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Quarkonium production mechanism

» Heavy quarkonium: ideal system to study hadronization 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

U(HQQ) = Z fdxldefa/p(xl)fb/p(xZ)|CA(ab - QQ[n] + X)|* x(0"(n))

a.bn LDMESs: extracted from measurements

& process independent
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Associated Quarkonium production

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

H ~
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X '@ % \ HQzQz
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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 |
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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/yw-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)

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

= 1 O'Q O'Q CMS (W*-2 jets)
O-Q 0 — 1 <2 pP@1.96 TeV
12 - DO (J/y-T)
1+ 5Q1Q2 Oeff " DO (J/Z—J/t//)
. DO (y-3 jets)
pp@1.8 TeV
e =1/ | | @bF®?|, FB) = [ T®IT(b: - Db, | —— cor g
1 1 1 | 1 1 1 | 1 1 1 | I | | I |
expected to be universal under the given assumptions 0 20 40 60 20
[PoS (LHCP2020) 172; G . [mb]
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:3 Detector characteristics
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A I eter:
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LHC experiments
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v'ATLAS & CMS
— central
— muon mode

v'LHCb
— forward
— excellent PID

v'ALICE
— central+forward
muon coverage

I hadron PID
I muon system
I lumi counters
. HCAL
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tracking
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Analysis strategy

do N
dv LXeXB(J/Y - utu=)xAv
Q- - - —-——7——7—7/—77 = _i r-—— """ ~—"—"—"—7—7—7/ 7=
I prompt J /Y N |: J/Y-from-b ut
+ —_
: ut el u
| ) * -----
T /S - S | Primary vertex Secondary vertex
| o
. X . I |

| Primary vertex Primary vertex | I X
I
e - __ s

a5 O r
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[JHEP 10 (2015) 172] ; (2 — 2pv) X My
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PRED di-J/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]

~ L S A A 00— ] T T 1 T
= 100 LHCb N LHCb
> > o
ST K 400
ol e Raw vyield o 3005_ Efficiency-corrected yield
AR 141+19 = |~} 672 £ 129
2 40 5 C
2| F ] 2| 2 0o R
T i3 o + I (&=
gzg e . §Z,§ 100
9 - T 9
03 3.05 3.1 3.15 32 03 3.05 3.1 315 32
m(H+H_)2 [GGV/Cz] m(u+u‘)2 [GGV/C2]
JIIjp — B L LHCb E
>0 =514+10+1.1nb = 23 V=TTV
vosps =41+ 1.2nb it =
¥ opps ~ 2.5 nb L [PRD 84 (2011) 094023]
1 =
»Not enough events to disentangle 0.5+ ++ E
SPS and DPS contributions N . _"__+_r+— — o]
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.094023
https://arxiv.org/abs/1109.0963

PRED di-/ /1 @ 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 C 1 & C ]
= 5000 & —+- Data 3 = 5000 —+- Data =
E - LHCb 13TeV — Total fit . E = LHCb 13TeV — Total fit ]
2 4000 - B Jo+ I 4 5 40000 B i + i S
P : — bkg+JAb 3 o = — bkg+ JAy ]
<3000 /)y = by + kg 4= 3000 = Jfipr +bkg
- bkg +bkg 3 - bkg +bkg
2000 4 4 —~ 2000 & § -
I + 2 3 + _ E

1000 & 1000 T

3000 3050 3100 3150 3200 3000 3050 3100 3150 3200

M(pifpy)  [MeV/e?] M(pz3py)  [MeV/e?]

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

e

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] /)

k.
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[ SPS: LO COgery=2 cevye
XXX XX SPS: NLO CS
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do(J/p JJib)
dm(J/ Jj)
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LHCDb 13 TeV

X0
RS e

14

12
m(Jhp Jhp) [Ge\//cﬂ

[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

LHCDb (J/yw-D°)
LHCb (D°-D°)

do
e oppsFpps(v) + osps Fsps(v)
Oeff- 8.8~12.5 mb
§6Z|j rrT T[T I rrr [ rrrrrd
.t DPS ] pp @13 TeV
sk . - m LHCb (J/y-J/w)
5 _ \ xxxxx SPS: NLO CS : ——— PR Ty
=< 4 ] .- ATLAS (J/y-Z°)
D= LHCb 13 TeV ] o ATLAS (J/y-Jly)
ﬂ-% N ] o LHCb (Y'(15)-D°
3= —] pp @7 TeV
= : ATLAS (J/y-W)
£ i CMS (J/y-J/y)

%SSSE&',’XX
xxxXXxx
X

(S
IIII|IIII|

ATLAS (W*-2 jets)
60 . CMS (W*-2 jets)
[ R T B R |Xxx|x 1| bocodonedossdoscboscd IX pﬁ@196TCV
% 0.5 1 L5 2 2.5 — DO Wy-1)
|Ay| . DO (J/w-J/y)
o DO (y-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(JAp JRp) — 119475 10.0 £ 5.0 —
m(Jhp Jhp) 106 +1.1 10.24+1.0 10.4+1.0 0 20 40 60 80 100
|Ay| 125+ 4.1 12.2+3.7 12.4+3.9 112429

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

PRED di-/ /1p @ 13 TeV update

> Fi

ducial region: 2 < y(J/Y) < 4.5, pr(J/Y) < 14 GeV

[JHEP 03 (2024) 088]

RS FT ' E RS Fo ' R
S 6000  LHCb —+ Data 3 = 6000k E
ﬁ - . — Total fit 3 § - ]
Sa000F 4 | Jybke 3 8 4000F 3
@ E Bkg+J/y_ 3 % c ]
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= r I c . +
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< E ] = a ] u
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0: el ._‘.ei-.ﬁf"'.",. T R < B B 05_.._._|_.._,._.._.—-+’.' PR SRS e M I
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11 272 : : _
S _ i i i i i i _ S5 _ i i i i . 1l 1 U
2 10 % T T % 2 10 % T T ] | ! ! X
S F LHCb + Data 1 3 F LHCb — - Prompt+prompt ] L ! R
o 10°E E a e Il - Prompt+nonprompt = ;
= E 1 ] E S E o p promp E Zpy Zy) Zy Beam axis z
5 2 4.2 b — Total fit ] 5 F 4.21fb Nonprompt+prompt 3
2" 10° :. 3 a" 10° Nonprompt+nonprompt _ Zl,b — Zpy
Q F i 3 Q E Wrong PV 3 -
- F u ] F ] m
:-§ 102 E -' ll — "§ 102 - - pZ/ 1/)
5 F [0 ] B F
5 i ] S + ]
O 10 3 ; : O 10 3
1 ;_I ) ' I‘- 3 1 ; JLi . . . . : N T
0 5 10 0 5 10
Jy Jhy
. '[ps] t. ’lps]
— — 4
o(J/WY —]/Y) = 16.36 + 0.28(stat) + 0.88(syst) nb
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E

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]
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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 éﬁléiiv(vgjigts)

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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s

leferentlaI]/tlJ ]/1/1 cross-section

[JHEP 03 (2024) 088]

3103 L B AL B AL R ] = _’E‘ T T T T ] = 10° 3
) LHCb - SPS+DPS data § = LHCb + SPS4DPS data ] 20 LHCb -} SPS+DPS data N§ LHCb + SPS+DPS data
§102 421fb" - SPS data 1 3w 42fb" - SPS data ) §°~103 421" - SPS data e 10° 421 + SPS data E
S | 7ZNLorcs 1 R 7/ NLO* CS % 3 7/, NLO* CS < 10 N\ FRA+NRQCD J
= 10 ///////,,// / 4 1 S10°E = 77, NLO* CS
| / / 0 / WE /////////// D, / g
// // '°10 !
- . o e B
| / ! )
1072 1 1 L1 P " " " " 1 " " " /f 1 10 PR SR U SS RS R S SRS R 1 10
0 0.5 1 15 2 2. 0 1 2 3 0 0.2 0.4 0.6 0.8 1 0
Ay Ag A, My 11y [GeV/c?]
% ) T T T T "E‘ 103 T T T T E T T 3 T T T T
N 10 LHCb -} SPS+DPS data 1= LHCb 3 SPS+DPSdata | = 10° LHCb -} SPS+DPS data § = LHCb  —} SPS+DPS data
3 1 426" - SPS data 3 426" - SPS data 3 » 421" - SPS data 5 426" - SPS data
~ kS 2 P ~ p p
s / 7/, NLO* CS z 10 7/ NLO* CS = " . 7/, NLO* CS = 107 7/, NLO* CS
= B w & 77
s -8 / s ///////” 2 ~
3 ol S g
SR 7
Y s - ‘
Sl % /////// . / S ///// -
S /// . + - 7 . / "
= |
10> ] L7 /// 102 1 7
M B B s MM 1 M B N P | M RS MM B B
0 5 10 5 i 20 2 2.5 3 35 4 % 0 S 10, 2 25 3 35 a—
PTlf Y [GeV/c] Yy P Y [GeV/c] Yy

= T T T T
§’ LHCb, 4.2 fb™! —+ SPS+DPS data
R 9 < my,,, < 24 GeV/c? - SPS data
s . PRA+NRQCD
[=)
§ 1
e
<)
B107!
o

10
Py [GeViel

> SPS differential cross-sections are within uncertainties of the
incomplete (no-loops) next-to-leading order (NLO*) color-

singlet (CS) NRQCD calculations

[PRL 111 (2013) 122001]

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

s [nb]

do/d¢

Gluon TMD PDFs study

LHCb, 4.
—+ SPS

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

F T e T
SE LHCb, 4.2 fb™! 4 SPS+DPS 2 f
C pd <41Gevic -+ DPS B25E
o T < C
- 4 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 ]
= 40sF TMD:y =~ =400
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~
—

9/7/24

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

— =
pi"’/'*’ [GeV/c]
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e

Candidates per 4 MeV/c2

Candidates per 0.24 ps

J/Y —¥(25) @ 13 TeV

»>Fiducial region: 2 < y(y) < 4.5, pr(¢¥) < 14 GeV
900;—'I""I""'}I‘""I""I‘—E N&400:_--|----|----|----|----|
800F  LHCb —+ Data 4 > _F
— Total fit 3§ & 350F
700F .l 3 = E
4.2 fb E E
s00E- —-Jy+p(2S) 3 < 300F
: P D Jy+bkg 3 8 2s0F @® b-hadron
S00E BRery29) 3 2 00 u
400F- Bkg+bkg 3 § 3 @ prompty
300F R @ yfromb
200 § 100E
100; / ‘\'\\\ : 50E ,u"'
bzl e clrit ey S e eyl ok A
3000 3050 3100 3150 32002 3600 3650 3700 3750 38200 1 : | e
1
mﬂT“I[MeV/C ] mﬂ;ﬂ;[MeV/c ] I : %
C T T T T T a r T T T T T T 1 11 1 >
Z ’
10° E LHCb +Data g 10° = LHCb — - Prompt+prompt = Zpv Zy Beam axis z
F : S | Prompt+nonprompt 3 —
_ S _ Z. Z
I 421" —Total fit 5 f 42167 . Nonprompt+prompt £ — “Y 2PV
10 § &10 g_ Nonprompt+nonpr0mpt_§ Dz / mw
% y || Wrong PV
< -
Rty fh t :
S | N/ —¢(29)) = 629 + 50
. I/ - ps)) | =629
i
ail

[JHEP 05 (2024) 259]

l 10
t.”¥[ps] t,"*[ps]

getr(lower limit) =

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

a(J/P)a((2S))
a(J /b — ¥(25))

= 7.1 + 1.1(stat) + 0.8(syst) mb
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% Differential J /1Y — y¥(25) cross-section

[JHEP 05 (2024) 259]

— T T T T T T T T T
LHCb -4 Data

426"\ PRA+NRQCD
7/, NLO* CS

"""""""""
LHCb - SPS+DPS data
42 fo! 7/, NLO* CS

7

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

///%%

do/dAy [nb]
3
do/dA¢ [nb]
2

ry-pes) [nb/(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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Sk J/W —w(2S) vs. ] /W — ] /U oo

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

v'SPS: 0.94 4+ 0.030 [PLB 751 (2015) 479]
v'DPS: 0.282 + 0.027 [JHEP 10 (2015) 172] [EPJC 80 (2020) 185]
o(J/Y —P(25))

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

(/Y —J/P)

= 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

S0 ] S0 ] S0

07 — LHCb 4 g7 — LHCb — 07 — LHCb — (507 LHCb —
~0.6F 4 ~R06F 4 ~R06F 4 “H0.6F e
Q o Q o ] < o 1 < o 1
S F 3 > F = > F 3 > o 3
R | Iost | Tost 1 I05p ]
© 04F 3 o 04F 4 ¢ 04F | 3 ©04F E
o R
02F 4 o2f 4 o02f —I— 4 oa2f 3
0.1F 4 oif S 4 oif 4 oif 4’7—

S B B B R 3 E . . ] S B S B 3 E o o ey 3

% 05 1 15 2 2. % 1 2 3 % 5 10 15 . 20 o) 25 3 35 4 4.

Ay Ap pi¥ [GeVic] Y iy
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CMS

di_]/lp @ 7 TeV [JHEP 1409 (2014) 094]
>L = 4.7 fb~1, pp collisions @ /s = 7 TeV

» Kinematic range of | /1:

pr > 6.5 GeV/c for |y| < 1.2;
pr > 6.5—45GeV/cforl1.2 < |y| < 1.43;
pr > 4.5 GeV/cfor1.43 < |y| < 2.2

»Signal yield determination

\s=7TeV,L=47fb \s=7TeV,L=47fb
H\HH‘\H\‘HH T T 1 1 \\\‘\\\

No 350 [ TTT ‘ TTTT ‘ TTTT TTTT TTTT ‘ TTTT ‘ T ‘ E T I L ‘ LI L ‘ T T ‘ ‘
= - —+— Data (&) 3 —+— Data .
% r CMS —— All components [Te) 10 E CMS —— All components E
(5300? --==-= Prompt n 8 ---- Prompt
To) - A - - - - Nonprompt o - - - - Nonprompt
Al L J/hy-combinatorial ] ~ Jhy-combinatorial T
g 250 - e Purely combinatorial 7] D102k Ree e Purely combinatorial E
P g ’
"E 200 — ] ] L
g r
C 10 —
Y150 . g
100F f i
r 3
50 - .
0 -J-rr' "LEL'\‘-"\:\;‘H'\‘T‘\'\"‘V‘\'\'\““‘“;"L’:-«:m‘ BT Ao BEaEns 10-1 | .A Ll 1; i | ‘l'¢ I \“ PRRTERTE B Y P N A\
285 29 295 3 3.05 3.1 3.15 3.2 13.25 3.3 3.35 -0.04 002 0 0.02 _0.04 0.06 0.08 0.1
M) (GeV/c?) high-p_ J/y ct,, (cm)

»o(J/Y]/P) = 1.49 + 0.07(stat) + 0.13(syst) nb
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CMS

Differential cross-sections [JHEP 1409 (2014) 094]

p,>4.5 GeVicfor1.43<lyl<2.2 p,>4.5 GeVicfor1.43<lyl<2.2

014 Ns=7TeV,L=471' Ns=7TeV,L=471' Ns=7TeV,L=471'
%- -\\\\‘\\\\ UL \\\\‘\\\\‘\\\\‘\\\\‘\\\\- NQ _\\\\‘\\\\ UL \\\\‘\\\\‘\\\\‘\\\\‘\\\\_ 32.5_\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\\\_
= L (&) 5 = .

% - CMS Unpolarized Jiy S - CMS Unpolarized J/iy 7 = B CmS Unpolarized Jhy i
90'12__ Stat. unc. 8 B + Stat. unc. 1 % B Stat. unc. ]
'8 i —}— Stat. and syst. unc. E —}— Stat. and syst. unc. g 2= —}— Stat. and syst. unc.
A =10 = I ]
% r 310 o + J/y phase space: ] J/y phase space: i
S - L :9 r p,>6.5 GeV/cforlyl <1.2 7] p,>6.5 GeV/cforlyl <1.2 b
!9'0.08 — st P, >6.5->4.5 GeV/c for 1.2 <lyl <1.43 | 1.5 P, >6.5-54.5 GeV/c for 1.2 <lyl <1.437]
o} L S u 1
k] r L) | |
C kel

-+

0.06 Jiy phase space: ]
p.>6.5GeV/cforlyl<1.2 - } —
pI >6.5—4.5 GeV/c for 1.2 <lyl < 1.43 ]

0.04— p,>4.5 GeV/cfor1.43<lyl<2.2 i

C 102 E g
L C _l— | ] 0.5 —
0.02|- - | . r i
i —— C 1 i I ]
L B | i T .
0 -\ 11 ‘ | ‘ | ‘ | ‘ [ A B B AT 111l ‘ | ‘ | ‘ | ‘ | ‘ 111 ‘ 111l ‘ | 0 111 ‘ 111 # T T 1T % | I 111 I 1111 I 1111 I 111

0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 0 0.5 1 15 2 25 3 35 4

p_Jr/\vJ/\v (GeV/c) M, ol (GeV/c?) | Ay | between Jhy

» SPS and DPS contributions determined by performmg SPS+DPS templated

fits to these differential cross-sections: 100 % %Iggggps = wccw sps <
_ . DPS - S 35[8] max 1
Ueff — 82 i ZO(Stat) i 29(SySt) mb 1t M DPS+NLO* SPS — 1Sgs]+1558] max -
= ko - 3 :
i S\ e !
; E \ R e X E
J. P. Lansberg, H. S. Shao: [PLB 751 (2015) 479] <I 10-2F . ]
% L :
S
10~4. 7TeVeLHC | el
I CMS Accep. BSOS ERRTRRRGN ]
10_57 F1t2 = :
0 1 4

2 3
|Ay| between (b)
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CMS

tri'] / lp @ 13 TeV [Nat. Phys. 19 (2023) 338]

» First observation of triple / /1 production Pure prompt production:

! o 133 fb”' (13 TeV
%mcms' I '1:'i3|fb'(:l3'TgV: _ooMs o 133T(13TeV %mcmsl SN 1 - v \—v&%
1 () = ]
= 9 4 Data 4 = o 4 Data 4 = 9 t Data J/
o 3 o 7 o
© 8 — Total fit 4 © 8 — Total fit 4 © 8 — Total fit E
@ WUy digsignal 3 o W dgdigsignal 2 W iy Iy Iy signal 3 3
e B i 57 | SPS: P
g 1 & ' ERR, 3 . o 400000000,
g o 1 24 ER A E SPS I/
5 3 5F 3 5
4 ER i s
3 3 3 E 3
2 E 2t 1 2
b I 1HNTANANN b QFdzmddsbasbodeedab bas oG OFa=
2.9 3 3.1 3.2 3.3 2.6 2.8 3
My [GeV]

Decreasing pt

DPS:
e levent — “3 non-prompt”
 2events = “2 non-prompt + 1 prompt”
e levent — “1non-prompt+ 2 prompt”
e levent — “3 prompt”
v" Inclusive fiducial cross-section TP

o(pp = J/WJ/V)/Y + X) = 272%14; (stat.) £ 17 (syst.) fb
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CMS . ]
O.¢r determination

[Nat. Phys. 19 (2023) 338]

A/ 3]/ 3/ 3]/
Oiot — Ogps Tt Oppg + Orpg

3 2pin 1p2n 3n
= (‘75125 +0gps  +0gpg |+ Uspg)
3 2pln 1p2n 3n 3 2pln 1p2n 3n
T (UDI;’S + 0pps + Opps |+ UDP%) T (UTIES +0mps T+ Orpg -+ UTPE)
v’ SPS cross-sections taken from HELAC-ONIA at LO or NLO* (prompt) &
MADGRAPH5 _aMC@NLO + Pythia8 (non-prompt)

v' Taking gegsrps = (0.82 £ 0.11) Oegrpps

I T T T I T T T
o CMS, Vs=13 TeV, Jy+Jy+Jhy This work
CMS*, Vs=7 TeV, Jy+Jy Ref. *
+1.4 +1.5 - ATLAS, V5=8 TeV, J/
== , \s=i , Jhy+dhy Ref.
= aeff,DPS - 2 7 -1.0 (exp -1.0 (th') mb — DO, Vs=1.96 TeV, Jiy+Jiy Ref. 2
<« DO*, Ys=1.96 TeV, Jiy+Y Ref. ®
. ATLAS", {s=7 TeV, W+Jiy Ref. ©
e ATLAS*, {s=8 TeV, Z+J/y Ref. ®
> ATLAS", \s=8 TeV, Z+b—>Jhy  Ref.”
‘/ . e DO, Vs=1.96 TeV, y+b/c+2-jet Ref. *°
DO, Vs=1.96 TeV, y+3-jet Ref.
D P S a n d T P S d O m I n ate -.-_._ DO, Vs=1.96 TeV, 2-y+2-jet Ref. *°
—— DO, Vs=1.96 TeV, y+3-jet Ref. **
— CDF, Vs=1.8 TeV, y+3-jet Ref. ®
Process: 3 prompt 2 prompt+1nonprompt 1 prompt+2 nonprompt 3 nonprompt Total I > UA2, Vs=640 GeV, 4-jet Ref. ©'
37/ —— CDF, Vs=1.8 TeV, 4-jet Ref.
oo (fb)  <0.005 57 0.014 12 18 ATLAS, Yoz7 ToV. 4 fet For &
3]/ CMS, Vs=7 TeV, 4-jet Ref. 2
N 0.0 0.10 0.0 0.22 0.32 - =i L
31/ —— CMS, \s=7 TeV, W+2-jet Ref. *
opps (fb) 8.4 8.9 90 95 202 —— ATLAS, Vs=7 TeV, W+2-jet Ref. *®
NI 0.15 0.16 1.65 175 37 —— M SRS e i
DPS | 1 1 1 | 1 1 1
A () 61 19.4 204 72 53 0 20
3]/
B 0.11 0.36 0.38 0.13 1.0 Gt pps [MD]
al¥ (fb 15 34 110 114 272
tot
NIy 0.3 0.6 2.0 2.1 5.0
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TL

EXPERIMENT

>L=114f"1

di-] /1 @ 8 TeV

, pp collisions @ /s = 8 TeV

» Kinematic range of | /1: pr > 8 5 GeV/c for |y| <21
»Signal extraction

N
[6)]
o

Non-/ /1 background

Entries / 0.04 GeV

Non-prompt background

1

E F U Centrall E U Centrall
~ | ATLAS A~ ATLAS )
+—80F ls=8Tev, 114" | . Tgol Vs=8TeV, 11.4 b
© | e Data ] ©
?) - il --- Prompt-Prompt ;
q:) 60_' ---- Non-Prompt S:J 60r
T : c
w L

40 40r

20} 20

O it o’

05 0 05 1 15 2 -05 0 05

Ly [mm]
9/7/24

N

o

o
LI R N B

150F
100F

50F

\ I 1>

ATLAS 1
[ Vs=8TeV, 11.4 b 'V(J/"’1)'<1'05 a ‘;2
r 1 O
® Data o
@
Q
T
L

L1 Il L1 \\\\‘\\\\‘\\\\ \\\\7

8 2.9 3 3.1 3.2 3.3 3.«

m/y ) [GeV]

250

[EPIC 77 (2017) 76]

200F

—_ —_

o [é)]

o o
T T

(o)
o
T T T T

A TLAS

[ Vs=8TeV, 11.4 o

ly(Ay )l < 1.05 .

® Data

I -
E‘IozfATLAS I Iy(J/\u V<105 i
[ is=8Tev, 114fb1 e Dan f
o ‘ :  — PP Signal
P { -~ Pile-up
2 10¢ - —Fit 3
. E E {—ld)=12mm ]
Pile-up > f
1= ¢ * r'Y ('Y .
W/
T
10715* | || =
g [y
- b
i (I
. 2L H\Hw‘lm‘nmmwmwmwmf
|_|upan An -10-8 6 4 -2 0 2 4 6 1

d Imm!l

m(Jhy, ) [GeV]

d,: distance between two J /i vertices anng z direction

0 23/29



ATLAS Cross-sections

EEEEEEEEEE [EPIC 77 (2017) 76]

»Fiducial cross-section measured in two y(J /1) regions due to
different mass resolutions

»Within the muon kinematic acceptance: p- > 2.5 GeV/c, |n#| < 2.3

15.6 £ 1.3 (stat) £ 1.2 (syst) = 0.2 (BF) = 0.3 (lumi) pb, for |y| < 1.05,
13.5 £ 1.3 (stat) = 1.1 (syst) 0.2 (BF) 0.3 (lumi) pb, for 1.05 < |y| < 2.1

» Extrapolating to the full fiducial region assuming zero polarisation

82.2 £ 8.3 (stat) £ 6.3 (syst) £ 0.9 (BF) + 1.6 (lumi) pb, for|y| < 1.03,
78.3 £9.2 (stat) £ 6.6 (syst) 0.9 (BF) + 1.5 (lumi) pb, for 1.05 < |y| < 2.1
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A@ DPS extraction

EEEEEEEEEE [EPIC 77 (2017) 76]

» Data-driven DPS template
v'] /Y mesons taken from two random events of the di- / /1 data sample
v'Normalized to the data in the region Ay > 1.8 and A¢ < /2, where there is negligible
SPS contribution
» Data-driven SPS template

v'Subtracting the DPS template from the (Ay, Ag) distribution of the background-
subtracted data

ATLAS {s=8TeV, 11.4fo" ATLAS {s=8TeV, 11.4 b

»Each candidate is assigned wppg and wgpg

Oeff = 6.3 + 1.6(stat) + 1.0(syst) + 0.1(BF) + 0.1(lumi) mb

9/7/24 Liupan An 25/29



)

ATLAS Comparison to theory (I) epic 77 017 76
lcv_).| {TTTT‘TTTT‘TTTT‘AT.’T-LTAET TTT N TT 1T N TT 1T N TE % L N L NATTTLTAé{ L N L N L N
% [s=8TeV, 11.41b" ] G (s=8TeV, 11.41b" ]
» Compared to 5 e 02%t21% 5 10 forg =9.8% £ 2:1%
> 10 e Data - = DPS Estimat ]
DPS + NLO* SPS ﬁ O DPS Estimate ] P & DPS Pred,
L. £ [ DPS Pred. 1 Ko NLO* SPS+DPS Pred.
pred Ictions 717 NLO* SPS+DPS Pred. | 3 i
» DPS fraction fixed to 3 1 ]
measured fDPS _______________ | ]
_1 _
10 ] 10
) —2
10°% 05 1 15 2 25 3 35 4 0% 05 1 15 2 25 3
Ay(Jy,Jhy) Ad(Jy,Jy)
T TT 1T TTTT TTTT T T 17T TTTT TTTT TT 1T TT 2 L T T 1T T T 1T T T 1T T T 1T T T 1T L
v' Some discrepancy for A0PE T AR AS T T T g T
ls=8TeV, 11.4 1" E S28TeV. 114 fb” ]
the total cross-section fors = 9.5% £ 2.1% 1 fors = 9.5% £ 2.2% ]
. ) f 10 O DPS Estimate E 100 o Eatimate
In regions or away I DPS Pred, ] L [ DPS Pred.

topology
Maybe due to the

constant factor for feed-
down in NLO* SPS

9/7/24

7] NLO* SPS+DPS Pred.

rf —+-

do/dm(J/y Jiy) [pb/5 GeV]

Ll Ll

10 20 30 40 50 60 70 80
m(J/y Jly) [GeV]

Liupan An

NLO* SPS+DPS Pred.

1 111111“

—

T

1 111“1“

do/dp_(Jhw Jhy) [pb/2.5 GeV]

107':

10 20 30 40 50 60 70

pT(J/\y Jly) [GeV]

26/29



EXPERIMENT

» Compared to
DPS + NLO* SPS
predictions

» DPS fraction fixed to
measured fpps

v’ Large SPS contribution
to events with towards
topology

v LO SPS predictions do
not include towards

topology
v" NLO SPS necessary to

describe the datal!

9/7/24

Comparison to theory (ll)

T TTTT TTTT TTTT TTTT TTTT TTTT TTTT T
T T T ATLAE T T
(s=8TeV,11.4 "

fops =9.2% +2.1%
o Data 3
O DPS Estimate 3

L1l

|

10

do/dAy [pb/0.3]

[ DPS Pred.
[77] NLO* SPS+DPS Pred.

L1 11111“

1 lllHM

1072
0 05 1 15 2 25 3 35 4

Ay(Jhy Jhy)

X{X!XX[!X!X[!XX!‘XLX
PS

A
Vs
|

DI

AjéTTTY{TTTTNTTTT{TT
8 TeV, 11.4 b
= 9.5°/o + 2.1°/o
e Data
o DPS Estimate
[ DPS Pred.
NLO* SPS+DPS Pred.

rf —+

do/dm(J/y Jiy) [pb/5 GeV]

1078
10 20 30 40 50 60 70 80
m(J/y Jly) [GeV]

Liupan An

[EPIC 77 (2017) 76]

— T 1T T ‘ T Té‘ L { L { L {
o ATLA 1
G Is=8TeV,11.4 10"
3 10 fops = 9.5% + 2.1% =
o e Data 3
= o DPS Estimate 4
g [ DPS Pred.
% 10| m NLO* SPS+DPS Pred.
°
10"
1072
0 0.5 1 1.5 2 2.5 3
Ad(Jy,Jhy)
102 YYY{YYYY{TTYK{YTYY{YKYY{YKTTNYKK

ATLAS

(s=8TeV, 11.4 "

fops = 9.5% + 2.2%

e Data

o DPS Estimate

[ DPS Pred.

NLO* SPS+DPS Pred.

1 111111“ 1 lllHJj

T

1 111“1“

T T TTTTIT

do/dp_(Jhy Jhy) [pb/2.5 GeV]

107"

TW

Hl”

)
10 0
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di-//Y @ 13 TeV
>L = 24.11 pb~ 1, pp collisions @ /s = 13 TeV
»Kinematic range of | /Y: pr > 0 GeV/cfor2.5 <y < 4

[PRC 108 (2023) 045203]

% 100k T, roTTTrTTTTd ] ‘g100._'""""""""""""'__
S i > ! « data ]
[ = .
8 ALICE, r:p_E 13TeV ] S g0 — e ]
8 80p Jy = ptpn, 25 <y <4.0 — g K G I + J2
3 B ] :/ 60__ ¥ - Bkg1 +J/W2 ]
% 60| g oL + mat Jhy1 + Bkg2
3 B g . Bkg1 + Bkg2
W o 401~

20__ 20_—

O s ™ 35 4 45 2.5 3 35 4 78

) . -
my(prp) (GeV/c?) my(uin) (GeVic?)

vo(J/Y —]/Y) = 10.3 + 2.3(stat.) + 1.3(syst.) nb
Yoprompt U/Y —J/P) =73 ¢ 1.7(stat. ) X33 (syst.) nb

v'Assuming only the DPS process contributes:

_ _1 O'prompt(]/l/))2 .
Vour(J/W — ] /YP) = PGy 6.7 + 1.6(stat.) + 2.7(syst.) mb
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Summary and prospects

€ Double J /1 production measured by all four LHC experiments
v'LHCb: 7&13 TeV

. LI LI LI LI |
\/CMS. 7 TeV | pp@l3lTeV
] .— LHCb (JAy-J/yr)
\/ATLAS. 8 TeV . LHCb (JAy-1(1S))
. LHCb (JAy-Y(2S))
v'ALICE: 13 TeV pp @8 Tev
- ATLAS (J/y-Z°)*
€ What we have learned on DPS? - it
. . . . pp @7 TeV
v'Similar-level g.¢: a good starting point ATLAS (y-W"
CMS (J/y-J/w)*
v'How to further investigate the discrepancies? tﬁiﬁﬁ{;&g’?ﬁ)*
v'A unified way to separate SPS and DPS? M (v ey
. ] pP@1.96 TeV
€ What else we can learn from di-quarkonium prod.? |- Do
- y-Ily
on DO (y-3 jets)
‘/gluon TMD pP@1.8 TeV
° CDF (4 jets)
‘/ o CDF (-3 jets)
1 1 | I 1 1 1 I 1 1 | I 1 1 | | 1 1 1
€ Other di-quarkonium modes of interest? 0 20 40 60 80 100
I+ Xed [+ e - oS (1ACP2020) 172; G [mb]

arXiv: 2009.12555]
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Leading twist TMD PDFs

Nucleon
Unpol. Long. Trans.
Quark

Unpol. f; =° f}=6 -

[PR12-09-014]

Long. glL"'o_' = 0" giT =

Trans. i -@Q - oh;fo_,_ o- ""2 -
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Sketch of CS frame

/ di-/ /Y rest frame
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