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Introduction
• Exotic states are important for understanding strong 

force in QCD 
– Prediced in quark model
– Recent experimental results show strong evidence for their 

existence
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mesonic	
molecule	?	 pentaquark	?tetraquark	? hybrid	?

…



Tetraquark candidates
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4 𝑿 → 𝑱/𝝍𝝓 states in 𝑩" → 𝑱/𝝍𝝓𝑲"

p=22 %

X(4140)
8.4s 1++

X(4274)
6.0s 1++

X(4500)
6.1s 0++

X(4700)
5.6s 0++

PRL 118, 022003 (2017)
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• 𝑋 4140 first observed by CDF; evidence for 𝑋(4274)
• 1st full amplitude w/ world largest sample of 4300 signals 

at LHCb
• Good fit with 4 X states + 7 𝐾∗" → 𝜙𝐾" + NR’s



Results
• JPC are useful for interpretations of the states
• X(4140) & X(4274): identified as JPC = 1++ at > 5s
• X(4500) & X(4700): JPC = 0++ at > 4s

Average other experiments substantially larger
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A new 𝑩𝒔𝟎𝝅± state claimed by DØ
Claimed evidence of an exotic state
u𝑋 5568 ± → 𝐵JK𝜋±, 𝐵JK → 𝐽/𝜓𝜙, 𝐽/𝜓 → 𝜇"𝜇2, 𝜙 → 𝐾"𝐾2 

M = 5567.8 ± 2.92R.S"K.S MeV
G = 21.9 ± 6.42T.U"U.K MeV

uFraction of 𝐵JK from 𝑋± decay: 𝜌WXØ = (8.6±1.9± 1.4) %
u If confirmed, would be unique with 4 different flavours

N( X ) = 106± 23

3.9σ
Signal significance

su

bd
__

[DØ: arXiv:1602.07588, PRL 117, 022003 (2016)]
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𝐵JK → 𝐷J2𝜇"𝜈

𝐵JK → 𝐽/𝜓𝜙



Samples from LHCb

N(Bs) = 62k
σRes = 15 MeV
S/B = 10

𝐵JK → 𝐷J2𝜋"

N(Bs) = 44k
σRes = 6 MeV
S/B =50

𝐵JK → 𝐽/𝜓𝜙

𝐵JK sample 20x larger and much cleaner than DØ

No evident X(5568) in 𝐵JK𝜋± sample for 3 different 𝑝](𝐵JK) cuts

PRL 117, 152003 (2016) 
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Upper limits

• No significant 𝐵JK𝜋± states
for any mass and width below 
6 GeV

𝜌W^_`a =
c(dd→W"efghijfk;	W→nopq±)

c(dd→nop"efghijfk)
in LHCb acceptance

PRL 117, 152003 (2016)
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𝝆𝑿 <	2.1%	(LHCb)	@90%	𝐶.	𝐿.	for	
𝒑𝑻 𝑩𝒔𝟎 > 𝟏𝟎 GeV

CMS-PAS-BPH-16-002



Pentaquark candidates
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• Observed two exotic states in 
𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲2, consistent with 
charmonium pentaquarks (𝒖𝒖𝒅𝒄𝒄y)

• Good fit in all dimensions

Observation of pentaquark states

𝒎𝒑𝑲{	[𝐆𝐞𝐕]

Data										
Fit

𝑷𝒄 𝟒𝟑𝟖𝟎 "

𝑷𝒄 𝟒𝟒𝟓𝟎 "

𝒎𝑱/𝝍𝒑	[𝐆𝐞𝐕]

PRL 115, 072001 (2015)
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Observation of pentaquark states
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PRL 115, 072001 (2015)
B measurements reported in Chinese Physics C, 40, 011001 (2016)

−−
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JP determination
• 𝐽�are important for their interpretations

– (3/22, 5/2")	is the best fit
– (3/2", 5/22) & (5/2", 3/22) are also possible

• Information from the 
angular distribution of 𝑃�"

• Ongoing Run-II analysis, 
aim to identify 𝐽� with 
improved 𝛬∗	modellings
[PRD 93, 034029 (2016)]
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arXiv:1509.04051
The discovery opened a gate to study pentaquarks



Cabibbo-suppressed decays 
• Find the same 𝑃�" in other channels is helpful to understand the 

production mechanism and internal structure
• 𝛬�K → 𝐽/𝜓𝑝𝜋2 is Cabibbo-suppressed w.r.t. 𝐽/𝜓𝑝𝐾2

• Two production mechanisms predicted:
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𝐾2(𝜋2)
𝒃 → 𝒖	&	𝒄𝒄y from sea quarks 𝒃 → 𝒄

q
𝐾2(𝜋2)

𝑹𝝅/𝑲 ≡
𝓑 𝜦𝒃𝟎 → 𝝅2𝑷𝒄"

𝓑 𝜦𝒃𝟎 → 𝑲2𝑷𝒄"
= 𝟎. 𝟎𝟕~𝟎. 𝟎𝟖

[Cheng,	Phys.	Rev.	D	92,	096009	(2015)]

𝑹𝝅/𝑲 = 𝟎. 𝟓𝟖 ± 𝟎. 𝟎𝟓

[Hsiao,	Phys.	Lett.	B	751,	572	(2015)]



• >10 lower signal in 𝛬�K → 𝐽/𝜓𝑝𝜋2 than in 𝛬�K → 𝐽/𝜓𝑝𝐾2

• But more complex because of possible 𝑍�2 → 𝐽/𝜓𝜋2

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅2 decays PRL 117, 082003 (2016) 
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𝑵𝐬𝐢𝐠 = 𝟏𝟖𝟖𝟓 ± 𝟓𝟎

~𝟏𝟕%	𝐛𝐤𝐠

𝑷𝒄"

Nucleon	excitations

Zc(4200)-
m0 ± G0



Full amplitude fits to 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅2

• Significance of 𝑃� 4380 ", 𝑃� 4450 ", 𝑍� 4200 2 take  
together is 3.1	𝜎 including syst. 

• First evidence! 

16

𝑚dq > 1.8	GeV

𝑷𝒄"

PRL 117, 082003 (2016)



• Significance of two 𝑃𝑐 is 3.3s, if assuming production of 
𝑍� 4200 2 is negligible.  More data statistics are needed!

• Overall, 𝑷𝒄" productions are consistent between the two 𝜦𝒃𝟎
decays

✘Another prediction 𝑅q/  = 0.58 ± 0.05 is ruled out
(𝑏 → 𝑢	&	𝑐𝑐̅ from sea quarks) 

Further results for 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅2

PRL	117,	082003	(2016)
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𝑷𝒄 𝟒𝟒𝟓𝟎 "

𝑷𝒄 𝟒𝟑𝟖𝟎 "

Prediction
0.07~0.08

𝟎. 𝟎𝟓𝟎 ± 𝟎. 𝟎𝟏𝟔2𝟎.𝟎𝟏𝟔"𝟎.𝟎𝟐𝟔 ± 𝟎. 𝟎𝟐𝟓

𝟎. 𝟎𝟑𝟑			2𝟎.𝟎𝟏𝟒"𝟎.𝟎𝟏𝟔 	2𝟎.𝟎𝟏𝟎"𝟎.𝟎𝟏𝟏± 𝟎. 𝟎𝟎𝟗State Fit	fraction	(%)

𝑍� 4200 2 7.7 ± 2.82¥.K"¦.¥

𝑃� 4380 " 5.1 ± 1.52R.§"T.§

𝑃� 4450 " 1.6			2K.§"K.¨	2K.U"K.§



Observation of 	𝜩𝒃2→ 𝑱/𝝍𝜦𝑲2

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

• Can be searched for in the 𝛯�2 decay [PRC 93, 065203 (2016)]

L.	Zhang 18

s s

!"#

PLB 772 (2017) 265-273

One of two world best measurements! 

Nsig = 𝟑𝟎𝟖± 𝟐𝟏 (21s)

Expect ~1500 signals after 2018 for amplitude analysis

(4.19 ± 0.29 ± 0.15)×10-2



𝝌𝒄𝟏
𝟒𝟓𝟑 ± 𝟐𝟓

𝝌𝒄𝟐
𝟐𝟖𝟓 ± 𝟐𝟑

Observation of 𝜦𝒃𝟎 → 𝝌𝒄(𝟏,𝟐)𝒑𝑲2

• Search for 𝑃� 4450 "in 𝜦𝒃𝟎 → 𝝌𝒄(𝟏,𝟐)𝒑	𝑲2decays
⇒Test hypothesis of kinematic rescattering effect

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

L.	Zhang 19

PRD 92 (2015) 071502

𝓑(𝜦𝒃𝟎 → 𝝌𝒄𝟏𝒑𝑲2)
𝓑(𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲2)

=

𝟎. 𝟐𝟒𝟐± 𝟎. 𝟎𝟏𝟒± 𝟎. 𝟎𝟏𝟑± 𝟎. 𝟎𝟎𝟗

𝓑(𝜦𝒃𝟎 → 𝝌𝒄𝟐𝒑𝑲2)
𝓑(𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲2)

=

𝟎. 𝟐𝟒𝟖± 𝟎. 𝟎𝟐𝟎± 𝟎. 𝟎𝟏𝟒± 𝟎. 𝟎𝟎𝟗

𝓑(𝝌𝒄𝑱)

Next step: full amplitude analysis with more data

LHCb-PAPER-2017-011



Interpretations and how to distinguish 
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Hadronic	molecules Tightly-bounded	
states

Abnormal	
kinematic	effects

Close	to	two	heavy	
hadron	thresholds	

Predicted	more	than
10 JP states

Predicted	no	decay
of	Pc(4450)+→cc1p

Karliner&Rosner,
PRL 115 (2015)

122001

Maiani et	al,	
PLB	749	(2015)	289

Guo et	al,
PRD	92 (2015)

071502

cc1p →J/yp



Summary 
• LHCb is an active laboratory to study many 

exotic states 
• Other than updating these results with Run-II 

data, many ongoing analyses:
– Tetraquark search in 𝐵K → 𝐽/𝜓𝐾"𝜋2, aka 
𝑍� 4200 2…

– Search for 𝑃�" in 𝛬�K → 𝛬�"𝐷­K𝐾2

– Search for J=1/2 𝑃�"in Λ�K → 𝜂�𝑝𝐾2

– Search for pentaquarks with a single 𝑏 quark and 
pentaquarks with a single 𝑐 quark

L.	Zhang 21



Summary
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Thanks for your attention!
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4 𝑿 → 𝑱/𝝍𝝓 states in 𝑩" → 𝑱/𝝍𝝓𝑲"

p=22 %

X(4140)
8.4s 1++

X(4274)
6.0s 1++

X(4500)
6.1s 0++

X(4700)
5.6s 0++

PRL 118, 022003 (2017)
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• 𝑋 4140 first observed by CDF; evidence for 𝑋(4274)
• 1st full amplitude w/ world largest sample of 4300 signals 

at LHCb
• No obvious 𝑱/𝝍𝑲" strcture



9s

B0		®   y¢p-K+ Lb®  J/y p	K-

However,	this	approach	cannot	characterize	exotics	– amplitude	analysis	is	still	necessary

Log-likelihood ratio method

−2ln	(𝐿0/𝐿1) −2ln	(𝐿0/𝐿1)

• Likelihood ratio for PDF(𝑚²³q/²d|H0) and PDF(𝑚²³q/²d|H1)
• H1 can well present 𝑚²³q/²d spectrum in data using lmax=30/31 

Toy 
generated 
with H0
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Fitted angles in J/yfK

• Fit quality is good in all fitted variables

X

X

preliminary preliminary
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• Reduced model for central values
• Extended for significance and 

systematics
• Almost as many free parameters 

as in Lb
0®  J/y p K-

• Fixed m0 and G0 for the N* and 
exotic states

• Zc(4200): 10 free parameters
• Each Pc: 4 free parameters + 8 

fixed to that from Lb
0®  J/y p K-

Better	established	states	from	PDG
Only	

significant	
states		
limit	L

All	states		
limit	LLb

0®  J/y p	p-

Model of N* and exotic states 

27L.	Zhang



Full amplitude fits to 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅2

• 14 𝑁∗ → 𝑝𝜋2 states included to get significances of exotic states
• High mass 𝑁∗ are important for exotic study

– since exotic contribution is more visible in large 𝑚(𝑝𝜋2)

PRL 117, 082003 (2016)

Included 𝑁 2300 ,
𝑁(2700) reported by 
BESIII in 𝜓µ → 𝑝𝑝̅𝜋K
[PRL 110, 022001 (2013)]

If without them, exotic 
significance is > 5s

L.	Zhang 28



Model-independent confirmation 
• 𝑚¶/²d can not be explained by the reflections of 𝐾2𝑝	 alone
• Angular distribution of 𝐾2𝑝	can be decomposed by 𝑃·(cos𝜃)

PRL 117, 082002 (2016)

L*

L*-only rejected by 9.0s
Exotic contribution confirmed

29L.	Zhang

max max2l J= for L*-only
Non-zero-moments in the yellow 
region mean exotic contribution

Legendre moments 



• CDF observed a narrow (J/y f) 
structure in B+➝ J/y f K+ decays
[Initial publication on 2.7 fb-1 PRL102, 
242002 (2009)]
– M=4143.4±3.0±0.6 MeV
– G=15.32§.R"RK.¥ ± 2.5 MeV
– Necessarily exotic since it is narrow 

and above the DsDs threshold
– [cscs] tetraquark ? 
– Hint of a second structure: X(4274)

• Not confirmed by B-factories and 
LHCb with 0.37fb-1 data

X(4140) and X(4274)

115±12 B±

arXiv:1101.6058
CDF	(6	fb-1)

19±6 X(4140) [>5s]

22±8 [~3.1s]

L.	Zhang ICHEP	2016 30



X(4140) and X(4274) from CMS

2480±160	events

• Crucial to check by different experiments with larger statistics.

X(4140) CDF	
[arXiv:1101.6058]

CMS	[PLB	734,
261	(2014)]

DØ [	PRD	89,	
012004	(2014)	]

Significance >5s >5s 3.1s

M0 (MeV) 4143.4±3.0±0.6	 4148.0±2.4±6.3 4159.0±4.3±6.6

G0 (MeV) 15.32§.R"RK.¥ ± 2.5 282RR"RU ± 19 19.9±12.62¨"R

[PLB	734,	261	(2014)]

L.	Zhang ICHEP	2016 31

Background subtracted



X(4140) and X(4274) from CMS

2480±160	events

• Crucial to check by different experiments with larger statistics.
[PLB	734,	261	(2014)]

L.	Zhang ICHEP	2016 32

Background subtracted

X(4274-
4351)?

CDF	
[arXiv:1101.6058]

CMS	[PLB	734,
261	(2014)]

DØ [	PRD	89,	
012004	(2014)	]

Significance 3.1s >3s

M0 (MeV) 4274.42§.¼"¨.¥ ± 1.9 4313.8±5.3±7.3 4328.5	±12.0

G0 (MeV) 32.32RU.¦"TR.S ± 7.6 282RR"RU ± 19



• Statistically, the most 
powerful B® J/y f K
sample analyzed so far

f(1020)

B+

23±6	%
bkg

4,289±151
signal	events

sideband sideband

signal	
range

signal	range

Use	sidebands	to	subtract	
background

(non-B	bkg subtracted)

LHCb-PAPER-2016-018	arXiv:	1606.07895												
LHCb-PAPER-2016-019	arXiv:	1606.07898

LHCb B+ ® J/y f K+ data samples

3fb-1

L.	Zhang ICHEP	2016 33


