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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 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

L.	Zhang

PV

𝜩𝒃𝟎
𝜩𝒃=

PV

𝚲𝒃𝟎

𝑷𝒄
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𝝅B



Discovery of pentaquark states
n Two pentaquark states observed in 26,000 𝛬+, → 𝐽/𝜓𝑝𝐾B decays
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𝒎𝒑𝑲H	[𝐆𝐞𝐕]

Data										
Fit

𝑷𝒄 𝟒𝟑𝟖𝟎 0

𝑷𝒄 𝟒𝟒𝟓𝟎 0

𝒎𝑱/𝝍𝒑	[𝐆𝐞𝐕]

PRL 115, 072001 (2015) 

7+8 TeV



New analysis efficiency increased by 90%
n Gain from loosen PID and use them in MVA 
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Cabibbo-suppressed decays 
n Find the same 𝑷𝒄0 in other channels is helpful to understand the 

production mechanism and internal structure
n 𝛬+, → 𝐽/𝜓𝑝𝜋B is Cabibbo-suppressed w.r.t. 𝐽/𝜓𝑝𝐾B

n Two production mechanisms predicted:

9L.	Zhang

𝐾B(𝜋B)
𝒃 → 𝒖	&	𝒄𝒄Y from sea quarks 𝒃 → 𝒄

q
𝐾B(𝜋B)

𝑹𝝅/𝑲 ≡
𝓑 𝜦𝒃𝟎 → 𝝅B𝑷𝒄0

𝓑 𝜦𝒃𝟎 → 𝑲B𝑷𝒄0
= 𝟎. 𝟎𝟕~𝟎. 𝟎𝟖

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

𝑹𝝅/𝑲 = 𝟎. 𝟓𝟖 ± 𝟎. 𝟎𝟓

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



𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅B decays

n >10 lower signal in 𝛬+, → 𝐽/𝜓𝑝𝜋B than in 𝛬+, → 𝐽/𝜓𝑝𝐾B

n But more complex because of possible 𝑍/B → 𝐽/𝜓𝜋B
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PRL 117, 082003 (2016) 

𝑵𝐬𝐢𝐠 = 𝟏𝟖𝟖𝟓 ± 𝟓𝟎

~𝟏𝟕%	𝐛𝐤𝐠

𝑷𝒄0

Nucleon	excitations



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! 

11

PRL 117, 082003 (2016)

2	𝑃/0?

L.	Zhang



New analysis
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n New analysis expect to have ~10,000 signal
n If can do independent Pc fit without inputs from 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B? 



Observation of 	𝜩𝒃B→ 𝑱/𝝍𝜦𝑲B

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

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



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/(z,{) → 𝐽/𝜓𝛾, constrain 𝐽/𝜓𝛾	mass to known 𝜒/z mass
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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)

Next step: full amplitude analysis with more data

PRL 119 (2017) 062001



Other 𝑷𝒄 channels
n Other LHCb ongoing 

activities: 
q Hadronic: 𝜦𝒃𝟎 → 𝜦𝒄0𝑫%𝟎𝑲B

q J=1/2 𝑷𝒄0 in 𝜦𝒃𝟎 → 𝜼𝒄𝒑𝑲B

q Generic pentaquarks: [𝑏Y𝑞𝑞𝑞𝑞] 
and [𝑐̅𝑞𝑞𝑞𝑞]

n From non-hadron collider 
experiment:
q 𝛾𝑝 → 𝐽/𝜓𝑝, 𝜋𝑝 → 𝐽/𝜓𝑝
q 𝑒0𝑒B(Υ) → 𝐽/𝜓𝑝𝑝̅
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☞

✓
☞

Preferred interpretations

YH Lin, CW Shen, FK Guo, BS Zou, PRD 95, 114017 (2017)



Expected yields with full Run1+2 data 
n Reference channel with optimized selection:  
𝑁���z0{ = 200,000 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B

𝑁���z0{ = 8,000 𝑷𝒄 𝟒𝟒𝟓𝟎 0 → 𝑱/𝝍𝒑

L.	Zhang 16

Channel Efficiency ℬ Eff x	ℬ Pc(4450)

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲B 1 1 1 8000

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅B ≈ 𝟔𝟎% 8% 5% 400?

𝜦𝒃𝟎 → 𝜦𝒄0𝑫%𝟎𝑲B ≈ 𝟏𝟎% 5(Pc)×4% 2% 200?

𝜦𝒃𝟎 → 𝜦𝒄0𝑫%(∗)𝟎𝑲B partial	
rec.

≈ 𝟏𝟎% 5(Pc)×4% 2% 200?

𝜦𝒃𝟎 → 𝝌𝒄𝟏𝒑𝑲B ≈ 𝟏𝟐% 8% 1%



Ongoing LHCb analyses for exotics 
n Tetraquark

q 𝐵, → 𝜒/z𝐾0𝜋B
(~10,000 signals in Run1)

q 𝐵 → 𝐷(∗)𝐷%(∗)𝐾
n Pentaquarks (amplitude)

q 𝛬+, → 𝐽/𝜓𝑝𝐾B

q 𝛬+, → 𝐽/𝜓𝑝𝜋B

q 𝛬+, → 𝜒/z𝑝𝐾B

q 𝛬+, → 𝛬/0𝐷% ∗ ,𝐾B
q 𝛯+B → 𝐽/𝜓𝛬,𝐾B

n Observation of decay
n 𝛬+, → 𝜂/𝑝𝐾B

L.	Zhang 17

2126 signal	events

Belle, PRD 78, 072004 (2008)



ANY SUGGESTIONS ON EXOTICS?
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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+= 5935 B, 𝛯+∗ 5955 B → 𝛯+,𝜋B [LHCb’15]
q 𝛯+=

, not yet observed

𝜩𝒃= 𝟓𝟗𝟑𝟓 B
𝜩𝒃∗ 𝟓𝟗𝟓𝟓 B

𝑴 𝜩𝒃𝟎𝝅B −𝑴 𝜩𝒃𝟎 −𝑴(𝝅B) [MeV/c2]

PRL 114 (2015) 062004 

𝜩𝒃∗ 𝟓𝟗𝟒𝟓 𝟎

𝑴 𝜩𝒃B𝝅0 −𝑴 𝜩𝒃B −𝑴(𝝅0) [MeV/c2]

JHEP 05 (2016) 161 

State 𝑱𝑷 𝑏 𝑠𝑞

𝜩𝒃 𝟏/𝟐0 ↑ ↑↓

𝜩𝒃= 𝟏/𝟐0 ↓ (↑↑)
𝜩𝒃∗ 𝟑/𝟐0 ↑ (↑↑)

no 𝜩𝒃=𝟎

PRL 108, 252002 (2012)

𝜩𝒃∗ 𝟓𝟗𝟒𝟓 𝟎

L.	Zhang 19



Observation of a new 𝛯+∗∗B state
n Hadronic 𝛬+, → 𝛬/0𝜋B: 

q Resolution: 2 MeV
q 7.9s

n Semileptonic (SL) (new method)
𝛬+, → 𝛬/0𝜇B𝑋𝜈̅�

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

n Semileptonic (SL)
𝛯+, → Λ/0𝜇B𝑋𝜈̅�

q 9.2s

L.	Zhang

Preliminary Preliminary 

Preliminary Preliminary 

Preliminary Preliminary 

LHCb-PAPER-2018-013, arXiv:1805.09418

20

可以寻找Ω+∗∗



LHCb上寻找𝒑𝒑 → 𝒀…是不是有意义？

L.	Zhang 21

PRL118, 092001 (2017)

𝞼(𝑒+𝑒−→𝜋+𝜋−𝑱/𝝍)𝞼(𝑒+𝑒−→𝜋+𝜋−𝑱/𝝍)

arXiv:1808.02847

𝞼(𝑒+𝑒−→ 𝝅0𝑫𝟎𝑫∗B)

PRD96, 032004 (2017)

𝞼(𝑒+𝑒−→𝝅0𝝅B𝝍(𝟐𝑺))

如果只能给出上限，
是不是有意义？



Excited charm from B semileptonic decay 
n We have 𝐵 → 𝐷,𝜇𝑋;𝐷.0𝜇𝑋;𝐷0𝜇𝑋; 𝛬/0𝜇𝑋; 𝛯/0𝜇𝑋
n We can add any tracks to them, to form excited charm

q for example, 𝛬/∗0 → 𝐷,𝑝
q 𝛬/ 2860 0 was just observed in

LHCb from 𝛬+, → 𝐷,𝑝𝜋B
[JHEP (2017) 2017, 30]

L.	Zhang 22

2860, 2880, 2940

还有哪些质量比较轻，还没找到的charm态？



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

PRL 118 (2017) 182001 PRD 97 (2018) 051102
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The measured masses are consistent 
with LHCb values 



𝑩𝟎 → 𝑿 𝟑𝟖𝟕𝟐 𝑲B𝝅0 to search for 𝑿 𝟑𝟖𝟕𝟐 𝝅0?
n ℬ 𝐵, → 𝑋 3872 𝐾B𝜋0, 𝑋 3872 → 𝐽/𝜓𝜋0𝜋B = 7.9 ± 1.4 ×10B�

n ℬ 𝐵, → 𝐽/𝜓𝜋B𝜋0 ≈ 4.0×10B 

n 𝑅ℬ =
z
 

n 𝑅¢££	 =
z
 

(two more tracks)

n Run-1, N 𝐵, → 𝐽/𝜓𝜋B𝜋0 =18,000
n Expect ~3000 𝐵, → 𝑋 3872 𝐾B𝜋0

L.	Zhang 24



Charmonium under DD* threshold
n Only two unobserved

q 1D2 2- +

q 3D3 3- -

n Narrow

L.	Zhang 25

DD*


