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J/4 in pp Collisions

@ J/1: bound states of cc pairs.
@ Production mechanism merges:
— Fixed-order perturbative QCD: quark-antiquark pairs
— Non-perturbative long-distance matrix elements (LDME) for
hadronization.
@ Different models differ in the treatment of the hadronization.
@ No consistent descriptior]s' of cross section and polarization.

Cross-section SR
— 10 h ; . - Polarization
S ENsTTev —e— LHCb(20<y <45) & e Ry L
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2 ok I Dircct NNLO® CSM 20<y <45) ] [T e
g —— POMPNLOCEM (20 <3 <435) o S i E
2 = F S A
g5 E E 0 ++ —
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1o 3 0 25<y<40 E
E 0 4
W n 4k L L E!
E ] 5 10 15
F . . A. Andronic et .al, Eur. Phys. J.C. 76(2016)107 P, /W) [GeVic]
' 5 5 T LHCb, Eur. Phys. J. C 73(2013)2631

LHGb, Eur. Phys. J. C 71(2011)1654
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J/1 Production in Jets in pp

Jet
axis @ Fragmentation pattern is sensitive to production
! mechanism.PRL119(2017)032001
I/
P
Zyy = ﬁ

4/24



Introduction
00000

J/1 Production

Jet
axis

in Jets in pp

@ Fragmentation pattern is sensitive to production
mechanism.PRL119(2017)032001

@ J/1) is less isolated than expected by LO NRQCD

@ Parton-parton scattering is not enough to

in PYTHIA.
pJ/ P
Zyp = w describe J/4.
=
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Gluon Fragmentation Improved PYTHIA (GFIP)

Jet @ Parton-parton scattering is not enough to
axis .
. describe J/4.

@ Produced in parton shower: GFIP
QOO iy C
° @
\J%

0.30

4/1/1
Zi/p = Tt

@ Model including J/v produced in parton .
h fully describe LHCb data 02 0o ©1 &
showers successfully describe ata E paL 110 2017, 032002

PRL 119, 032002 (2017) 0.20F
5
~
@ J/9 could be produced in parton g 015
showers(PS) PRL 119, 032002 (2017) 0.10
@ We utilize a theoretical framework 0.05
analogous to GFIP. o0ttt v v v
2(J/Y)
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J/1 Production in AA

@ QGP (deconfined color medium) created in heavy-ion collisions.

@ Regarded as a signature of color deconfinement. T. Matsui and H. Satz, PLB 178,

416 (1986).
@ QGP is expected to modify the quarkonium production.
QGP
QGP @ high energy density
QL
rvse®
©
Suppression +Enhancement +Parton energy loss
Medium-induced Regeneration at high pr
dissociation Andre Stahl@SQM2021

@ Dissociation and regeneration well explain low-pr J/1 suppression in AA
PhysRevC.89.054911,PhysRevLett.128.162301

J N
@ In pT/w > my;y, almost no recombination, energy loss could play a
dominant role for the J/1) Raa. Phys.Lett.B 767 (2017) 10-15,Sci.Bull. 68 (2023) 2003-2009
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Measurements of J/v) Production in Jets in AA

@ If J/4 is generated in PS, thus the medium will modify PS and z,,,,.

PLB 825(2022) 136842 PRC.108.024905 .
. PbPb 1.6 nb™, pp 302 pb™ (5.02 Te! .
2 °F - -10°
< | CMS VS = 5.02 TeV, 0-10% cer
M RARA RARES LARESRALES RARES RERAS RA
1.4
[ Prompt Jy 74 15< p_ <50 GeVic E
F Py, >65Gev ] Tjot ]
2L 30<p,, <40Gev _6p o> 5 Gevic
Fomg<2 = _g 5F T E
™ cent. 0-90% o o 4F 1
0.8 -2 3
F 2 .
| PR W
06 | = el
F Ok 1 I | 1 | L3
0.4 —E— -
BE= o
02 tla 3
[ oo 2
P L T T T SR PR T o )
03 04 05 06 07 08 09 1 L S T
z 0

040506070809 1
@ Significantly suppressed and could be explained by parton energy loss.
@ Rising trend with increasing z,/,, while Do in jets show downward trend.
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J/4) Production in pp Collisions
°

LP NRQCD for J/1 Production

GFIP for J/+ Production

dorI/¥ dz do’ I
Zj/wdpjet Z/ Z dz dpj Diﬁ\cé(n)(z)<O[Q('\)(n)}>

0 z = p"T//iﬁt energy fraction carried by i
° da"/d;iﬁtdz,' CS of jet with i carrying z;

] QH[QQ(M FF for i to fragment into
Q(_?(n) at p ~ 2me,
Y.Q.Ma et al. PhysRevD.89.094029
G. T. Bodwin et al. JHEP11(2012)020

(O%& )]) LDME: non-perturbative

M. Butenschoen et al. PhysRevD.84.051501
G. T. Bodwin et al. PhysRevLett.113.022001
K.T. Chao et al. PhysRevLett.108.24200,
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J/4) Production in pp Collisions
°

LP NRQCD for J/1 Production

GFIP for J/+ Production

dorI/¥ dz do’ I
Zj/wdpjet Z/ Z dz dpj Diﬁ\cé(n)(z)<O[Q('\)(n)}>

@ z = pl /P’ energy fraction carried by i Gluon Fragmentation Improved PYTHIA (GFIP)

° i jet i . . . . .
do'/dpl"dz; CS of jet with i carrying z Madgraph 5 PYTHIA + Convolution
d’-?[QQ(n” FF for i to fragment into e o bEg
QQ(n) at p ~ 2me,
Y.Q.Ma et al. PhysRevD.89.094029
G. T. Bodwin et al. JHEP11(2012)020

-
/b . Arbitrary gluof
e (O éé?( ;) LDME: non-perturbative fragment
M. Butenschoen et al. PhysRevD.84.051501 - .
G. T. Bodwin et al. PhysRevLett.113.022001 2. PYTHIA ——> No hadronization, adjust shower pT cutoff

K.T. Chao et al. PhysRevLett.108.24200, 3. Convolve NRQCD FFs w/ random final state gluon
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J/4) Production in pp Collisions
°

LP NRQCD for J/1 Production

GFIP for J/+ Production

dorI/¥ dz do’ I
Zj/wdpjet Z/ Z dz dpj Diﬁ\cé(n)(z)<O[Q('\)(n)}>

@ z = pl /P’ energy fraction carried by i Gluon Fragmentation Improved PYTHIA (GFIP)

Py i jet . . . . . )
do'/dpy dz; CS of jet with i carrying z Madgraph 5 PYTHIA + Convolution
-] d’.?[QQ(n” FF for i to fragment into tem S bl
QQ(n) at p ~ 2me,
Y.Q.Ma et al. PhysRevD.89.094029
G. T. Bodwin et al. JHEP11(2012)020

-
/b .
e (O éé?( ;) LDME: non-perturbative fragment
M. Butenschoen et al. PhysRevD.84.051501 - .
G. T. Bodwin et al. PhysRevLett.113.022001 2. PYTHIA ——> No hadronization, adjust shower pT cutoff

K.T. Chao et al. PhysRevLett.108.24200, 3. Convolve NRQCD FFs w/ random final state gluon

LDMEs taken from Bodwin prL.113n0.2,022001(2014).
e We restrict our discussion in the high pt region.
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J/4) Production in pp Collisions
(1)
Phenomenology at RHIC and the LHC energies

J/1 Production within Jet in pp

06 T T T N T T ] T T 4
(@) v ey = AllJiy H(b) e ocoJly = Al F(C) v coJly = AllJly ]
0.5F -= g-Jly # LHCb [ —-= g-Jly 4 CMs T —-= g-Jly * STAR ]

/5 =13 TeV ptp /5 =502 Tev ptp /5 =500 Gev ptp 1

2 1 1
5 0-4F T ES 1

=
S 03’
=
L 0.2
—

0.1

0.8

0.4

o GFIP well describe the experimental data. [arXiv:2403.12704]

@ Gluon fragmentation dominates (> 85%) the high-pr
J/1 production.

@ Large band — further constrain LDMEs.

e The peak of z,/,, shifts to smaller values from RHIC to LHC.
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J/4) Production in pp Collisions

oce
Phenomenology at RHIC and the LHC energies

Zy)y VS p= and Jet Cone R

- L s=s0TV (@)
,,,O-l} R=03
S arXiv:2403.12704
< 0.3
o
T 02 zyy is shifted to softer
< — 30 < pp <40 GeV/c
i

. . jet
0. 1= = 60<pt <70 Gev/e regions with larger pf':

= 110 < pi' < 120 GeV/c
| | | ‘ | | | ‘ | | | ‘ |

jet
larger ", more showered

0.5: T T T ‘ T T T é T T ‘ T
- Ve =502Te (b) gluons.
30.4} 30 < P < 40 GeV/c
S o . .
S 0.3f 2y, distribution shifts to
~ [y= -
S smaller value with larger
= 0.2 — -
S 1] jet cone R : larger R,
— 0.1 === R=04 e | pl-et I
B . R=06 E arger T Smaller z.
L1 I | I I I | I | 1
0.2 0.4 0.6 0.8
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J/4) prouction in AA Collisions
[ ]

The Linear Boltzmann transport model (LBT)

Energy loss model-LBT

Linear Boltzmann equation
Pa - 8fa(Xy P) = Ea(cel + Cinel)v
Ce1 and Cjpe) are the collision integrals for elastic and inelastic scatterings.
Elastic scattering  prc.o1.054008, PRC 94.014909

a _ o3
Fe/(Ea’ - 2Ea f (27\')§§E2 f (27r)32E3 f (27r)32E4

X5 X p(e,d [fa(P1) fo(p2) — fe(P3) fy(pa)] | Mab— cal?
X Sa(s, t, u)(2m)*6% (p1 + p2 — p3 — pa)
Inelastic scattering  PhysRevLett.85.3501;PhysRevLett.03.072301;PhysRevD .85.014023.

dNg dN, 205 CAP(x) K4 —_t;
g _ s“A 1~ t—t;
Fmel(Ea’ T t) - f dXdkL dx dk2 dt’ dxdkidt - 7r(/<2 +x2M?2)4 gsin ( 2"7)

The total scattering probablllty

a —Tiot At a pa P21:1_67F ar

Ptot =1—e " tor = P:l + Pianel - PeIPineP inel — 1- efl—‘fnelAt
me.

CLVisc3+41D ldeal hydrodynamatics physRev.c 86024911 (2012).

LBT: light/heavy flavor hadron, inclusive jet, Z/v-hadron/jet.

Phys.Lett.B 782, 707-716 (2018), Phys.Lett.B 777, 86(2018);Phys.Rev.C 94, no.1, 014909 (2016). .
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J/) prouction in AA Collisions
€000

Nuclear modification on J/% distributions

J/1 Production within Jet in AA

1'0: \/L‘E::)AOZ‘TEV‘ __‘_ ‘gﬁ‘J/"Lﬁ‘! ]
LR=03 L e Jfo [arXiv:2403.12704]
0-8f30 < P8 < 40 GeV/e — Al 7 )
! 4+ s | © GFIP well describe the
0.6 — experimental data.
& [ @ Gluon energy loss is the
0'4; driving force for the z;/,,
0.9 suppression .
L 1 @ Charm quark show much
05 0 R Y | weaker dependence on z,y,.

2y
e Combined result of both J/1/jet yields reduction and the
changes of the z,,,, due energy loss.
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J/) prouction in AA Collisions
0e00

Nuclear modification on J/% distributions

Effect of selection bias on Raa(zy/y)

A quenched J/y-tagged jet within [30,40] GeV/c may be originated from :
— Unquenched jet in the Same pr interval: p59 € [30,40] GeV/c
— From larger pr interval: p?Q > 40 GeV/c

L.0p ‘ 0.5 ‘

Same pr interval

Same pr interval

A Same pr interval, 2P = A4 E

0 S; Charm e Same pr interval, zPP = 244 | 0
[ R=03 === From larger pr interval

- jet
From larger p

interval

L | | | L | | |
043 0.1 0.6 0.8 043 0.1 0.6 0.8
2/ 2/

e Case 1 gives more than 80% contributions to charm jet Raa

@ Both case give comparable contributions to gluon jet.
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J/) prouction in AA Collisions
feleY Yol

Nuclear modification on J/% distributions

Effect of the shift of z;/,, on Raa(zy/y)

A quenched J/v-tagged jet within [30,40] GeV/c may be originated from:
— Same pr interval: p59 € [30,40] GeV/c
- R 2% is unmodified, 2** = (1 — F/¥) /(1 — F) 2P

1.0———— — 0.5—————

r Same pr interval s Same pr interval
0 8; Charm ~ eeees Same pr interval, zPP = A% ] -+ Same pr interval, 2PP = 244 ]

[ R=03 === From larger pr interval t - From larger p)" interval
[ 30 < P < 40 GeV/c 1 of Gluon

(r_().()’ T {(J.l{ R=03

= [ 30 <ph' <40 GeV/c

= 5 T

@ Shift of J/4 or jet out of the kinematic thresholds lead to the overall
suppression of Raa
@ The shift of 2P to Z** dominate the 24/, dependence of Raa in large z

region for both charm and gluon jet
14/24



J/) prouction in AA Collisions
feletel )

Nuclear modification on J/% distributions

Raa(zy/y) vs P and Jet Cone R

| —— 30 <p*' <40 GeV/c (a L— RrR=03 (o)
0.8[==" 60<pf<70Gev/c T R=04A e Gevye
----- 110 < plt < 120 Gev/c I R=0.6

- 0.6 -
= I -
0.4j n ]
0.2z = -
L TR | TR N | T T | \ ]
0.4 o.fsw 038 0.4 0.9/@ 038
2(J/) = pi "oy 2(J/) = pi " /Py

@ Mild dependence of Raa(z/y) on Pt [arXiv:2403.12704 ]
— Both J/1 and jet loss energy, and have similar tendency.

@ Raa(zyy) is significantly modified with increasing jet radius.
— Larger R, larger radiated gluons restored, less jet energy loss.
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Summary

e High pt J/1 production in pp collisions can be well described
and is demonstrated to be dominated by gluon contributions.

® zjy is shifted to softer regions with larger ;ﬁt and R

e High pr J/1 suppression in AA collisions can also be well
described and is shown to be mainly driven by the gluon
in-medium energy loss.

@ We expect mild pjﬁt dependence and strong jet radius R
dependence of Raa(zy/y)-
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Summary
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d R dependent z; distribution of gluon and charm
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1.0, T T T T T T
Same pr interval Same pr interval Same pr interval
O.f T Sameprintenvl, st = M e Same pr interval, 2 = 2M T ween Same pr interval, 27 = A% 1
. — =" From larger pr interval — =" From larger pr interval — =" From larger pr interval
0 6,Charm R=103 { charm R = 0.4 1 charm R = 0.6 -
< aee
r:ér' 30.< P < 40 Ge el ——— et
0.2 T T b
| | | | | L | Nk
Okr) T T T T T T T T T
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Summary

[e]e]e]e] Jelele]e]

Results of J/v Production in pp

———————————
4 CMS, 7 TeV, |y|< 1.2(x100)

—_— 4 CMS,5.02TeV, |y|<2.4(x10) |
4 ATLAS, 5.02 TeV, |y|<0.75

[arXiv:2208.08323]

GFIP well describe the
experimental data.

Bdo/dpr (nb/(GeV c))

— ATLAS g-Jly

Gluon fragmentation

5 0.6F . ATLAS coo iy ] .
g Ys=so2Tev T sars’ 1 dominates (> 85%) the
a 0.4+ B . .
o F = Msc=iv 1 high-pr J/1v production.
0-2f [ Y
[ s e s g E L S A B SRS 7
20 40 60 80 100
pr (GeV/c)
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[e]e]e]e]e] lele]e]

Inclusive J/v production in AA

0.12

T T T T T T
P c-Jly ¢ CMS data 3 —— Total J/y se  ALICE, 5.02 TeV, 10%-30%
. -=- g=Jly < ATLAS data - g-Jly @ ATLAS, 5.02 TeV, 0-60%

——— Total - —
oy . 0.10[ ..... coJly 4 CMS, 2.76 TeV, 10%-60%
[

0.08 V5 =5.02TeV, 10%-30%

V5 =5.02TeV, 0-10 %
I

1.0 | 1 1 ‘ 1 £'0.06
—— Total Jly
0.8 + CMSdata  VE=5.02TeV,10%30% ] 0.0}
- 06 E 2
Soa,, . —— 1 o002
oo ‘ ‘ ‘
096—15"""20""25 30 35 20 0 15 GZ(\)/ 25 30
pr (GeV/c) pr (GeV/c)

@ Reasonable agreement with data.
@ Gluon energy loss dominate large pr J/1) Raa and elliptic flow

V9.
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An Independent Bayesian Validation

Bayesian extraction of parton energy loss distributions.

d dA dU p + Ap .
;AA = Z / "T A Wiy @ Dy
-

Energy loss distributions physrevLett.122.252302

Wi = G { Apr/(Bpr)
() (ApF) = Bilpr/pY) " log(pr/PY)

Three parameters in the above for each parton type: [, 5 i
Uniform prior distribution for [, 8;,vi] € [(0, 10), (0, 8), (0, 0.8)]

1M MCMC steps for equilibration, then 1M steps for scanning
around the parameter space
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Gluon and Charm Quark Energy Loss in Pb+Pb

Cc c
0.00 275 550 8.2511.00 0.5 10 15 20 02 04 06 08
| — | — | E——

08 - J100
% r + s
T 04 T T 50 &

02 m 1 25

2.0 ——t [ — —t—t .0

15 r —+ 15
) O
o« 0 r T 0oy

05 oy ,k 1 \ Jos

08 + [ — 12

06 1o
Dos = \ NS

02 13

0., L

5 10 05 1.0 15 20 02 04 06 08 02 04 06 08
C{g Bg yQ Yc

[arXiv:2208.08323]

One can see clearly
a stronger
sensitivity and
constraint for gluon
energy energy lose.

Extracted parameters for parton energy loss distributions

(0 — 10%)5.02 TeV

o B Y
Gluon 5.25+1.09 0.7+0.07 0.37+0.03
Charm 6.33+2.06 0.5310.19 0.360.09
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Gluon and Charm Quark Energy Loss in Pb+Pb

T T
Gluon == LBTgluon

[arXiv:2208.08323]

The optimized results agree
perfectly with data, and confirms

T

Fitting CMS.

Fitting ATLAS 0.8F Charm == LBT charm |
0.6 — BT 1 s

® CMsdata g
0.42‘;;?\5/;
0.2 B
095 20 35 20 %95 20 30 a
pr (GeV/c) pr (GeV/c)
0.5 - - - -
Gluon ~ ==- LBT gluon

, the dominance of gluon energy
loss for high pt J/v suppression.

LBT charm |

In turn, this offers the unique

Gluon

—- LBTgluon
+++ LBT charm
. .

ALICE, JHEP 10, 141 (2020),
ATLAS, Eur. Phys. J. C 78, 784 (2018 )
CMS, Eur. Phys. J. C 77, 252 (2017).

opportunity for an accurate
extraction of gluon energy loss
" distributions!
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