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The LHCb experiment
ØThe LHCb experiment is one of the four large experiments at the LHC, 

dedicated to heavy flavor physics
ü LHC has the largest production cross-sections of 𝑏- and 𝑐-hadrons ever
• 𝜎 𝑏$𝑏 ≈ 500 µb @ 13 TeV & 𝜎 𝑐 ̅𝑐 ≈ 20×𝜎 𝑏$𝑏  in 𝑝𝑝 collisions

ü A great variety of 𝑏 and 𝑐 hadron species are accessible
✘ Too many additional tracks
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ØLHCb is a single-arm forward region spectrometer covering 2 < 𝜂 < 5, with 
excellent vertexing, tracking and particle identification (PID) performance
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The LHCb detector in Run 1 & 2

[JINST 3 (2008) S08005]

Vertex Locator: high precision; 
capable of separating 𝑏/𝑐
hadron production and decay 
vertices

RICHs: efficient identification 
of pions, kaons and protons

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

𝜎!",$/&~10	µm, 𝜎!",'~60	µm

𝜀 𝐾 → 𝐾 ~95% 
@ misID rate 𝜋 → 𝐾 ~5% 𝜀 𝜇 → 𝜇 ~97% 

@ misID rate 𝜋 → 𝜇 ~1 − 3%

2.4% 4𝜋 angle 
⇒ 25% 𝑏$𝑏

[IJMPA 30:07 (2015) 1530022]

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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The LHCb detector in Run 3 & 2

New VELO
Pixel detector

New Upstream Tracker (UT)
Silicon strips

New SciFi Tracker
Scintillating fibres

New RICH1 optics
New photodetectors and 

readout for RICH1&2

Calorimeters: removed PreShower (PS) and 
Scintillating Pad Detector (SPD), new readout

Muon: removed M1 and 
new readout

Software-only trigger
[JINST 19 (2024) P05065]

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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LHCb data taking
Ø Run 1 (2011-2012): ℒ!"# = 1 fb$%@ 7 TeV & 2 fb$%@ 8 TeV
Ø Run 2 (2015-2018): ℒ!"# = 6 fb$%@ 13 TeV
Ø Run 3: rapidly growing @ 13.6 TeV
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LHCb physics scheme
Ø LHCb has become a general purpose 

detector nowadays

CP violation
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Hadron physics
ØQCD dilemma: understanding the non-

perturbative property of QCD at low-
energy scale

ØHadron: a main tool to probe QCD at 
low-energy regime
üheavy quarks bring advancements 

both experimentally and theoretically

αs"

αs"      αs"

confinement 

asymptotic 
freedom 

[Rev. Mod. Phys. 90, 15003 (2018)]

Hadron productionHadron spectroscopy

conventional exotic
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Hadrons observed at LHCb

https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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Exotic hadron spectroscopy
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Map of heavy exotics
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𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 #
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𝑿 𝟔𝟗𝟎𝟎 ,
𝑿(𝟔𝟓𝟓𝟐)

then all others

𝑻𝒄𝒄#

𝑻𝒄(𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/##

𝑻𝒄𝒔𝟎(𝟐𝟗𝟎𝟎) 𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 #

Inspired by Ivan Polyakov
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Theoretical scenarios
ØTwo main players for multiquark state modelling:

ØOther possible scenarios: hadro-quarkonium, hybrid …
ØExperimental studies essential to test various theoretical models

Hadrons bound via mesonic exchange
oTypical size > 𝟏 𝐟𝐦
oMass proximity to threshold natural
oSU(3)flavor multiplets from combinations 

of component hadrons
oFall-apart decay dominant

(Di-)quarks bound via color forces
oTypical size 𝓞(𝟏 𝐟𝐦)
oMass proximity to threshold accidental
oSU(3)flavor multiplets from combinations 

of (di-)quarks
oNo (strong) hierarchy of couplings

Compact multiquark Hadron molecule 
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Selected new measurements
Ø Pentaquark study: 

Search for prompt production of pentaquarks in open charm final states

Ø Tetraquark study in 𝑩 → 𝑫L𝑫𝒉 modes:

Amplitude analysis of 𝐵& → 𝐷∗±𝐷∓𝐾&

Ø Exotic hadrons in diffractive processes:

Observation of exotic 𝐽/𝜓𝜙 resonances in diffractive processes in 𝑝𝑝 collisions

[PR D110 (2024) 032001]

[arXiv: 2404.19510]

[arXiv: 2407.14301]

Ø Amplitude analysis of 𝐵& → 𝜓 2𝑆 𝐾&𝜋&𝜋$ [arXiv: 2407.12475]  

Ø Study of radiative decays of 𝜒*%(3872) [arXiv: 2406.17006]

Ø Amplitude analysis of 𝐵& → 𝐷∗$𝐷+&𝜋& [JHEP 09 (2024) 165]

Ø Modification of 𝜒*%(3872) production in 𝑝Pb collisions [PRL 132 (2024) 242301]

Ø ……

• Recent studies of pentaquark states at LHCb by Zhenwei Yang [link]
• Recent studies of tetraquark states at LHCb by Zhihong Shen [link]

https://indico.ihep.ac.cn/event/21083/contributions/166400/
https://indico.ihep.ac.cn/event/21083/contributions/166401/
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Pentaquark studies at LHCb

𝑷𝒄-𝒄& observation 𝑷𝒄-𝒄𝒔𝟎 evidence 𝑷𝒄-𝒄𝒔𝟎 observation
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binding scheme 

decay modes

⇒ search for pentaquarks 
through open charm modes
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Pentaquark search via open charm
ühidden-charm pentaquarks üdoubly-charmed pentaquarks & excited 𝛯$$

ØNo significant signals
ØKnown 𝑃*& states tested 

and yields all agree with 0
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𝐵 → 𝐷$𝐷ℎ studies

𝐵&, 𝐵0, 𝐵+0
Λ10 …

𝐷 ∗ &, 𝐷 ∗ 0, 𝐷+&, Λ*&…

𝐷 ∗ $, L𝐷 ∗ 0, 𝐷+$, LΛ*$…

𝐾 ∗ &, 𝐾 ∗ 0, 𝜋&, 𝜙, Λ…

ØRich opportunities for heavy spectroscopy study
ücharmonium(-like) states in 𝐷(∗)L𝐷(∗), Λ*&L𝐷(∗), Λ*&LΛ*$…
üexcited 𝑫&, 𝑫𝟎, 𝑫𝒔&, 𝚲𝒄& states from 𝐷(∗)ℎ, Λ*&ℎ…
üexotic states from 𝐷(∗)ℎ, Λ*&ℎ…

ØUseful for studies of semi-leptonic decays for search of New Physics
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Exotic hadrons in 𝐵 → 𝐷$𝐷ℎ at LHCb

𝐵E → 𝐷E𝐷F𝐾E
𝑇$&'/)∗ , 𝜒$'(3930)
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[PRL 125 (2020) 242001]
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𝝌𝒄𝟎 𝟑𝟗𝟑𝟎 → 𝑫%𝑫#
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Exotic hadrons in 𝐵 → 𝐷$𝐷ℎ at LHCb

𝐵E → 𝐷E𝐷F𝐾E
𝑇$&'/)∗ , 𝜒$'(3930)
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isospin symmetry
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Exotic hadrons in 𝐵 → 𝐷$𝐷ℎ at LHCb

𝐵E → 𝐷E𝐷F𝐾E
𝑇$&'/)∗ , 𝜒$'(3930)
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Exotic hadrons in 𝐵 → 𝐷$𝐷ℎ at LHCb

𝐵E → 𝐷E𝐷F𝐾E
𝑇$&'/)∗ , 𝜒$'(3930)
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[JHEP 08 (2024) 165]

𝑻𝒄/𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 %% → 𝑫𝒔%𝝅% (below 3𝜎)
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Exotic hadrons in 𝐵 → 𝐷$𝐷ℎ at LHCb

𝐵E → 𝐷E𝐷F𝐾E
𝑇$&'/)∗ , 𝜒$'(3930)

𝐵E → 𝐷F𝐷PE𝜋E
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𝐵! → 𝐷∗±𝐷∓𝐾!
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𝐵! → 𝐷∗±𝐷∓𝐾!: 𝐷∗±𝐷∓ system
𝐵& → 𝑅 𝐷∗&𝐷$ 𝐾& vs 𝐵& → 𝑅 𝐷∗$𝐷& 𝐾&

ØSame contribution from charmonium(-like) resonances 𝑅
ØBut interference pattern can be largely different due to different 𝑪-parity

[arXiv: 2406.03156]

üThree new charmonium(-like) states observed

u 𝒉𝒄 𝟒𝟎𝟎𝟎 , 𝑱𝑷𝑪 = 𝟏&$

u𝝌𝒄𝟏 𝟒𝟎𝟏𝟎 , 𝑱𝑷𝑪 = 𝟏&&

u𝒉𝒄 𝟒𝟑𝟎𝟎 , 𝑱𝑷𝑪 = 𝟏&$

𝝌𝒄𝟏 𝟒𝟎𝟏𝟎 𝝌𝒄𝟏 𝟒𝟎𝟏𝟎

𝒉𝒄 𝟒𝟎𝟎𝟎

𝒉𝒄 𝟒𝟑𝟎𝟎

𝑀 𝐷∗#𝐷1 −𝑀(𝐷∗1𝐷#)
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𝐵! → 𝐷∗±𝐷∓𝐾!: 𝑇 ̅" ̅#
∗ states

Ø 𝐵& → 𝐷∗&𝐷$𝐾& Ø 𝐵& → 𝐷∗$𝐷&𝐾&

𝟐𝝈

[arXiv: 2406.03156]

𝑻/𝒄/𝒔𝟎∗ 𝟐𝟖𝟕𝟎 𝟎 → 𝑫#𝑲%

𝑻/𝒄/𝒔𝟎∗ 𝟐𝟗𝟎𝟎 𝟎 → 𝑫#𝑲%

ü 𝑇 ̅$ ̅&'
∗ 2870 ' → 𝐷∗#𝐾% forbidden

ü 𝑇 ̅$ ̅&)
∗ 2900 ' → 𝐷∗#𝐾% not seen
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𝑋 → 𝐽/𝜓𝜙 in diffractive processes

üExperimentally clean even @LHC
üSpin-parity option narrowed down
✘Much smaller rate

single	dissociation

double	dissociation
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üRich 𝑋 → 𝐽/𝜓𝜙 resonances in 𝐵% → 𝐽/𝜓𝜙𝐾%, 
with several reachable in CEP
u𝜒$'(4500)
u𝜒$'(4700)
u𝜒$)(4140)
u𝜒$)(4274)
u𝜒$)(4685)

central	exclusive	production

𝑱𝑷 = 𝟎%

𝑱𝑷 = 𝟏%

[PRL 127 (2021) 082001]
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𝑋 → 𝐽/𝜓𝜙 results

üMass & width measurement: 
slightly higher mass of 𝜒$'(4500)

üCross-section measurement:

ØFirst exotic hadron measurement in diffractive processes!

[arXiv: 2407.14301]

𝟐. 𝟒𝝈

𝟒. 𝟑𝝈

𝟓. 𝟓𝝈

𝟏. 𝟔𝝈 (joint)

> 4 tracks

= 4 tracks
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Conventional hadron spectroscopy

• Conventional hadron spectroscopy at LHCb by Yuhao Wang [link]
• Beauty baryon decays at LHCb by Shuqi Sheng [link]

https://indico.ihep.ac.cn/event/21083/contributions/166406/
https://indico.ihep.ac.cn/event/21083/contributions/166407/
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Selected new results

New states
Mass Lifetime/width

ü Observation of new 𝛺$' → 𝛯$%𝐾#

[PRL 131 (2023) 131902]

ü Precise spectroscopy of 𝜒3 states 

Spin-parity

First observ. of 
muonic decays

&
Most precise 
mass results

ü First 𝐽45 determination of 𝛯$ 3055 %,'

[arXiv: 2408.05134]

𝐽4 = 3/2%
[arXiv: 2409.05440]

ü 𝛯3# lifetime measurements

[arXiv: 2406.12111]

𝜴𝒄 𝟑𝟏𝟖𝟓 𝟎

𝜴𝒄 𝟑𝟑𝟐𝟕 𝟎

𝛯3
' #

→ 𝜩𝒄 𝟑𝟎𝟓𝟓 % 𝟎 𝜋#

𝑫% 𝟎 𝜦

yield wrt ΛBC𝑁 = 8303 ± 107
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Hadron production



/332024/7/31 Liupan An 28

Quarkonium production mechanism
ØHeavy quarkonium: ideal system to study hadronization mechanism
ØYet not able to coherently describe prod.&pol. measurements in all collision systems

𝜎 𝐻7 /7 = n
-,3,8

od𝑥)d𝑥9𝒇𝒂/𝒑 𝒙𝟏 𝒇𝒃/𝒑 𝒙𝟐 𝓐 𝒂𝒃 → 𝑸.𝑸 𝒏 + 𝑿 𝟐×⟨𝓞𝑯(𝒏)⟩

ü LDMEs: extracted from measurements & process independent

ü excellent tool to study gluon PDF

⁄𝐽 𝜓 = 𝑶 𝟏 𝑐 ̅𝑐 =𝑆)
) + 𝑶 𝒗 𝑐 ̅𝑐 =𝑃>

? + 𝑔 + 𝑶 𝒗𝟑/𝟐 𝑐 ̅𝑐 )𝑆'
(?) + 𝑔 +⋯
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Associated quarkonium production

üTo probe the quarkonium production 
mechanism puzzle

üGolden channel to probe gluon transverse 
momentum dependent (TMD) PDFs

üTo provide information on parton
transverse profile & correlations in 
colliding hadrons

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

𝜎7!7"
CDE =

1
1 + 𝛿7!7"

𝜎7!𝜎7"
𝝈𝐞𝐟𝐟

• 𝜎HII is universal under naïve 
factorisation assumptions

gluon
proton unpolarized circular linear

unpolarized 𝒇𝟏
𝒈 𝒉𝟏

E𝒈

longitudinal 𝑔FG
H

transverse 𝑓FI
EH 𝑔FI

H ℎFI
H , ℎFI

EH



/33
0 20 40 60 80 100

 [mb]
eff

σ

-3 jets) γCDF (

CDF (4 jets) 

-3 jets) γD0 (

) ψJ/-ψJ/D0 (

)* ϒ-ψJ/D0 (

-2 jets) ±WCMS (

-2 jets) ±WATLAS (

) 0
D-0

DLHCb (

)* 0
D-ψJ/LHCb (

)* ψJ/-ψJ/CMS (

)*±W-ψJ/ATLAS (

) 0
D)-S(1ϒLHCb (

) ψJ/-ψJ/ATLAS (

)* 0
Z-ψJ/ATLAS (

)) S(2ϒ-ψJ/LHCb (

)) S(1ϒ-ψJ/LHCb (

) ψJ/-ψJ/LHCb (

@1.8 TeVpp

@1.96 TeVpp

@7 TeVpp

@8 TeVpp

@13 TeVpp

2024/9/23 Liupan An 30

Di-𝐽/𝜓 @ 13 TeV
ØFiducial region: 2 < 𝑦 𝐽/𝜓 < 4.5, 𝑝7 𝐽/𝜓 < 14 GeV
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𝜎 = 16.36 ± 0.28 stat ± 0.88 syst 	nb

𝑁 = 2.187 ± 0.020 ×10J

ØData-driven SPS&DPS separation
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𝜎JKL = 8.6 ± 1.2 stat ± 1.0 syst 	nb
𝜎LKL = 7.9 ± 1.2 stat ± 1.1 syst 	nb

𝜎HII = 13.1 ± 1.8 stat ± 2.3 syst 	mb

[JHEP 03 (2024) 088] 

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]
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Gluon TMD PDFs study with di-𝐽/𝜓

𝐝𝝈/𝐝𝝓𝐂𝐒 = 𝒂 + 𝒃×𝐜𝐨𝐬 𝟐𝝓𝐂𝐒 + 𝒄×𝐜𝐨𝐬(𝟒𝝓𝐂𝐒)

cos 2𝜙KE = 𝑏/2𝑎
= −0.029 ± 0.050 ± 0.009

cos 4𝜙KE = 𝑐/2𝑎
= −0.087 ± 0.052 ± 0.013

Ø There is almost no experimental info on gluon TMD PDFs
u ℎ%

89 𝑥, 𝒌7: , 𝜇 ⇒ azimuthal asymmetry

u 𝑓%
9 𝑥, 𝒌7: , 𝜇 : affect 𝑝7 spectrum

ü𝑝L shape shows no dependence on 𝑦
üNo obvious broadening of 𝑝L spectrum wrt

increasing 𝑚 given large uncertainties

[EPJC 80 (2020) 87] 
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Other new di-quarkonium results
u 𝐽/𝜓-𝜓(2𝑆) @ 13 TeV: 2 < 𝑦 𝜓 < 4.5, 𝑝7 𝜓 < 14 GeV

𝜎 = 4.49 ± 0.71 stat ± 0.26 syst 	nb

𝜎OPP(lower limit) =
𝜎 𝐽/𝜓 𝜎 𝜓 2𝑆
𝜎 𝐽/𝜓 − 𝜓 2𝑆

= 7.1 ± 1.1 stat ± 0.8 syst 	mb
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= 133 ± 22 stat ± 7 syst ± 3 ℬ 	pb

𝜎OPP 𝐽/𝜓 − 𝛶 1𝑆 = 26 ± 5 stat ± 2 syst 1Q
#RR th 	mb

üBy subtracting theoretical input of 𝜎LKL 𝐽/𝜓 − 𝛶 1𝑆 = 201FS#SR pb [PRL 117 (2016) 062001]

[JHEP 08 (2023) 093]

[JHEP 05 (2024) 259] 



/332024/9/23 Liupan An 33

Summary and prospects
ØLHCb keeps making important contributions to hadron physics

uExotic hadron spectroscopy: pentaquark search; 𝐵 → 𝐷L𝐷ℎ studies; 
first exotic study in diffractive processes…

uConventional hadron spectroscopy: new 𝛺*∗∗0 states; 𝐽; of  𝛯* 3055 &,0; 
𝜒1 spectroscopy; 𝛯1$ lifetime…

uHadron production: di-𝐽/𝜓, 𝐽/𝜓-𝜓(2𝑆) and 𝐽/𝜓-𝛶; first study of gluon TMD 
PDFs with di-𝐽/𝜓…

ØIn Run 3, upgraded sub-detectors & software-only trigger system
ütrigger efficiency for fully hadronic modes largely improved

More data, 
more chances!2010 2015 2020 2025 2030 2035 2040
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Back up
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𝐵! → 𝐷∗±𝐷∓𝐾!: amplitude analysis
ØAmplitudes of 𝐵& → 𝑅 𝐷∗&𝐷$ 𝐾& and 𝐵& → 𝑅 𝐷∗$𝐷& 𝐾& linked by 𝑪-parity
⇒ allowing determination of C-parities of 𝑅 resonances 

[arXiv: 2406.03156]

ü 𝑑 = 1 for 𝐵& → 𝐷∗$𝐷&𝐾&; 𝑑 = −1 for 𝐵& → 𝐷∗&𝐷$𝐾&

p𝑅 resonances with 𝐽; = 1&: 𝑆-wave & 𝐷-wave

pOther resonances: Breit-Wigner
pNonresonant contributions to 𝐷∗±𝐷∓ : 
𝑓= 𝑚 = 𝑒(>&?@)(AT$AU

T) for 𝑁𝑅0VW; otherwise 𝑓= 𝑚 = 1
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𝐵! → 𝐷∗±𝐷∓𝐾!: 𝐷∗±𝐷∓ system
ØAmplitudes of 𝐵& → 𝑅 𝐷∗&𝐷$ 𝐾& and 𝐵& → 𝑅 𝐷∗$𝐷& 𝐾& linked by 𝑪-parity

üReference fit without ℎ* 4000 , 𝜒*% 4010 , ℎ*(4300): 
necessary to describe discrepancy between 𝑀(𝐷∗$𝐷&) and 𝑀(𝐷∗&𝐷$)

[arXiv: 2406.03156]

new
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Double Parton Scattering

Assuming: 
ü factorization of trans. & long. components

ΓMN 𝑥), 𝑥9, 𝒃), 𝒃9 = 𝐷MN 𝑥), 𝑥9 𝑇MN(𝒃), 𝒃9)

ü no correlation between two sets of partons
𝐷MN 𝑥), 𝑥9 = 𝑓M 𝑥) 𝑓N 𝑥9 , 𝑇MN 𝒃), 𝒃9 = 𝑇M 𝒃) 𝑇N(𝒃9)

Þ
𝜎BXBT =

1
1 + 𝛿BXBT

𝜎BX𝜎BT
𝜎CDD

𝜎HII = 1/ o𝑑9𝒃𝐹 𝒃 9 , 𝐹 𝒃 = o𝑇 𝒃M 𝑇 𝒃M − 𝒃 𝑑9𝒃M

expected to be universal under the given assumptions

Generalized double parton PDF
SPS parton-level cross-section 

𝜎BXBT
EFG = %

%&HYXYT
∑@,I,J,K ∫d𝑥%d𝑥:d𝑥%Ld𝑥:Ld:𝐛𝟏d:𝐛𝟐d:𝐛

×Γ@I 𝑥%, 𝑥:, 𝐛𝟏, 𝐛𝟐 ×�𝜎@J
BX 𝑥%, 𝑥%L �𝜎IK

BT 𝑥:, 𝑥:L ×ΓJK(𝑥%L , 𝑥:L , 𝐛𝟏 − 𝐛, 𝐛𝟐 − 𝐛)

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]


