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Quarkonium for QCD
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»QCD dilemma: | [Rev. Mod. Phys. 90, 15003 (2018)] ] confinement
understanding the non-perturbative 0.4 | .
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= what is the mechanism behind 01 | il
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»Heavy quarkonium: ideal system to study hadronization mechanism
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~5 ~7  ~150 “Y <1400 ~4200 ~Au  [MeV]
Perturbative
mg » mgv > mqv* v2~0.3 for H,z
o v%~0.1 for Hpj;
mass momentum kinetic energy
QQ creation QQ expansion forming bound state
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Quarkonium production mechanism

» Non-relativistic QCD (NRQCD) provides the most successful description
» Yet not able to coherently describe prod.&pol. measurements in all collision systems

Non-perturbative QCD Perturbative QCD Non-perturbative QCD
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Associated Quarkonium production

Single-parton scattering (SPS) Double-parton scattering (DPS)

H ~
\ HQ1@1 ’ : n
Ho,q, .@ = X
. 4
X '@ % \ HQzQz
S
a ) ¢

v'To probe the quarkonium production

mechanism puzzle
v'To provide information on parton

transverse profile & correlations in
colliding hadrons

v'Golden channel to probe gluon transverse
momentum dependent (TMD) PDFs:

* flg (x) k%‘; M) affect PT Spectrum

background (Z + bb, WYW ™ etc.)
[EPJC 80 (2020) 87]

in both SM measurements and
search for New Physics

_______________________________
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. , kT, ) = azimuthal asymmetr ! S |
| hy? (x, k, u) = azimuthal asymmetry | ¥'To understand multiparticle |
| ! :
: L |
: ! |
I o I

v'To search for fully heavy tetraquark states |

____________________________________
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Double Parton Scattering

— mzi,j’klfdxldxzdx{dxédzbldzbzdzb

XTyj(x1, Xz, by, b2) Xy (xl'xi)ﬁj(lgz (%2, %3) XTIy (1, X3, b1 — b, by —

Generalized double parton PDF
SPS parton-level cross-section
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Assuming:

| LI | LI
pp @13 TeV
LHCb (J/y-J/y)

v’ factorization of trans. & long. components
l_‘ij (xl; X2, bl; bZ) = Dij (xlr xZ)Tij (b1; bZ)

pp @8 TeV
ATLAS (J/y-Z")
ATLAS (J/w-J/y)
LHCb (Y (15)-D°)

v no correlation between two sets of partons
Dij(x1; Xp) = fl(x1)f] (x2), T;j (by,by) =T; (b1)Tj(b2)

= 1 99,00,

pp @7 TeV
ATLAS (J/y-W%)
CMS (J/y-Jly)
LHCb (J/y-D°)
LHCb (D°-D°)
ATLAS (W2 jets)
CMS (W*-2 jets)

o —
#9714 8q,q, Oefr

@o—

——

-

pp@1.96 TeV
DO (J/y-Y)
DO (J/y-J/y)
DO (y-3 jets)

Oef = 1/ U d*bF(b)*|, F(b) = jT(bi)T(bi — b)d*b;

ppP@1.8 TeV
CDF (4 jets)

expected to be universal under the given assumptions
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The LHCb detector

»LHCb is a single-arm forward region spectrometer covering 2 <n <5,
dedicated to heavy flavor physics at the Large Hadron Collider

2011-18 edition

SP

E HCA

D/HS

2.4% 41 angle

Magnet

RICH2

T3

= 25% bb

V)

T1

CH1} ~
T

b

ol N

LHCb MC
{s =8 TeV

Vertex Locator: high precision;

capable of separating b/c
hadron production and decay
vertices

0PV,x/y~1O um, O-PV,Z~60 pum

[JINST 3 (2008) S08005]

2024/7/31

RICHs: efficient identification
of pions, kaons and protons

Muon system (M1-M5):
efficient muon
identification and trigger

e(K - K)~95%

@ misID rate (mr - K)~5% e(u - uw)~97%

@ mislD rate (m » u)~1 — 3%
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

A glimpse of existing measurements

Vleasurement of J/v-pair production in pp collisions at
/8 = 13 TeV and study of gluon transverse-momentum

Observation of J/y-pair production in pp collisions at /s =7 TeV *

LHCb Collaboration ‘ iependent PDFs

Associated production of prompt J/v and 7 mesons %
in pp collisions at /s = 13 TeV

FThe LHCh collaharation

Mleasurement of associated J/-1(2S) production

% ‘ross-section in pp collisions at /s = 13 TeV
The LHCb collaboration
LHCh
Measurement ot the J /v pair production m
cross-section in pp collisions at /s = 13 TeV The LHCb collaboration

LHCD
HCH

The | HCh callaharation

2012 2014 2016 2017 2023 | 2”024
@ ® @ >
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A glimpse of existing measurements

Vleasurement of J/v-pair production in pp collisions at
/8 = 13 TeV and study of gluon transverse-momentum

Observation of J/y-pair production in pp collisions at /s =7 TeV *

LHCb Collaboration ‘ iependent PDFs

Associated production of prompt J/v and 7 mesons %
in pp collisions at /s = 13 TeV

FThe LHCh collaharation

Mleasurement of associated J/-1(2S) production

% ‘ross-section in pp collisions at /s = 13 TeV
The LHCb collaboration
LHCh
Measurement ot the J /v pair production m
cross-section in pp collisions at /s = 13 TeV The LHCb collaboration

rHCh

The | HCh callaharation

2012 2014 2016 2017 2023 | 2”024
® @ >

Production of associated Y and open charm hadrons
n pp collisions at v/s = 7 and 8 TeV via double

parton scattering

Observation of associated production of a Z boson

Observation of double charm production involving with a D meson in the forward region

open charm in pp collisions at /s = 7 TeV LI;IC[‘Q
The | HCh callaharation
rHCh
The LHCb collaboration The LHCh collahoration
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Analysis strategy

do N
dv  LXeXB2(J/Y - utu~)xXAv
______________________ _il__________________|
prompt J /1 N |: J/$-from-b . |
Ty B- w |
w T |
I |
I W
: - |
_____ I Primary vertex Secondary vertex I
f |
Primary vertex Primary vertex |I X
|
_______________________ _ _ _ _ _ _ _ ____
a5 O r
§ 12| LHCb s IOSE —e— Data LHCb
o \s=13TeV,L,_ =3.05pb’ = L ;/::ﬂ;rf;b Vs=13TeV,L, =3.05pb
E i ;:;<<3§GCV/C 2104_5 B2 Prompt 11y _23:;<<35’)5G€V/C
5 g L vt '
o 8- S 10°F )
S T = A
= 6__ -g u
= < 10°
o) [ U E
= r E
< 4 =
U eseoseotestoseensy: 10
2 7
077 7 7 T G ;’ /

2050 3000 3050 3100 3150 3200
m,., [MeV/c?]

[JHEP 10 (2015) 172]
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di-//Y @ 7 TeV

>Using 37.5 pb™! dataat+/s = 7 TeV
» Fiducial region: 2 < y//¥ < 4.5, pJ/¥ < 10 GeV/c

»Observed with significance > 60 (from-b contribution negligible)

[PLB 707 (2012) 52-59]

B L S A A T O T T 1 T
= 100 LHCb N LHCb
> r >
TE ) Vs =TTeV aChhs b) V5 ="T7TeV
o 80 o E
N i A 400
ol e Raw yield | . Efficiency-corrected yield
L E: 141+19 2|2} 672 + 129
o | A - 2| o E
IME=E" + ] T &2 [
gzg 20_:+x . 325 100F
g C I e e e 3
03 3.05 3.1 3.15 32 03 3.05 3.1 315 32
Mt u-), [GeV/c2] Mt u-), [GeV/cQ]
I —
>0 =514+10+1.1nb e Va=7TeV
v osps = 4.1 + 1.2 nb S -
¥ opps ~ 2.51b L [PRD 84 (2011) 094023]
1= i
»Not enough events to disentangle 0.5+ ++ E
SPS and DPS contributions Ao . - _"__+_r+— — .
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.094023
https://arxiv.org/abs/1109.0963

di-J /v @ 13 TeV
>L = 279 pb™1, pp collisions @ /s = 13 TeV
»Kinematic range of | /y: 2%

pr <10 GeV/cfor2.0 <y <45

»Signal yield determination

v'Residual from-b component determined 342/0:3150
using simulation together with )

o(pp — bb) and o(prompt J /i)

[JHEP 06 (2017) 047]

N& - —+4 Data . N& -
= 5000 - 34 =5000
= 7F LHCD 13TeV — Tttt 1 2 °C LHCb 13TV
0 - BR Jih+Jhe 4 5 -
< 4000 R I L):
= S A Jhr +bkg 1 = -
3000 bkg +bkg 3 3000
2000 - & = 2000 - =
1 + 2 % + + ] 3
1000 1000 =
3000 3050 3100 3150 3200 3000 3050 3100

M(pifpy)  [MeV/e?]

»o(J/Y]/P) = 15.2 + 1.0(stat) + 0.9(syst) nb
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—+— Data

— Total fit
BR J + Jy
— bkg + J/i,
""" Jby + bkg
bkg + bkg

tH

3150 3200
M(pz3py)  [MeV/e?]
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https://arxiv.org/abs/1509.00771

Comparison to theory

o(JipJAp) [nb]  pHEP 06 (2017) 047]

no pr cut pr > 1GeV/e pr > 3GeV/e
" LO Colour-singlet 1.34+£0.1532 — —
LO Colour-octet ~ 0.45 £ 0.097 558705 _ o
spg 4 FO T 6.3576555 5755550 2.7507 00
NLO* Colour-singlet’ — 4.34+0.1757 1.6£0.1553
NLO* Colour-singlet” 15.4 & 2.2+3; 14.8 +£1.75% 6.8+ 0.6
- NLO Colour-singlet 11.9739 — —
DPS 8.1+£0.9%18 7.5+0.8%15 49405710
LHCDb result 152+£1.0£0.9 13509409 8.3 £0.6x0.5

DPS: assuming gee = 14.5 + 1.71’%;; mb [prD 56 (1997) 3811]

» LO Colour-octet : contribution very small
»LO Colour-singlet/ NLO* Colour-singlet’” and LO k: need DPS contribution

»NLO* Colour-singlet” and NLO Colour-singlet : consistent with our
measurement by itself; overestimated if there is DPS contribution
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.3811
https://arxiv.org/abs/1509.00771

Differential cross-sections

» Differential cross-sections of different variables compared to theory predictions
v Most significant indication of DPS comes from |Ay]|
v" DPS contribution essential for the region |Ay| > 1.5
v" Also clear indication from m(J /Y] /)

- B T T T T T T T T T T T T | T T T T T T T T B '_|12 T T T T T T T T T | T T T
= AoF DPS ] UT -
& R 7 - -
250 SPS: LO ky 1 EZ 00 LHCh 13TeV 1
SR e SPS: LO CS 2 I e ]

- X% . * !
S| Z20E \ ..... SPS:NLO*CSf pscoe | 8__[ \ E
5 ; : ><>< \“ — ——— SPS NLO CS<I€T>:2 GGV/C : é é - x»(x K -
% 15+x %SPSZ LO CO(kT)=0.5GeV/c 7 3 3 B . Xx\ i
B MMM SPS: LO COppy—2cavze 1 S|= 001 % \ E
10: XX xxxSPS: NLO CS 1 3 —§ B XI E N 1
- — | ] ) X \ : ]
n LHCb 13TeV - MEEIEN AN g
S . - 2 \‘Z;( \“f* =
:_ -~ n):." |_£_| ] : ey N éXXXX “ i — :
0 e Rt O . = 2o e
0 15 2 25 6 8 10 12 14
|Ay] m(Jfb Jfb) [Gev/e?]

[JHEP 06 (2017) 047]
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https://arxiv.org/abs/1509.00771

DPS extraction
[JHEP 06 (2017) 047]

» Template DPS+SPS fits performed for different variables using various models

XX

CMS (J/y-J/y)

do
= oppsFpps(v) + osps Fsps(v)
. Oeff- 8.8~12.5 mb
'E‘ : T T T T T T T T T T T T | T T T T T T T T : I I I | I I I | I I I | I I I | I I I
=]
= - DPS ] pp @13 TeV
ST . - C - LHCb (J1y-T1y)
ol xxxxx SPS: NLO CS : —— e
3 <T 4§_\ ] . ATLAS (J/yw-Z°)
Sl= FIN LHCD 13 TeV i o ATLAS (J/y-J/y)
ﬂ-% N ] o LHCb (Y'(15)-D°
3__ ] pp @7 TeV
- . ATLAS (J/y-W?%)

20 LHCb (J/y-D°)
[ X*&,H’ LHCb (D’-D°)
1 - ATLAS (W=-2 jets)
N . CMS (W*-2 jets)
TR SR R R |Xxx|x L bocodonedossdoscboscd IX pﬁ@196 TeV
% 0.5 1 L5 2 2.5 — DO Wy-1)
|Ay| e DO (J/w-J/w)
e DO (-3 jets)
pp@1.8 TeV
. NLO* CS” ——— CDF (4 jets)
Variable LOkr (kr) = 2 GeV/e (kr) = 0.5 GeV/e NLOCS . l l CDF (73 jets)
pr(JRb JRY)  9.7+£0.5 8.8+5.6 9.3+1.0 — L IS ma
y(JRp JR)) — 11.9+75 10.0 £ 5.0 —
m(JRrp JRp)  10.6 + 1.1 10.2 £1.0 10.4 £1.0 0 20 40 60 80 100
|Ay| 12.5+4.1 12.2 +3.7 12.44+3.9 11.2+2.9

[PoS (LHCP2020) 172; G [mb]
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https://arxiv.org/abs/1509.00771

di-/ /Y @ 13 TeV update

»Fiducial region: 2 < y(J/Y) < 4.5, pt(J/Y) < 14 GeV

[JHEP 03 (2024) 088]

RS FT ' E RS Fo ' R
> 6000F  LHCb —+ Data 4 > 6000F =
ﬁ - o — Total fit 3 ﬁ s 1
Sa000 | | Jy #bke 4 8 4000F 3
@ E Bkg+J/y_ 3 % c ]
5000 Bkerbke 3 5000 E @ b-hadron
— r ] 1 r m +
3 2000F 4 S 2000F - B @® prompty
< F 1 = F ] u
O 1000 2 34 © 10005 3 ® yfromb
0: G e A 05_.._._|_.._,._.._.—-+’.' PR SRS e M I
3000 3050 3100 3150 3200 3000 3050 3100 3150 3200 +
m,.. [MeV/c?] m,. [MeV/c?] u
(Tl Wi ¥
2 10° E | L E 8—4 10° E I | 3 : : : X H
S F LHCb  +Da 1 3 F LHCb - Prompt+prompt ] : ,
o 10 ) 3 S 10°g L Prompt+nonprompt 3 zpy 7, Zy) Beam axis z
5 E 4.2 fb~ — Total fit E 5 E 421fb Nonprompt+prompt E
2-4 10°E : - 2-4 103 Nonprompt+nonprompt — _ Zy — Zpy
o 3 3 8 E Wrong PV 3 -
- F ul ] F b m
% 102 E -' ll — "§ 102 - - pZ/ 1/)
s 2 8 E
5 i ] S + ]
O 10 3 F : O 10 3
1 ;_I . ' I‘- 3 1 ; NAEHT! N . . R L
0 5 10 0 5 10
Jy Jhy
t,  '[ps] t, ’[ps]
_ — 4
o(J/Y —]/¥) =16.36 + 0.28(stat) + 0.88(syst) nb
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SPS and DPS separation

[JHEP 03 (2024) 088]

[\
W

LHCb  —+ SPS+DPS
421" 4 DPS

—+ SPS

»SPS & DPS separated assuming negligible
SPS contributionin 1.8 < Ay < 2.5
according to NRQCD predictions

L | L | LI | L | L
pp @13 TeV
@ LHCb (J/w-J/y)
. e . LHCb (Jw-T(8))
e LHCb (JAy-T(2S))
pp @8 TeV
ATLAS (J/y-Z)*
............ PR WU B S0 . o . i e - ATLAS (/y-J/y)
. LHCb (Y(15)-D")
Ay pp @7 TeV .
ATLAS (J/y-W*)*

do/dAy [nb]
S

p—
S

+ o+
t

]
\
l
t

| + :

o)

4

(=)

Olllllll
=)
N
[E—
-
W
[\
[\
W

CMS (JAy-J/w)*
LHCb (J/y-D")*
LHCb (D°-D°%)

a(J/Y —]/Y)pps = 8.6 + 1.2(stat) + 1.0(syst) nb éﬁéiiv(%gts)

pP@1.96 TeV
o(J/Y —]/P)sps = 7.9 + 1.2(stat) + 1.1(syst) nb | |- Do 1)
o DO (-3 jets)

oerr = 13.1 £+ 1.8(stat) + 2.3(syst) mb PP@I8TeV

- CDF (4 jets)
e CDF (-3 jets)
coa b b b by

0 20 40 60 80 100

. [PoS (LHCP2020) 172; & . [mb
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leferentlaI]/tlJ ]/1/1 cross-section

[JHEP 03 (2024) 088]

210 LHCb  —}- SPS+DPS data 3 = LHCb +SPS+DPS data é& LHCb 3 SPS+DPS data L LHCO & SPS+DPS data
§102 427 F-SPSdata 4 J10° 42007 J-SPSdata <0 42fb" - SPS data E 10% 42167 - SPSdaw 3
Y 7/NLO*CS ] % 7/, NLO* CS % 3 7/, NLO* CS = 10 >\\ PRA:NRQCD -
S 1B ///////,,// . 4 1 S 10°E = 77, NLO* CS
/// ; / /////////// Ui, H\ﬁ
! . P 10 o A wE e // S
107! //// /// /// /// 1 // \
1072 1 1 | P 1 " " " " 1 " .% 1 10_1 PRI (N S S S S S S RS 1 1073
0 0.5 1 1.5 2 2. 0 1 2 3 0 02 04 06 08 1 0
Ay Ag A, My, 1, [GeVic?]
%102 T T T T "é‘ 103 T T T T E : T T %‘ T T T T
N LHCb  —} SPS+DPS data = LHCb  —} SPS+DPS data > 10 LHCb - SPS+DPS data J — LHCb -} SPS+DPS data
@ 0 421" - SPS data §, | 42 fo! /—{—SPS data é’/ " W 42 b /—I—SPS data >\§ , 42 b /—I—SPS data
3 / 7/ NLO* CS =°10 7/, NLO* CS s YVE 7/ NLO* CS 10 7/} NLO* CS
E) 2 i o S
S S s i//,///' ’//{"///,/// ©
3 ol =P &)
= - % /////// /// / o < //
Bl // ; ///// i / //// /// //// %
102 ,,: 1 // 1072 |
0....5.....1.0...15. 20"' > TS Ry T S T E— Y S T A S
pi”/w [GeV/c] Yy pé/ Y [GeV/c] Yiny
% — T T T T T T T T
<] LHCb, 4.2 fb™! — SPS+DPS data . . . . . . .
ZI0E <, <24 GVl - SPS daa > SPS differential cross-sections are within uncertainties of the
< .\ PRA+NRQCD . .
g incomplete (no-loops) next-to-leading order (NLO*) color-
<
5 singlet (CS) NRQCD calculations [PRL 111 (2013) 122001]
Blo™
e}

10
Py [GeViel

»PRA+NRQCD overestimates SPS data at low mass and high pr

[PRL 123 (2019) 162002]

[Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238]
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Gluon TMD PDFs study

> hy9(x, k3, 1) = azimuthal asymmetry
do/d¢pcs = a + bxcos(2¢pcs) + cxcos(4dcs)

s [nb]

do/d¢

LHCb, 4.
—+ SPS

T T T T T T T T T ]
2 b7, pdTi'J/‘/’ <4.1GeV/ic |
a+bxcos(2@)+cxcos(4¢)

= — 13 — 3
SE LHCb, 4.2 fb™! 4 SPS+DPS 2
C pd <41Gevic -+ DPS B25E
o T < C
- . S~ —
T e R s el B
; + T H U
2L ’?—__H":{—’L_{ l _={:,_1_={=1':; 1:—|
1:—[ + + _F 05F
F L L L L | L L L L | L L L L | E
% 1 2 3 %
¢CS

[JHEP 03 (2024) 088]
a = FiC[f{ f{] + F>Clwahi k),

b = FsClws fIhi ] + FiClwihi? £7),

C = F4C [’lU4h_1Lgh,1Lg] 3

(cos(2¢cs)) = b/2a

(cos(4¢cs)) = ¢/2a

= —0.029 £+ 0.050 + 0.009

= —0.087 £ 0.052 + 0.013

> flg (x, k%, u): affect pt spectrum

v'pr shape shows no dependence on y

<pdvs - 20<y.
! 30<y, <35
~  35<yU<ds
; t L L 7
S 03 LHCb TMD:y, =250 3
Q E 42! TMD:y "=325 ]
S TMD:y, = =400 1
s 0.25F di-J/ 7
S = —4-20<y oy <3.0 1
2 r —F-30<y, <35 3
% o —4-35< Yiisr <45 —E
2 ]
o} ]
S~
—

202477/

10
PV [GeVie]

Li

[EPJC 80 (2020) 87]

v"No obvious broadening of pr spectrum wrt

increasing m given large uncertainties

<pii'f/'/’> o< My <7 GeV/e?
- 7 < mg_, <9 GeV/c?
-~ 9<my,, <24 GeV/c?
— ———t F—t—— f e
= "E Lheb TMD: m,, , = 6.6 GeV/c? 3
O 04 4oyt TMD: my ,,,, =7.9 GeV/c®
=035E  SPS TMD: my; , = 11.0 GeV/c2]
N 03E —+6<my,, <7GeVic2 3
-aQEd ~E —+= 7 <mg 4, <9 GeV/c? E
% 0.25 3 —+ 9 <my,, <24 GeV/c? E
< 02F E
Lo.15E — 3
D0.15E t - E
— ' — 3
0.1 — =
0.05F ]
0 5

upan An
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Candidates per 4 MeV/c2

Candidates per 0.24 ps

» Fiducial regio

J/Y —¥(25) @ 13 TeV

n:2 <y

900F T T T L I
800F  LHCb L 3
E — Total fit
T00E 42 3
600E- —-J/y+y(2S) 3
R A J/w+bkg 3
S00E Bkg+y/(25)
400¢- Bkg+bkg
300E
200
100g A/ .
0:.__11...,“,4—:.‘«./. O PRI~ TN TP S
3000 3050 3100 3150 3200
mﬂT“I[MeV/C ]
r T | I A
10°F LHCb ~+ Data
42f6"  —Total fit

.Y [ps]

10

) < 4.5, pr(Y) < 14 GeV

Candidates per 4 MeV/c2

Candidates per 0.24 ps

400E

= NN W W
hnh O WU O W O W
oSO O O o o o O
1B LN LR LR TTTTTT T

=)
TTT

—_
[e]
)
T

3600 3650 3700 3750 38200

mﬂgﬂ;[MeV/c ]
T T 4
LHCbh — - Prompt+prompt =
L, Prompt+nonprompt ]

4.2 fb Nonprompt+prompt
Nonprompt+nonprompt 3
Wrong PV ]

" lps)

[JHEP 05 (2024) 259]

@® b-hadron
_ @ prompty
® yfomb

ut
M
i -
¥ ! H
i X
11 >
Zpy Zy Zy Beam axis z
Zw — Zpy
tZ I —
pz/mlp

N/ — 1/}(25))pmmpt =629 + 50

a(J/Y —P(2S)) = 4.49 + 0.71(stat) + 0.26(syst) nb

a(J/P)a((2S))
a(J /b — ¥(25))

getr(lower limit) =

= 7.1 + 1.1(stat) + 0.8(syst) mb

2024/7/31
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Differential J /1Y — y¥(25) cross-section

------------------------
LHCb 3 SPS+DPS data 3
427 77 NLO* CS .

%%@%% |

do/dA¢ [nb]
2

—_
]
RN

p;/ Y-y 25) [GeV/c]

[JHEP 05 (2024) 259]

---------------
LHCb - SPS+DPS data
421" 77 NLO* €S

LHCb -4 Data
421" | PRA+NRQCD

ry-pes) [nb/(GeV/c?)]

do/dm

77, NLO* CS

LHCb - SPS+DPS data
" 7/ NLO* CS

o

15 20 )
My, u0s) [GEV/c?]

> Results consistent with NLO* CS NRQCD calculations albeit DPS is not subtracted
[PRL 111 (2013) 122001] [Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238]

»PRA+NRQCD overestimates SPS data at low mass
[PRL 123 (2019) 162002]
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v'SPS: 0.94 £+ 0.030
v'DPS: 0.282 + 0.027

J/W =@2S)vs. ]/ =] /P

> Predictions on the ratio between a(J /Y — (2S)) and a(J /1 — ] /1) give

[JHEP 05 (2024) 259]

[PLB 751 (2015) 479]
[JHEP 10 (2015) 172] [EPJC 80 (2020) 185]

a(J/Y —P(2S))

(/Y —J/P)

= 0.274 + 0.044(stat) + 0.008(syst)

= it confirms a prominent DPS contribution to /Y — J /1 production in a novel
way, independent of the kinematic correlation of two J /1) mesons

» Differential cross-section ratios are also measured, but more statistics needed

. 0.8 e e L 08— 0.8 T 508 -
S F i 3 _F i 3 _F i 5 _F E
b‘-E 0.7 ;— LHCb E b‘E 0.7 e LHCb E b'-Ei 0.7 e LHCb E 5€ 0.7 E LHCb E
~06F 4 >o06F 4 >06F 4 %o06F 3
Q E ] Q E ] Q E ] Q E ]
S F 3 > F 3 > F 3 > o 3
\.so.s : | o5t | o5t : \.so.s : ]
© 04F 3 o 04F 4 ¢ 04F | 3 ©04F E
o | 3 osz—l | R
02F 4 o02F 4 o02F —I— 4 o02fF E
0.1F 4 oif 1 4 oif 4 oif 4’7—
VT YT YT T SN ST SN T NN SN SN SN S T ST SO ST T T S SO S A C " " " " 1 " " n " 1 " " " " 1 E E. E E. v 3

% 05 1 15 2. % 1 2 3 % 5 10 s 20 o) 25 3 35 4 45
Ay A¢ paV [GeVlc] Y iy
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J/Y — Y production

»Fiducial region: 2 < y(J/¥,Y) < 4.5, pr(J/Y) < 10 GeV, pp(Y) < 30 GeV

F LHCb 13 TeV
L, =418 b’

N (O8]
W o
TT TT

[\®)
(e}
TTTTT

—_
W (e}
TTTT T T[T TTT]TTT

-4 Data _;
— Total fit 3
S

o XSy 3

Candidates / (0.004 GeV/c?)
o Y

m(J/y) [GeV/ c2].

Candidates / (0.04 GeV/c?)

LHCb 13 TeV
L, =418 b’

95 10

—4 Data —;
— Total fit 3

SJ/I//

10.5 11

m(Y) [GeV/c?]

o(J/¥ —Y(1S)) = 133 + 22(stat) £ 7(syst) + 3(B) pb
o(J/Y —Y(2S)) = 76 + 21(stat) + 4(syst) = 7(B) pb

Voerg(J/Y —Y) =

by subtracting SPS contribution

osps(J/ — Y (1S)) = 2073 pb, osps (/¢ — Y (25)) = 8*2% pb

a(J/P)Xa(Y) :
o U/ determined

[PRL 117 (2016) 062001]

gere(J/ — Y (1S)) = 26 + 5(stat) + 2(syst) *3%(th) mb
oert(J/ — Y (2S)) = 14 + 5(stat) + 1(syst) X7 (th) mb

2024/7/31
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[JHEP 08 (2023) 093]

Signal Raw yields Significances
JR-T(15) 76+ 12 790
J-T(28)  30+7 490
J-T(39) 10+6 1.70

III|III|III|III|III
pp@13 TeV

T — *%5

e LHCb (J/y- Y (25))
T L::C'u—rrvmq/)/
pp @8 TeV
. ATLAS (J/y-Z°)
. ATLAS (Jly-J/y)
o LHCb (Y (15)-D")
pp @7 TeV
ATLAS (J/y-W¥)
CMS (JIy-Jly)
LHCb (J/y-D°)
LHCb (D°-D°
ATLAS (W*-2 jets)
CMS (W*-2 jets)
pp@1.96 TeV
- DO (Jiy-Y)
- DO (J/y-Jly)
DO (y-3 jets)
pP@1.8 TeV
—— CDF (4 jets)
o CDF (y-3 jets)
III|III|IIIIIIIII
0 20 40 60 80 100
[PoS (LHCP2020) 172; Cesr [MP]
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do/dm/ o, [(GeV/c2)']

do/dy/ o,

Differential / /Y — Y cross-sections

[JHEP 08 (2023) 093]

0.3 L T T T T T T T T T T r‘ 0.18 T T T T T T T T T T T T T T T T T T T T - ‘E l = T T T T T T T T T T T T T T T
3 —— Daa 1 D olef 1 & o9
0.25 c —— DPS Pseudoexperiment ; 0.14 3 LHCb 13 TeV E 3 08E LHCb 13 TeV
= — — DPS + (lower limit) SPS . (QD) 0'12 E L,=4138 fb! 3 % 07 E_ L,,=418 b
R S R N [e— DPS + (upper limit) SPS J ="F // 1 S 06E .
o ] g 0.1f : = “E
0.15 - bo T/ ] 0.5
F LHCb 13 TeV ] ~_0.08F i 3 E 04E R |
0.1f Lu=418f' 4 & 006Hd ) 3 03F |
F ] b 004F - 3 TR
005F . S N\ ] 02
T 0.02 1 E 0-1¢
ot s o L e b v v 1 BN P v E oE P T SRR
15 20 25 0 5 10 15 20 0 1 2 3
m(J/y-Y(18)) [GeV/c?] pT(J/ v-1(18)) [GeV/c] IAgl
n LI B BN IR — 04— 77T — 03— 77T
14F E SR ] N :
E LHCb 13 TeV ] = 0F LHCb 13 TeV 3 S 025F LHCb 13 TeV
f L, =4.18f" ] o 03F L, =4.18f" 3 (& F L, =4.18f" 3
E i o F 1 9 oaf E
C ] = 025 E = F ]
08 E 5 02F | /¢ 3 b 0.15F 5 =
C ] ~ E I/ E ~ C 3 ]
"o 1 SObEf 7 5 uEf R =
04F E B O01FF e 3 B &/ + \ ]
F « ] < 7 3 o =
02F « r 0.05 e = 0.05 3
0 E e ] /o) S | P i T ol v e et E
0 0.5 1 15 2 2.5 0 2 4 6 8 10 0 5 10 15 20
Ayl pJly) [GeV/c] pAY(1S)) [GeVic]

» Results consistent with both DPS-only and DPS+predicted SPS scenarios
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Where do we stand?

€ Di-quarkonium production actively measured by the LHCb experiment

vdi-J /: 7&13 TeV
vV ]/ —P(25): 13 TeV
v/ —Y:13 TeV
€ What we have learned on DPS?
v'Similar-level o.¢: a good starting point

COHow to further investigate the discrepancies?

OA unified way to separate SPS and DPS?

¥ What else we can learn from di-quarkonium prod.?
v'gluon TMD
...

L

pp @13 TeV
LHCb (JAy-J/y)
LHCb (J/y-T(15))
LHCb (JAy-T(25))

pp @8 TeV
ATLAS (J/y-Z°)*
ATLAS (J/y-J/y)
LHCb (Y(15)-D"%

pp @7 TeV
ATLAS (J/y-W*)*
CMS (Jy-J/y)*
LHCb (J/y-D")*
LHCb (D°-D°
ATLAS (W*-2 jets)
CMS (W*-2 jets)

pp @1.96 TeV
DO (J/y-T)*
DO (JAy-J/y)
DO (y-3 jets)

———

—e—
III|III|III

pp@1.8 TeV
CDF (4 jets)
CDF (7-3 jets)

L1 L1

20 40

60 80 100

G [mb]

[PoS (LHCP2020) 172;
arXiv: 2009.12555]
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What we can further do?

¥ New di-quarkonium modes of interest?

VIi[W+xo /Y +1nc ..

& New observables?

v'polarisation in associated production

€9 DPS — TPS (Triple-parton scattering)
v'triple charm

I[W+Y + ¢

€ Quarkonium associated with others?
v'quarkonium + W, Z (info beyond DPS?)

v'quarkonium + y

@ Di-quarkonium in exclusive production?

Events / 50 MeV

*Tri-J /1 at CMS

[Nat. Phys. 19 (2023) 338]
MS 133 fb' (13 TeV.
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t Da E
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S 3000F =
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Higher di-muon invariant mass [MeV]

[J. Phys. G: Nucl. Part. Phys. 41 (2014) 115002]
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Back up



Leading twist TMD PDFs

Nucleon
Unpol. Long. Trans.
Quark

Unpol. fi =° f}=6 -

[PR12-09-014]

Leng; glL"'o_' = 0" giT =

Trans. i -@Q - 6}"120"‘ o- ""i -
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Sketch of CS frame

/ di-/ /Y rest frame
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