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ContentFirst measurement of 𝐵! → 𝐷"!𝐷"#𝐾! decay %𝑏 → ̅𝑐𝑐𝑠̅

Based on:
LHCb-PAPER-2022-018 [Amplitude analysis, in preparation]
LHCb-PAPER-2022-019 [Branching fraction, in preparation]

Useful links
• CERN seminar
• IHCEP2022
• Quark confinement 2022

v Cabibbo favoured !𝑏 → ̅𝑐𝑐𝑠̅ transition only focus on 𝐷(∗)(𝐷(∗) to date.

v Those involving 𝐷$
(∗)%𝐷$

∗ & pairs have never been explored.

v Such decays provide an excellent groundwork for investigations of  
open-charm and charmonium spectroscopy

Note: charge-conjugate processes are always included.

https://home.web.cern.ch/events/webcasts/particle-zoo-20-new-tetra-and-pentaquarks-lhcb
https://agenda.infn.it/event/28874/contributions/169025/attachments/94475/129858/ICHEP2022_0709_RuitingMa_ExoticMesons_LHCb.pdf
https://indico.uis.no/event/2/contributions/705/attachments/309/490/tetrapentaquarks_mikhasenko_qc2022_v1.pdf
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ContentYields and distributions

• Full data set, 9 )b&'

• 𝐷$% → 𝐾%𝐾&𝜋%

• 360 𝐵% signal candidates
• Purity of 84.4% within ±20 MeV

Threshold enhancement
at 𝐷12𝐷13

%𝑏 → ̅𝑐𝑐𝑠̅
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ContentConsidered components CERN 65th hadron

From 𝐽/𝜓𝜙

From
 PD

G
 2020
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ContentConsidered components CERN 65th hadron

Need a state to describe the 
dip around 4140 MeV!

> 14𝜎

~ 4𝜎

> 3𝜎

𝑋! 4140 ≠ X(4140)
in the 𝐽/𝜓𝜙 system
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ContentConsidered components CERN 65th hadron
> 14𝜎

~ 4𝜎

> 3𝜎

> 3𝜎
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ContentConsidered components CERN 65th hadron

• Test -𝐷∗ 2300 ! → 𝐷#$𝐾%, failed

• From Dalitz and mass distributions,  
there may exist a 𝜓(4660) satete.
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ContentConsidered components CERN 65th hadron
> 14𝜎

~ 4𝜎

> 3𝜎

> 3𝜎

> 3𝜎Adding 𝜓(4600)

𝒮 others < 2𝜎
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ContentBaseline amplitude fit CERN 65th hadron

𝑋 3960 : significant 𝑋5(4140) and 𝜓 states: need to be confirmed in future
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ContentBaseline amplitude fit CERN 65th hadron

ℱ: fit fraction
𝒮: significance (numbers in brackets don’t include sys. effects)

State 𝐽! preference 𝒮(𝜎)

𝑋(3960) 0" over 1#/2" >9.3

𝑋$(4140) 0" over 1#/2" >3.5
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ContentAlternative K-matrix model CERN 65th hadron

• Dip around 4140 MeV near the 𝐽/𝜓𝜙 threshold

• A simple 𝐾-matrix with an explicit resonance 
and two coupled channels (𝐷12𝐷13 and 𝐽/𝜓𝜙) 

The dip can also be described by 
the 𝐽/𝜓𝜙 ↔ 𝐷01𝐷02 reaction.
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ContentTreat 𝑋(3960) and 𝜒!"(3930) as same state

Resonance 𝐽!% M$ (MeV) Γ$ (MeV) Decay Reference

𝑋(3960) 0"" 3956 ± 5 ± 11 43 ± 13 ± 8 𝐷&"𝐷&# This work
𝜒'$(3930) 0"" 3923.8 ± 1.5 ± 0.4 17.4 ± 5.1 ± 0.8 𝐷"𝐷# PRD102.112003(2020)
𝜒'$(3915) 0""/2"" 3921.7 ± 1.8 18.8 ± 3.5 𝐷"𝐷#, 𝐽/𝜓𝜔 , 𝛾𝛾 PDG 2022

𝐷&"𝐷&# threshold: 3936.7 MeV 

• It is harder to excite an 𝒔>𝒔 pair from vacuum compared with 𝒖-𝒖 𝒅-𝒅
• Phase space of 𝑿 → 𝑫𝒔%𝑫𝒔$ is much smaller than 𝑿 → 𝑫%𝑫$

𝑇$%
& or 𝜒'((2𝑃)

This 𝑋 state seems not to be a pure charmonium!

<1.0 
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ContentPotential models for excited 𝜒!" states 𝑇$%
& or 𝜒'((2𝑃)

• Far away from the predicted 𝜒'!(3𝑃) mass
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ContentPotential models for excited 𝜒!" states 𝑇$%
& or 𝜒'((2𝑃)

𝜒'$ 3860 → 𝐷"𝐷# + 𝐷$B𝐷$

in 𝑒"𝑒# → 𝐽/𝜓𝐷B𝐷 decay

6.5σ

0"" over 2"", 2.5𝜎

𝑀 = 3862 #() #*(")+ ",$ MeV

Γ = 201 #+- #.)
"*/, ".. MeV

Blue line: 𝜒'$(3860)
Red dashed line: NR only

Need to be confirmed !

PRD95, 112003 (2017)
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ContentPotential models for excited 𝜒!" states 𝑇$%
& or 𝜒'((2𝑃)

• Inappropriate  mass

• Too small mass splitting, 𝑀[𝜒'( 3930 ] − 𝑀[𝑋 3960 ] <1 MeV,  but theories > 60 MeV

X(3960) ≠ 𝜒65 2𝑃 /𝜒65(3𝑃)
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ContentWhat is nature of 𝑋(3960) ? 𝑇$%
& or 𝜒'((2𝑃)

uHybrid state can be ruled out, due to too low mass for a QCD-hybrid 
candidate (the lightest 022 charmonium hybrid around 4450 MeV)[1].

uLightest 𝑐 ̅𝑐𝑠𝑠̅ tetraquark, ~3920 MeV, is proposed by Lebed et al.[2]. The 
QCD sum rule[3] also favors 𝜒65(3915) as a 022 𝑐𝑞 ̅𝑐 :𝑞 or 𝑐𝑠 ̅𝑐𝑠̅ tetraquark. 

u Molecular 𝐷12𝐷13 (virtual) state, is calculated in the quark delocalization 
color screening model [4]. The recent lattice QCD results[5] found a 
narrow 022 𝐷12𝐷13 bound state. Some phenomenological studies[6] regard 
it as the molecular (virtual) state. 

𝑋(3960) is probably exotic 𝑐 ̅𝑐𝑠𝑠̅ hadron.

favour

favour

[1] arXiv:1204.5425.  [2] arXiv:1602.08421, 2005.07100. [3]arXiv:1706.09731.
[4] arXiv: 2103.12425. [5] arXiv:2011.02542, 2111.02934. [6]arXiv: 1503.04431, 2101.01021.
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LHCb 
Preliminary

ContentSummary CERN 65th hadron
u Branching fraction ratio 

• First observation of the 𝐵" → 𝐷&"𝐷&#𝐾" decay

• Relative branching fraction is measured

u Amplitude analysis

• First observation of the 𝐷&"𝐷&# near-threshold structure, named 𝑋(3960)

• Favor exotic 𝑐 ̅𝑐𝑠𝑠̅ state, disfavor 𝜒'$ 2𝑃 /𝜒'$(3𝑃); if confirmed, should name 𝑇)*
+ (3960) 

• New X(3960) : 𝑀$= 3956 ± 5 ± 11 MeV, Γ$ = 43 ± 13 ± 8 MeV , 𝒮 > 12𝜎

𝐽!% = 0"" over 1##/2"", 𝒮 > 9𝜎

• New X0(4140) : only a hint (<4𝜎), need to more statistics to confirm

CERN 65th hadron

https://www.nikhef.nl/~pkoppenb/particles.html
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ContentX(3960) is 65th new hadrons at CERN CERN 65th hadron

CERN 65th hadron

https://www.nikhef.nl/~pkoppenb/particles.html
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The LHCb detector CERN 65th hadron
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