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Outline

& Introduction

& Recent studies of associated quarkonium production at LHCb

% J/Y + Y production @ 13 TeV [JHEP 08 (2023) 093]
% J/¥ + ]/ production @ 13 TeV [LHCb-PAPER-2023-022]
% J/Y + Y (2S) production @ 13 TeV [LHCb-PAPER-2023-023]

& Summary and outlook




Quarkonium production

& Heavy quarkonium (c¢, bb) production at high energy hadronic collisions is
iImportant to probe QCD
& The heavy quarkonium production can be factorized into two processes
: perturbative QCD
#% Hadronization: (non-perturbative) Phenomenological models

dofpaprnsn) = . | F1(A)F2(B)dA B b qqonyes X(0" ()
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Hadronization

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




Associated quarkonium production

& Single-parton scattering (SPS) & Double-parton scattering (DPS)
¥% Prob quarkonium production mechanism ¥ Provide information about correlations
¥ Study the gluon transverse-momentum between partons inside the proton
dependent parton distribution function *% Help understand multi-partcle background
(TMD) (Z + bb, WYW ™, etc.) in search for NP

Gluon TMD parameterised at leading twist using two TMDs:

Y flg (unpolarized gluons): affect pt spectrum
Y hf Y (linearly polarized gluons): lead to azimuthal asymmetries
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Effective cross-section o .¢¢

& Factorization formula of associated quarkonium production cross-section
of DPS process:

1
1+ 5H1H2 i

O-Hle = z jdxldedx]’_dXédzyX

K,
Fir (x1, %2, Y) Fj1(x1, x5, ¥) X6y (%1, X1) g1 (X, X3)
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% Assuming: Fj (x1,x2,¥) = fi(x1)fi (x2)G (y)
1- factorization of transverse & longitudinal components

2- no correlation between two sets of parton

:> OHiH, =

Double parton distributions
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& Effective cross-section o 4¢y Is related to the transverse overlap
function G (y) between partons in proton
% Expected to be universal under the given assumptions




New di-quarkonium resulits from LHCb

& LHCD is a single-arm forward region detector covering 2 < n < 5, with excellent

vertexing-+tracking, and muon detection performance
(lCstFVDI/]])S =gl Hrampt
i - Y-from-b
] ﬂ+
i1} i
Y Primary vertex Secondary vertex
X
@& Measurements performed using LHCb data at 4/s = 13 TeV
* J/Y+ ]/ Update & TMD PDFs study [LHCb-PAPER-2023-022]
* J/P +1P(29) . , [LHCb-PAPER-2023-023]
First cross-section measurement
* J/W+Y [JHEP 08 (2023) 093]

with J /1, ¥ (2S) and Y all reconstructed from u* ™ final states




]/llJ +Y production [JHEP 08 (2023) 093]

& Fiducial region: pp(J /) < 10GeV/c, pr(Y) < 30GeV/c, 2.0 < y(J/¥,Y) < 4.5
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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

Vog(J/Y —Y) =

a(J/P)xo(Y)

o U/=T) determined

by subtracting SPS contribution
osps(J/W — Y (1S)) = 2032 pb, asps(J/ — Y (25)) = 8*22 pb

[PRL 117 (2016) 062001]

gere(J/ — Y (15)) = 26 + 5(stat) £ 2(syst) *3%(th) mb
oert(J/ — Y (25)) = 14 + 5(stat) £ 1(syst) 27 (th) mb
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Differential / /1) 4+ Y cross-sections s os (20:3) 0s3;
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& Results consistent with both DPS-only and DPS+SPS scenarios




J/W + ]/ production .c. suee 2003 02
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Differential ] / 1/J + ] / l/) cross-sections [LHCb-PAPER-2023-022] %
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& 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] [Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238]
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Gluon TMD study

» hy9(x, k3, 1) = azimuthal asymmetry
do/d¢pcs = a + bXxcos(2pcs) + cXcos(4pcs)

[LHCb-PAPER-2023-022]

a = FiC[f} f{] + FxClwzhi*hy?),

b= FyClws f{hi?] + FiClwihi? f7),

c= F4C[w4hfghfg],
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[EPJC 80 (2020) 87]
v"No obvious broadening of pr spectrum wrt

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

v'pr shape shows no dependence on y increasing m given large uncertainties
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]/l/) + l/)(ZS) pr()duction [LHCb-PAPER-2023-023]

& Fiducial region: pr(J /) < 14GeV/c,2.0 < y(J/¢) < 4.5
N/ —¥(2S)) =629 50

promp

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

a(J/P)a(P(2S))
a(J/¥ —¥(2S))

o.ss(lower limit) = = 7.1 + 1.1(stat) + 0.8(syst) mb

a(J/Y —P(2S))
a(/¥—]/Y)

& Predictions on the ratio between a(J /Y + Y (2S)) and a(J /Y + ] /) give

v'SPS: 0.940 + 0.030  [PLB 751 (2015) 479]
v'DPS: 0.282 + 0.027  [JHEP 10 (2015) 172] [EPIC 80 (2020) 185]

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

‘- Independent of the kinematic correlation of two /i) mesons, it confirms a
significant DPS contribution to J/i) + J/i) production in a novel way,




Summary and outlook

Studies on associated quarkonium production in pp collisions

actively ongoing at LHCb

& J/Y + Y production @ 13 TeV
% First observation of /] /1 + Y(1S)
% Oefr Of DPS extracted
o J/Y + ] /Y production @ 13 TeV
% SPS and DPS components separated
% Of Of DPS extracted
% Gluon TMD studied
o J/Y + ¢P(2S) production @ 13 TeV
% First measurement of a(J /Y + ¥ (25))

x a(J/+P(2S)) o /¢ + ] /i) studied

& In the future, with increased luminosity at /s = 13.6 TeV,

LHCDb will process more analyses on associated production

Integrated Recorded Luminosity (1/fb)

2023 (6.8 TeV): 0.02 /ib
2022 (6.8 TeV): 0.82 /b
2018 (6.5 TeV): 2.19 /b

2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb

2016 (6.5 TeV): 1.67 /tb
2015 (6.5 TeV): 0.33 /tb
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /tb
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LHCb detector A

& Designed for the studies of b and ¢ physics

& Single-arm forward detector, forward region: 2 <n < 5

% ~4% of solid angle, but ~25% of bb quark pairs accepted

LHCb MC
{s=7TeV

% Complementary to other LHC experiments
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& CASTOR, T2
o CASTOR, T2

pr —n coverage of current detectors
at the LHC. [arXiv:0708.0551]

JINST 3 (2008) SO08005, IIMPA 30 (2015) 1530022



https://arxiv.org/pdf/0708.0551.pdf

LHCb detector

& Key detector systems for heavy flavour production measurement

% Vertex reconstruction with Vertex Locator (Velo)
- Separate primary and secondary vertices

% Track reconstruction with Tracking System
- Resolution of momentum from 0.5% to 1%

¥ Particle identification ( & Muon System)

- Charged hadron: ring-imaging Cherenkov detector

- : muon detector

& Anideal laboratory for heavy flavour production studies

Vertex Locato
opp = 20 u%‘
o; = 45fs

@ b-hadron

_ @ prompt]/y
® j/yfromb

ut

U

Secondary vertex +

Primary vertex
X

Example: J /Y production

Ring-imaging Cherenkov

detector Muon system
€(K » K)~95% e(u > W~97%
misID e(m —» K)~5% misID e(m - u)~3\
o L i\
// / \
 Tracking System HCAL
" 0,/p ~(0.5%, 1.0%) SPDIBS w MY

'
/ o Magnet
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JINST 3 (2008) S08005, IIMPA 30 (2015) 1530022




Theoretical models

colour-singlet s

Color Singlet Model (CSM) : Phys. Rev. D14 (1976) 3115

% Colourless intermediate Q(_Z

% Same spin-parity quantum number with final state
% Underestimate production cross-section

Non-Relativistic QCD (NRQCD): Phys. Rev. D51 (1995) 1125
% Consider all possible colour-spin-parity quantum numbers

% Polarization puzzle

t?/

do_[plpz—>H+X] = zn J/FI(A)FZ(B)dA dB dﬁ[A_,_B_)QQ(n)_,_X]X(OH(n))

Parton distribution function
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Production of heavy-quark pair

Long distance matrix elements (LDMEs
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e| Eur. Phys. J. C (2016) 76:107


https://inspirehep.net/files/97f186a1137bdb2f44465cf9bfaef0c7

Associated quarkonium production-TMD

o PDF f(x) — TMD f(x, kT)
¥ Provide more information about nucleon structure
% Need to be extracted from experiment

& Currently our knowledge of gluon TMD s still very limited
*% The production of associated quarkonium is a promising
process to study the gluon TMD

& Gluons inside unpolarised protons can be described at leading
twist using two TMDs ;7 and hf‘g
* flg describe unpolarized gluons
¥ hfg describe linearly polarized gluons

& The presence of polarised gluons inside the unpolarised proton
has effects on the associated quarkonium cross-sections

% Affect the pr spectrum
% Azimuthal asymmetries

Quark
Polarization

Nucleon
Polarization

JIy

JIy




Sketch of CS frame

This frame is the rest frame of the J/y pair with the polar axis (z-axis) bisecting the
angle between the momentum of one proton and the reverse of the momentum of the
other proton, the y-axis defined to be perpendicular to the plane spanned by the
momenta of two protons, and the x-axis defined to complete a right-handed Cartesian
coordinate system




Summary

»Studies on associated quarkonium production actively ongoing at LHCb
®J//Yy—-Y @13 TeV

v'First observation of J /i — Y (15) production in pp collisions
v 0o Of DPS extracted

®J/Yy-J/Y @13 TeV
v'SPS and DPS components separated and g,¢ of DPS extracted

v'Azimuthal asymmetry and p spectrum in y and m bins measured for gluon
TMD PDFs study

v Azimuthal asymmetry consistent with zero, but still allowing for asymmetry at
a few percent level

® J/Yy—Y2S) @13 TeV
v'first measurement of a(J /1 — ¥(25)) in pp collisions
v'confirms DPS component in J /Y — ] /Y production in a novel way

> More to come in the future...




Differential //y) + (2S) cross-sections " & @D
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& Results consistent with NLO* CS NRQCD calculations albeit the DPS contribution is not subtracted

[PRL 111 (2013) 122001] [Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238]
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] / l/J T l/)(ZS) VS. ] / l/) T ] / l/) [LHCb-PAPER-2023-023]

& Predictions on the ratio between a(J /Y + Y (2S)) and a(J /Y + ] /) give

v'SPS: 0.94 4+ 0.030 [PLB 751 (2015) 479]
v'DPS: 0.282 + 0.027 [JHEP 10 (2015) 172] [EPIC 80 (2020) 185]

a(J/Y —P(25))
a(/¥—]/Y)

‘- it confirms a prominent DPS contribution to JA) + JAD production in a novel
way, independent of the kinematic correlation of two J/i mesons

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

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