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Outline

• Introduction to spectroscopy studies at LHCb
• Charmed mesons + baryons

* Doubly charmed baryons -> Yuehong ‘s talk
• Search for !"∗
• Tetraquark states
• Pentaquark states
• Future prospects

* LHCb prospects à Wenbin’s talk
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LHCb Detector 

Forward spectrometer running in pp collider
LHCb, Int. J. Mod. Phys. A30 (2015) 1530022
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LHCb detector
Aiming for precision measurements in &, ( sectors 
→ but becoming a General Purpose Detector  
→ in forward rapidity range

Excellent vertex and IP, decay time resolution:
• * IP ≈ 20/0m for high-23 tracks
• * 4 ≈ 45/fs for 9:

% → ;/=> and 9:
% → $:

?@A decays
Very good momentum resolution:  
• B2 2⁄ ≈ 0.5%− 1% for 2 ∈ 0,200 /GeV
• * LM ≈ 24/MeV for two-body decays

Hadron and Muon identification
• OP→Q ≈ 95% for OS→Q ≈ 5% up to 100 GeV
• OT→T ≈ 97% for OS→T ≈ 1− 3%
Data good for analyses
• > 99%

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

Interaction Point

Moriond'QCD,'2016 425/03/2016

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



LHCb Trigger in RUN II 

TURBO stream introduced in 2015

• 5 kHz of 12 kHz go to TURBO

• Only trigger information saved

→ smaller event, faster analysis

• Used for high yield exclusive  
trigger lines: "/$,&',&(,…
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Physics program at LHCb

• Not only precision measurements in b, c sectors
- CKM and CP-violation parameters
- rare decays
- testing lepton universality
- …

• But also a general purpose detector
- electroweak measurements: sin$%, W/Z, top quark, ..
- spectroscopy, exotic hadrons 
- soft QCD
- heavy ions
- ...
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Experiment strategies

• Advantage: high production rates
• Challenge: reconstruct an unstable particle from O(102) tracks

√ tracking
→ excellent mass resolution

√ particle identification
→ no. of combinations reduced

√ Vertexing
→ weakly decayed particles
→ particles from b/c decays
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Primary Vertex (PV)

Secondary Vertex (SV)



Study of charmonia as an example

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 8

EPJC 71 (2011)1645

7 TeV 5.2 pb-1

PLB 714 (2012) 215

7 TeV 36 pb-1 

!"#,% → '/) + +'/) → ,-,.

Primary Vertex (PV)

Secondary Vertex (SV)

!"#,% → '/),-,.
PRL 119 (2017) 221801

'/)
/"(#1)

EPJC 75 (2015) 311

0.7 fb-1   7 TeV

0.7 fb-1   7 TeV
2.0 fb-1   8 TeV

'/), /" #1 → 343
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Charmed mesons + baryons

- "#$
(∗∗) excited strange-charm mesons

- ()*(∗∗) excited charm mesons  à backup slides

- Excited charmed baryons +,∗ and -,∗



!"#
(∗∗) spectroscopy

• Strange-charm states studied widely to test QCD models
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States	observed	from	B-factories	and	other	experiments
- !"∗, !"=∗ >?@A below DK threshold 
- States  with unnatural spin-parity (#B = =D, @E, >D, … )

!"#∗ (?=G=)

!"#∗ (>HI=)

!"@∗ (>A==)

!">∗ (>JA?)

!"@(>J?I)

!"@(>GI=)

!"=∗ (>?@A)

!"∗

!"



!"#
(∗∗) spectroscopy

• Strange-charm states studied widely to test QCD models
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JHEP 10 (2012) 151

States	observed	from	B-factories	and	other	experiments
- !"∗, !"=∗ >?@A below DK threshold 
- States  with unnatural spin-parity (#B = =D, @E, >D, … )
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- Inclusive KK → MENO, MONE + Q
MRS∗ 2573 , MRX∗ 2700 , MRZ∗ (2860) J
H
E
P
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Figure 3. Invariant mass distributions (points) for (a) D+K0
S and (b) D0K+. We show the total

simultaneous probability density function (solid line), theD⇤
s2(2573)

+ (fine dotted line), D⇤
s1(2700)

+

(dot-dot-dot dashed line), D⇤
sJ(2860)

+ (dot dashed line) and background contribution (dashed line).
Invariant mass distributions after combinatorial background subtraction are shown for (c) D+K0

S

and (d) D0K+, where the vertical scales are truncated to show the D⇤
s1(2700)

+ and D⇤
sJ(2860)

+

signals more clearly.

spin-2 and spin-3 hypotheses for this resonance. A second systematic contribution to the

signal description comes from the fact that the Blatt-Weisskopf form factors introduce a

penetration radius that we fixed in the reference fit to 1.5GeV�1. The contribution to the

systematic uncertainty is estimated by varying this value within the 1� 3GeV�1 range. In

both cases, we take the largest variation as systematic uncertainty. The quadratic combi-

nation of these two e↵ects represents the largest systematic contribution to the D⇤
sJ(2860)

+

parameters.

The background component is highly correlated with the yield and width of the

broad structures, particularly for the D⇤
s1(2700)

+ state. Four uncorrelated e↵ects are

studied. We use an empirical function to describe the background component in the

D+K0
S decay mode. This function, similar to that used in the BaBar analysis [14],

is composed of a threshold function multiplied by a decreasing exponential of the form

(m�mth)
p exp

�
�c1m� c2m2

 
, where mth = m(D+) + m(K0

S ). On the D0K+ sample,

this function does not reproduce correctly the background shape. Instead we generate a

set of samples, using the reference probability density function, but randomly varying the

– 7 –

1.0 fb-1   7   TeV



!"#
(∗∗) spectroscopy

• Strange-charm states studied widely to test QCD models
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LHCb-PAPER-2012-016
JHEP 10 (2012) 151

States	observed	from	B-factories	and	other	experiments
- !"∗, !"=∗ >?@A below DK threshold 
- States  with unnatural spin-parity (#B = =D, @E, >D, … )

!"#∗ (?=G=)

!"#∗ (>HI=)

!"@∗ (>A==)

!">∗ (>JA?)

!"@(>J?I)

!"@(>GI=)

!"=∗ (>?@A)

!"∗

!"

- Inclusive KK → MENO, MONE + Q
MRS∗ 2573 , MRX∗ 2700 , MRZ∗ (2860)

- Dalitz plot analysis ]RO → M̂OND_E reveals
two states MRX∗ 2860 , MR`∗ (2860)

PRL 113 (2014) 162001 PRD 90 (2014) 072003



Dalitz plot analysis   !" → $%&'()*
• ~11K signal events with purity 87%

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 13

PRL 113 (2014) 162001

PRD 90 (2014) 072003

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



!"#
(∗∗) spectroscopy

• Strange-charm states studied widely to test QCD models
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States	observed	from	B-factories	and	other	experiments
- !"∗, !"=∗ >?@A below DK threshold 
- States  with unnatural spin-parity (#B = =D, @E, >D, … )

!"#∗ (?=G=)

!"#∗ (>HI=)

!"@∗ (>A==)

!">∗ (>JA?)

!"@(>J?I)

!"@(>GI=)

!"=∗ (>?@A)

!"∗

!"

- Inclusive KK → MENO, MONE + Q
MRS∗ 2573 , MRX∗ 2700 , MRZ∗ (2860)

- Dalitz plot analysis ]RO → M̂OND_E reveals
two states MRX∗ 2860 , MR`∗ (2860)

PRL 113 (2014) 162001 PRD 90 (2014) 072003

- Inclusive KK → M∗ENO, M∗ONE + Q
MRS∗ 2536 , MRS∗ 2573 , MRX∗ 2700 , MR`∗ 2860 , MRZ∗ (3040)

JHEP 02 (2016) 133



Inclusive analysis !! → ($∗&'(,$∗('&) + ,

• Resonant contribution seen due to -./
∗ 2536 , -./

∗ 2573 , -.5
∗ 2700 and 

-.7
∗ 2860 ,  weak evidence of -.9∗ (3040)

• Angular distribution reflects the spin-parity assignment 

;<=>?@ Natural Spin-Parity

A + BCD;>?@ Unnatural Spin-Parity

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 15

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

-∗& → -EF&, -E → GHF& sample

$IJ
∗∗

→ $K'

rest frame
?@: angle between K'

JHEP 02 (2016) 133



D+
s Spectroscopy

Meson spectroscopy tests
refine models of QCD
D

+
s mesons particularly

interesting with one heavy
and one light quark
Unexpected large mass
splitting seen between the
1P states

Two states recently
observed by LHCb
considered two of the four
1D states
At least three more states
expected up to 3 GeV/c2

all with unnatural JP

0S1 1S3 0P3 1P
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4F3 
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D
⇤
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D
sJ
(3040)

J
P = 0� 1� 0+ 1+ 2+ 1� 2� 3� 2+ 3+ 4+

theory predictions from PRD 89 (2014) 074023

PRL 90 (2003) 242001

PRL 113 (2014) 162001

JHEP 02 (2016) 133

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 10

Possible assignment of !"#
(∗∗)

states

• Recent theory predictions

S. Godfrey, I. T. Jardine, PRD 89 (2014) 072043

• Two states observed by LHCb

could fit into the 1D states

• At least three more states

expected up to 3 GeV/c2

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 16



!"
(∗) spectroscopy

• Status 
– experimental observations / nonrelativistic heavy quark-light diquark model

states seen with confirmed properties

• &(!' → )*+,-)measured with 1fb-1

Amplitude analysis with 3 fb-1  

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 17

JHEP 05 (2017) 030

PRD 89 (2014) 032001

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

./(2940)

./(2765) or 0/
threshold structure near 2840 MeV

)∗1 molecule? 



Amplitude analysis !" → $%&'(
• Clean sample with ~11K signal events

fit in different phase space regions to reduce complexities 

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 18

LHCb-PAPER-2016-061
JHEP 05 (2017) 030

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



Amplitude analysis !" → $%&'(
• )*(,--%) /0 = 2

,
3

confirmed

• )*(,-4%) /0 = 5
,
3

confirmed

• )*(,67%) /0 = 5
,
(

favored ,  ( 5,
3
, 2,
(
, 2,
3

~39)
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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 –
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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))%.

– 30 –
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Observation of exited !" states

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• Excited #$%, '$, ($ states have been reported but no excited )$*
states were observed before LHCb
• 3 fb-1 Run I + 0.3 fb-1 Run II ++ collisions data
• Decay: !$∗∗* → .$%/0, .$% → +/01%

PRL 118 (2017) 182001

23 ≈ 7 MeV
Purity ≈ 83%

Cabibbo suppressed 
decay, but much higher 
reconstruction 
efficiency

PV Ξ:%
;, <0, =%

<%

IP

20



Observation of exited !" states

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• 5 narrow states & evidence for 6th broader state at high mass
PRL 118 (2017) 182001

Ξ$%&'( threshold
Feed-down

Feed-down: Ω$∗∗+ → '(Ξ$%&, Ξ$%& → .Ξ$&, 
/ Ξ$&'( mass peaks shifted

21

01 = Δ45

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



Observation of exited !" states

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• Matching between observed peaks and predictions requires spin-
parity information: studied with three-body decays or in decays of 
heavier baryons

PRL 118 (2017) 182001

22

See backup pages for the references
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!"#
$%&' ()*+ = 3325 ± 73

23
∗ 56 → 23

(∗):;:< LHCb-PAPER-2017-042
JHEP 01 (2018) 138ATLAS, PRL 113 (2014) 212004

="#(>?) = 6842 ± 4 ± 5 MeV

F. 5H

!"#
I)$IJ
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fraction of B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡� to the production cross-section of the B+
c state.

The ratio R is determined for B(⇤)
c (2S)+ and B+

c candidates in the kinematic ranges
pT 2 [0, 20]GeV/c and rapidity y 2 [2.0, 4.5], and is expressed as

R =
�
B

(⇤)
c (2S)+

�B+
c

· B(B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡�)

=
N

B
(⇤)
c (2S)+

NB+
c

·
"B+

c

"
B

(⇤)
c (2S)+

,

(2)

where � is the production cross-section, N the yield, and " the e�ciency of reconstructing
and selecting the B+

c or B(⇤)
c (2S)+ candidates in the required pT and y regions. In the

case �M = 0, the reconstructed Bc(2S)+ and B⇤
c (2S)

+ states fully overlap, and the ratio
R corresponds to the sum of the R values of the Bc(2S)+ and B⇤

c (2S)
+ states. The upper

limits are calculated using the CLs method [35], in which the upper limit for each mass
hypothesis is obtained from the CLs value calculated as a function of the ratio R. The
test statistic is the ratio of the likelihoods of the signal-plus-background hypothesis and
the background-only hypothesis, defined as

Q(Nobs;NS, NB) =
L(Nobs;NS +NB)

L(Nobs;NB)
, (3)

where Nobs is the number of observed candidates, NB is the expected background yield,
and NS is the expected signal yield. For a given value of the ratio R, NS is determined as

NS = R ·NB+
c
·
"
B

(⇤)
c (2S)+

"B+
c

. (4)

The likelihood L is defined as

L(n; x) = e�x

n!
xn. (5)

The total statistical test value Qtot is the product of that for each of the four MLP
categories. The CLs value is the ratio of CLs+b to CLb, where CLs+b is the proba-
bility to find a Qtot value smaller than the Qtot value found in the data sample un-
der the signal-plus-background hypothesis, and CLb is equivalent probability under the
background-only hypothesis. The Bc(2S)+ state is searched for by scanning the mass region
M(B+

c ⇡
+⇡�) 2 [6830, 6890]MeV/c2, which is motivated by theoretical predictions [1–11].

The value of �M is successively fixed to 0, 15, 25 and 35MeV/c2. The search windows

are within ±1.4�w(B
(⇤)
c (2S)+) of the B(⇤)

c (2S)+ mass hypotheses, where �w(B
(⇤)
c (2S)+) is

the resolution on M(B+
c ⇡

+⇡�) for the B(⇤)
c (2S)+ state. This choice of the search window

gives the best sensitivity according to Ref. [36].
The selection e�ciencies "B+

c
and "

B
(⇤)
c (2S)+

are estimated using simulation. The track

reconstruction e�ciency is studied in a data control sample of J/ ! µ+µ� decays using
a tag-and-probe technique [37], in which one of the muons is fully reconstructed as the
tag track, and the other muon, the probe track, is reconstructed using only information
from the TT detector and the muon stations. The track reconstruction e�ciency is the
fraction of J/ candidates whose probe tracks match fully reconstructed tracks. The
particle-identification (PID) e�ciency of the two opposite-charge pions is determined with
a data-driven method, using a ⇡+ sample from D⇤-tagged D0 ! K�⇡+ decays. The total

5

Table 3: Comparison of the R value between the LHCb upper limits at 95% CL and the ATLAS

measurement [17], where 0 < "7,8  1 are the relative e�ciencies of reconstructing the B(⇤)
c (2S)+

candidates with respect to the B+
c signals for the 7 and 8TeV data, respectively.

p
s = 7TeV

p
s = 8TeV

ATLAS (0.22± 0.08 (stat))/"7 (0.15± 0.06 (stat))/"8

LHCb – < [0.04, 0.09]

5 Summary

In summary, a search for the Bc(2S)+ and B⇤
c (2S)

+ states is performed at LHCb with a
data sample of pp collisions, corresponding to an integrated luminosity of 2 fb�1, recorded
at a centre-of-mass energy of 8 TeV. No significant signal is found. Upper limits on
the Bc(2S)+ and B⇤

c (2S)
+ production cross-sections times the branching fraction of

B(⇤)
c (2S)+ ! B(⇤)+

c ⇡+⇡� relative to the B+
c cross-section, are given as a function of the

Bc(2S)+ and B⇤
c (2S)

+ masses.
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!", !$: relative efficiencies of reconstructing &'∗ )* + wrt  &'+

• ATLAS did not publish !", !$
• More studies needed to resolve the large tension

between  ATLAS and LHCb. 
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Tetraquark States

- "(3872) à backup slides

- )(4430) à backup slides

- , → ./01
- , 2234 ? 



! → #/%&
• Narrow structure in #/%& discovered by CDF, confirmed  by D0 

and CMS. No evidence by BaBar/Belle/LHCb(0.37 fb-1)
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efficiency of the LxyðBþ Þ and LLR selections, we also
reconstruct Bþ ! J=cKþ and B0

s ! J=c! as control
channels. We select approximately 50 000 Bþ ! J=cKþ

and 3000 B0
s ! J=c! events by applying similar require-

ments as for the J=c!Kþ channel but without the LxyðBþ Þ
and LLR requirements. The efficiency for PID with the
LLR> 0:2 requirement is approximately 80% per kaon
and is reasonably flat as a function of kaon pT ; the effi-
ciency for LxyðBþ Þ> 500 "m is approximately 60%,
based on the Bþ ! J=cKþ control sample.

The invariant mass of J=c!Kþ after the LxyðBþ Þ and
LLR requirements and J=c and ! mass window require-
ments is shown in Fig. 1(a). A fit with a Gaussian signal
function and a flat background function to the mass spec-
trum of J=c!Kþ returns a Bþ signal of 75 $ 10ðstatÞ
events. We select Bþ signal candidates with a mass within
3# (17:7 MeV=c2) of the nominal Bþ mass; the purity of
the Bþ signal in that mass window is approximately 80%.

The combinatorial background under the Bþ peak
includes B hadron decays such as B0

s ! c ð2SÞ! !
J=c$þ $% !, in which the pions are misidentified
as kaons. However, background events with misidenti-
fied kaons cannot yield a Gaussian peak at the Bþ mass
consistent with the 5:9 MeV=c2 mass resolution. The
kinematics are such that for the hypothesis Bþ !
J=cKþ K% Kþ , only events with real kaons can produce
the observed Gaussian signal. Thus, with the Bþ mass
window selection the sample consists of real Bþ !
J=cKþ K% Kþ decays over a small combinatorial
background.

Figure 1(b) shows the invariant mass distribution of
Kþ K% pairs from "þ "% Kþ K% Kþ candidates within
$ 3# of the nominal Bþ mass. The spectrum shown in
this figure has had the sidebands subtracted, but the!mass
window selection has not been applied. By fitting the
Kþ K% mass spectrum to a P-wave relativistic Breit-
Wigner (BW) function [21] convoluted with a Gaussian
resolution function with the rms fixed to 1:3 MeV=c2

obtained from simulation, we obtain a mass of 1019:6 $
0:3 MeV=c2 and a width of 3:84 $ 0:65 MeV=c2 with %2

probability of 28%, consistent with the world-average
values for the ! meson [19]. The good fit indicates that
after the $ 7 MeV=c2 selection on the!mass window, the
Bþ ! J=cKþ K% Kþ final state is well described as
J=c!Kþ , with negligible contributions from
J=c f0ð980ÞKþ or J=cKþ K% Kþ phase space.
We examine the effects of detector acceptance and

selection requirements using Bþ ! J=c!Kþ MC events
simulated by phase space distributions. The MC events are
smoothly distributed in the Dalitz plot and in the J=c!
mass spectrum. Figure 2(a) shows the Dalitz plot of
m 2ð!Kþ Þ versus m 2ðJ=c!Þ, and Fig. 2(b) shows the
mass difference, !M ¼ m ð"þ "% Kþ K% Þ % m ð"þ "% Þ,
for events in the Bþ mass window in our data sample.
We examine the enhancement in the !M spectrum just
above J=c! threshold, using 73 events with !M<
1:56 GeV=c2. We exclude the high mass part of the spec-
trum to avoid combinatorial backgrounds from misidenti-
fied B0

s ! c ð2SÞ! ! ðJ=c$þ $% Þ! decays.
We model the enhancement by an S-wave relativistic

BW function [22] convoluted with a Gaussian resolution
function with the rms fixed to 1:7 MeV=c2 obtained from
MC calculations, and use three—body phase space [19] to
describe the background shape. An unbinned likelihood fit
to the !M distribution, as shown in Fig. 2(b), returns a
yield of 14 $ 5 events, a !M of 1046:3 $ 2:9 MeV=c2,
and a width of 11:7þ 8:3

% 5:0 MeV=c2. We also fit the !M
distribution to a single Gaussian with rms given by the
mass resolution (1:7 MeV=c2), plus phase space back-
ground, to test the hypothesis that the structure has zero
width. The statistical significance for a nonzero width
determined by the log-likelihood ratio between these two
fits is 3:4#, indicating a strong decay for this structure.
We use the log-likelihood ratio of % 2 lnðL0=LmaxÞ to

determine the significance of the structure at the J=c!
threshold, whereL0 andLmaxare the likelihood values for
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FIG. 2 (color online). (a) The Dalitz plot of m 2ð!Kþ Þ versus
m 2ðJ=c!Þ in the Bþ mass window. The boundary shows the
kinematic allowed region. (b) The mass difference, !M, be-
tween "þ "% Kþ K% and "þ "% , in the Bþ mass window. The
dash-dotted curve is the background contribution and the red
solid curve is the total unbinned fit.
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FIG. 1 (color online). (a) The mass distribution of J=c!Kþ ;
the solid line is a fit to the data with a Gaussian signal function
and flat background function. (b) The Bþ sideband-subtracted
mass distribution of Kþ K% without the ! mass window require-
ment. The solid curve is a P-wave relativistic Breit-Wigner fit to
the data.
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Exotic states in !" → $/&'("
• LHCb perform full 6D amplitude analysis

• 4 peaks are observed with X(4140) wider than CDF/DO/CMS

2018/3/31 27Y. Gao, Hadron Spectroscopy at LHCb

LHCb-PAPER-2016-018
PRL 118 (2017)022003

LHCb-PAPER-2016-019
PRD 95 (2017) 012002 

Significant larger at LHCb
)*+,-.//.0/-12 = 45. 7 ± 9. : MeV



Tetraquark searches in !"#±

• D0 announced a new state % &&'( ± → !"#±
- significance of 5.1*
- mass and width

- high production rate

+%,- ≡ /* 010→%234567849 ×; %→!"-#±
* 010→!"-234567849 ,- <==.

PRL 117 (2016) 022003
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Tetraquark searches in !"#±
• Very large and clean !" sample at LHCb

• Add a pion, no peak observed at 5568 MeV

: 66k : 46k

Resolution on mass < 1MeV
BW + poly bkg %&'()* = 8.6%

2018/3/31 29Y. Gao, Hadron Spectroscopy at LHCb

LHCb-PAPER-2016-029
PRL 117 (2016) 152003



Tetraquark searches in !"#±

• Upper limits

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

%&'()* ≡ ,- .. → & + 12345627 ×9 & → !":#±
- .. → !": + 12345627 '()* ;<<.

= ? &
?(!":)

× B
CDEF(&) CDEF & = C & /C(!":)
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Tetraquark searches in !"#
• Use similar selection criteria as  !$ → !"#, consistent result  

• Similar selection on !&#

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 31

LHCb-PAPER-2016-029
PRL 117 (2016) 152003
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Pentaquark States
- Observation of !"($$%&) and !"($()&)
- Model independent confirmation

- !"’s in +,& → ./0123
- Observation of  4,& → 5"6,8193

- Search for weakly decayed pentaquarks

- Observation of  :,3 → ./0+93
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Observation of pentaquark states

• Two pentaquark states observed in !"# → %/'()*
LHCb, PRL 115(2015) 072001

+,(../#)

+,(.12#)

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 34



Discovery of pentaquark states

• Amplitude analysis reveals the properties

• Confirmed by a model independent analysis

• Production & decay

LHCb, PRL 115(2015) 072001

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

Results
[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

State J
P Mass [MeV/c2] Width [MeV] Fit Fraction [%]

Pc(4380)+
3
2
�

4380 ± 8 ± 29 205 ± 18 ± 86 8.4 ± 0.7 ± 4.2

Pc(4450)+
5
2
+

4449.8 ± 1.7 ± 2.5 39 ± 5 ± 19 4.1 ± 0.5 ± 1.1
⇤(1405) 15 ± 1 ± 6
⇤(1520) 19 ± 1 ± 4

These fit fractions are converted into branching fractions
[LHCb, to appear in Chin.Phys.C., arXiv:1509.00292]

B(⇤0
b ! P

+
c (4380)K�)B(P+

c ! J/ p) =
�
2.56 ± 0.22 ± 1.28 + 0.46

� 0.36

�
⇥ 10�5

B(⇤0
b ! P

+
c (4450)K�)B(P+

c ! J/ p) =
�
1.25 ± 0.15 ± 0.33 + 0.22

� 0.18

�
⇥ 10�5

�(�2 lnL) Significance
0 ! 1P+

c 14.72 12�
1 ! 2P+

c 11.62 9�
0 ! 2P+

c 18.72 15�

The significances are determined using the extended model.
Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [81 / 94]

LHCb-PAPER-2016-009 
PRL 117 (2016) 082002

LHCb-PAPER-2015-032
Chin. Phys. C 40 (2016) 011001
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!∗ ′$ in !%& → (/*+,-

2018/3/31 36

• 2 models for .∗ → +,- contributions based on PDG 
- Extended model allows all LS couplings of each resonance, 

and include  poorly motivated states → 146 parameters

- Reduced model uses only well motivated states → 64 parameters

- Other possibilities checked, including isospin violating decays of
/∗& ’s,  adding two new  .∗ states with free mass & width, 

non-resonance contributions, …, would not change the conclusion

à Confirm that conventional +,- contributions cannot describe the 
data, with minimal assumptions on their spin, and no assumptions on 
their number, shapes, masses, widths, and interference patterns.

Y. Gao, Hadron Spectroscopy at LHCb



Model independent analysis

• Can !"’s be explained by the reflections of #∗%& ?

2018/3/31 37

Λ()

*

+/-

./*.

/+/-* /+/-.

/+/-.
0 ,/*.

0 →
/*. , "345#∗

LHCb

/*.
0

/*.
0

Y. Gao, Hadron Spectroscopy at LHCb

Resonances in this channel only? 



Model independent analysis

• The distribution of !"#$%∗ as a function of '() can be 
decomposed as

• Generally *+,- → ∞

01
0!"#$%∗

('()) = 5
*67

*+,-
8*9 '() 8*(!"#$%∗)

8*9 '() = :
;<

<
0!"#$%∗ 8* !"#$%∗

01
0!"#$%∗

'()

Eff. Corrected data Legendre fun. 

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 38

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

'()
=



Model independent analysis

• If only  !∗ → $% contributions  
&'() ≤ +,'()

-.
-/012!∗

(4$%) = 7
&89

&'()
:&; 4$% :&(/012!∗)

2018/3/31 39

Λ=>

$

,/@

%4$%

4,/@$ 4,/@%

Determined by model & scattering data 
- the only model dependent part of the analysis

Y. Gao, Hadron Spectroscopy at LHCb

LHCb-PAPER-2016-009
PRL 117 (2016) 082002



Model independent analysis

• If only  !∗ → $% contributions  
&'() ≤ +,'()

• Resonances from ,/.%, ,/.$ may have 
contributions to higher orders

01
02345!∗

(7$%) = :
&;<

&'()
=&> 7$% =&(2345!∗)

2018/3/31 40

Λ@A

$

,/.

%7$%

7,/.$ 7,/.%
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Figure 3: Legendre moments of cos ✓⇤⇤ as a function of mKp in the data. Regions excluded by
the l  lmax(mKp) filter are shaded.

ratio test:105

�(�2 ln L) =

n
sig
cand+n

side
candX

i=1

wi ln
F(mJ/ p

i|H0)/IH0

F(mJ/ p
i|H1)/IH1

,

with normalization IH /
P

i
F(mJ/ p

i|H)✏i determined via Monte Carlo integration. Note106

that the explicit event-by-event e�ciency factor cancels in the likelihood ratio, but enters107

the likelihood normalizations. In order for the test to have optimal sensitivity, the value108

llarge should be set such that the statistically significant features of the data are properly109
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Figure 11: Legendre moments of cos ✓⇤⇤ as a function of mKp for the simulated data from

the amplitude models with only ⇤
⇤
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+
, Pc(4450)

+

contributions (dashed red lines), scaled by 0.5. The regions excluded by the l  lmax(mKp) filter
are shaded.

16

Model independent analysis

2018/3/31 41

• Legendre moments from simulation & data
shaded region corresponding to !"#$ cutoff

simulation data

Y. Gao, Hadron Spectroscopy at LHCb

LHCb-PAPER-2016-009
PRL 117 (2016) 082002



Model independent analysis

• Construct Hypothesis from measured Legendre moments

- !" :   #∗ → &'( only,  ) ≤ )+,-
- !. ∶ allow contributions from high order moments up to 31

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 42
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Figure 4: E�ciency-corrected and background-subtracted mJ/ p distribution of the data (black

points with error bars), with F(mJ/ p|H0) (solid blue line) and F(mJ/ p|H1) (dashed black line)
superimposed.

described. Beyond that the power of the test deteriorates. The limit llarge ! 1 would110

result in a perfect description of the data, but a weak test since then the test statistic111

would pick up the fluctuations in the data. For the same reason it is also important to112

choose llarge independently of the actual data. Here llarge = 31 is taken, the value used113

in the model-independent analysis of B
0 !  (2S)⇡+

K
� [13] plus one, as baryons have114

half-integer spins. The result for F(mJ/ p|H1) is shown in Fig. 4, where it is seen that115

llarge = 31 is su�cient. To make F(mJ/ p|H0,1) continuous, quadratic splines are used to116

interpolate between nearby mJ/ p bins.117

The numerical representations of H0 and of H1 contain a large number of nuisance118

parameters, thus statistical simulations over many experiments are necessary to deter-119

mine the distribution of the test variable for the H0 hypothesis: Ft(�(�2 ln L)|H0). A120

large number of pseudoexperiments are generated with n
sig
cand and n

side
cand equal to those121

obtained in the data. The signal events, contributing a fraction (1 � �) to the signal122

region sample, are generated according to the F(mKp, cos ✓⇤⇤|H0) function with nuisance123

parameters determined from the data (see above). They are then shaped according to124

the ✏(mKp, cos ✓⇤⇤ , ⌦a) function, with the ⌦a angles generated uniformly in phase space.125

The latter is an approximation, and the size of its e↵ect is discussed later. Background126

events in sideband and signal regions are generated according to the 6D background127

parameterization previously developed in the amplitude analysis of the same data (Ref. [3]128

supplement). The pseudoexperiments are subject to the same analysis procedure as the129

data. The distribution of values of �(�2 ln L) over more than 10 000 pseudoexperiments130

6

!" rejected at 
~ 10 0 !"

!.

LHCb-PAPER-2016-009
PRL 117 (2016) 082002



Study of  !"# → %/'()*

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• Cabbibo suppressed mode with less statistics

• Exotic + contributions in %/')
• Fit with 2 pentaquarks + ,-(4200) favored by 3σ compared to 

no exotic contributions

LHCb-PAPER-2016-015
PRL 117(2016) 082003
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Observation of  !"# → %&',)*+,

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• -& ../# close to %&'* threshold,  triangle singularity ?

• Study with radiative %&0 → 0/23 decays

Mass constraint on %&' to improve resolution, forces %&) to lower mass

• First observation of this mode, 

full amplitude analysis foreseen 

with RUNII data added in

44

LHCb-PAPER-2017-011,
PRL 119 (2017) 062001

Guo et al., PR D92(2015) 071502

Suppressed in 4 → 5678 decays  
Belle, PRD 78 (2008) 072004 
BaBar, PRL 102 (2009) 132001
LHCb, NPB 874 (2013) 663



Observation of  !"# → %/'()#

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• Look for *+,-.. pentaquark in this mode  

• First observation with RUNI data

• ~300 candidates seen

( one of the two world best measurements)

• Full amplitude analysis foreseen with

RUNII data added in

LHCb-PAPER-2016-053
PLB 772 (2017) 265

45

Wu et al.,  PRL 105 (2010) 232001
Chen et al., PRC 93 (2016) 065203

Observation of 	4/2→ $/&.(2

• Strange pentaquark (wxE66y) predicted in [PRL 105, 232001 (2010)]

• Can be searched for in the ©ä2 decay [PRC 93, 065203 (2016)]

L.	Zhang 18

s s

!"#

PLB 772 (2017) 265-273

One of two world best measurements! 

Nsig = É0,± :8 (21s)

Expect ~1500 signals after 2018 for amplitude analysis

(4.19 ± 0.29 ± 0.15)×10-2

/ decays
In vertex
detector

/ decays
after vertex
detector



Searches for weakly decaying 
b-flavored pentaquarks

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb

• Skyrme model prediction on pentaquark state: the heavier the 
constitute quarks, the more tightly bound the pentaquark state

• Search for masses below strong decay threshold

• No evidence observed (yet)

LHCb-PAPER-2017-043
arXiv:1712.08086

46

Upper limit set on relative !×#
as a function of P masses

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

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+

B0p, P
�
⇤0
b⇡

� , P
+
⇤0
b⇡

+ and P+
B0

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+

B0p and P+
B0

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+

B0p
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+

B0
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
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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.
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Prospect: RUNI+RUNII 
• Data samples

- 1 fb-1 (7 TeV)+ 2 fb-1 (8 TeV)

- ~6 fb-1 at 13 TeV with !"#" $%&'( /!"#" *&'( ≈ ,

• A far from completed list benifited from full RUNI+RUNII data

- search for excited -. states

- precise /0 %1*, −/3 ,4 , new decay modes

- properties of 5..66: lifetime, production cross-sections, 

new decay modes, ...

- searches for 5..6 , 8..6 , 5".6 , 5".9 …
- ;< of <. =%19 & <. ==?9 , new decay modes

- amplitude analysis @"9 → B.$,,CDE, cusp?

- amplitude analysis 5"E → ;/3FDE, new pentaquarks?

…. 
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Spectroscopy with the upgraded LHCb
• LHCb will be upgraded in 2019,  software trigger with 40MHz

• Allow PID at the trigger level – great increase (~2x) of trigger 
efficiency on full hadronic final states 

• A new computing  approach to data-analysis is needed

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 48

Lucio Anderlini (INFN Firenze)  on behalf of  the LHCb Collabora�on 11 / 2017 Quarkonium Working Group Mee�ng

Hadron Spectroscopy at LHCb

Spectroscopy with the upgraded LHCb

LHCb is going through an upgrade phase which will allow higher integrated luminosity by 

processing with the so6ware trigger all events at the bunch-crossing energy of 40 MHz.

16

Teasers: hadron 

iden� ca�on will be 

available at the trigger 

level: great increase of 

trigger e4ciency on 

prompt decays to purely 

hadronic  nal states 

including of low p
T
 

par�cles.

Challenges: a new 

compu�ng approach to 

data-analysis is needed to 

move as much as possible 

to exclusive selec�ons.



Summary
• LHCb has made important contributions to the 

knowledge of hadron spectroscopy
� Observation/study of excited !(#)mesons & %(&) baryons

� Observation/study of exotic states

� Discovery of doubly charmed baryons
- …

• Stay tuned with new results from RUNI+RUNII

• Spectroscopy at the upgraded LHCb is challenging and 
promising
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D0 Spectroscopy

D0 spectrum similar to D
+
s

Previously studied in
e+e� ! D(⇤)+⇡�X and
pp ! D(⇤)+⇡�X inclusive
decays.
May also be compared
against D+ spectroscopy
results
A number of claimed
states have unknown JP

Dalitz plot analysis of
B+ ! D�⇡+⇡+ decays
allows JP of natural states
to be measured
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!"
#(∗∗) spectroscopy

• Similar for !"
#(∗∗) spectroscopy 

• Recent theory predictions

S. Godfrey, K. Moats, PRD 93 (2016) 034035

• Inclusive studies

'('), ++ → !(∗)(-).

Dalitz plot analyses

/# → 0!#-(-)

/# → 0!#1(-)

• New states

some have unknown "2
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LHCb-PAPER-2013-026
JHEP 09 (2013) 145

BaBar, PRD 82(2011) 111101

LHCb-PAPER-2015-017
PRD 92 (2015) 012012

LHCb-PAPER-2014-070
PRD 92 (2015) 032002



Dalitz plot analysis   !" → $%&"&"
• ~28000 events with 1% background 
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LHCb-PAPER-2016-026
PRD 94 (2016) 072001

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



Possible assignment of !"
#(∗∗)states
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B� ! D+⇡�⇡�

D⇤
2 (2460)0 in good

agreement with world
average
First observation of
D⇤

3 (2760)0 and D⇤
2 (3000)0

resonances
D⇤

1 (2680)0 and D⇤
3 (2760)0

confirmed with significances
in excess of 10�

most likely correspond to
2S and 1D states,
respectively

D⇤
2 (3000)0 confirmed with

significance of 6.6�
may correspond to either
2P or 1F excitation
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D0 Spectroscopy

D0 spectrum similar to D
+
s

Previously studied in
e+e� ! D(⇤)+⇡�X and
pp ! D(⇤)+⇡�X inclusive
decays.
May also be compared
against D+ spectroscopy
results
A number of claimed
states have unknown JP

Dalitz plot analysis of
B+ ! D�⇡+⇡+ decays
allows JP of natural states
to be measured
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!(#$%&) quantum number determination
• Re-analysis using 3 ()*+ of data without ,-./ assumption
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LHCb-PAPER-2015-015
PRD 92 (2015) 011102 (R)

012 = 155 confirmed
D-wave fraction < 4%
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• Analyses using 3 fb#$ of data

• An important ingredient to reveal the nature of %('()*)

% '()* → -//0,/ *2 0

2018/3/31 57

LHCb-PAPER-2014-008
NPB 886 (2014) 665

LHCb

Y. Gao, Hadron Spectroscopy at LHCb

34 → -//054

%('()*) → -//0

LHCb34 → / *2 054

%('()*) → /(*2)0
6. 68 evidence

Available online at www.sciencedirect.com

ScienceDirect
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Evidence for the decay X(3872) → ψ(2S)γ
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Abstract

Evidence for the decay mode X(3872) → ψ(2S)γ in B+ → X(3872)K+ decays is found with a sig-
nificance of 4.4 standard deviations. The analysis is based on a data sample of proton–proton collisions, 
corresponding to an integrated luminosity of 3 fb−1, collected with the LHCb detector, at centre-of-mass 
energies of 7 and 8 TeV. The ratio of the branching fraction of the X(3872) → ψ(2S)γ decay to that of the 
X(3872) → J/ψγ decay is measured to be

B(X(3872) → ψ(2S)γ)

B(X(3872) → J/ψγ)
= 2.46 ± 0.64 ± 0.29,

where the first uncertainty is statistical and the second is systematic. The measured value does not support 
a pure DD̄∗ molecular interpretation of the X(3872) state.
© 2014 CERN for the benefit of the LHCb Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

The X(3872) state was discovered in 2003 by the Belle Collaboration [1]. Subsequently, it 
has been studied by several other experiments [2–6]. Several properties of the X(3872) state 
have been determined, including the precise value of its mass [5,7] and the dipion mass spectrum 
in the decay X(3872) → J/ψπ+π− [1,6,8]. Recently, its quantum numbers were determined to 
be JPC = 1++ by combination of the measurements performed by the CDF [9] and the LHCb 
[10] Collaborations.

Despite a large amount of experimental information, the nature of X(3872) state and other 
similar states is still uncertain [11,12]. In particular for the X(3872) state, interpretation as a DD̄∗

molecule [13], tetraquark  [14], ccg hybrid meson [15], vector glueball [16] or mixed state [17,18]
are proposed. Radiative decays of the X(3872) provide a valuable opportunity to understand its 

http://dx.doi.org/10.1016/j.nuclphysb.2014.06.011
0550-3213/© 2014 CERN for the benefit of the LHCb Collaboration. Published by Elsevier B.V. This is an open access 
article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.



! ""#$ %

• Originally found by Belle in &$ → ( )* +%,-

• BaBar could not confirm 
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Belle, PR D88 (2013) 074026

BaBar, PR D79 (2009) 112001

Belle, PRL 100 (2008) 142001
Belle, PR D80 (2009) 031104



! ""#$ %
• LHCb full amplitude analysis using  # &'%(

• )* = (, is confirmed

• Argand plot shows a clear
resonance feature
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LHCb-PAPER-2014-014
PRL 112 (2014) 222002
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Amplitude analysis of !"# → %/'()
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• “something new” is clear shown in the Dalitz plot 

LHCb, PRL 115(2015) 072001
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Amplitude analysis of !"# → %/'()
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• Two models to deal with !∗ → () contributions 

LHCb, PRL 115(2015) 072001
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