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• The LHCb detector

• Recent results


• Charmed baryons lifetime measurement: Ωc
0, Λc

+, Ξc
+ and Ξc

0 [Run I: 3fb-1]


• Charmonia and charmonium-like exotics:

• Near threshold DD spectroscopy: 

new charmonium state X(3842) compatible with 𝜓3(1
3D3) [Run I+II: 9fb-1]


• Update of the analysis of Λb
0 → J/𝜓 pK−: 

3 narrow pentaquark candidates: Pc(4312)+, Pc(4440)+ and Pc(4457)+ [Run I+II: 9fb-1] 

• Evidence for an η
c
(1S)π−

 
resonance in B0→ η

c
(1S)K+π− decays [Run I+II: 4.7fb-1]


• Summary

Outline

−

For more LHCb results see talks by:

Vladimir Shevchenko, Dmitrii Pereima, Pavel Krokovny, Evgenii Kurbatov
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pp

• VELO: impact parameter resolution (15 + 29/pT[GeV/c]) µm, decay time resolution ~45 fs


• Tracking stations, Magnet: momentum resolution ∆p/p = 0.4 % at 5 GeV/c, 1.0 % at 200 GeV/c


• PID efficiency: for e− ~90% with 5% e→h misID, for K ~95% with 5% 𝜋→K misID, for µ ~97% with 1-3% 𝜋→ µ misID


• Calorimetric system: ECAL resolution ~1%⊕9%/√E[GeV] , HCAL resolution ~9%⊕69%/√E[GeV]


• Trigger efficiency: ~90% for dimuon, ~30% for multibody hadronic

The LHCb detector
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Acceptance

~40% of bb− and cc−

B0 : Λ0
b : B0

s ∼ 4 : 2 : 1

JINST 3 (2008) S08005

Int.J.Mod.Phys. A30 (2015) 1530022

Details are given in the talk 
by Vladimir Shevchenko

LHCb integrated recorded luminosity in pp 2010-2018

Access to all species of b-hadrons

https://www.doi.org/10.1088/1748-0221/3/08/S08005
https://www.doi.org/10.1142/S0217751X15300227
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• Detached vertex method (keep only long-lived candidates)
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General analysis strategy

pp

Primary vertex (PV)

𝝁−
𝝁+ } J/ψ

K−

pΛb
0

Λ0
b → J/ψ[ → μ+μ−]pK−

Secondary vertex

cτ(Λ0
b)

• Further selection to suppress background

Impact Parameter

See talk by 
Dmitrii Pereima
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Lifetime of the charmed baryons

• Lifetime (𝜏) is useful to test theoretical approaches, i.e. Heavy Quark Expansion (HQE)

• For c-hadrons high-order terms relatively large (wrt b-hadrons)

• Lifetime hierarchy: 𝜏(Ξc

+) > 𝜏(Λc
+) > 𝜏(Ξc

0) > 𝜏(Ωc
0) is predicted from HQE


• 𝜏(Ωc
0) is considered the shortest due to large constructive interference between s-quark in 

c→sW+ transition and the spectator s-quark in the final state

• Lifetime of c-mesons (D0, D+, Ds

+) are well known with ~1% uncertainty level, 
whereas c-baryons lifetime with uncertainty up to 17%

New measurement for Ξc
+, Λc

+, Ξc
0, and Ωc

PV
Ωb
−

Ωc
0

p

K−

K−
𝞵−

ν−µX
π+

• Signal channels:

• Ωb

− → Ωc
0(→ pK−K−π+)µ−ν−µX, statistics is ×10 wrt previous measurements (FOCUS, WA89, E687)


• Λb
0 → Λc

+(→ pK−π+)µ−ν−µX 

• Ξb
− → Ξc

0(→ pK−K−π+)µ−ν−µX 

• Ξb
0 → Ξc

+(→ pK−π+)µ−ν−µX 

• Control channel: B → D+(→ K−π+π+)µ−ν−µX 

• only 10% of Run-II statistics
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PRL 121 (2018) 092003
PRD (2019) 032001

https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001
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τD+ = 1042.0 ± 1.7 fs

• Fit model: 


• Fit the background subtracted distributions

• Simultaneous fit of signal and normalisation samples

• Lifetimes are measured relative to that of the D+ meson

!6

PRL 121 (2018) 092003

Normalisation D+

Examples of background subtracted distribution for 

Binned template 
from simulation

lifetimes used 
in simulation

tracking 
efficiency correction

S(trec) = f(ttec) × exp(−
trec

τfit
+

trec

τsim
) × β(trec)

Lifetime of the charmed baryons
PRD (2019) 032001

Signal Ωc
0

https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001
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Lifetime measurement results

Lifetime of the charmed baryons
PRL 121 (2018) 092003

PRD (2019) 032001
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Lifetime hierarchy updated: 
𝜏(Ξc

+) > 𝜏(Ωc
0) > 𝜏(Λc

+) > 𝜏(Ξc
0)In agreement with PDG

3.3𝜎 deviation wrt PDG

τΩ0
c

= 268 ± 24 ± 10 ± 2(τD+) fs ×4 times wrt PDG
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HQE allows inverted hierarchy depending 
on treatment of higher order terms 

[arXiv:hep-ph/9311331]

https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001
https://arxiv.org/abs/hep-ph/9311331
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Charmonium spectrum status 55
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (39) based on the Godfrey-Isgur relativized potential model (40), supplemented by the calculations
in ref. (332) for high radial excitations of the P-wave states. The solid (black) horizontal lines indicate the experimentally established
charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave JPC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄⇤ and B⇤B̄⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄⇤ and D⇤D̄⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The JP = 1+ Z(4430) (now with a mass near
4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄⇤(2S) configu-
ration (379; 380), where the D⇤(2S) is the radial excita-

Rev.Mod.Phys. 90 (2018) 15003

Charmonium-like states

Further search for charmonium states and determine their properties

• Charmonium spectrum and properties well 
described by potential models but there are 
many not yet observed states above the D0D0 
threshold.


• A lot of exotic hadrons (X, Y, Z) which doesn’t fit 
into conventional charmonium spectrum


• Many theoretical interpretations in discussion

• Precise measurements are crucial for 

interpretation of exotic states

Highlights from LHCb

• Study of 𝜒c1(3872) (production, JPC, new decay modes) 
[EPJ C72 (2012) 1972, PRL 110 (2013) 222001, Nucl.Phys. B886 (2013) 665]


• Z(4430)+ resonance confirmation [PRL 112 (2014) 222002, PRD 92 (2015) 112009]

• Observation of Pc(4380)+ and Pc(4450)+ 

[PRL 115 (2015) 072001, PRL 117 (2016) 082002]

• X(4140) and X(4274) resonance confirmation 

[PRL 118 (2017) 022003, PRD 95 (2017) 012002]

• Exotic contributions to the B0→ J/ψK+π− [PRL 122 (2019) 152002]

• And many more…

Exotics:Conventional:
• Production of J/𝜓, 𝜓(2S) with µ+µ−  

[arXiv:1908.03099, JHEP 10 (2013) 115]

• Production of 𝜒c1 and 𝜒c2 with (µ+µ−)𝛾 [PLB 714 (2012) 215]

• Precise measurement of parameters of


• ηc and ηc(2S), with pp and 𝜙𝜙 
[EPJ C75 (2015) 311, PLB 769 (2017) 305, EPJ C77 (2017) 609]


• 𝜒c1 and 𝜒c2, with J/𝜓µ+µ− and 𝜙𝜙 
[PRL 119 (2017) 221801, EPJ C77 (2017) 609]


• And many more …

−

−

https://doi.org/10.1103/RevModPhys.90.015003
https://www.doi.org/10.1140/epjc/s10052-012-1972-7
https://www.doi.org/10.1103/PhysRevLett.110.222001
https://www.doi.org/10.1016/j.nuclphysb.2014.06.011
https://www.doi.org/10.1103/PhysRevLett.112.222002
https://www.doi.org/10.1103/PhysRevD.92.112009
https://www.doi.org/10.1103/PhysRevLett.115.072001
https://www.doi.org/10.1103/PhysRevLett.117.082002
https://www.doi.org/10.1103/PhysRevLett.118.022003
https://www.doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevLett.122.152002
https://arxiv.org/abs/1908.03099
https://doi.org/10.1007/JHEP06(2013)064
https://doi.org/10.1016/j.physletb.2012.06.077
https://doi.org/10.1140/epjc/s10052-015-3502-x
https://doi.org/10.1016/j.physletb.2017.03.046
https://doi.org/10.1140/epjc/s10052-017-5151-8
https://doi.org/10.1103/PhysRevLett.119.221801
https://doi.org/10.1140/epjc/s10052-017-5151-8
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JHEP 07 (2019) 035
Near threshold DD spectroscopy−

• First analysis to make use of full 
Run-I + Run-II data: ~9fb-1 

• Prompt D+D− and D0D0, where 
D+→ K−π+π+ and D0→ K−π+


• Displaced D-vertices

PV

D+ π+

K−

π+

D− π−
K+

π−PV

D0 π+

K−

D0
π−
K+−

N = 3.6 × 106

s = 7, 8, 13 TeV

N = 2.0 × 106

• D candidates mass within ±20 MeV 
(approximately ±3σ) of the PDG value


• Purity ~88% for D0D0, ~90% for D+D−

• To improve DD resolution: D mass 

constrained to the known values

• Fits in three different mass region

𝜓(3770) 𝜒c2(3930)

𝜒c1(3872)→D*0D0 
(missing π0 or 𝛾)

X(3842)

−

−

−

s = 7, 8, 13 TeV

−

https://doi.org/10.1007/JHEP07(2019)035
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JHEP 07 (2019) 035
Near threshold DD spectroscopy−
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Simultaneous fit for D+D− and D0D0 candidates

• Observation of X(3842) — new narrow charmonium state with measured parameters:


• Mass and width are compatible with 𝜓3(1
3D3) charmonium with JPC=3− −  

• Prompt hadroproduction of the χc2(3930) and 𝜓(3770) states is observed for the first time. 
The measured parameters:

mX(3842) = 3842.71 ± 0.16 ± 0.12 MeV/c2; ΓX(3842) = 2.79 ± 0.51 ± 0.35 MeV

−

s = 7, 8, 13 TeV s = 7, 8, 13 TeV s = 7, 8, 13 TeV

10 20 30 40
(3930)) [MeV]

c2
χ(Γ

Belle

BaBar

PDG 2018

LHCb 2𝜎2𝜎

mψ(3770) = 3778.1 ± 0.7 ± 0.6 MeV/c2Γχc2(3930) = 36.6 ± 1.9 ± 0.9 MeVmχc2(3930) = 3921.9 ± 0.6 ± 0.2 MeV/c2

https://doi.org/10.1007/JHEP07(2019)035
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PRL 122 (2019) 222001

Exotics in Λb
0 → J/𝜓 pK− decay

• In 2015 the exotic contributions  
Pc(4380)+ and Pc(4450)+ 
decaying to J/𝜓p observed by 
means of full amplitude 
analysis


• Model independent analysis 
reject non-exotic contributions 
model at the level of >9σ 
[PRL 117 (2016) 082002]
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• Enhancement of statistics wrt Run1 only:

• ×2    (improved selection) 

• ×3    (integrated luminosity)

• ×1.5 (increased cross-section at                 )


• In total ×9 larger dataset
s = 13TeV
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Update of Λb
0 → J/𝜓 pK− analysis with Run-I + Run-II

PRL 115 (2015) 072001

https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.117.082002
https://www.doi.org/10.1103/PhysRevLett.115.072001
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PRL 122 (2019) 222001
Exotics in Λb

0 → J/𝜓 pK− decay
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• Peaking structure at 4450 MeV confirmed (resolved in two narrow structures)

• A new peak (previously one-bin bump) seen

• Amplitude analysis faces challenge and takes time

• Simplified approach: 1D fits of m(J/𝜓p) distribution

• To suppress Λ* contribution:


- apply cut m(J/𝜓p) > 1.9 MeV

- apply weights according to the inverse Λ* background density (as a function of cos(𝜃Pc))

s = 7, 8, 13 TeV

https://doi.org/10.1103/PhysRevLett.122.222001
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PRL 122 (2019) 222001
Exotics in Λb

0 → J/𝜓 pK− decay

• 7.3σ for new Pc(4312)+

• 5.4σ for 2-peak structure (Pc(4440)+ and 
Pc(4457)+) wrt 1-peak hypothesis


• Large systematic uncertainty due to 
unknown interference terms

• Established from the range of alternative 

fits including ones that take into 
account interference between BW 
amplitudes. No significant change to fit-
quality with respect to incoherent sum 
of BW (baseline model)
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s = 7, 8, 13 TeV

Baseline fit
State M [ MeV ] � [ MeV ] (95% CL) R [%]

Pc(4312)+ 4311.9± 0.7+6.8
�0.6 9.8± 2.7+ 3.7

� 4.5 (< 27) 0.30± 0.07+0.34
�0.09

Pc(4440)+ 4440.3± 1.3+4.1
�4.7 20.6± 4.9+ 8.7

�10.1 (< 49) 1.11± 0.33+0.22
�0.10

Pc(4457)+ 4457.3± 0.6+4.1
�1.7 6.4± 2.0+ 5.7

� 1.9 (< 20) 0.53± 0.16+0.15
�0.13

Fit results:

• Near threshold masses and narrow resonances favour the 
hypothesis of baryon-meson molecule states


• Pc(4457)+ could be generated by triangle diagrams, while 
it is unlikely for Pc(4312)+ and Pc(4440)+


• Full amplitude is in progress, but it turns to be quite 
complicated, therefore, requires more time

https://doi.org/10.1103/PhysRevLett.122.222001


16/

5.2 5.25 5.3 5.35 5.4
) [GeV]−π+Kpp(m

0

500

1000

1500

2000

Ca
nd

id
at

es
 / 

(2
.5

 M
eV

)

LHCb Data
Total PDF

−π+Kpp → 0B
−π+Kpp → s0B
−K+Kpp → s0B
−π+πpp → 0B

Combinatorial
background

2.9 3 3.1 3.2
) [GeV]pp(m

0

500

1000

1500

2000

2500

3000

Ca
nd

id
at

es
 / 

(6
 M

eV
)

Data
Total PDF

−π+S)K1(cη → 0B
−π+Kψ/J → 0B
 (NR)−π+Kpp → 0B

LHCb

0

10

20

30

40

50

2 4
]2) [GeV−π+K(2m

10

15

20

]2
) [

G
eV

− π
S)1( cη(2

m

LHCb

!14

Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

s = 7, 8 13 TeV s = 7, 8 13 TeV

• B0→ηc[→pp−]K+π− signal extracted via 2D fit of m(pp−K+π−) and m(pp−)

B0→pp−K+π−

N ≈ 30000

B0→cc−[→pp−]K+π−

• In J/𝜓p, J/ψπ−, J/ψπ+π−, J/ψ𝜙, J/ψ𝛾, 𝜓(2S)π−, 𝜓(2S)𝛾, 𝜒c1π
+, system containing vectors J/ψ, 𝜓(2S), 𝜒c1


• But what about the ground state charmonium η
c
(1S)?


• The disadvantage is mostly hadronic decay modes (pp− is one of them)

Exotics decaying to chromium:

Nηc
= 2105 ± 75

NJ /ψ = 5899 ± 86

Dalitz plot after sPlot

• Decay amplitude: sum of resonant K+π− + non-resonant processes

• Six K*0 resonances give significant contributions

• Exotic Zc(4100)− → ηcπ− contribution added to improve the fit

Dalitz plot analysis

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

K+π− only contributions
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s = 7, 8 13 TeV

Data Total PDF 0(1680)*K

Combinatorial bkg 0(892)*K 0(1410)*K

 (NR) bkg−π+Kpp → 0B  S-wave−π+K 0(1430)2
*K

−(4100)cZ

• Good description is achieved by adding an exotic Zc(4100)− → ηcπ− component

• Evidence for exotic Zc(4100)− resonance (3.4𝜎 significance considering systematics)

• Both JP= 0+ and JP= 1− are consistent with the data


• Mass and width are measured:

M = 4096 ± 20+18
−22 MeV/c2, Γ = 152 ± 58+60

−35 MeV

K+π− and ηcπ− contributions

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
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Conclusion

• The LHCb experiment provides a significant contribution to the 
knowledge of charm and charmonium spectroscopy:


• Charmed baryons lifetime measurement: Ωc
0, Λc

+, Ξc
+ and Ξc

0 [Run I: 3fb-1]


• Charmonia and сharmonium-like exotics:


• New charmonium state X(3842) compatible with 𝜓3(1
3D3) [Run I+II: 9fb-1]


• 3 narrow pentaquark candidates: Pc(4312)+, Pc(4440)+ and Pc(4457)+ [Run I+II: 9fb-1]


• Evidence for an η
c
(1S)π−

 
resonance in B0→ η

c
(1S)K+π− decays [Run I+II: 4.7fb-1]


• Looking forward for new results!

For more LHCb results see talks by:

Vladimir Shevchenko, Dmitrii Pereima, Pavel Krokovny, Evgenii Kurbatov
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Backup slides
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Fits of lifetime distributions

Λb
0 → Λc

+(→ pK−π+)µ−ν−µX Ξb
− → Ξc

0(→ pK−K−π+)µ−ν−µX Ξb
0 → Ξc

+(→ pK−π+)µ−ν−µX
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s = 7, 8 TeV

τΛ+
c

= 203.5 ± 1.0 ± 1.3 ± 1.4(τD+) fs
τΞ+

c
= 456.8 ± 3.5 ± 2.9 ± 3.1(τD+) fs

τΞ0
c

= 154.5 ± 1.7 ± 1.6 ± 1.0(τD+) fs

Lifetime measurement results

Lifetime hierarchy confirmed: 
𝜏(Ξc

+) > 𝜏(Ωc
0) > 𝜏(Λc

+) > 𝜏(Ξc
0)

In agreement with PDG

3.3𝜎 deviation wrt PDG

Lifetime of the charmed baryons
PRL 121 (2018) 092003

PRD (2019) 032001

τΩ0
c

= 268 ± 24 ± 10 ± 2(τD+) fs

https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001
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JHEP 07 (2019) 035
Near threshold DD spectroscopy−
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Simultaneous fit for D+D− and D0D0 candidates

• Observation of X(3842) — new narrow charmonium state


• Mass and width are compatible with 𝜓3(1
3D3) charmonium with JPC=3− −  

• Prompt hadroproduction of the χc2(3930) and 𝜓(3770) states is observed for the first time. 
The measured parameters:

mX(3842) = 3842.71 ± 0.16 ± 0.12 MeV/c2; ΓX(3842) = 2.79 ± 0.51 ± 0.35 MeV

mχc2(3930) = 3921.9 ± 0.6 ± 0.2 MeV/c2;
mψ(3770) = 3778.1 ± 0.7 ± 0.6 MeV/c2

Γχc2(3930) = 36.6 ± 1.9 ± 0.9 MeV

−

mχc2(3930) = 3927.2 ± 2.6 MeV/c2;

Γχc2(3930) = 24 ± 6 MeV
2𝜎 tension {

PDG:

s = 7, 8, 13 TeV s = 7, 8, 13 TeV s = 7, 8, 13 TeV

https://doi.org/10.1007/JHEP07(2019)035


16/1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
cPθcos

0

0.2

0.4

0.6

0.8

1

 ) c
Pθ

co
s

∆
N

/
∆

 1
 / 

(
∝

 ) c
Pθ

co
s

w
(

 

LHCb

 

!20

PRL 122 (2019) 222001

1

10

210

)4
0.

04
5 

G
eV

×
C

an
di

da
te

s/
(0

.1
05

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
]2 [GeV2

Kpm
16

18

20

22

24

26

]2
 [G

eV
2

p
ψ

J/
m

LHCb

4.2 4.4 4.6 4.8 5
 [GeV]pψ/Jm

0

200

400

600

800

1000

C
an

di
da

te
s/

(2
 M

eV
)

LHCb

4.2 4.4 4.6 4.8 5
 [GeV]pψ/Jm

0

50

100

150

200

250

300

C
an

di
da

te
s/

(2
 M

eV
)

>1.9 GeVKpm

LHCb

4.3 4.35 4.4 4.45

150

200

250

300

• Peaking structure at 4450 MeV 
confirmed (resolved in two 
narrow structures)


• A new peak (previously 
one-bin bump) seen


• Amplitude analysis faces 
challenge and takes time


• Simplified approach: 1D fits of 
m(J/𝜓p) distribution

Exotics in Λb
0 → J/𝜓 pK− decay

80% of Λ*
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m(pK)>1.9 GeV

• To suppress Λ* contribution:

- apply cut m(J/𝜓p) > 1.9 MeV  

or

- apply weights according to 

the inverse Λ* background 
density:

https://doi.org/10.1103/PhysRevLett.122.222001
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Exotics in Λb

0 → J/𝜓 pK− decay
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https://doi.org/10.1103/PhysRevLett.122.222001
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

• Decay amplitude: sum of resonant K+π− + non-
resonant processes


• Six K*0 resonances give significant contributions

• Exotic Zc(4100)− → ηcπ− contribution added to 

improve the fit
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Component Run 1 Run 2

B0! ⌘cK+⇡�
805 ± 48 1065 ± 56

B0! ppK+⇡�
(NR) 234 ± 48 273 ± 56

Combinatorial background 409 ± 36 498 ± 41

sPlot

2D fit m(pp−K+π−)-m(pp−) for Run-I and Run-II

Dalitz plot analysis

https://www.doi.org/10.1140/epjc/s10052-018-6447-z

