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The	LHCb	detector	described	in	JINST	3	(2008)	S08005

LHCb detector and performance
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VELO:
primary vertex
impact parameter
displaced vertex

Tracking Station: p for
lower energy tracks and long 
lived V0 reconstruction

Tracking Stations:
p of charged particles 
that traverse the magnet

Calorimeters:
PID: h,e,g, p0

Muon SystemRICH:
PID: primarily K,p separation

Interaction 
region

Beam 1 Beam 2

The LHCb detector

• precise primary and secondary vertex
reconstruction: 20µm for high-pT tracks

• excellent momentum resolution: �p/p = 0.5% at
low momentum to 1.0 % at 200GeV/c

• very good separation of charged ⇡, K and p and

excellent muon identification over the

2 < p < 100GeV/c range

• 2 < ⌘ < 5 range: ⇠ 25% of bb̄

pairs inside LHCb acceptance

• L = 3 fb�1 in 2011+2012 data
taking ) ⇠ 1012 bb̄ pairs

• data taking restarted in 2015: at

the end of 2016 we expect to

double the statistics

Impact	parameter:
Proper	 time:
Momentum:
Mass	:
RICH	! − # separation:
Muon	 ID:
ECAL:

$%& = ()	+,
-. = 45	fs for	345 → 7/9: or	;4<#=
Δ?/? = 0.4 ∼ 0.6% (5	– 100	GeV/K)
$M = N	OPQ/R( for	S → T/UV (constrainted	,T/U )
W X → X ∼ YZ% mis-ID	W [ → X ∼ Z%
W \ → \ ∼ Y]% mis-ID	W [ → \ ∼ ^− _%
Δ`/` = 1⊕ 10%/ `(GeV)�
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LHCb advantage and disadvantage 

n Advantage at LHCb:
q Huge b-production cross-section

𝝈 𝒑𝒑 → 𝒃𝒃%𝑿 ≈ 72 𝛍𝐛 @7 TeV ≈ 144 𝛍𝐛 @13 TeV in LHCb
acceptance

q Can also access Λ+, , 𝐵.,, 𝐵/0
B0:Lb:Bs = 4:2:1

n Disadvantage at LHCb:
q Efficiency of one track ~50% (not good for 

large number of finial states)
q Inefficiency for 𝐾.,, 𝛬,, g

[LHCb,	JHEP	08(2014)	143]

fLb/fd

fLb/fd

PHYS. REV. LETT. 118, 052002 (2017)
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LHCb collected luminosity
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7TeV
1.1/fb

8TeV
2.1/fb

13TeV

𝝈 𝒑𝒑 → 𝒃𝒃%𝑿 ≈ 72 𝛍𝐛 @7 TeV vs ≈ 144 𝛍𝐛 @13 TeV in LHCb acceptance

Expect  Yield(Run1+2) ≈ 4.5 Yield(Run1) 5

0.3/fb

1.7/fb

1.7/fb

2.19/fb



Two methods for spectroscopy

n Direct production in 𝑝𝑝 collisions
q Combine a heavy flavour hadron 

with one or more light particles 
q Pros: High statistics, in principle can 

study all states
q Cons: Large combinatorial 

background, hard to determine JP

n Production by a heavier particle 
decay
q Usually with amplitude analysis
q Pros: Low background, Better 

determination of JP

q Cons: Low cross-section, limited 
states and limited J
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PV

𝜩𝒃𝟎
𝜩𝒃7

PV

𝚲𝒃𝟎

𝑷𝒄
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Two methods for spectroscopy

n Direct production in 𝑝𝑝 collisions
q 𝛯//00, Ω/∗ → 𝛯/𝐾

q All excited B, 𝛯+∗ → Ξ+𝜋; 𝛬+𝐾

n Production by a B or D decays
q X(3872) JP

q Zc(4430)
q X(4140) ….
q Pc(4450), Pc(4380)
q D(s)J
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PV

𝜩𝒃𝟎
𝜩𝒃7

PV

𝚲𝒃𝟎

𝑷𝒄
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Charmed and bottom baryons
n 25 charmed baryons

observed 
q Missing many 𝛴/∗?

n 11 bottom baryons
observed 

n Bottom are very similar
to charmed baryons
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Bottom baryons

ü Direct production
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𝜩𝒃 baryon spectroscopy
n Numbers of excited b-baryons have already 

been discovered
q 𝛯+∗ 5945 , → 𝛯+B𝜋0 [CMS’12]
q 𝛯+7 5935 B, 𝛯+∗ 5955 B → 𝛯+,𝜋B [LHCb’15]
q 𝛯+7

, not yet observed

State 𝑱𝑷 𝑏 𝑠𝑞

𝜩𝒃 𝟏/𝟐0 ↑ ↑↓

𝜩𝒃7 𝟏/𝟐0 ↓ (↑↑)
𝜩𝒃∗ 𝟑/𝟐0 ↑ (↑↑)
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no 𝜩𝒃7𝟎

PRL 108, 252002 (2012)

𝜩𝒃∗ 𝟓𝟗𝟒𝟓 𝟎
𝜩𝒃∗ 𝟓𝟗𝟒𝟓 𝟎

𝑴 𝜩𝒃B𝝅0 −𝑴 𝜩𝒃B −𝑴(𝝅0) [MeV/c2]

JHEP 05 (2016) 161 

𝜩𝒃7 𝟓𝟗𝟑𝟓 B
𝜩𝒃∗ 𝟓𝟗𝟓𝟓 B

𝑴 𝜩𝒃𝟎𝝅B −𝑴 𝜩𝒃𝟎 −𝑴(𝝅B) [MeV/c2]

PRL 114 (2015) 062004 

Charged 𝛯+
7(∗)

Neutral 𝛯+∗



𝜩𝒃 baryon spectroscopy
n Numbers of excited b-baryons have already been discovered

q 𝛯+∗ 5945 , → 𝛯+B𝜋0 [CMS’12]
q 𝛯+7 5935 B, 𝛯+∗ 5955 B → 𝛯+,𝜋B [LHCb’15]
q 𝛯+7

, not yet observed

n More higher excited states are
expected to be above 𝛬+,𝐾
threshold
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Observation of a new 𝛯+∗∗B state
n Hadronic 𝛬+, → 𝛬/0𝜋B: 

q Resolution: 2 MeV
q 7.9s
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n Semileptonic (SL) 
𝛬+, → 𝛬/0𝜇B𝑋�̅̀�

q Resolution: ~18 MeV
q Yields ~15 larger
q 25s

n Semileptonic (SL)
𝛯+, → 𝛯/0𝜇B𝑋�̅̀�

q 9.2s

PRL 121 (2018) 072002

New method using SL gives 15x yield than 
that in HD, largely increase search power of 
excited bottom hadrons



The 𝛯+∗∗B properties
n With hadronic mode

n Production ratios are measured with SL modes

n Consistent with 1P states

12/16/18

Mass peak position is consistent between the three decay channels

Quantity 7+8	TeV 13	TeV

(𝜎bc∗∗d/𝜎ecf)ℬ(𝛯+
∗∗B → 𝛬+,𝐾B) (3.0	± 0.4	± 0.4)×10-3 (3.4	± 0.4	± 0.4)×10-3

(𝜎bc∗∗d/𝜎bcf)ℬ(𝛯+
∗∗B → 𝛯+,𝜋B) (47± 9	± 7)×10-3 (22	± 6	± 3)×10-3

13

PRL 121 (2018) 072002

Bing Chen et. al. PRD 98, 
(2018) 031502(R)



𝜮𝒃 spectroscopy: Observation of 𝜮𝒃 𝟔𝟎𝟗𝟕 ±

n 𝛬+, → 𝛬/0𝜋B combined with 𝜋± from PV
n 𝑝l 𝜋± > 1 GeV to suppress backgd
n Relativistic BW convoluted with 

resolutions of 1.0, 1.1, 2.4 MeV for
𝛴+, 𝛴+∗, 𝜮𝒃 𝟔𝟎𝟗𝟕

𝜮𝒃 𝟔𝟎𝟗𝟕 B [𝒃𝒅𝒅]

𝜮𝒃 𝟔𝟎𝟗𝟕 0 [𝒃𝒖𝒖]

𝜮𝒃
± and 𝜮𝒃

∗± parameters are measured, 
5x more precise than the previous CDF values

Arxiv:1809.07752
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Charmed baryons

ü Direct production
ü From B decay
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𝜦𝑪
(∗) spectroscopy

n Status	
– experimental	observations	/	nonrelativistic	heavy	quark-light	diquarkmodel

states	seen	with	confirmed	properties

n 𝓑(𝜦𝒃 → 𝑫𝟎𝒑𝝅B)measured	with	1fb-1

Amplitude	analysis	with	3	fb-1		
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LHCb-PAPER-2016-061
JHEP	05	(2017)	030

LHCb-PAPER-2013-056
PRD	89	(2014)	032001

B.Chen,	K.-W.	Wei	and	A.	Zhang,		EPJA	51	(2015)	82

𝚲𝒄(2940)

𝚲𝒄(2765)	or	𝜮𝒄
threshold	structure	near	2840	MeV

𝐷,𝑝



Amplitude analysis 𝚲𝐛 → 𝑫𝟎𝒑𝝅B

n Clean	sample	with	~11K	signal	events

fit	in	different	phase	space	regions	to	reduce	complexities	
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LHCb-PAPER-2016-061
JHEP	05	(2017)	030

1.0	fb-1			7	TeV
2.0	fb-1			8	TeV



Amplitude analysis 𝚲𝐛 → 𝑫𝟎𝒑𝝅B

n 𝜦𝒄(𝟐𝟖𝟖𝟎) 𝑱𝑷 = 𝟓
𝟐

0
confirmed

n 𝜦𝒄(𝟐𝟖𝟔𝟎) 𝑱𝑷 = 𝟑
𝟐

0
confirmed

n 𝜦𝒄(𝟐𝟗𝟒𝟎) 𝑱𝑷 = 𝟑
𝟐

B
favored	,		(	𝟑

𝟐

0
, 𝟓
𝟐

B
, 𝟓
𝟐

0
~3𝝈)
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LHCb-PAPER-2016-061
JHEP	05	(2017)	030

JHEP05(2017)030

Uncertainty

Source m(Λc(2880)+) Γ(Λc(2880)+) ∆ lnL
[MeV ] [MeV ]

Background fraction 0.01 0.02 0.11

Efficiency profile 0.01 0.10 0.35

Background shape 0.02 0.11 0.28

Momentum resolution 0.02 0.24 0.29

Mass scale 0.05 − −
Fit procedure 0.03 0.08 −
Total systematic 0.07 0.29 0.54

Breit-Wigner model +0.01/−0.00 +0.01/−0.00 0.01

Nonresonant model +0.14/−0.20 +0.75/−0.00 0.62

— of which helicity formalism +0.14/−0.00 +0.36/−0.00 0.62

Total model +0.14/−0.20 +0.75/−0.00 0.88

Table 4. Systematic and model uncertainties on the Λc(2880)+ parameters and on the value of
∆ lnL between the 5/2 and 7/2 spin assignments. The uncertainty due to the nonresonant model
includes a component associated with the helicity formalism, which for comparison is given explicitly
in the table, too.

The significance of the spin assignment J = 5/2 with respect to the next most likely

hypothesis J = 7/2 for the Λc(2880)+ state is evaluated with a series of pseudoexperiments,

where the samples are generated from the model with J = 7/2 and then fitted with both

J = 5/2 and 7/2 hypotheses. The difference of the logarithmic likelihoods ∆ lnL is used as

the test statistic. The distribution in ∆ lnL is fitted with a Gaussian function and compared

to the value of ∆ lnL observed in data. The statistical significance is expressed in terms of

a number of standard deviations (σ). The uncertainty in ∆ lnL due to systematic effects

is small compared to the statistical uncertainty; combining them in quadrature results in

an overall significance of 4.0σ. The fits with spins 1/2 and 3/2 for the Λc(2880)+ state

yield large ∆ lnL and poor fit quality, as seen from table 3. These spin assignments are

thus excluded.

In conclusion, the mass and width of the Λc(2880)+ resonance are found to be

m(Λc(2880)
+) = 2881.75± 0.29(stat)± 0.07(syst)+0.14

−0.20(model)MeV,

Γ(Λc(2880)
+) = 5.43+0.77

−0.71(stat)± 0.29(syst)+0.75
−0.00(model)MeV.

These are consistent with the current world averages, and have comparable precision. The

preferred value for the spin of this state is confirmed to be 5/2, with a significance of 4σ over

the next most likely hypothesis, 7/2. The spin assignments 1/2 and 3/2 are excluded. The

largest nonresonant contribution underneath the Λc(2880)+ state comes from a partial wave

with spin 3/2 and positive parity. With a larger dataset, it would be possible to constrain

the phase motion of the nonresonant amplitude in a model-independent way using the

Λc(2880)+ amplitude as a reference.

– 21 –

J
H
E
P
0
5
(
2
0
1
7
)
0
3
0

mine values of ndfeff for the binned fit quality test. Pseudoexperiments are also used to

obtain the ∆ lnL distributions for fits with various spin-parity hypotheses. After correct-

ing for fit bias, the mass and width of the broad Λc(2860)+ resonance are found to be

m(Λc(2860)+) = 2856.1+2.0
−1.7MeV and Γ(Λc(2860)+) = 67.6+10.1

−8.1 MeV, where the uncertain-

ties are statistical only.

Systematic uncertainties are obtained following the same procedure as for the ampli-

tude fit in the Λc(2880)+ region (section 9.2) and are summarised in table 6. An additional

contribution to the list of systematic uncertainties is the uncertainty in the knowledge of

the mass and width of the Λc(2880)+ resonance, which are fixed in the fit. It is estimated

by varying these parameters within their uncertainties. The model uncertainty associated

with the parametrisation of the nonresonant components is estimated by performing fits

with an additional exponential 3/2+ amplitude component and with the 3/2− component

removed, as well as by adding the pπ− amplitude and using the covariant amplitude for-

malism in the same way as in section 9.2.

The JP = 3/2+ hypothesis is preferred for the Λc(2860)+ state, since its fit likelihood,

as measured by ∆ lnL, is substantially better than those of the other JP values tested. The

significance of this difference is assessed with pseudoexperiments and corresponds to 8.8σ,

6.3σ, and 6.6σ for the 1/2+, 1/2−, and 3/2− hypotheses, respectively. When systematic

uncertainties are included, these reduce to 8.4σ, 6.2σ and 6.4σ. For JP = 3/2+, the

following parameters are obtained for the near-threshold resonant state:

m(Λc(2860)
+) = 2856.1+2.0

−1.7(stat)± 0.5(syst)+1.1
−5.6(model)MeV,

Γ(Λc(2860)
+) = 67.6+10.1

−8.1 (stat)± 1.4(syst)+5.9
−20.0(model)MeV.

The largest uncertainties are associated with the modelling of the nonresonant components

of the D0p amplitude.

9.4 Fit including Λc(2940)+

Finally, the D0p mass region in the amplitude fit is extended up to M(D0p) = 3.0GeV

to include the Λc(2940)+ state (region 4). Since the behaviour of the slowly-varying D0p

amplitude is consistent with the presence of a resonance in the JP = 3/2+ wave and

nonresonant amplitudes in the 1/2+, 1/2−, and 3/2− waves, the same model is used to

describe those parts of the amplitude in the extended fit region. The Λc(2940)+ resonance

is modelled by a Breit-Wigner lineshape. The masses and widths of the Λc(2940)+ and

Λc(2860)+ states are floated in the fit, while those of the Λc(2880)+ resonance are fixed

to their nominal values [23]. Several variants of the fit are performed in which the spin of

Λc(2940)+ is assigned to be 1/2, 3/2, 5/2 or 7/2, with both positive and negative parities

considered. Two different parametrisations of the nonresonant components are considered:

the exponential model (taken as the baseline) and a second-order polynomial (eq. (3.14)).

The results of the fits are given in table 8. For both nonresonant parametrisations, the

best fit has a Λc(2940)+ spin-parity assignment of 3/2−. The results of the fit with this

hypothesis and an exponential model for the nonresonant amplitudes, which is taken as the

baseline for fit region 4, are shown in figure 13. Although the 3/2− hypothesis describes

– 26 –
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Uncertainty

Source m(Λc(2940)+) Γ(Λc(2940)+) F(Λc(2860)+) F(Λc(2880)+) F(Λc(2940)+)

[MeV ] [MeV ] [%] [%] [%]

Background fraction 0.09 0.23 0.29 0.12 0.19

Efficiency profile 0.12 0.34 0.50 0.24 0.11

Background shape 0.15 0.68 1.13 0.09 0.48

Momentum resolution 0.07 0.09 0.03 0.07 0.02

Mass scale 0.05 − − − −
Fit procedure 0.30 0.45 0.25 0.08 0.15

Λc(2880)+ parameters 0.01 0.16 0.17 0.03 0.03

Total systematic 0.38 0.92 1.30 0.30 0.55

Breit-Wigner model +0.10/−0.16 +0.00/−0.34 +0.00/−0.59 +0.01/−0.16 +0.17/−0.31

Nonresonant model +0.00/−1.43 +5.21/−7.39 +8.77/−1.60 +0.86/−0.41 +2.06/−2.38

— of which hel. form. +0.00/−0.38 +2.18/−0.00 +1.15/−0.00 +0.00/−0.23 +0.38/−0.00

Λc(2940)+ JP +0.00/−4.32 +0.00/−7.25 +0.00/−5.79 +0.00/−0.67 +0.00/−3.29

Total model +0.10/−4.58 +5.22/−10.36 +8.82/−6.04 +0.86/−0.80 +2.07/−4.08

Table 9. Systematic and model uncertainties of the Λc(2940)+ parameters and the resonance fit
fractions. The uncertainty due to the nonresonant model includes a component associated with the
helicity formalism, which for comparison is given explicitly in the table, too.

The systematic uncertainties on ∆ lnL between the various Λc(2940)+ spin-parity hy-

potheses and the baseline hypothesis, JP = 3/2−, are shown in table 10 (for the exponential

nonresonant model) and table 11 (for the polynomial model). Only those systematic vari-

ations from table 9 that can affect the significance of the quantum number assignment are

considered. Since the cases with exponential and polynomial nonresonant amplitudes are

treated separately, the model uncertainty associated with the nonresonant amplitudes does

not include the difference between these two models.

For each JP hypothesis, the significance with respect to the baseline is obtained from

ensembles of pseudoexperiments and shown in table 12. The column marked “Statistical”

includes only statistical uncertainties on ∆ lnL, while that marked “Total” is the sum in

quadrature of the statistical, systematic, and model uncertainties.

Including the systematic and model uncertainties, the mass and width of the Λc(2940)+

resonance are

m(Λc(2940)
+) = 2944.8+3.5

−2.5(stat)± 0.4(syst)+0.1
−4.6(model)MeV

Γ(Λc(2940)
+) = 27.7+8.2

−6.0(stat)± 0.9(syst)+5.2
−10.4(model)MeV.

The largest uncertainties in the measurement of these parameters, apart from those of sta-

tistical origin, are related to the model of the nonresonant amplitude and the uncertainties

for the Λc(2940)+ quantum numbers. The fit fractions of the resonances in the region of

the Λ0
b → D0pπ− phase space used in the fit, M(D0p) < 3GeV, are

F(Λc(2860)
+) = (47.2+2.9

−2.8(stat)± 1.3(syst)+8.8
−6.0(model))%,

F(Λc(2880)
+) = (12.9+1.0

−0.9(stat)± 0.3(syst)+0.9
−0.8(model))%,

F(Λc(2940)
+) = (8.2+2.3

−1.1(stat)± 0.5(syst)+2.1
−4.1(model))%.
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Argand	plot

Breit-Wigner

𝜦𝒄(𝟐𝟖𝟔𝟎)



Observation	of	exited	𝛀𝐜 states
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• Excited	𝜦𝒄0, 𝜮𝒄, 𝜩𝒄 states	have	been	reported	but	no	excited	𝜴𝒄𝟎
states	were	observed	before	LHCb

• 3	fb-1 Run	I	+	0.3	fb-1 Run	II	𝒑𝒑 collisions	data
• Decay:	𝛀𝒄∗∗𝟎 → 𝚵𝒄0𝑲B, 𝚵𝒄0 → 𝒑𝑲B𝝅0

LHCb,	PRL	118	(2017)	182001

𝜎| ≈ 7 MeV
Purity ≈ 83%

Cabibbo	suppressed	
decay,	but	much	higher	
reconstruction	
efficiency

PV Ξ/0
𝑝, 𝐾B, 𝜋0

𝐾0

IP



Observation	of	exited	𝛀𝐜 states
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• 5	narrow	states	&	evidence	for	6th broader	state	at	high	mass
LHCb,	PRL	118	(2017)	182001

Ξ/70𝐾B threshold
Feed-down

Feed-down:	Ω/∗∗, → 𝐾BΞ/70, Ξ/70 → 𝛾Ξ/0,	
𝑚 Ξ/0𝐾B mass	peaks	shifted

𝑁� = Δ𝜒��

6.4

Even at the most powerful particle accelerator on 
Earth, the discovery of a new particle is a big deal. 
Finding five new baryons in one go, as the Large 
Hadron Collider beauty experiment (LHCb) has 
done, is truly historical.

- Matteo Rini Physics



Interpretation	of	exited	𝛀𝐜 states
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Interpretation	of	exited	𝛀𝐜 states
n Quark model

n Some theorists also consider 3050 & 3090 are 𝐷Ξ molecular
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All 5 are ss bad-diquark First 3 are ss bad-diquark



Excited 𝜴𝒄 states
n LHCb observed 5 narrow states (+ a possible wide one) in 2017
n Belle confirmed the first four states this year

PRL 118 (2017) 182001 PRD 97 (2018) 051102

The measured masses are consistent 
with LHCb values 
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Measurement of 𝜴𝒄𝟎 lifetime
n Charm-hadron lifetimes probe high-

order corrections in HQE
n Charm-baryon lifetimes are not well 

measured, in particular 𝛺/, (69 ± 12 fs)
n Current measurements

n LHCb uses 𝑏 → 𝑐 semileptonic decays 
to avoid bias on charm
q Signal: 𝜴𝒃B → 𝜴𝒄𝟎(→ 𝒑𝑲B𝑲B𝝅0)𝝁B𝝂%𝝁𝑿
q Control: 𝑩 → 𝑫0(→ 𝑲B𝝅0𝝅0)𝝁B𝝂%𝝁𝑿

7+8 TeV

Yields: 
𝛀𝒄𝟎𝝁B: 𝟗𝟕𝟖 ± 𝟔𝟎

(~10 times larger than any 
previous sample used for 𝝉)

PRL 121 (2018) 092003
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Precision 17%



Signal and control channels
n Use 𝑏 → 𝑐 semileptonic decays to avoid 

bias from trigger and offline selections
q Muon trigger
q Tracks well separated from PV 

n Signal: 𝜴𝒃B → 𝜴𝒄𝟎(→ 𝒑𝑲B𝑲B𝝅0)𝝁B𝝂%𝝁𝑿
n Control: 𝑩 → 𝑫0(→ 𝑲B𝝅0𝝅0)𝝁B𝝂%𝝁𝑿

12/16/18

PV 𝜴𝒃B
𝜇B

𝜴𝒄𝟎

�̅̀�

𝑋

𝒅

𝒕 𝜴𝒄𝟎 = 𝒅 ⋅
𝒎 𝜴𝒄𝟎

𝒑(𝜴𝒄𝟎)

Yields: 
𝛀𝒄𝟎𝝁B: 𝟗𝟕𝟖 ± 𝟔𝟎

(~10 times larger than any previous sample used for 𝝉)
𝑫0𝝁B:	 (𝟖𝟎𝟗 ± 𝟏)×𝟏𝟎𝟑

(used only 10% of LHCb Run-I data)

7+8 TeV

25

PRL 121 (2018) 092003



Lifetime fits
n Fit background-subtracted distribution 

obtained with sPlot technique
n Signal PDF: 

𝑺 𝒕𝐫𝐞𝐜 = 𝒇 𝒕𝐫𝐞𝐜 𝐞𝐱𝐩 −
𝒕𝐫𝐞𝐜
𝝉𝐟𝐢𝐭

+
𝒕𝐫𝐞𝐜
𝝉𝐬𝐢𝐦

𝜷(𝒕𝐫𝐞𝐜)

n Check fit procedure with 𝐷0 events
Consistent with PDG value: 1040 ± 7 fs

12/16/18 26

Binned Template 
from simulation
ü Corresponding 

to efficiency

Correction for small
efficiency different
between data and MC
ü Obtained from 𝑫0

and used for 𝜴𝐜𝟎

If without 𝜷 𝒕𝐫𝐞𝐜 correction,
about 1.2𝝈 below the PDG value

PRL 121 (2018) 092003



𝜴𝒄𝟎 lifetime result
n Simultaneous fit signal and control samples

n Many cross-checks
q 13 TeV 2016 data 
q An additional 𝐷, → 𝐾3𝜋 lifetime measurement 

n LHCb result gives 

𝝉𝜴𝒄𝟎
𝝉𝑫¢

= 𝟎. 𝟐𝟓𝟖 ± 𝟎. 𝟎𝟐𝟑 ± 𝟎. 𝟎𝟏𝟎

𝝉𝜴𝒄𝟎 = 𝟐𝟔𝟖 ± 𝟐𝟒 ± 𝟏𝟎 ± 𝟐	(𝝉𝑫¢) fs

Precision 9.7%

 decay time [ps]0
cΩ
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 / 
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s

50
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150 LHCb Xν−µ0cΩ→−bΩ
Data
Fit
=69 fsτ

(PDG)

PRL 121 (2018) 092003

 lifetime [fs]0
cΩ

0 200 400

E687 [1995]

WA89 [1995]

FOCUS [2003]

Xν−µ0cΩ→−bΩLHCb, 
+π−K−pK →0cΩ

PDG Average

𝟔𝟗 ± 𝟏𝟐 fs

4× larger than PDG value

Verifications are needed from the other experiments and LHCb study using prompt 𝜴𝒄𝟎12/16/18 27



Exotic baryons
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Discovery of pentaquark states
n Two pentaquark states observed in 26,000 𝛬+, → 𝐽/𝜓𝑝𝐾B decays

L.	Zhang 29

𝒎𝒑𝑲d	[𝐆𝐞𝐕]

Data										
Fit

𝑷𝒄 𝟒𝟑𝟖𝟎 0

𝑷𝒄 𝟒𝟒𝟓𝟎 0

𝒎𝑱/𝝍𝒑	[𝐆𝐞𝐕]

PRL 115, 072001 (2015) 

7+8 TeV



Full amplitude fits to 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅B

n Significance of 𝑃/ 4380 0, 𝑃/ 4450 0, 𝑍/ 4200 B take  together is 3.1	𝜎 including 
syst. 

n First evidence! 

30

PRL 117, 082003 (2016)

2	𝑃/0?

L.	Zhang



Observation of 	𝜩𝒃B→ 𝑱/𝝍𝜦𝑲B

n Strange pentaquark (𝒖𝒅𝒔𝒄𝒄®) predicted in [PRL 105, 232001 (2010)]

n Can be searched for in the 𝛯+B decay [PRC 93, 065203 (2016)]

L.	Zhang 31

s s

!"#

PLB 772 (2017) 265-273Nsig = 𝟑𝟎𝟖 ± 𝟐𝟏 (21s)

Expect ~1700 signals, amplitude analysis 
is in good progress

(4.19 ± 0.29 ± 0.15)×10-2



Weakly decaying b-flavoured pentaquarks 

n Skyrme model: heavy quarks give 
tightly bound pentaquark

n Search for mass peaks below strong 
decay threshold

n Upper limit on production ratio 𝜎 ⋅ ℬ wrt 𝛬+, → 𝐽/𝜓𝐾B𝑝

PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362

PRD 97 (2018) 032010

1 Introduction

The observation of charmonium pentaquark states with quark content ccuud, by the
LHCb [1] collaboration in ⇤0

b

! J/ K�p decays, raises many questions including: What
is the internal structure of these pentaquarks? Do other pentaquark states exist? Are they
molecular or tightly bound? In this analysis, we search for pentaquarks that contain a
single b (anti)quark, that decay via the weak interaction. The Skyrme model [2] has been
used to predict that the heavier the constituent quarks, the more tightly bound the pen-
taquark state [3–6]. This motivates our search for pentaquarks containing a b (anti)quark.
No existing searches for weakly decaying pentaquarks containing a b (anti)quark have been
published.

Consider the possible pentaquark states bduud, buudd, bduud and bsuud. We label
these states as P+

B

0
p

, P�
⇤

0
b⇡

� , P
+
⇤

0
b⇡

+ and P+
B

0
sp
, respectively, where the subscript indicates

the final states the pentaquark would predominantly decay into if it had su�cient mass
to decay strongly into those states. While there are many possible decay modes of these
states, we focus on modes containing a J/ meson in the final state because these can-
didates generally have relatively large e�ciencies and reduced backgrounds in the LHCb
experiment. The Feynman diagrams for the decay of the P+

B

0
p

and P+
B

0
sp

states are shown

in Fig. 1. The corresponding diagrams for the decay of P�
⇤

0
b⇡

� and P+
⇤

0
b⇡

+ are similar to

that shown in Fig. 1(a), with the decay of the state being driven by the b ! ccs transition.
We reconstruct the �(1020) meson1 in the K+K� decay mode. We note that the P+

B

0
p

pentaquark might have some decays inhibited by Bose statistics if its structure is based
on two identical ud diquarks, i.e. b(ud)(ud). Although the P+

B

0
sp

state is expected to be

produced at a smaller rate on the grounds that B0
s

production in the LHCb experiment
acceptance is only about 13% of the rate of the sum of B+ and B0 production [7], it
would not have two identical diquarks, and hence none of its decays would su↵er from
spin-statistics suppression.

Table 1 lists all of the pentaquarks we search for along with their respective weak

+

d
u

b

u
d

d

c

uu
d

}

}p

}
c
s

ψJ/

K

figure by Stone

(a) (b)
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+
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uu}
+
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Figure 1: Leading-order diagrams for pentaquark decay modes into (a) J/ K+⇡�p or (b) J/ �p
final states.

1Hereafter � refers to the �(1020) meson.

1
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Weakly decaying b-flavoured pentaquarks 

n No evidence for signal, 90% CL limits on 𝑅 < 10B� − 10B±

7+8 TeV

PRD 97 (2018) 032010

12/16/18 33



Summary
n LHCb have made contributions to charm baryon spectroscopy

n LHCb shows unique power to explore heavier states:
q including excited b-baryons, doubly-heavy baryons & exotic baryons 

n 欢迎理论家给我们指导，寻找底重子激发态

q Λ+∗ , Σ+∗ → 𝐵®𝑝?
q Ξ+∗ → Ξ+𝜋0𝜋B, 𝐵®Λ?	

12/16/18 34



谢谢！
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Search for dibaryon state 
n A dibaryon state 𝑐𝑑 𝑢𝑑 [𝑢𝑑]

could be produced in 𝛬+, decays
to final state 𝛬/0𝜋B𝑝�̅�

n LHCb has discovered the decay
𝛬+, → 𝛬/0𝜋B𝑝�̅�

1 Introduction1

Fig.1 shows the diagram of2

⇤0

b

! p+ [cd][ud][ud] = p+ D+

c

, (1)

where D+

c

is the predicted dibaryon [1].3

ū
ū
d̄
d
u
d
c
u
d

b
u
d

W�

⇤0
b

p̄

D+
c

1

Figure 1: Leading order diagram of ⇤0

b

! p+ D+

c

, where D+

c

is the predicted dibaryon.

D+

c

could decay by string breaking4

D+

c

! p+ P0

c

(ū[cd][ud]), (2)

and5

P0

c

(ū[cd][ud]) ! ⇤+

c

+ ⇡�, (3)

where P0

c

is a predicted pentaquark which is di↵erent from the pentaquarks P
c

(4380)+6

and P
c

(4450)+ discovered in 2015 [2].7

Another possible decay mode of D+

c

is quark rearrangement8

D+

c

! p+ ⌃0

c

(! ⇤+

c

⇡�). (4)

The above decay chains have the same final state: ⇤+

c

pp⇡�, so one of the aims of9

this analysis is to search for the ⇤0

b

decay. As the knowledge about this channel is poor,10

the first step is the measurement of the branching ratio which is one of the elementary11

properties of this decay mode.12

The branching fraction of the ⇤0

b

! ⇤+

c

pp⇡� decay with respect to that of the ⇤0

b

!13

⇤+

c

⇡� decay, defined as14

R ⌘ B(⇤0

b

! ⇤+

c

pp⇡�)

B(⇤0

b

! ⇤+

c

⇡�)
(5)

is measured in this analysis. The ⇤0

b

! ⇤+

c

⇡� decay channel is taken as a reference15

channel, which has a large branching ratio to reduce the statistic uncertainty caused by16

1

→ "#$%&'

926±43 signal

Resonance contributions

7+8 TeV

L. Maiani, et al. PLB 750 (2015) 37

LHCb-PAPER-2018-005
arXiv:1804.09617 submitted to PLB
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Search for dibaryon state 
n Ratio of branching fractions

n No obvious dibaryon peak in 𝑚(𝛬/0𝜋B𝑝) spectra

LHCb-PAPER-2018-005
arXiv:1804.09617 submitted to PLB

All signals 𝛴/, region signals 𝛴/∗, region signals
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BESIII data samples
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𝝌𝒄𝟏
𝟒𝟓𝟑 ± 𝟐𝟓

𝝌𝒄𝟐
𝟐𝟖𝟓 ± 𝟐𝟑

Observation of 𝜦𝒃𝟎 → 𝝌𝒄(𝟏,𝟐)𝒑𝑲B

n Search for 𝑃/ 4450 0in 𝜦𝒃𝟎 → 𝝌𝒄(𝟏,𝟐)𝒑	𝑲Bdecays
⇒Test hypothesis of kinematic rescattering effect

n First step: observe the decays, measure ℬ
n Use 𝜒/(·,�) → 𝐽/𝜓𝛾, constrain 𝐽/𝜓𝛾	mass to known 𝜒/· mass

PRD 92 (2015) 071502

𝓑(𝜦𝒃𝟎 → 𝝌𝒄𝟏𝒑𝑲B)
𝓑(𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B)

=

𝟎. 𝟐𝟒𝟐 ± 𝟎. 𝟎𝟏𝟒 ± 𝟎. 𝟎𝟏𝟑 ± 𝟎. 𝟎𝟎𝟗

𝓑(𝜦𝒃𝟎 → 𝝌𝒄𝟐𝒑𝑲B)
𝓑(𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B)

=

𝟎. 𝟐𝟒𝟖 ± 𝟎. 𝟎𝟐𝟎 ± 𝟎. 𝟎𝟏𝟒 ± 𝟎. 𝟎𝟎𝟗

𝓑(𝝌𝒄𝑱)

PRL 119 (2017) 062001

7+8 TeV

Next step: full amplitude analysis with more data
12/16/18 39



Cross	sections	of	𝑒+𝑒−→𝜔/𝜙𝜒𝑐J	(J=0,1,2)

Phys.	Rev.	D 93,	011102	(2016)	

The	triangle	black	data	points	are	from

Phys.	Rev.	Lett.	114,092003(2015)

Other	data	points	are	from

>9𝝈 e+e-à wcc0:
Fit	with	a	single	BW
Mass	=	4226±8±6	MeV
Width	=	39±12±2	MeV	
Significance		>	9𝞼
e+e-à wcc2:
Agree	with	from	y(4415)	with
BR=(1.4±0.5)×10-3 (sol.	I),	or
BR=(6±1)×10-3 (sol.	II)

Need	data	beyond	4.6	GeV	to	check	structure	in	wcc1 and𝝓𝝌𝒄𝑱

While BESIII measures 𝐞0𝐞B → 𝜙𝜒𝑐J at
4.6GeV

• 𝜎	 𝑒0𝑒B → 𝜙𝜒/, < 5.4	pb	
• 𝜎	 𝑒0𝑒B → 𝜙𝜒/· < (4.2B·.,0·.¿ ± 0.3)	pb	
• 𝜎	 𝑒0𝑒B → 𝜙𝜒/� < (6.7B·.¿0±.Á ± 0.5)	pb

PRD97, 032008 (2018)

12/16/18 40



Y(4220) and the new Y's

"Y(4220)"𝝎𝝌𝒄𝟎

12/16/18 41



The Zc Family at

Which is the nature of these states? 
Different decay channels of the same observed states?  Other decay modes?

12/16/18 42

Zc(3885)+? Zc(3885)0?

Zc(3900)+? Zc(3900)0?

Zc(4025)+? Zc(4025)0?

Zc(4020)+? Zc(4020)0?

𝒆0𝒆B → 𝝅𝟎(𝑫∗𝑫%∗)𝟎𝒆0𝒆B → 𝝅𝟎(𝑫∗𝑫% )𝟎

PRL 110, 252001 (2013) 

PRL 115, 222002 (2015) PRL115, 182002 (2015)PRL 112, 132001 (2014)ST: PRL 112, 022001(2014)
DT: PRD92, 092006 (2015)

PRL 115, 112003 (2015) PRL 111, 242001(2013) PRL113,212002 (2014)



𝒆0𝒆B → 𝝍 𝟐𝑺 𝝅0𝝅B Dalitz-plot
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LHCb results on tetra and pentaquarks
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n Confirmation of 𝑍(4430)

n Observation of two 
charmonium pentaquarks 

n Observation of four 𝐽/𝜓𝜙
structures

n Evidence of exotic 
contribution in Cabibbo-
suppressed decays

Without Z(4430)-

Data          
Fit

!" #$%& '

!" ##(& '

)*/,-	[012]

PRL	115	(2015)	072001

mpp>1.8 GeV

w/o exotics

w/ exotics

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅B

PRL	117	(2016)	082003

𝑩𝟎 → 𝝍 𝟐𝑺 𝝅B𝑲0 𝑩0 → 𝑱/𝝍𝝓𝑲0

PRL	118	(2017)	022003

PRL	112	(2014)	222002
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Doubly charmed baryons: motivation
n Doubly charmed baryons are not observed  or 

established

n Doubly heavy baryons’ mass and decay width to test 
QCD motivated models

n Baryons with two heavy quarks probe the QCD 
potential in a different way than baryons with a single 
heavy quark [hep-ph/9811212]
q HQET: two charm quarks considered as a heavy diquark, 

doubly heavy baryon similar to a heavy meson 𝑸%𝒒
q Such diquark can naturally extend to 𝑸%𝒒%𝒒% = 𝒄𝒄𝒒%𝒒% exotic 

system

	

	𝒄

𝒒

	
diquark

𝒄

!" = 1
2
&
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Theoretical interpretations
n 𝛯+∗∗ 6227 B: good candidate for 1P 5/2- or 3/2- state

q Not 2S state, since 2S state doesn’t decay into 𝛬+𝐾
n 𝛴+ 6097 ±	: good candidates for 1P 5/2- or 3/2- state

Bing Chen, Xiang Liu arxiv:1810.00389Bing Chen et. al. PRD 98 (2018) 031502(R)
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Measurement of 𝜴𝒄𝟎 lifetime
n Charm-hadron lifetimes probe high-

order corrections in HQE
n Charm-baryon lifetimes are not well 

measured, in particular 𝛺/, (69 ± 12 fs)
n Current measurements

n LHCb uses 𝑏 → 𝑐 semileptonic decays 
to avoid bias on charm
q Signal: 𝜴𝒃B → 𝜴𝒄𝟎(→ 𝒑𝑲B𝑲B𝝅0)𝝁B𝝂%𝝁𝑿
q Control: 𝑩 → 𝑫0(→ 𝑲B𝝅0𝝅0)𝝁B𝝂%𝝁𝑿

7+8 TeV

Yields: 
𝛀𝒄𝟎𝝁B: 𝟗𝟕𝟖 ± 𝟔𝟎

(~10 times larger than any 
previous sample used for 𝝉)

PRL 121 (2018) 092003

12/16/18 48

Precision 17%



𝜴𝒄𝟎 lifetime result
n Simultaneous fit signal and control samples

n Many cross-checks
q 13 TeV 2016 data 
q An additional 𝐷, → 𝐾3𝜋 lifetime measurement 

n LHCb result gives 

𝝉𝜴𝒄𝟎
𝝉𝑫¢

= 𝟎. 𝟐𝟓𝟖 ± 𝟎. 𝟎𝟐𝟑 ± 𝟎. 𝟎𝟏𝟎

𝝉𝜴𝒄𝟎 = 𝟐𝟔𝟖 ± 𝟐𝟒 ± 𝟏𝟎 ± 𝟐	(𝝉𝑫¢) fs

Precision 9.7%
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