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Outline
• Introduction to LHCb
• Indirect search for New Physics

– ! → #ℓ!ℓ", BR, LFU, angular analysis 
– ! → %&', LFU

• Experimental study of QCD
– Conventional hadrons

• !!" physics, Doubly heavy baryons
• Quarkonium production

– Exotic hadrons
• Production 
• " 5568 " 
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Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
             speed:  0.999999991 c
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• Large production cross-section @ 7 TeV
– Minibias ~60  mb
– Charm    ~6  mb 
– Beauty      ~0.3 mb c.f. 1nb @!(#$)  

• Predominantly in forward/backward cones

Beauty/charm production

Flavour factory!
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Initial energy of &'& not known

.



• Compared to minimum bias (background)
– Relatively high mass    à high transverse momentum 

– Relatively long lifetime à large impact parameter (IP)
• Requires excellent vertexing, tracking, particle-

identification
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Beauty/charm signature



The LHCb experiment 
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The LHCb trigger (2018)
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• L0, Hardware
– !! "" ×!! "# >(1.5 GeV)2

– !! " > 1.8 GeV
– (! ) > 2.4 GeV
– (! , > 3.0 GeV
– (! ℎ > 3.7 GeV

• High Level Trigger
– Stage1, !!, IP
– Stage2, full selection



The LHCb trigger (Run3)
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Indirect search for New Physics
• Precision measurement 

of heavy hadron decays
– Flavour-Changing NC
– Flavour-Changing CC

• Probe New Physics at 
high energy scale 

10

Snowmass 2013
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Indirect search for NP (cont.)
• Overconstrain the CKM triangle
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Phase II

CKM
f i t t e r

LHCb at 300 fb-1, 
CMS/ATLAS at 3000 fb-1, Belle II at 50 ab-1.
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!! → #∗!$#$$

• Described by %! = '!(ℓ"ℓ#) 
and +ℓ, +% , -

• Many observables!
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Branching fraction of % → &$#$$
• Pattern of tensions seen, 

theoretical uncertainty?
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!%! → %$#$$
JHEP 06 (2014) 133

JHEP 06 (2014) 133

JHEP 06 (2014) 133

JHEP 04 (2017) 142 JHEP 06 (2015) 115

PRL 127 (2021) 151801
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!! → #∗!,#,$
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• First measurement using low-energy electron

• Angular analysis in 2015
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Lepton flavour universality
• In SM, three lepton families (", $, %) have identical 

couplings to the gauge bosons

– which means, e.g.,     

• Lepton flavour universality violation? New Physics!
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1$ =
ℬ 4% → 6%"%"&
ℬ(4% → 6%)%)&) ≅ 1

.(10+5) uncertainty
[C. Bobeth et al., JHEP 12 (2007) 040]

.(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]
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<6 =
ℬ =7 → >?*?+
ℬ(=7 → >3*3+)

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
Ca

nd
id

at
es

 / 
(7

 M
eV

/

0

100

200

300

400

500

600
-1Data 9 fb

Total fit
−µ+µ+ K→+B

Combinatorial

LHCb

[PRL 128 (2022) 191802]

[JHEP 05 (2020) 040]
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• All consistent with SM for now

[PRL 131 (2023) 051803] [PRL 134 (2025) 121803] 
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!/ meson
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• Formed by two different heavy quarks, unique 
in the Standard Model. Both b- & c-quark can 
decay, or annihilate
– :; → ̅=>%, 20%, e.g., ?/Aℓ%Cℓ 
– = → D>%, 70%, e.g., 4()E%
– =:; → >%, 10%, e.g., F%C* 
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!/ production
• Difficult to produce at 0"0# 

machine. Mainly through 11 →
3& + 5 + ̅7 at LHC
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b̄

c

b

c̄

• Production rate
– Theoretical prediction (in nb)

• Color octet contribution is small 
– G(2H)/G(1H) would be 1#+(0)/1"+(0) ≈ 0.6
– G 4,% ~0.9	µb for D = 14 TeV

[C.-H. Chang, et al., PRD 71 (2005) 074012] 



Before LHC started
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Experimental Prospects of the Bc Studies of the LHCb Experiment
⇤

GAO Yuan-Ning(p⌃w)1,2,3, HE Ji-Bo(€3≈)1,3,4⇤⇤, Patrick Robbe4, Marie-Hélène Schune4,
YANG Zhen-Wei(��ï)1,2,3
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The experimental prospects of the Bc studies of the LHCb experiment are discussed. Production rates of Bc

mesons at di↵erent center-of-mass energies are estimated with the dedicated generator BCVEGPY. Theoretical
estimates and experimental measurements of the B±

c inclusive production cross section at
p
s = 1.96TeV are

compared. The possibilities of studying Bc production, Bc spectroscopy, Bc decays and CP violation in Bc decays
in the LHCb experiment are evaluated.

PACS: 13. 85.Ni, 13. 60. Le, 12. 38.Qk, 13. 25.Hw DOI: 10.1088/0256-307X/27/6/061302

In the standard model, Bc mesons are the only
mesons containing two di↵erent heavy flavor quarks,
the b̄-quark and the c-quark (charge-conjugate states
are implicit unless specifically stated otherwise; the
meson family formed by b̄c is represented by Bc, the
ground state by B

+
c ), since the lifetime of the top

quark is too short to form such bound states. Just
like the heavy flavor quarkonium bb̄ and cc̄, the mass
spectrum of the Bc mesons can be calculated by means
of potential models and lattice QCD, etc. It has been
estimated theoretically that the mass of the B+

c meson
is in a range of 6.2–6.4GeV/c2.[1] The Bc mesons are
open-flavored, and the excited states below the BD

threshold can only decay through electromagnetic or
hadronic interactions into the ground state B+

c , which
can decay only weakly and has a relatively long life-
time. This feature can be used to suppress the abun-
dant prompt backgrounds at hadron colliders. The
estimated B

+
c lifetime is in a range of 0.4–0.8 ps.[1]

Since the Bc mesons carry two di↵erent heavy flavor
quarks, their production[1] is more di�cult than that
of the heavy quarkonia. Including the contributions
from the excited states, the inclusive production cross
section of the B+

c meson at the LHC was estimated[1,2]

to be at a level of 1µb for
p
s = 14TeV, and is one or-

der higher than that at the Tevatron. This means that
O(109) B

+
c mesons can be anticipated with 1 fb�1 of

data at the LHC, which is su�cient for studying the
Bc meson family systematically.

The B
+
c meson was observed in the semilep-

tonic decay modes B
+
c ! J/ (µ+

µ
�)`+X (` =

e, µ) by the CDF experiment[3,4] at the Tevatron
in 1998. The measured mass, lifetime and pro-
duction rate are consistent with the theoretical pre-
dictions. More precise measurements of the B

+
c

mass have been performed recently using the fully
reconstructed decay B

+
c ! J/ (µ+

µ
�)⇡+ by the

CDF experiment[5] and the D0 experiment,[6] giv-
ing M(B+

c ) = 6275.6± 2.9(stat.)± 2.5(syst.)MeV/c2

and M(B+
c ) = 6300± 14(stat.) ± 5(syst.)MeV/c2 re-

spectively. The B
+
c lifetime measurements using the

semileptonic decays have also been updated with more
data, giving 0.448+0.038

�0.036(stat.)±0.032(syst.) ps by the

D0 experiment[7] and 0.475+0.053
�0.049(stat.)± 0.018(syst.)

ps by the CDF experiment.[8] The measurement of the
ratio of the production cross section times branch-
ing ratio of B

+
c ! J/ µ

+
⌫µ relative to B

+ !
J/ K

+ has been updated by the CDF experiment[9]

using 1 fb�1 of data and is measured to be Rµ =
0.227± 0.033(stat.)+0.024

�0.017(syst.)± 0.014(pT spectrum)
for pT (B+

c ) > 6GeV/c and |y| < 1.
In this Letter, we report the experimen-

tal prospects of the Bc studies of the LHCb
experiment.[10,11] A theoretical review can be found
in Refs. [1,12]. The prospects of Bc studies in other
experiments at the LHC were discussed in Refs. [13–
15]. The LHCb detector is a single-arm spectrometer
devoted to the precise measurements of CP violation
and rare decays in the b sector. It will operate at a
nominal luminosity of 2 ⇥ 1032 cm�2s�1 and produce
O(1012) bb̄ pairs in 107 s, corresponding to a canoni-
cal year of data taking. A detailed description of the
LHCb detector and its performance can be found in
Refs. [10,11].

At hadron colliders, the most possible way to gen-
erate Bc mesons is through gg-fusion: gg ! Bc+b+ c̄.
The production cross sections were calculated by two
approaches,[1] the complete order-↵4

s approach and
the fragmentation approach. If both the approaches
are calculated only to leading order in ↵s, the frag-
mentation approach is an approximation to the full
tree-level calculations only for pT > 2MBc . Since
the complete order-↵4

s approach can give more use-
ful information for experiments, e.g., the informa-

⇤Supported in part by the National Natural Science Foundation of China under Grant Nos 10920101072 and 10775077, and
the L’Agence Nationale de la Recherche (ANR) of France under Contract “BcLHCb ANR-07-JCJC-0146”, and the France-China
Particle Physics Laboratory (FCPPL).

⇤⇤Email: Jibo.He@cern.ch
c� 2010 Chinese Physical Society and IOP Publishing Ltd
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inclusive production cross section of 0.9µb gives us
about 700 B

+
c ! J/ ⇡

+ events per fb�1 of data, and
the yield for the B

+
c ! J/ `

+
⌫` decay would be one

order of magnitude larger. The theoretical predictions
of the Bc production will be tested further by the mea-
surements using these decays.

The Bc meson family has a rich spectroscopy,
as shown in Fig. 2.[1,24] At present only the mass of
the ground state has been measured while the ex-
cited states still remain to be observed experimen-
tally. Given that a large amount of Bc mesons will
be produced at the LHC and the mass resolutions of
the b hadrons at the LHCb experiment are about 12–
25MeV/c2,[10,11] the precision of the B

+
c mass mea-

surement can be improved further and some of the
excited states will be observed eventually. The B

⇤+
c

meson decays through the electromagnetic transition
B

⇤+
c ! B

+
c �.

[1,24] As shown above, the production
cross section of the B

⇤+
c meson is estimated to be

about 2.4 times the cross section of the directly gen-
erated B

+
c meson. However, the mass di↵erence be-

tween the B
⇤+
c and B

+
c mesons is only about 60–

70MeV/c2.[1,24] A fast simulation shows that in the
laboratory frame the average energy of the photon in
the B

⇤+
c ! B

+
c � decay is about 650MeV and the

transverse energy is about 150MeV. A photon of such
energy would be very di�cult, if not impossible, to se-
lect from the complicated environment of the hadron
colliders.

The first P -wave multiplets decay through an elec-
tromagnetic transition to the 1S states.[1,24] The mass
di↵erences between the first P -wave multiplets and the
1S states are in a range of 400–500MeV/c2, which
makes the photon identification much easier. How-
ever, the total production cross section of the first
P -wave states is only about 10% of the total inclusive
cross section; one may need several years of running
to accumulate enough data to study them. The mass
di↵erences between the first P -wave multiplets are not
large.[1,24] It would be di�cult to distinguish the pre-
dicted four states.

The 2S states decay mostly through two pion
hadronic transitions to the 1S states.[1,24] The 21S0

state decays to the B
+
c (11S0) meson directly, while

the 23S1 state decays to the B
⇤+
c meson first, then to

B
+
c by emitting a photon, which is very di�cult to

identify, as discussed above. A fast simulation shows
that the mass of the Bc(23S1) state would be shifted
down by the mass di↵erence of M(B⇤+

c )�M(B+
c ) and

the mass resolution is not a↵ected much when the
Bc(23S1) state is reconstructed only with B

+
c ⇡

+
⇡
�

and the photon is missing. Thus the 2S states will
probably be observed at the LHCb experiment, and
it will also be possible to distinguish the 23S1 state
from the 21S0 state if the mass di↵erence between the
B

⇤+
c and B

+
c mesons is su�ciently larger than that

between the 23S1 and 21S0 states.
The production of the excited states above the BD

threshold has not been calculated yet; whether such
states are accessible at the LHC is unclear at this mo-

ment.
Besides the studies of the Bc production and the

spectroscopy of the various states, investigations of the
Bc decays are also very interesting. They may provide
the possibility to obtain model-independent informa-
tion on some electroweak parameters, like CKM ma-
trix elements.[1] Unlike the other b hadrons, each of
the two heavy component quarks of the B

+
c meson

can decay with a significant contribution to the decay
rate, or they can participate in an annihilation mode.
From a simple point of view, the total decay width
can be written as � = �b + �c + �bc,[1] in which �b is
the decay width of b̄ ! c̄W

+ with the c quark as spec-
tator, leading to final states like J/ ⇡

+, J/ `+⌫`; �c

is the decay width of c ! sW
+ with the b quark as

spectator, leading to final states like B
0
s⇡

+, B0
s`

+
⌫`;

and �bc is the decay width of b̄c ! W
+, annihilation

leading to final states like K̄
⇤0
K

+, �K+ and ⌧+⌫⌧ .
For the b-decays, the B

+
c ! J/ `

+
⌫` and B

+
c !

J/ ⇡
+ decays have been used at the Tevatron and will

also be used at the LHC to measure the Bc mass, life-
time, production rate and so on. The B

+
c ! J/ `

+
⌫`

decay, compared to the B
+
c ! J/ ⇡

+ decay, has one
order of magnitude of larger branching ratio and three
leptons in the final states, which make it possible
to carry out a lifetime unbiased selection. However,
one needs to account for the missing energy caused
by the neutrino either using the Monte Carlo or us-
ing the same strategy as in the partial reconstruction
of B0 ! D

(⇤)±
⇡
⌥,[25] i.e., using the kinematic con-

straints from the positions of the primary vertex and
secondary vertex, and the Bc mass itself. On the
other hand, the B

+
c ! J/ ⇡

+ decay can be fully
reconstructed, but the smaller branching ratio and
the fact that there are tens of pions produced from
the fragmentation means either a high pT selection or
a lifetime biased selection is required to reduce the
abundant prompt backgrounds. The latter would dis-
tort the B

+
c lifetime distribution. Such distortion can

be accounted for by introducing an acceptance deter-
mined either from the Monte Carlo or from the real
data using the so-called swimming method.[26,27] We
will also be able to study the other b-decays, e.g., the
B

+
c ! J/ ⇢

+ decay and the Cabbibo-suppressed de-
cay B

+
c ! J/ K

+.
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Fig. 2. The Bc mass spectrum. The theoretical predictions
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c masses measured by the CDF
experiment[5] and by the D0 experiment[6] are also shown.
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For the c-decays, the most interesting channel is
the so-called self-tagged channel[1] B+

c ! B
0
s⇡

+. The
charge of the ⇡+ meson in this decay can be used to tag
the initial flavor of the B0

s meson, which is required for
the CP studies. It is estimated that there will be about
117⇥ 103 B

0
s ! J/ (µ+

µ
�)�(K+

K
�) events[28] and

about 140 ⇥ 103 B
0
s ! D

�
s (K

+
K

�
⇡
�)⇡+ events[29]

selected and triggered from 2 fb�1 of data at the
LHCb experiment. Taking the inclusive cross section
of the B

+
c meson as 0.9µb and the branching ratio

B(B+
c ! B

0
s⇡

+) as 16.4%[1] and assuming the e�-
ciency of reconstructing B

+
c from B

0
s⇡

+ as 30%, we
will be able to observe about 100 B

+
c ! B

0
s⇡

+ events
with B

0
s ! J/ (µ+

µ
�)�(K+

K
�) and about 120

B
+
c ! B

0
s⇡

+ events with B
0
s ! D

�
s (K

+
K

�
⇡
�)⇡+

from 1 fb�1 of data, which may be not very interest-
ing for the CP violation studies of the B

0
s meson, but

we can at least measure the branching ratios of such
decays and test the theoretical predictions of their
branching ratios.

Annihilation is an important issue in B physics,
and its understanding will be improved by measure-
ments of the branching ratios of the annihilation de-
cays. One of the accessible channel at the LHCb
experiment is the B

+
c ! K̄

⇤0
K

+ decay,[30] whose
branching ratio was estimated to be O(10�6).[30,31]

Assuming a total e�ciency of 1%, one can expect
about 10 events per fb�1 of data. The observations
of this decay will constitute an important key to clar-
ify the controversy between di↵erent computation ap-
proaches for the annihilation diagram.[30,31]

For the CP violation studies, a theoretically stud-
ied channel is the B

+
c ! J/ D

+ decay, in which
the CP asymmetry A(B+

c ! J/ D
+) was estimated

to be O(10�3).[1] However, the branching ratio of
B

+
c ! J/ D

+ is only at a level of 10�4.[1] After
considering the branching ratios of J/ and D

+ of
6% and 10%, B(J/ ! µ

+
µ
�) = (5.93 ± 0.06)% and

B(D+ ! K
�
⇡
+
⇡
+) = (9.51± 0.34)%,[19] and assum-

ing a total e�ciency of about 1%,[11] one can only
expect about 5 events per fb�1 of data, which is not
su�cient to determine the 10�3 e↵ects.

For the extraction of the CKM angle �, one suit-
able way is to use the pure “tree” decays B+

c ! D
+
s D,

which, compared to the B
+ ! K

+
D strategy, have

the advantages that all sides of the CKM triangles
are expected to be of comparable length.[1] However,
the estimated branching ratio B(B+

c ! D
+
s D) is only

about 4.8 ⇥ 10�6.[1] Given that the branching ratio
for D

0 decay to CP-even states is about 5%, if the
D

+
s is (probably) reconstructed with K

+
K

�
⇡
+, one

can expect only about 1 event per fb�1 of data before
doing any selections, without mentioning that the to-
tal e�ciency is usually at a level of 1%.[11] Thus this
study is not really possible at the LHCb experiment
unless there are some large enhancements both in the
Bc production rate and in the branching ratio of the
B

+
c ! D

+
s D decay.

In 2010, the LHC will start from a center-of-mass
energy

p
s = 7TeV and will deliver an integrated lu-

minosity of several hundreds of pb�1 to the LHCb
experiment. The conservatively estimated production
cross section of the B

+
c meson at this energy is about

0.4µb, which means that we will be able to select
about 30 B

+
c ! J/ ⇡

+ events[23] per 100 pb�1 of
data. The signal yield for the B

+
c ! J/ `

+
⌫` de-

cay would be one order of magnitude larger. With
these events, it is probably that the B+

c mass, lifetime
and the production rate will be measured with an ac-
curacy that is comparable with the present published
results.

In summary, the Bc studies of the LHCb experi-
ment will be very fruitful. A big improvement will be
made on the experimental studies of theBc production
and the B+

c decays. The experimental observations of
the Bc rich spectroscopy will also be more complete.

We would like to thank Chao-Hsi Chang, Xing-
Gang Wu for the help with BCVEGPY, and Jacques
Lefrançois for stimulating discussions.

References

[1] Brambilla N et al 2004 hep-ph/0412158
[2] Chang C H and Wu X G 2004 Eur. Phys. J.C 38 267
[3] Abe F et al (CDF Collaboration) 1998 Phys. Rev. Lett. 81

2432
[4] Abe F et al (CDF Collaboration) 1998 Phys. Rev.D 58

112004
[5] Aaltonen T et al (CDF Collaboration) 2008 Phys. Rev. Lett.

100 182002
[6] Abazov V M et al (D0 Collaboration) 2008 Phys. Rev. Lett.

101 012001
[7] Abazov V M et al (D0 Collaboration) 2009 Phys. Rev. Lett.

102 092001
[8] CDF Collaboration 2008 CDF-note-9294
[9] CDF Collaboration 2009 CDF-note-9740

[10] Alves A A et al (The LHCb Collaboration) 2008 J. Instrum.

3 S08005
[11] The LHCb Collaboration 2003 CERN-LHCC-2003-030
[12] Gouz I P, Kiselev V V, Likhoded A K, Romanovsky V I

and Yushchenko O P 2004 Phys. Atom.Nucl. 67 1559
[13] Galdon M, Perez Ochoa R, Sanchis-Lozano M A and Valls

J A 1996 Nucl. Phys. Proc. Suppl. 50 311
[14] Zhang S H, Belkov A A, Shulga S and Chen G M 2004

Chin. Phys. Lett. 21 2380
[15] Meng X W, Tao J Q and Chen G M 2006 CERN-CMS-

NOTE-2006-118
[16] Chang C H, Driouichi C, Eerola P and Wu X G 2004 Com-

put. Phys. Commun. 159 192
[17] Chang C H, Wang J X and Wu X G 2006 Com-

put. Phys. Commun. 174 241
[18] Pumplin J et al 2002 J.High Energy Phys. 07 012
[19] Amsler C et al 2008 Phys. Lett.B 667 1
[20] Abulencia A et al 2007 Phys. Rev.D 75 012010
[21] Dijkstra H and Schneider O 2008 CERN-LHCB-2008-034
[22] Yushchenko O P 2003 CERN-LHCB-2003-113
[23] Gao Y, He J and Yang Z 2008 CERN-LHCB-2008-059
[24] Godfrey S 2004 Phys. Rev.D 70 054017
[25] Ball P et al 2000 hep-ph/0003238
[26] Rademacker J 2007 Nucl. Instrum.Meth.A 570 525
[27] Gligorov V V and Rademacker J 2009 CERN-LHCB-2007-

053
[28] Calvi M, Khanji B, Lanfranchi G, Leroy O and Poss S 2009

CERN-LHCB-2009-025
[29] Borel J, Nicolas L, Schneider O and van Hunen J 2007

CERN-LHCB-2007-017
[30] Descotes-Genon S, He J, Kou E and Robbe P 2009

Phys. Rev.D 80 114031
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!/# production
• Double-differential production as (8', 9),     

w/ 2 fb-1 data at 8 TeV 
• 8' distribution well described by BcVegPy
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!/# production
• ℛ = # $#$ ⋅ℬ($#$→)/+,$)

# $$ ⋅ℬ($$→)/+.$) = 0.683 ± 0.018 ± 0.009 %       
for 3/ < 20	GeV, ; ∈ [2, 4.5]
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!/# lifetime
• 3&" → :/<=", > = 513 ± 11 ± 6 fs

• 3&" → :/<D"E, > = 509 ± 8 ± 12 fs
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[PLB 742 (2015) 39]
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Excited !/# states

• 3& has a rich spectrum
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[S.Godfrey, PRD 70 (2004) 054017]

ππ ππ

γ



0"# 1""
%&#

%&∗#

%& 2) #
%&∗ 2) #

*#*"
*#*"

+

,-.

Observation of !/∗ 20 #
[PRL 122 (2019) 132001]
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[PRL 122 (2019) 232001]

[PRL 113 (2014) 212004]
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]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

!/# mass measurement

6274.47 ± 0.27 ± 0.17 MeV, taken as WA by PDG
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• Six decay modes, with all Run1+2 data, 
precision improved by a factor of 2

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
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!/# → !J!1#
• Observed w/ Run1 data, 

production ratio for A ∈ [2, 5] 

29

[P
R

L 
11

1 
(2

01
3)

 1
81

80
1] - .!"

- .#$
⋅ ℬ .!" → .#$2" = 2.37 ± 0.31 ± 0.11%$.'("$.') ;*' ×10%(

]2c) [MeV/+π−sDm(
5200 5400 5600 5800

)2 c
M

eV
/

 5
 

 (
 C

an
di

da
te

s /

0

2000

4000

6000

8000

10000
LHCb

+πs
− D→s

0B
+π−s D→0B
+π− D→0B
+π−cΛ →

0
bΛ

+π−*s D→0sB
+ρ−s D→0sB

Combinatorial

]2c) [MeV/φψJ/(m
5250 5300 5350 5400 5450 5500

)2 c
Ca

nd
id

at
es

 / 
(2

.5
 M

eV
/

0

5000

10000

15000 LHCb
 φψ J/→ 0

sB
Combinatorial

(a) (b)

]2c) [MeV/+π0sB(m
6000 6200 6400 6600

) 2 c
Ca

nd
id

at
es

 / 
(1

0 
M

eV
/

0

10

20

30

40

50 LHCb
Data

+π)+π −s D→(0
s B→c

+B
Comb. bkg.

+ρ0s B→c
+B

+π*s B→c
+B

]2c) [MeV/+π0sB(m
6000 6200 6400 6600

)2 c
Ca

nd
id

at
es

 / 
(1

0 
M

eV
/

0

10

20

30

40
LHCb

Data
+π)φψ J/→(0

s B→c
+B

Comb. bkg.
+ρ0s B→c

+B
+π*s B→c

+B

(a) (b)
65 ± 10 35 ± 8



ℬ(!/# → !J!1#)
• Measured w/ Run2 data, 

helps constrain Γ(5 → 7>L) 
ℬ(4,% → 4()E%)	
ℬ(4,% → ?/AE%) = 91 ± 13
⟹ ℬ 4,% → 4()E%  is 8% - 30% 
depending on ℬ(4,% → ?/AE%)
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Doubly heavy baryons
• Production @ 13 TeV, in LHCb acceptance

– B C00!! = B C00! ~40	nb, B G00! ~13	nb	
– B C10! = B C102 ~17	nb, B G102 ~5	nb

• Mass
– I C00! ≈ I C00!! : 3.5-3.7 GeV, I(G00! ), +0.1-0.2 GeV
– I C10! ≈ I C102 : 6.8-7.1 GeV, I(G102 ), +0.05-0.1 GeV

• Lifetime
– & C00! ≈ & G00! ≈ 3

4 & C00
!! , & C00!! : 0.2-1.05 ps

– C10! , 	 C102 ,	 G102 : 0.1-0.5 ps
31



5//#  @ SELEX

32

• SELEX claimed        
R,,% → S,%6&E% (6.3σ) 
– M, 3519±1 MeV
– τ, <33 fs @90%CL
– σprod, 20% S,% from R,,%

• Also M&&" → 8N"O#

[PRL 89 (2002) 112001]

[PLB 628 (2005)18] 

wrong-sign



5//  @ LHCb & others
• SELEX results not confirmed by FOCUS, 

Babar, Belle & LHCb
• '&&' → )&'*(+' searched by LHCb w/ 2011 data

• However, LHCb already had lots of ,&' events, 
and double-charm events…

=!!" =!!"

33
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• First observation, in 2016 (>12σ) & Run-I (>7σ) 

• P&"O#="=" identified as the 
most promising channel

Observation of !!!"" → #!"$#%"%" 
[P

R
L 
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9 
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 1

12
00

1]

[F.-S. Yu et al., CPC 42 (2018) 051001]
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313 ± 33



5!!"" properties
• '&&'' mass measured:

    SELEX: M(!$$% )=3519±1 MeV
     Isospin partner?
• Decay weakly, mass 

peak remains after 
lifetime cut

⟹Measurement of 
%('&&'') needed
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• Control mode, #() → #&"3&

• ' (&&""
= 0.256&'.'))%'.')* ± 0.014	ps

at lower side prediction: 0.2-1.05ps

• Weakly decay nature 
established!

5!!"" lifetime
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Observation of 5!!"" → 5!"1" 

• (&&"" → (&"&" expected 
to have large BR

• Re-discovery with 
2016 data, 5.9,  

• BR ratio measured 

[F.-S. Yu et al., CPC 42 (2018) 051001]
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ℬ =!!"" → =!"2" ⋅ ℬ(=!" → ?@%2")
ℬ =!!"" → B!"@%2"2" ⋅ ℬ(B!" → ?@%2")
= 0.035 ± 0.009 ± 0.003



Measurement of 5!!"" production
• Measured w/ 2016 data

• Accompanying ̅. ̅. dominates 
in trigger
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Measurement of 5!!"" production

• Relative to #&", in 
4 < !! < 15 GeV,
2<y<4.5

B C00!!
B M0!

ℬ C00!! → M0!O"P!P!

= 2.22 ± 0.27 ± 0.29 ×10"5

SELEX, 20% M0! from C00! ?
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Precision measurement of &(!!!"")
• Preparing to search for excited states, 

event-selection re-optimised
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4 !$$%% = 3621.55 ± 0.23 ± 0.30	MeV/:)
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Combinatorial

5!!"" → 5!/"1"
• 2016-2018 data, 

• Branching fraction ratio
ℬ R,,%% → R,E%E%
ℬ R,,%% → R,%E%

= 1.41 ± 0.17 ± 0.10
– some tension with existing predictions
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Summary of DHB studies
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!$$%%	(::<) !$$% 	(::>)

?$$% 	(::@)

!3$% 	(A:<) !3$' 	(A:>)

?3$' 	(A:@)

Observation[PRL	119	(2017)	112001]	
Mass[JHEP	02	(2020)	049]
Lifetime[PRL	121	(2018)	052002]
Production[CPC	44	(2020)	022001]
Decay 48*5*[PRL	121	(2018)	162002]				

					48;*5*[JHEP	05	(2022)	038]
     48(5*5*[JHEP	10	(2025)	136]

Hint/Evidence 
[SCPMA	63	(2020)	221062,	
JHEP	12	(2021)	107]

First search, Hint[SCPMA	64	(2021)	101062] First search[CPC	45	(2021)	093002]

First search
Hint
[CPC	47	(2023)	093001]

First search
[JHEP	11	(2020)	095]



Summary of DHB studies
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Excited 5!3 states

• Lots of singly charmed baryons
• New excited '&) states in 
.()&'*()
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Two new charmed hadrons
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• Five states observed in V(R,%6&)	in 2017, two new 
W, 3185 ), W, 3327 ) in 2023, nature unclear
– Excited G02 (%##), molecular, pentaquark (%##RSR)?  
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Spectroscopy at LHCb
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• D0 @ Tevatron (Fermi) claimed observation
• First tetraquark with open-bottom？

47

Signals: 5.6k

6 5568 " → !431" (IG̅KH̅)

PRL 117 (2016) 022003
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Charmonium(like) states

I=1/2

2003
2020

2021

2021

2022

2022

2016

2021

2005

2005

2016

2016

2013

2013

2014

2006

2008

2007

2011

2009

2007

2014

2015

2007

2008 2014
2008

2010

2017 2019

2008

2021

2018

20212022

2023

since

[F.-K. Guo (郭奉坤), PoS LATTICE 2022 (2023) 232]
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Samuel C.C.Ting

?(3872)?
• Tetraquark
• A8-(2B)
• Molecule
• Mixture



Quarkonium production
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25/62马滟青

CO mechanism

States pT behavior at 
LO

3S1[1] pT-8

3S1[8] pT-4

1S0[8] pT-6

3PJ[8] pT-6

Kramer, 0106120

YQM, Wang, Chao, 1012.1030 Butenschoen, Kniehl, 1105.0820

Nicely explain 𝝍′ surplus by CO contributions

Gong, Wan, Wang, Zhang, 1205.6682

33/62马滟青

Polarization puzzle at NLO

 𝐽/𝜓: transverse polarization canceled (why?) in 3𝑺1
𝟖 and 3P𝐽

𝟖

Chao,YQM,Shao,Wang, Zhang,1201.2675 Bodwin, Chung, Kim, Lee, 1403.3612

𝜓(2𝑆): cancelation weak, hard to understand data

Shao, Han, YQM, Meng, Zhang, Chao, 1411.3300 Gong, Wan, Wang, Zhang, 1205.6682

Faccioli,Knunz,Lourenco, Seixas,Wohri,1403.3970

Bodwin et al., 1509.07904

Credits: Y.Q. MA

Credits: Y.Q. MA



9!(10) production
• 5&(17) hadroproduction

firstly measured by LHCb
• Prompt signal suffers from 

high background
• Dedicated trigger
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9!(10) production
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[M. Butenschoen, et al., PRL 114 (2015) 092004]
D Comparison with theory prediction378

The comparison of the measured ⌘c di↵erential prompt production cross-section with379

the colour-singlet model prediction [31] is shown in Fig. 10. While the colour-singlet380

contribution provides in general a good description of the LHCb measurements, an381

indication of a di↵erent slope could point to a colour-octet contribution exhibiting at382

larger pT values. Enlarging measured pT range and improving theory uncertainties can be383

decisive to quantify this e↵ect.

6 8 10 12 14
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310 This measurement

Colour-singlet model
Feng et al.

LHCbp
s =13 TeV

d�
⌘ c
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p T
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Figure 10: Measured (points) prompt production cross-section of the ⌘c meson compared to the
prediction (boxes) of the colour-singlet model [31].

384

19

[EPJC 80 (2020) 191]

Results confirmed with 13 TeV data



6(3872) production
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In pipeline: B/CD, B/CE, B/CF, B/CG%...



The LHCb upgrades
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Upgrade	II,	4D	detector	
Timing,	T(10	ps),	is	essential



Prospects
• LHCb upgrades  

(2025: 23 fb-1, Upgrade-II: 300 fb-1)
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Summary
• Indirect search for New Physics

– ! → #ℓ!ℓ", BR, LFU
– ! → %&', LFU

• Experimental study of QCD
– Conventional hadrons

• !!" physics, Doubly heavy baryons
• Quarkonium production

– Exotic hadrons
• Production 
• " 5568 " 
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