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The LHCb Experiment

s LHCD is a dedicated flavour physics experiment at the LHC

o >10% X larger b production cross-section than the B factories @ Y(4S)
o Access to all b-hadrons: B*, B°, BY, B}, b-baryons

s Can also study hadron spectroscopy and exotic states

= Acceptance optimised for forward bb production
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Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb
2017 (6.5+2.51 TeV: 1.71 /fb + 0.10 /fb

= 2016 (6.5 TeV): 1.67 /fb
= | 2015 (6.5 TeV): 0.33 /fb
= 2012 (4.0 TeV): 2.08 /b
= 2011 (3.5 TeV): 1.1 /fb
- 2010 (3.5 TeV): 0.04 /fb
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LHCD

LHCDb observation in 2015 THCH

= Two J/Yp resonant structures are revealed by a full 6D amplitude analysis
o P.(4450)" <= the prominent peak
o P.(4380)" <= required to obtain a good fit to the data
o Consistent with pentaquarks with minimal quark content of uudcc
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Lots of open questions

s Observation of LHCb opens a gate to study pentaquarks

= To interpret the nature of P., more studies are needed
a JP, mode decay modes, production mechanism ...?
o SU(3) partners, hidden-bottom pentaquarks?
o Inner structures?

Tightly-bound Loosely-bound Kinematical effect:
> pentaquark? % pentaquark? triangle diagram?
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Fine structures from update THCH

0 . 246k Ay signals
L] Run1+Run2, x10 Ab — ]/lppK y|e|d PRL 122 (2019) 222001

o Inclusion of Run 2 data (x 5) 55’ 5+ 540
o Improved data selection (x 2) I '

m P.(4312)% is observed

m P.(4450)" peak structure is an overlap of two
narrower states, P.(4440)" and P.(4457)"

m Their near-threshold masses favour “molecular”
pentaquarks with meson-baryon substructure, but
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other hypotheses are not ruled out 200;
&
State M [MéV ] [ [MeV]  (95% CL) R [%) Tawp Y]
P.(4312)* | 4311.9+0.7788 | 98+27F 37  (<27) | 0.30+0.07%9:3
P.(4440)* | 4440.3 £ 1.37%1 1 20.6 £4.97 87 (< 49) | 1.11 +£0.3319%2 1D my 1y is fitted, full amplitude
P.(4457)% | 4457340674 | 6.4+2.0F 57 (<20) |0.5340.16+013 study is very advanced
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Evidence of J /A structure MM]%

s Hidden-charm pentaquark with strangeness P, is predicted, and

suggested to search forin =, = J/YAK™
[JJ Wu PRL 105 (2010) 232001; HX Chen PRC 93(2016) 064203]

_ _ o ~1750 =, — J/YAK™ signals (purity ~80%)
= Amplitude analysis with improved
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https://doi.org/10.1016/j.scib.2021.02.030

Evidence of J /YA structure

s P (4459)° mass is about 19 MeV below =2D*? threshold

State My [MeV | ['[MeV | FF (%)
P..(4459)° 44588 +29+17T 173 4+6.580 27119407

= The peak position is consistent with 22D*° molecule model prediction

s More P states are expected; Molecular model predicted 10 states

System | [E.D]y  [E.D*]y [E.D*]s  [8:D)y  [E:D*)y  [E:D*]y  [E:D)y | [E.Dly | [E.D]y  [E.D7s
AE | -185%%% —15.6793 —2.0%3% —7.573% -—17.0%57 —8.0%5% —0.7107 | —13.3%35 | —17.8753% —11.875%
M | 4423.778% 4568.71S7 4582.311% 4502.9732 4635.475 7 4644.413 7% 4651.710714319.412:8 4456.9732 4463.07%5

[Bo Wang, Lu Meng, Shi-Lin Zhu, PRD 101 (2020) 034018]
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— | LHCD
Bg RN ] / 1I)pp decays [arXiv:2108.04720] m\]
= 9 fb~! Run 1+2 data: ~800 signals, purity ~85%
= Hints for structure ?
o e — 16
> | $ Data : _
= 300 —Tozal fit ” : LHCb - ?‘5 15 14
B’= J/wpp : 1 —_
% s Bl j/Zﬁ% signal _ : 9 fb™ - E 12
%) 200 - Background # - S [ AR 10
i L H S gl
e o R
© 100:— s
] 17:
0550 5300 53;9 5400 L
m(J/y pp) [MeV] 17 18 19

m?(J/y p) [GeV’]

Liming Zhang


http://arxiv.org/abs/2108.04720
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4D amplitude analysis [arXiv:2108.04720]

= Untagged B decay, assuming CP conservation, the same mass, width and couplings for P*

+ 3+
= Significance 3.10~3.70 for J* (% 3 ), after considering syst. uncertainties and look-

elsewhere effect
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http://arxiv.org/abs/2108.04720

LHCD

Evidence of P.(4337) arxiv2106.04720) ANACSY

The measured mass and width: %\60:' o
Mp, = 433717 (stat) T2 (syst) MeV, =
['p = 29+%g(€tat)+14(€yst) MeV, gzog
S 0

Can’t distinguish J¥ due to limited sample size

.
o 60 ]
s : : O I
Other contributions are tested, no evidence is seen: 3t iy
- L
*  P.(4312)" seenin A} - J/gpK ~[PRL 122 (2019) 222001] 3 I 2
B 5 20F
* Predicted glueball state f;(2220)(— pp)[EPJC 75, 101 (2015)] =T
8 s
O VYT 4

4.3 4.4
m(J/y p) [GeV]
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http://arxiv.org/abs/2108.04720

Prospects

Analyses to update

a A) - J/YpK~ amplitude analysis (onging)
s /P and P.(4380)*?
s Alots of improvements: model, formalism, resolution included, very good fit achieved

a A) - J/yYpr~ amplitude analysis

More interesting ideas
o Decay modes to other charmonium states than J /Y, eg. n., xc1?
o Open charm baryon meson final state, eg. 2X*D~?
o Prompt production?
o Open-charm pentaquarks?

Most need more data
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Prospects

LHCD

ki)

[arXiv:1808.08865]

LHC ERA > HL-LHC ERA —
3fb! +6 fb1 23 fb? 50 fb—! 300 fb?
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[*] updated according to the latest result
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LHCDb is now boosting the
data to a new level

o Expect to 3x data (6x hadronic
events) by 2025
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LHCD

Amplitude analysis of A) — J/ypr™ THC.

= Finding the same P in other decays may suggest P+ is not a triangle singularity
s Run-1 data shows evidence of exotic hadron contributions in this channel
a Possible contribution from P*’s and Z.(4200)

s ~10k signal events are expected in Run1+2 data,
May need to wait for Run3 data to see the fine structure ., 7 (2016) 082003
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Observation of Ay - x.12)PK"~

= Search for P.(4450)*in A} —|xc(1,2)p|K~decays FRP 92 (2015 071502
=Test hypothesis of kinematic rescattering effect

m Expect ~2000 signal in run1+2 data

PRL 119 (2017) 062001
6(/12 = Xca1PK™) \ BOF LHCD ﬁ
B = ] /pK-) 160 Xc2 : Xc1
b p 140 F- Runl 285+ 23 [|453 +2

Events / (5 MeV/c?)
3

0.242 + 0.014 + 0.013 + 0.009 Az Pk
T of B34 xapK
0 — 80
B(A(’)’ > Xe2PKT) _ B(X) 60
B(Ay, - J/YypK~) 40

5450 5500 5550 5600 _5650l 5700
Next step: full amplitude analysis with more data m(y  pK') [MeV/c?]

Q248 + 0.020 + 0.014 + 0. 09

Liming Zhang 14



[PRD 102 (2020) 1120121 . HC D
AC O

Ap - npK~

= 7.p final state is very sensitive to 1/2~ P., where n.p is in S-wave

m If P.(4312)" is X.D molecule, predicted  B(P(4312)* - n.p)

~3
[PRD 100 (2019) 034020, 100 (2019) 074007, 102 (2020) 036012]  B(Fe(4312)* = J/ip)

= 1st observation of the A} decays with run2 data (5.5 fb™")

o 7, reconstructed using 1, - pp ~170 A = 1K~ signals

35 LT

g s L P31 P.a457) E

No significant P.(4312)™ contribution (~2c) sop fr o hess LHCD :
25F

= (@) — Data
i — Simulation 3

[\
() t

Relative P production rates
R(P.(4312)%) < 0.24 @ 95% C.L.
(Uncertainty is too large to give any conclusion yet)

[E—
N
TTTTTT

= With Run-3 data, >1000 signals are
expected, amplitude fit can be performed

Wleighted candidates / (30 MeV/c?)
= =

I I R N
- 4500 5000
Liming Zhang m(n(,p) [MCV/CZ] 15



Search for open-charm pentaquark

= Potential open-charm pentaquark [csuud] decay to AFK™

= 1stobservation of A) - AYK*K™m™ (run1) 3 °F e | o ;
§ 400 e S—
§ 300 Nsig = 3400 + 80 3
B(A) = ATKYK-n7) _2 S ool '
B(Ag - & AQ_DS_) - (926 :‘: 029 j: 046 :t 026> X 10 ’ 00 ' iy i L
B(A) = ATKTK 7)) = (1.02 £ 0.03 £ 0.05 4+ 0.10) x 10~° ob— f;'ggg- R e

mALK*K 7] (MeV/c?)

= No excess observed in m(AfK™) spectrum éoo; LHCb h T o -
= Will search with more data and can also look £ “F {Whi WHW&H&* ;
for pentaquark [csudd] in AJK*n~ system % jz: ﬁf *%ﬁ H E

: #ﬁfﬁ j’f*ﬂg} —

[Phys. Lett. B 815 (2021) 136172 ] S b

m[AZK™] (MeV/c?)
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\] )

Summary

s Thanks to excellent LHC performance, we have made a lot of progress.

s \We have observed a new narrow state P.(4312)", P.(4440)* and P.(4457)".
The mass thresholds play an important role in the dynamics of these states.

= \We also have evidence for the first P..(4459)°, and another P.(4337)*.
= Amplitude analysis of A} — J/y¥pK~ is in advanced stage.

m \We have lots of ideas for run3.
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Triangle diagram

Guo et al, PRD 92 (2015) 071502 Lo .
. K Xc1 P
AT ~
2.0} N
— K~ p \\
> B4L—= \
S 14| yo N
I/a ‘\\ \‘\
% \\\ \“
P.(4450)* = y.1p threshold? Jhb = 1.6} o i
oab T
Requirements: 4.4 4.6 4.8 5.0 5.2

' ' M(xc1p) [GeV
= All the intermediate states are on shell (Xerp) [GeV]

m The proton emitted from the decay of the A* moves along the same direction as
the y., and can catch up with it to rescatter

= Can only happen on the red line of the Dalitz-plot boundary
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Very recent GlueX results THCD

“First measurement of near-threshold J/y exclusive photoproduction off the proton”
GlueX Collaboration, May 26, 2019, PRL 123 (2019) 072001

[
< GLuE
a
>
5
T
?‘; “GlueX Physics” on 18/8
© (Sun.) at S1 by M. SHEPHERD
Cornell '
- JPAC P}(4312) 3/2|BR=2.9% |{ Model-dependent upper limits
JPAC p;(444o) 3/21BR=16% || at 90% C.L. from JPAC model
107k JPAC P! (4457) 3/2|BR=2.7% [{ [PRD 94 (2016) 034002]

E, Gev 20

A less model-dependent limit at 90% C.L.:
Omax (Y = PT)XB(PF - J/Yp) < 4.6,1.8,3.9 nb for P.(4312)", P.(4440)%, P.(4457)", respectively.

T at the resonance maximum
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Triangle diagrams?

LHCD
\] N

PRL 122 (2019) 222001

Weighted candidates/(2 MeV)

s Can produce peaking structure at or above mass threshold, but not below
as a triangle effect

s Cannot rule out

P.(4312)*, P.(4440)" are too far

from any rescattering thresholds

3 triangle-diagram amplitudes + polynomial

More realistic I}

1 1 1 1 EI 1 1 El 1 I 1 1 El 1 I 1 1 1
LHCb
I, = 50 MeV;

— total fit
1000

500 }17(2595) DD -

¥ g PA

\

H H 1
1 1 1 1 'I 1 I | 1 1 | I | 1 L1 T 1

—— weighted datal

= polynomial

4200 4300 4400 4500

4600

Myp [GeV]
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Weighted candidates/(2 MeV)
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400
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4800 4250 4300 4350 4400 4450 4500 4550 4600

is right at the
threshold

2BW + 1 triangle-diagram amplitudes + polynomial

LHCb

—=— cos6, -weighted data
total fit

= polynomial

m o [MeV]

0
Ay
p
p
XC] ~S
S
Guo et al, PRD 92 (2015) 071502 and others ]/l/)
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