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QCD and 𝐵! spectroscopy
ØFully heavy hadrons provide key laboratory for QCD study

üLarge separation of heavy quark masses from QCD scale allows for QCD factorization
üQCD potential models can be constructed, since heavy quark and anti-quark are non-

relativistic in the hadron rest frame

uQuarkonium: theoretical models well established & extensive experimental studies

u𝐵! (quarkonium-like): 
üTheoretically, relativistic effects may be more important
üExperimentally, much less explored due to small production rate (requires 𝑏"𝑏+ 𝑐�̅� prod.)
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[Rev. Mod. Phys. 90, 15003 (2018)]

[PDG 2021 update, Prog. Theor. Exp. Phys. 2020, 083C01]

Charmonium system
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𝐵! spectrum

[PRD 70 (2004) 054017]

ØThe ground 𝐵!" state was observed by CDF in 1998

ØNo excited 𝐵!" state seen until the observation of 𝐵!
∗ 2𝑆 " by ATLAS in 2014

ØThe LHC opens a new era for 𝐵! physics
ØLHCb has made major contributions to 𝐵! studies: mass, lifetime, production, decays, 

spectrum…

[PRL 113 (2014) 212004]
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𝐵!" mass
ØThe most precise 𝐵!" mass measurement so far using full 9 fb#$ LHCb dataset

]2c [MeV/)+
cBM(

6271 6272 6273 6274 6275 6276-2

10

 combined mass +
cB

+π)φψJ/(0
sB→+

cB

+π)+π−s(D0
sB→+

cB

+K)+π−K(0DψJ/→+
cB

)+π−π+π(+
sDψJ/→+

cB

)+π−K+K(+
sDψJ/→+

cB

+πppψJ/→+
cB

+π−π+πψJ/→+
cB

+πψJ/→+
cB

LHCb

𝑀(𝐵!") = 6274.47 ± 0.27 stat ± 0.17 syst MeV/c$

Decay mode Yield
Fitted mass Corrected mass Resolution
[MeV/c2 ] [MeV/c2 ] [MeV/c2 ]

J/ ⇡+ 25181± 217 6273.71 ± 0.12 6273.78 ± 0.12 13.49± 0.11
J/ ⇡+⇡�⇡+ 9497± 142 6274.26 ± 0.18 6274.38 ± 0.18 11.13± 0.18
J/ pp̄⇡+ 273± 29 6274.66 ± 0.73 6274.61 ± 0.73 6.34± 0.76
J/ D+

s (K
+K�⇡+) 1135± 49 6274.09 ± 0.27 6274.11 ± 0.27 5.93± 0.30

J/ D+
s (⇡

+⇡�⇡+) 202± 20 6274.57 ± 0.71 6274.29 ± 0.71 6.63± 0.67
J/ D0(K�⇡+)K+ 175± 21 6273.97 ± 0.53 6274.08 ± 0.53 3.87± 0.57
B0

s (D
�
s ⇡

+)⇡+ 316± 27 6274.36 ± 0.44 6274.08 ± 0.44 4.67± 0.48
B0

s (J/ �)⇡
+ 299± 37 6275.87 ± 0.66 6275.46 ± 0.66 5.32± 0.74

[JHEP 07 (2020) 123]
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𝐵!" lifetime
Ø𝐵!" lifetime significant smaller than other 𝑏-mesons

ü𝜏 𝐵!" = 0.507 ± 0.009 ps, compared to 𝜏 𝐵" = 1.638 ± 0.004 ps
ØLHCb measurements dominate world average

ü 𝐵!" → 𝐽/𝜓𝜇"𝜈# w/ 2.0 fb$% data at 𝑠 = 8 TeV
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𝜏%!" = 509 ± 8 ± 12 fs

ü 𝐵!" → 𝐽/𝜓𝜋" w/ 3.0 fb$% data at 𝑠 = 7&8 TeV

𝜏%!" = 513.4 ± 11.0 ± 5.7 fs

[EPJC 74 (2014) 2839]

[PLB 742 (2015) 29-37]
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Excited 𝐵!" states

1P

2S 𝑩𝑫

𝐵!∗#

1D

[PRD 70 (2004) 054017]

üPrediction of decay:
States below 𝐵𝐷 threshold can only 
undergo cascade radiative or pionic
transitions to the 𝐵!" state

üPrediction of production

Ø 𝐵!∗": photon too soft to reconstruct
Ø 𝐵!(1𝑃): search through 𝐵!"𝛾
Ø 𝑩𝒄(𝟐𝑺): fully hadronic mode with large Br!
Ø 𝐵!(1𝐷): mainly decay radiatively to 𝐵!(1𝑃)
Ø Above BD threshold: suffer from much smaller 

Br of the whole decay chain

[Phys. Atom. Nucl. 67 (2004) 1559]
[PRD 70 (2004) 054017]

𝜎 2𝑆 /𝜎 1𝑆 = 𝑅$' 0 /𝑅(' 0 $~0.6
[CPC 197 (2015) 335-338] 

⇒ 𝐵! 2𝑆 → 𝐵!𝜋"𝜋) is the best option
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𝐵!
∗ 2𝑆 " in 𝐵!"𝜋"𝜋$

ØWith the low-energy photon not reconstructed, the 𝐵!∗ 2𝑆 " peak remains with

ØMost predictions give 𝑀 𝐵! 2𝑆 " > 𝑀 𝐵!∗ 2𝑆 "
&'(
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𝑀 𝐵! 2𝑆 " −𝑀 𝐵!∗ 2𝑆 "
*+, = Δ𝑀 1𝑆 − Δ𝑀 2𝑆

= 𝑀 𝐵!∗" −𝑀 𝐵!" − 𝑀 𝐵!∗ 2𝑆 " −𝑀 𝐵! 2𝑆 "

𝑀 𝐵!∗ 2𝑆 "
*+, = 𝑀 𝐵!∗ 2𝑆 " − Δ𝑀 1𝑆 = 𝑀 𝐵!∗ 2𝑆 " − (𝑀 𝐵!∗" −𝑀 𝐵!" )
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𝐵!
∗ 2𝑆 " at ATLAS

ØIn 2014, ATLAS observed a state consistent with 𝐵!
∗ 2𝑆 " in 𝐵!"𝜋"𝜋# spectrum 

[PRL 113 (2014) 212004]

𝐵! 2𝑆 " and/or 𝐵!∗ 2𝑆 " ?

ü 𝑝& 𝜋± > 4 GeV/𝑐
ü 𝑝& 𝐵!" > 15 18 GeV/𝑐

for 7 8 TeV

𝑀 𝐵!
∗ 2𝑆 " = 6842 ± 4 stat ± 5 syst MeV/𝑐$

𝜎~18 MeV/𝑐$
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𝐵!
∗ 2𝑆 " at CMS

ØCMS performed the search with the full 140 fb#$ Run 2 data
ØSelection criterion designed based on the event topology
ØKinematic requirements: 𝑝) 𝐵!" > 15 GeV/𝑐, 

one pion 𝑝) > 800 MeV/𝑐, the other pion 𝑝) > 600 MeV/𝑐
Ø𝐵!∗ 2𝑆 " and 𝐵! 2𝑆 " resolved for the first time with significance > 5 𝜎
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7495 ± 225 𝐵!" signals

𝑩𝒄∗ 𝟐𝑺 "
𝑩𝒄 𝟐𝑺 "

𝜎~6 MeV/𝑐$

𝟔𝟔 ± 𝟏𝟎 𝐵!∗ 2𝑆 "; 𝟓𝟏 ± 𝟏𝟎 𝐵! 2𝑆 "

𝑀 𝐵! 2𝑆 " −𝑀 𝐵!∗ 2𝑆 "
*+, = 29.0 ± 1.5 stat ± 0.7 syst MeV/𝑐$

𝑀 𝐵! 2𝑆 " = 6871.0 ± 1.2 stat ± 0.8 syst ± 0.8 𝐵!" MeV/𝑐$

𝑀 𝐵!∗ 2𝑆 " −𝑀 𝐵!∗" = 567.1 ± 1.0 stat MeV/c$

[PRL 122 (2019) 132001]
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𝐵!
∗ 2𝑆 " at LHCb

ØLHCb performed the search with 8.5 fb#$ Run 1 + Run 2 data
ØKinematic requirements: 𝑝) 𝐵!" > 10 GeV/𝑐, 𝑝) 𝜋± > 300 MeV/𝑐
Ø𝐵!∗ 2𝑆 " observed with significance > 5 𝜎
ØHint for 𝐵! 2𝑆 " with global (local) significance of 2.2 3.2 𝜎
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3785 ± 73 𝐵!" signals

𝜎~2.5 MeV/𝑐$

𝟓𝟏 ± 𝟏𝟎 𝐵!∗ 2𝑆 "; 𝟐𝟒 ± 𝟗 𝐵! 2𝑆 "

𝑀 𝐵!∗ 2𝑆 "
*+, = 6841.2 ± 0.6 stat ± 0.1 syst ± 0.8 𝐵!" Me ⁄V 𝑐$

𝑀 𝐵! 2𝑆 " −𝑀 𝐵!∗ 2𝑆 "
*+, = 31.0 ± 1.4 stat MeV/𝑐$

𝑀 𝐵! 2𝑆 " = 6872.1 ± 1.3 stat ± 0.1 syst ± 0.8 𝐵!" Me ⁄V 𝑐$

[PRL 122 (2019) 232001]
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What’s next?

1P

2S 𝑩𝑫

𝐵!∗#

1D

[PRD 70 (2004) 054017]

Below BD threshold:
Ø 𝐵!(2𝑆): 𝐵!

(∗)"𝜋"𝜋) ⇒ observed

Ø 𝐵!∗": → 𝐵!"𝛾 with 𝛥𝑀~67 MeV/𝑐$ ⇒ too difficult
Ø 𝐵!(1𝑃): → 𝐵!

(∗)"𝛾 with 𝛥𝑀 > 300 MeV/𝑐$ ⇒ most promising but challenging
Ø 𝐵!(1𝐷): → 𝐵! 1𝑃 𝛾 ⇒ further away

[Phys. Atom. Nucl. 67 (2004) 1559]
[PRD 70 (2004) 054017]
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𝐵!∗∗" → 𝐵𝐷
𝜎 𝐵" ~86.6 µb at 𝑠 = 13 TeV [JHEP 12 (2017) 026]

[PRD 100 (2019) 112006]

⇒ 𝜎 𝐵!" ~
𝑓!

𝑓+ + 𝑓,
×𝜎 𝐵" ×2~0.65 µb

ØSuppose 𝐵!∗∗" → 𝐵"𝐷- entirely,
ℬ 𝐵" → 𝐽/𝜓𝐾" = 1.020 ± 0.019 ×10#.

ℬ 𝐽/𝜓 → 𝜇"𝜇# = 5.961 ± 0.033 %
ℬ 𝐷- → 𝐾#𝜋" = 3.947 ± 0.030 %
𝜀 𝐵" → 𝐽/𝜓𝐾" ~5%
𝜀 𝐷- → 𝐾#𝜋" ~6%

With 1 fb#$ data, we can see ~5× / 0(∗∗*

/(0(*)
signal candidates 

⇒ more statistics needed

Very rough estimation.
Do not take the exact numbers seriously.
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Update of BcVegPy
ØIn LHCb official simulation, the 𝐵! state is produced using a dedicated 

generator BcVegPy

ü The update enables the production of 𝐵! 1𝑃
and 𝐵!(2𝑆) states with expected masses
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Summary

ØOur knowledge on 𝐵! spectroscopy is still limited
ØLHCb has been playing a major role in the 𝐵! spectroscopy studies so far
ØWith increasing statistics, chances will emerge for the discovery of more 

excited 𝐵! states
ØWe are prepared for further 𝐵! spectroscopy studies 
ØTheoretical inputs are crucial to experimental research!

We look forward to more theoretical ideas

Thank you!
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Backup
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ØMeasurement of 𝐵!" production is a crucial test of the non-relativistic QCD 
effective theory widely used for predictions of quarkonia production

ØNo available 𝐵!" absolute branching fraction measurement so far

𝐵!" production

ü 𝐵!" → 𝐽/𝜓𝜋" w/ 2.0 fb$% data at 𝑠 = 8 TeV

• Measure ℛ = / %!"
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• Good agreement with calculations of 
BcVegPy: a 𝐵!" generator based on 𝒪(𝛼78)
calculation

[PRL 114 (2015) 132001]

ü 𝐵!" → 𝐽/𝜓𝜇"𝜈 w/ 1.0(1.7) fb$% data at 
𝑠 = 7(13) TeV
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• The first try to measure absolute production 
cross-section of 𝐵!", taking ℬ(𝐵!" → 𝐽/𝜓𝜇"𝜈+)
from theoretical prediction
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