4 GeV/c
: CGC/Sat 1 (1S)

—— Percolation model J/y {s=500 GeV
|_—+— Y(1S) PYTHIA8 HF tune projection L _~750 pb™”
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