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10	years	ago
Future	programs:	LHCb,	BESIII,	Belle2…



LHCb Detector	

Forward	spectrometer	running	in	pp	collider

• Excellent	tracking	and	vertexing
• Excellent	Particle	ID
• Efficient	trigger	with	𝝁’s
• …

LHCb,	Int.	J.	Mod.	Phys.	A30	(2015)	1530022;		IJMPA	30	(2015)	1530022
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LHCb Trigger	

• Versatile	two	stage	trigger

• RUNII	Turbo	stream:	Candidates

reconstructed	at	trigger	level

saved	for	offline	analyses	directly

• Efficient	trigger	for	hadronic	channels
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,	PID

Comput.	Phys.	Commun.	208	35-42
Int.	J.	Mod.	Phys.	A	30,	1530022	(2015)	

4



Data	Samples
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• 1 fb-1						in	2011	at			7	TeV
• 2 fb-1				 in	2012	at			8	TeV
• 0.3 fb-1	in	2015	at	13	TeV
• 1.7	fb-1	in	2016	at	13	TeV
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Hadron	spectroscopy	studies	at	LHCb

• Benefit	from	excellent tracking,	particle	identification	
and	efficient	trigger	system,	LHCb is a	unique	
laboratory	for	hadron	spectroscopy	studies.

• In	this	talk,	only focus	on	most	recent	results	on
- Pentaquark studies
- Observation	of	excited	𝛀𝐜 states
- Discovery	of	doubly	charmed	baryon	𝚵𝐜𝐜%%
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Pentaquark studies
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Discovery	of	pentaquark states

• Two	pentaquark states	observed	in	𝚲𝒃𝟎 → 𝑱/𝝍𝒑𝑲/

LHCb,	PRL	115(2015)	072001

𝑷𝒄(𝟒𝟒𝟓𝟎)

𝑷𝒄(𝟒𝟑𝟖𝟎)
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Discovery	of	pentaquark states

• Amplitude	analysis	reveals	the	properties

• Confirmed	by	a	model	independent	analysis

• Production	&	decay

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

State JP 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,	PRL	117	(2016)	082002

LHCb,	Chin.	Phys.	C	40	(2016)	011001

9



Study	of		𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅/
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• Cabbibo	suppressed	mode	with	less	statistics

• Exotic	𝒁 contributions	in	𝑱/𝝍𝝅
• Fit	with	2	pentaquarks +	𝑍<(4200) favored	by	3σ	compared	to	
no	exotic	contributions

LHCb,	PRL	117(2016)	082003
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𝑚AB > 1.8	GeV



Observation	of		𝜦𝒃𝟎 → 𝝌𝒄𝟏,𝟐𝒑𝑲/
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• 𝑷𝒄 𝟒𝟒𝟓𝟎 close	to	𝝌𝒄𝟏𝒑 threshold,		triangle	singularity	?

• Study	with	radiative 𝝌𝒄𝑱 → 𝑱/𝝍𝜸 decays

Mass	constraint	on	𝝌𝒄𝟏	to	improve	resolution,	forces	𝝌𝒄𝟐	 to	lower	mass

• First	observation	of	this	mode,	

full	amplitude	analysis	foreseen	

with	RUNII	data	added	in

11

LHCb,	PRL	119	(2017)	062001

Guo et	al.,	PR	D92(2015)	071502

Suppressed	in	𝐵 → 𝜒<R𝐾 decays		
Belle,	PRD	78	(2008)	072004	
BaBar,	PRL	102	(2009)	132001
LHCb,	NPB	874	(2013)	663



Observation	of		𝚵𝒃/ → 𝑱/𝝍𝚲𝑲/
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• Look	for	𝒖𝒅𝒔𝒄W𝒄 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,	PLB772	(2017)	265

12

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

𝜦 decays
In	vertex
detector

𝜦 decays
after	vertex
detector



• Single	charmed	baryons	predicted	to	form	SU(3)	multiplets:		3⊗ 3 = 3W ⨁6��

Ø All ground states are observed; Excited Λ<%, Σ<, Ξ< states have been reported but 
no excited Ω<b states were observed before LHCb
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Observation	of	exited	𝛀𝐜 states
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Jaffe,	Phys.	Rep.	409	(2005)	1
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Observation	of	exited	𝛀𝐜 states
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• 3	fb-1 Run	I	+	0.3	fb-1 Run	II	𝑝𝑝 collisions	data
• Decay:	Ω<∗∗b → Ξ<%𝐾/, Ξ<% → 𝑝𝐾/𝜋%

LHCb,	PRL	118	(2017)	182001

𝑑̅

𝑢 𝒑

𝑲/			𝝅%

𝑑
𝑐

𝑠

𝑑
𝚵𝒄% 𝑊∗%	

𝜎q ≈ 7 MeV
Purity ≈ 83%

Cabibbo	suppressed	𝑐 → 𝑑𝑊∗%

decay,	but	much	higher	
reconstruction	efficiency

PV Ξ<%
𝑝, 𝐾/, 𝜋%

𝐾%

IP

Selections:	particle	ID,	displaced	vertex

𝜏 Ξ<% ≈ 0.45 ps,	Ξ<% decay	vertex	well	
separated	from	primary	𝑝𝑝 collisions	(PV)
Note:	decay	time	resolution	∼ 45 fs

14



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<c%𝐾/ threshold
Feed-down

Feed-down:	Ω<∗∗b → 𝐾/Ξ<c%, Ξ<c% → 𝛾Ξ<%,	
𝑚 Ξ<%𝐾/ mass	peaks	shifted

Fit	quality	improves	when	
including	a	broad	
structure	or	multiple	
states	around	3200	MeV

15
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Observation	of	exited	𝛀𝐜 states
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• Matching	between	observed	peaks	and	predictions	requires	spin-
parity	information:	studied	with	three-body	decays	or	in	decays	
of	heavier	baryons

LHCb,	PRL	118	(2017)	182001

16
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• Predicted	to	form	two SU(4) baryon 20-plets with 𝐽h = }
|

%
and 𝐽h = ~

|

%
, each

contains a SU(3) triplet with two charm quarks: Ξ<<% 𝑐𝑐𝑑 , Ξ<<%% 𝑐𝑐𝑢 ,
Ω<<% (𝑐𝑐𝑠)

• 𝐽h = ~
|

%
expected to decay to }

|

%
states via strong/electromagnetic interaction

• 𝐽h = }
|

%
states decay weakly with a 𝑐 quark transformed to lighter quarks

11/08/2017

𝐽h =
1
2

%

𝐽h =
3
2

%

Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Doubly	charmed	baryons

17



• Masses	of	ground	state	and	excitations	by	many	theoretical	models
ØPredicted	Ξ<<

%,%% masses	in	range	3.5 − 3.7 GeV,	𝑀 Ω<<% ≈ 𝑀 Ξ<< + 0.1 GeV
ØMass	splitting	between	Ξ<<% and	Ξ<<%% only	a	few	MeV	due	to	𝑢, 𝑑 symmetry

• Lattice	QCD	computations:

11/08/2017

	

	𝒄

𝒒

	
diquark

𝒄

HQET:	two	charm	quarks	considered	
as	a	heavy	diquark,	doubly	heavy	
baryon	similar	to	a	heavy	meson	𝑄𝑞𝑀 Ξ<< ≈ 3.6 GeV,     𝑀 Ω<<% ≈ 3.7 GeV

Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb
See	backup	pages	for	the	references

Doubly	charmed	baryons
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• Lifetimes	known	to	be	affected	by	spectator	decays	+	non-spectator	decays	
and	Pauli	interference,	qualitatively

• Expectation:	𝜏(Ξ<<%%(𝑐𝑐𝑢)) ≫ 𝜏(Ξ<<% (𝑐𝑐𝑑))

• Calculations	give	𝜏 Ξ��%% ∈ [	200 − 700] fs

11/08/2017

Spectator (Γ�) 𝑊-exchange (𝑊) 𝑑 𝑤∗
𝑐 𝑠

𝑢
𝑢

𝑤∗(𝑢𝑑̅)
𝑠𝑐

𝑢/s
𝑑

𝑢/𝑠 𝑢

Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

See	backup	pages	for	references

Doubly	charmed	baryons
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PLB	628	(2005)	18Ξ<<% → Λ<%𝐾/𝜋% Ξ<<% → 𝑝𝐷%𝐾/PRL	89	(2002)	112001

• SELEX	(Fermilab E781)	collides	high	energy	hyperon	beams	(Σ/, 𝑝)	with	
nuclear	targets,	dedicated	to	study	charm	baryons

• Observed	Ξ<<% (𝑐𝑐𝑑) in	Ξ<<% → Λ<%𝐾/𝜋% and	Ξ<<% → 𝑝𝐷%𝐾/ decays

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Ø Short	lifetime:	𝜏 Ξ<<% < 33 fs @90%	CL, but	not	zero

Ø Large	production:	𝑅 = z ���� ×��(���� →�����B�)
z(���)

∼ 20%
Ø Mass	(combined):	3518.7 ± 1.7MeV

Results	from	SELEX	

20

15.9	signals

5.62	signals



• FOCUS (Fermilab E831) studies charm hadrons produced	in	photon-nuclear
fixed target collisions

• FOCUS didn’t confirm Ξ<<% observed by SELEX in Λ<%𝐾/𝜋%decay

11/08/2017

SELEX Ξ<<%

• Other	modes	also	studied:	Ξ<<% → Λ<%𝑋, 𝐷b𝑋
𝐷%𝑋,	no	SELEX-like	signal	peak	observed

Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Nucl.	Phys.	Proc.	Suppl.	115	(2003)	33

Results	from	FOCUS	
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• 𝑒%𝑒/ colliders working	at	Υ(4S)mass	 𝑠� = 10.58 GeV
• Large	Λ<% yields:	≈ 0.6M	at	BaBar,	≈ 0.8M	at	Belle	
• SELEX-like	Ξ<<% signal	not	confirmed	in	Ξ<<% → Λ<%𝐾/𝜋% decays

11/08/2017

𝑅 = z ���� ×��(���� →�����B�)
z(���)

< 2.7×10/� (BaBar)   1.5×10/� (Belle)  @ 95% CL

BaBar:	PRD	74	(2006)	011103

SELEX Ξ<<%

Belle:	PRL	97	(2006)	162001	

SELEX Ξ<<%

Δ𝑀(Ξ<<% − Λ<%) GeV/c2
𝑀(Λ<%𝐾/𝜋%) GeV/c2

Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Results	from	Babar	&	Belle	
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• LHCb	searched	for	Ξ<<% → Λ<%𝐾/𝜋% decay with	0.65 fb-1 of	7	TeV data
Ø𝑁 Λ<% ≈ 0.8M,	requiring	high-𝑝�
ØNo	significant	peaking	structure	observed	with	𝑚 ∈ [3.3, 3.8] GeV
Ø Experiment	sensitivity	strongly	depends	on	Ξ<<% lifetime

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

𝛿𝑚 = 𝑚 𝑝𝐾/𝜋% ���𝐾
/𝜋% −𝑚 𝑝𝐾/𝜋% ��� − 𝑚(𝐾/) −𝑚(𝜋%)

SELEX Ξ<<% SELEX Ξ<<%

𝑅 = z ���� ×��(���� →�����B�)
z(���)

< 0.013 for 𝜏 = 100 fs,

< 3.3×10/� for 𝜏 = 400 fs @ 95% CL

LHCb,	JHEP	12	(2013)	090	Previous	studies	from	LHCb
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• Expected to have longer lifetime	than	Ξ<<% , higher sensitivity at LHCb
• Decay:	Ξ<<%% → Λ<%𝐾/𝜋%𝜋%,	branching	fraction	up	to	10%	

• Data	sample:	LHCb	run	II	at	 𝑠� = 13 TeV,	~1.7 fb-1
Ø Dedicated	exclusive	trigger	ensuring	high	efficiency,	full	event	reconstruction	at	
trigger	level

Ø Run	I	data	(2012)	also	analyzed	for	cross-check

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Ξ<<%% → Λ<%𝐾/𝜋%𝜋%
Yu	et	al.,	arXiv:1703.09086

Search	for	𝜩𝒄𝒄%% 𝒄𝒄𝒖 at	LHCb LHCb-PAPER-2017-018
(accepted	by	PRL)	

24

PV

𝚵𝒄𝒄%% 𝚲𝒄%

Ξ<<%% → 𝐾/𝜋%𝜋%Λ<% → 𝑝𝐾/𝜋%

𝜏 Λ<% ≈ 200 fs
𝜎£~45 fs



• A	significant	structure	in	right	sign	(RS)	combinations:	 𝛬<%𝐾/𝜋%𝜋%

• Not	present	in	wrong	sign	(WS)	combinations:															𝛬<%𝐾/𝜋%𝜋/

• Not	observed	for	Λ<% background	candidates
• Distributions	similar	except	the	peak	in	RS

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

A significant peak!

LHCb-PAPER-2017-018	Mass	spectrum

25



𝑚�¥¦§(Ξ<<%%) = 𝑚 Λ<%𝐾/𝜋% −𝑚 Λ<% +𝑚¨©ª Λ<%• Studying	Λ<%-mass	corrected	mass:
Ø Signal	yield:	313 ± 33
ØResolution:	6.6 ± 0.8MeV,	consistent	with	simulated	value
Ø Local	significance	> 12𝜎

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Fitting	the	mass	peak	

Systematic	uncertainties

𝑚 Ξ<<%% = 3621.40 ± 0.72(stat) ± 0.27(syst) ± 0.14(Λ<%) MeV
𝑚 Ξ<<%% − 𝑚(Λ<%) = 1134.94 ± 0.72(stat) ± 0.27(syst) MeV

LHCb-PAPER-2017-018	
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Ø Signal	yield:	313 ± 33
ØResolution:	6.6 ± 0.8MeV,	consistent	with	simulated	value
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Fitting	the	mass	peak	

𝑚 Ξ<<%% = 3621.40 ± 0.72(stat) ± 0.27(syst) ± 0.14(Λ<%) MeV
𝑚 Ξ<<%% − 𝑚(Λ<%) = 1134.94 ± 0.72(stat) ± 0.27(syst) MeV

Value consistent with many theoretical calculations, especially LQCD 

LHCb 𝚵𝒄𝒄%%

LHCb-PAPER-2017-018	

27



• Signal	peak	presents	in	RUNI	data	sample	with	significance	> 7𝜎

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

𝑁 Ξ<<%% → Λ<%𝐾/𝜋%𝜋% = 113 ± 21
Resolution: 6.6 ± 1.4 MeV 
𝛿𝑀 run	I, run	II = 0.8 ± 1.4 MeV

Consistent	between	two	samples

Test	with	RUNI	data
LHCb-PAPER-2017-018	
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• Peaking	structure	remains	significant	(> 12𝜎) after	requiring	minimum	
decay	time,		𝑡 > 5𝜎µ.	It	is	indeed	a	weak	decay.	

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Signal	properties
LHCb-PAPER-2017-018	
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• Large	mass	difference:	𝑚(Ξ<<%%)LHCb	− 𝑚(Ξ<<% )SELEX	= 103 ± 2MeV

Ø Inconsistent	with	being	isospin	partners						

• Production:		𝑁(Ξ<<)/𝑁(Λ<%)much	smaller	in	LHCb	result

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb
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Hwang	and	Chung,	PRD	78(2008)	073013;
Brodsky	et	al.,	PLB	698	(2011)	251;
Karliner and	Rosener,	arXiv:	1706.06961



Summary

• LHCb	has	made	important	contributions	to	the understanding	of	hadron	
spectroscopy

－ Observation/study	of	excited	𝑩(𝑫)mesons	&	𝒃(𝒄) baryons
𝑩𝟏 𝟓𝟕𝟐𝟏 , 𝑩𝟐∗ 𝟓𝟕𝟒𝟕 , 𝑩𝑱 𝟓𝟖𝟒𝟎 , 𝑩𝑱 𝟓𝟗𝟔𝟎 ,	 𝚵𝒃c , 𝚵𝒃∗ , 𝛀𝒄∗∗,…

－ Observation/study	of	exotic	states
𝑿 𝟒𝟒𝟑𝟎 , 𝑿 𝟒𝟏𝟒𝟎 , 𝑿 𝟒𝟐𝟕𝟒 , 𝑿 𝟒𝟓𝟎𝟎 , 𝑿 𝟒𝟕𝟎𝟎 , 𝑷𝒄 𝟒𝟑𝟖𝟎 , 𝑷𝒄 𝟒𝟒𝟓𝟎 ,…

－ Discovery	of	doubly	charmed	baryons

－ ……

• Stay	tuned	with	RUNII	data	+	LHCb upgrade.

11/08/2017 Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb 31
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C9, 213 (1999), arXiv:hep-ph/9901323 [hep-ph].

[38] V. Kiselev, A. Likhoded, and A. Onishchenko, Phys.Rev.
D60, 014007 (1999), arXiv:hep-ph/9807354 [hep-ph].

[39] C.-H. Chang, T. Li, X.-Q. Li, and Y.-M. Wang, Com-
mun.Theor.Phys. 49, 993 (2008), arXiv:0704.0016 [hep-
ph].

[40] A. V. Berezhnoy and A. K. Likhoded, Phys. Atom. Nucl.
79, 260 (2016), [Yad. Fiz. 79, 151 (2016)].

[41] A. V. Berezhnoy, A. K. Likhoded, and M. V. Shevlyagin,
Phys. Atom. Nucl. 58, 672 (1995), [Yad. Fiz. 58, 730
(1995)], arXiv:hep-ph/9408284 [hep-ph].

[42] K. Kolodziej, A. Leike, and R. Ruckl, Phys. Lett. B355,
337 (1995), arXiv:hep-ph/9505298 [hep-ph].

[43] A. Berezhnoy, V. Kiselev, A. Likhoded, and A. On-
ishchenko, Phys.Rev. D57, 4385 (1998), arXiv:hep-
ph/9710339 [hep-ph].

[44] M. Mattson et al. (SELEX collaboration),
Phys.Rev.Lett. 89, 112001 (2002), arXiv:hep-ex/0208014
[hep-ex].

[45] A. Ocherashvili et al. (SELEX collaboration), Phys.Lett.
B628, 18 (2005), arXiv:hep-ex/0406033 [hep-ex].

5

(Spain), GridPP (United Kingdom), RRCKI and Yan-
dex LLC (Russia), CSCS (Switzerland), IFIN-HH (Ro-
mania), CBPF (Brazil), PL-GRID (Poland) and OSC
(USA). We are indebted to the communities behind the
multiple open source software packages on which we
depend. Individual groups or members have received
support from AvH Foundation (Germany), EPLANET,
Marie Sk lodowska-Curie Actions and ERC (European
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Study	of		𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅/

11/08/2017 Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

• Cabbibo	suppressed	mode	with	less	statistics

• Exotic	𝒁 contributions	in	𝑱/𝝍𝝅
• Fit	with	2	pentaquarks +	𝑍<(4200) favored	by	3σ	compared	to	
no	exotic	contributions

LHCb,	PRL	117(2016)	082003
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• SELEX	(Fermilab E781)	collides	high	energy	hyperon	beams	(Σ/, 𝑝)	with	
nuclear	targets,	dedicated	to	study	charm	baryons

• Observed	Ξ<<% (𝑐𝑐𝑑) in	Ξ<<% → Λ<%𝐾/𝜋% and	Ξ<<% → 𝑝𝐷%𝐾/ decays

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

Ø Signal yields: 15.9	(Λ<%𝐾/𝜋%) and   5.62	(𝑝𝐷%𝐾/)
Ø Short lifetime: 𝜏 Ξ<<% < 33 fs @90% CL, but not zero

Ø Large production: 𝑅 = z ���� ×��(���� →�����B�)
z(���)

∼ 20%
Ø Mass (combined): 3518.7 ± 1.7 MeV

Results	from	SELEX	

SELEX Ξ<<%

Very puzzling
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• Intermediate	resonances:	𝐾½∗ 892 b, Σ< 2455 %%, Σ< 2520 %%	

11/08/2017
Y.	Gao,	Latest	results	in	hadron	spectroscopy	from	LHCb

𝐾½∗ 892 b

Σ< 2455 %%

Σ< 2520 %%

Signal	properties
LHCb-PAPER-2017-018	
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