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Search for pentaquarks in
B-meson decays at LHCDb
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Outline

* A brief introduction of pentaquark

* Searching pentaquark states at LHCb
*B” = J/YAp

* B = J/Ypp

* Summary
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A brief introduction of pentaquark

* The existence of multi-quark states is predicted by the quark model

* Minimal content gqqqq
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QCD prediction

AN SU. MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

A SCHEMATIC MODEL OF BARYONS AND MESONS * 3 1)
M. GELL-MANN ")
California Instifute of Technology, Pasadena, California G. Zwe :.g
Received 4 January 1964 CERN-=Geneva

In general, we would expect that baryons are built rot cnly fror the rroauct

t Ia.m M ete,, where A
the triplet as ""quarks" 6) g and the members of the L A R R e ' ! =

anti-triplet as anti-quarks q. Baryons can now be denotes an anti-ace, Similarly, mesons could be formed from AA, AAad
constructed from quarks by using the combinations
(qaqq), q), etc., while mesons are made out -
of (qd), (Qgqaq), etc. It is assuming that the lowest possibilities, Ak and AAA, that is, "deuces and treys",

etec, For the low mass mesons and baryons we will assume the simplest

NP
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Brief history of multi-quark

2003: The first tetraquark candidate X (3872)
was discovered by Belle.

2015+2019: Three hidden-charm pentaquark
states PIIIJV (4312)7, PIIIJV (4440)%and
Pllpv (4457)* were observed by LHCb.

Phys. Rev. Lett. 115, 072001 (2015)
Phys. Rev. Lett. 122, 222001 (2019)
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Exotic hadron naming convention

Minimal quark Current name 1\¢)  gr) Proposed name Reference
content R e ’ e LHCb-PUB-2022-013
Ce Xel Y = ’ = Xe1 : ’ E

coud Zﬂ(3900)+ T = 1+, JF =1+ Ti:1(3900)+ [25—28] arX|V220615233
céud X (4100)* 1% =1~ Ty (4100) [29]
céud Z.(4430)* ¢ =17 JgF =1+ 75, (4430)F [30, 31]

cé(s3) Xe1(4140) I¢ =0t Jre = 1++ Ye1(4140) [32-35]
cEus Z.5(4000)* Ir=1=1Jr=1t T7,,(4000)* 7]
ctus Z.(4220)* I=1,J° =1 Tys1(4220)F 7]
céce X (6900) 19 =0+, JPC =77+ Ty (6900) (4]
cstid X0(2900) JE =07 T..0(2900)° [5, 6]
csiid X1(2900) JP=1" T...1(2900)° [5, 6]
ceiid T..(3875)* T..(3875)* (8,9]
bbud Zy(10610)* I¢ =1+, JF =1+ TE,(10610)* [36]

ceuud P.(4312)* =1 Py (4312)* 13]

ceuds P.,(4459)° I=0 P}, (4459)° [20]

* T for tetraquarks, P for pentaquarks
* P states: i.e. Py (4312)", Py (4459)°

* Superscript: denotes 1sospin, A, N, X, A for I = 0,%, 1,2
* Subscript: Y, Y, @ for hidden beauty, charm, strangeness; b, ¢, s for open flavor quantum numbers

NP
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What 1s pentaquark?

Hadronic Molecules Compact pentaquark Rescattering effects

Rev. Mod. Phys. 90(2018)015004 Phys. Rept. 668(2017)1 Prog. Part. Nucl. Phys. 112
PRD103(2021)112006 Few Body Syst. 57 (2016)1185 (2020)103757
Eur.Phys.J.C 82 (2022) 7, 581
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More pentaquarks states?

contact terms which are resummed to generate poles. It turns out that if a system is attractive
near threshold by the light meson exchange, there is a pole close to threshold corresponding to a
bound state or a virtual state, depending on the strength of interaction and the cutoff. In total, 229
molecular states are predicted. The observed near-threshold structures with hidden-charm, like the

T Progr.Phys.41(2021)65-93
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Searching pentaquark states at LHCb
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LHCDb detector and performance

_ Calorimeter
2 <n <5, about 25% of bb | RICH i

pairs inside LHCb acceptance T I
; : xllﬁﬂ' H“:u_ i Hj-z

RICHZ mp &
3 v

Excellent time, IP, mass
resolution, and excellent
tracking, PID performance.
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LHCDb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.18 /fh - 1 1
2&1?EB.E+2.5: TeV): 1.71 ffb + 0.10 /fb . * 9 fb pp.COHlSlOIl Sample
A collected in runl+run2

2016 (6.5 TeV): 1.67 ifh
2015 (6.5 TeV): 0.33 /tb
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

= T @ =~ o W

________ BN A I 2 A - + Large b hadrons produced

1 TR %

Integrated Recorded Luminosity (1/fb)

S B* : BY: BY : A9
2010 2011 2012 2013 2014 2015 2016 2017 2018 (uE) (dl_:l) (SB) (udb)

Year

Runi: @7/8 TeV Run2: @13TeV 4 4 :1: 2
2010-12, 3fb" 2015-18, 6fb-

Lo T
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Pentaquark candidates in B-baryon decays

Observation in A) — pK~Jly

Evidence in 25 — J/IwAK™
P)(4312)*, P)J(4440)*, P)(4457)*

A 0
P,,(4459)
stD’ r* p*0
3 ' = . .
=1200 SO Frrs ]
1 [ Toaw | b : =D* '
= — total fit : - A
g 1000 — background o 60 LHCh -
= S [ 9fy] '
S 800 ~
g Lo
2 S 4 IH
2 600 .
400

W

P (4440) £ P.[4457) | |
° I 0 } 7
11 - L e SUEL L L S _
. O Py’ S

1'%\ ¥ . el

} Iy < L l_l._.ﬁ.' . 5 -llﬂll
4800 4250 4300 4350 4400 4450 4500 4550 4600 L ' '
M 41y [MEV] 45 h]

My [GeV]

P={43:12]*

 Excellent mass resolution is needed for narrow structures
* The interesting structures related to thresholds

* Spin and parity not determined
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Why 1n B-meson decays?

* Small Q-value, providing excellent mass resolution, allows to search
for narrow structures

* Search for pentaquark and anti-pentaquark states at the same time

* Sensitive to structures in baryon and anti-baryon system

2022/8/9 TEYEFSSHEYESS
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Amplitude analysis of B~ — J/YAp decays

LHCb-PAPER-2022-031 in preparation

TEVEFSSEIESS
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B~ — J/YAp decays

* Q value: 128 MeV

* Thresholds:

 J/Yp (cc,uuid): AzD° (udc, ci
« /WA (cc,uds): ALD; (udc,Cs)
and 2} D~ (usc, cd)
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B~ - ] /WAp at CMS

* Limited statistics ~450 signals @8TeV
* Pure phase space hypothesis can not describe data

* K;3 4 contributions decrease the incompatibility with data

> CMS 19.6 fb" (8 TeV) . cMS 19.6 i (8 TeV) - CMS 19.6 i (8 TeV)
E‘* 10000k + Data Eﬂ r + Data g 1 ¢ Data
10000+ . 10000~ .

o - -~ Phase space (H,) i I | Phase space H) L Phase space (H,_}
5 8000F— (P} (H,) - r — (P ) - — (P (H,)
[ [ cosf,. fit (H_) © 8000 cosh,. fit (H_) & 8000 | '
= i K s Lot = o 3 o = i
g =] = " ) L = Y R S
B 000 B 6000 £ 6000/~ -
L ] i 5] L -
o B o i}
E 4000 e L E 4@@;]-

C = r [
] - S 4000p I i

=000 2000 2000 !
'D- | | | 1 | | 1 : -.:I...I...I...I...I.. +I.
- e e — 0 IR BT S B P 0
404 406 408 41 412 414 418 422 424 426 428 43 437 434 208 208 21 212 214 216 218
M{Jipp) [GeV] M{JipA) [GeV] MiAp) [GeV]
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B~ — J/YAp data sample

Candidates/(1.6 MeV)

900F T Data
LHCb = Data
SDD gfbl —Tﬂta] ﬁt
700 limi " — Signal
reliminary .Comb. bkg
600
500
400
300
200
100
5%0 5250 5300 5350
m(J/ Y Ap) MeV
2022/8/9

LHCDb runl+run2, 9 fb~? dataset:
Signal window +2.5 ¢
Total 4600 signal candidates
Purity 93%
B mass resolution 2 MeV

Narrow structure
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B~ - J/YAp amplitude analysis

 Helicity formalism amplitude and assuming no CPV

* Three decay chains: J/Y K™~ (= Ap), AP, N=(-> J/Yp) and pPlpS(—> J/YA)

* Resonant lineshape: Relativistic Breit-Wigner (RBW)

* A decay parameter fixed to PDG value

an

* Non-resonant (NR) lineshape: constant or order polynomial

e Un-binned maximum likelihood fit:

—210g£ = —2 Zlog [(1 Slg(mpﬁ 1 Q |:’.U) e /prkg(mpﬂ 13 ﬁ )
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Model with only K**

K5% 4 + NR(pA) can not describe data well, especially for the m(J /{PA)

distribution.
Resonance Mass (MeV) Natural width (MeV) JF
K3 (2045)* 2045 +9 198 + 30 4+
K3 (2250)* 2247 =17 180 &+ 30 2
K; (2320)* 2324 +24 150 £+ 30 3+
R T - 77~ i R T
Elﬁ{);— th] TOta|ft _-E. %12{}2_ H} gfb-] _;%}I g g_ﬂj-l “ Hu E
%;ﬁ: Prellmlna K(5045} %m;- {Mh { H% *Prelimina?%lm; Preliminary {Nﬁi )‘H 3
F K(2250) 1 2 gol - ’ '
Si00f M#MH Kefzszﬂ;*‘ =R A M = | W | :
FE% 80 WB&ckgmund -:% 60 I + - S 60fF 1\}{* Fi .
0 f&ﬂ— @] _ ‘JIﬁ e + _:(_J g } e + ]
: ﬁ#@ 40F Iy LN, T 40p MTT S
ol RN LR
20F | 1 -l ) T ) | —= ]
Y T — :'14—: Oos 21 a5 " a0s 4.1 415
. L m(J.;‘wA,I Ge\; m(pA) GeV m(J/yp)GeV
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Amplitude models

Baseline model

NR

NE /) 2nd order poly.

(pA) constant

2022/8/9

PA

s

J/wA) RBW

Nominal model
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Nominal model fitting results

. o O WS o T
* First strangeness pentaquark o §r£'.’mnaw —Base;}j_ne F] w ﬁﬂw | ey
candidate P$S (4338)° near E};’;‘; Backgminiﬂ i i ﬁ i i WM
threshold of 27 D~ was Sﬁ Wﬁ I LA
discovered. jﬁ +*F+'++ 20} If” ‘3\1
912 e '_F/:(; 1{;35 T — _'2._;5; ;

m(Jiy A) Ge m(pA) GeV

m(Py;) =43383+£07+£04MeV | _

A %‘4‘3;‘ LHCIb %QSU: + | "~ LHCb
r(Ph) =70 +12+ 1.3 MeV - WMN i,
Spin % assigned Sw ﬁ' Zo0p +‘im+ *

1 S 60F 1 C100f Fat 1

/>- preferred S JWW + 1 Hﬁt’f*ﬁﬁ@hﬁ 5

N
2+ excluded at 90% C.L. 20f I :
ot 4.05 —al e Y5 o0 os
m(J/ yp) GeV cosby.
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Amplitude mode with Py and Py

=]
T

e T S s e s e e e e e e e e e — L B T
+ Amplitude mode with additional S one e ] Zmp o
RBW(PIIIY ) _for possible resonance %};ﬁ + —yliftpx __ %m WWM |
around A-g DO %0‘3;— Mjmwm‘ + ..Backgroul?d_; Egﬁg— W + |+ W{I _
P e, 3 My
m(l},,s) = 4338.8 £ 1.1 MeV o CE g )
[(Pps) = 8.4+ 1.6 MeV e e T
m(JIy A) GeV m(pA) GeV
N %140;-' LHCb * ] @fm;'+ """" " LHCb ';
m(Py) = 4152.3 £ 2.0 MeV E TS * MIM S v
r(P)) =418+ 6.0 MeV oo Wﬁ 1 S M " i
o 80 : 172 : ]
5o M%%MH Hi" | 5“’“? +M*#Hﬁ++ *i
However, —2AlogL~80, worse than ‘Z‘E Pﬁ'f’ * Aﬂ;& ] 50? B 4,*""*“Ji
nominal fit = no evidence of P{/;V (4152)%  Ghleeees o OOl b
405 4.1 4.15 -1 -0.5 0 0.5 1
m(J/yp) GeV cosf .,
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Amplitude mode with second P$S

ST Than 1 SWFTTTT TN

Sl160p 9! “Baselne ] =120F | WW g ot

. . Chdof- Preliminary NR_, 1 Sook Preliminary]

* There is one bin exceed around AT TO. o M i M%M |

— = ack ound : ' 7

the threshold of AL D - m %W T Bl }]M iy,

S wof J*d i 18 / Ly _3

jg: AD” WMJ'I' 20} J} "r\ —

* A second RBW(Pws) is added D e S e

to the nominal model Iy A) GeV m(pA) GeV

%140;— LHCb §5”:'+""""'""L'H'Ci]":

. “E\_“,,l 20;- grﬁmlﬂﬂw ﬁ* %ﬁﬁﬁ#{t I?’rfelﬁ-rlninar'&_;

* p — value = 0.2, which gioop 15, M _;

determined from toys MC = ﬁﬁ N +#+¢%£ )

= 71 ~100} . —

. ] M ] A 'H'*ﬂ _ ]

= no evidence of P$S (4255)° 0f ﬁw % of + *ﬁwg
20 . i

ot 4.05 A YTThs T es

m(J/ yp) GeV cosb.
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Amplitude analysis of BY — ] /Ypp decays

PRL128(2022)062001
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Bg — ] /ypp decays

* Q value: 393 MeV

* m(J/Yp) cover 4 thresholds

» Check P, (4312)* and P, (4440)*

800f

Weighted candidates/(2 MeV)

@D
o
(=]
T T

200

Ag — pK~ Jy

2022/8/9
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! 000'._— backgrouhd
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6000 p——— ..-
S(J{)(]I;— _.,g'." -L.r
40002— / ’\“-
muni— ,-" : N..L;._
2000;— -‘. E : .$
lmnz_ : ...
T T R
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By — Jlypp
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S — | /Ypp data sample

PRL 122(2019)191804
wf b o * BY - ] /Ypp was observed at LHCb in 2019 firstly
'mi' gil | _ B(B? - J/ypp)

= [3.58 4= 0.19(stat) 4 0.39(syst)] x 107°

Candidates [/ (2 MeV)

enhanced by 2 orders w.r.t. estimation w/o resonant

PP B AW\ N BN . NP
5250 5300 5350 5400

B PRU?B’(?O?;E‘);};?QE;T ~__ contributions

D% LHCb 9 fbo! {14

R 12 LHCD runl+run2, 9 fb~! dataset:
; Total 780 signal candidates

E Purity 85%

B mass resolution 3 MeV

m3(J/ ¢ p) |GeV?]
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BY — ] /Ypp amplitude analysis

 Helicity formalism amplitude and assuming no CPV

* Three decay chains: J /WX (— pp), ﬁPf/}VJ’(—) J/Yp) and pP{X‘(—) J/¥p)
* Resonant lineshape: Relativistic Breit-Wigner (RBW)

» The flavor of BY is untagged, so the total amplitude
M[* = S(IMB) + M(B))

» Same fit strategy as BT — J /i Ap analysis
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Nominal model fitting results

S S SenEesMP YL -

. 5 60} S sl |

« Two amplitude models o i £9 WM
* Baseline: NR(pp) 3205 ) 5% 20f ++H + _

e Nominal: NR(pp) + RBW(P{,Y i) E . : e

. ' n -1 05 0 0 SCOSB 1

* The mass, width and couplings for Pllpv — are o e . £
same 7wl 1%, W%

* Evidence for a charged pentaquark g 20 _ £ 20 Ty Jf
candidate P{,)V £(4337) : S e

o]
]
v
D>
g
+
S =z
S
S

e Significance: 3.1~3.7 ¢ for J¥(1/2%,3/2%) = ~e I
S Cile
— No evidence for S S “0f
M(Plp_) = 4337f1(stat f%(syst) MeV PtfbVi(4312) and é i‘; 20}
Nty _ 5q+26 +14 e =
My = 29-13(stat) -3 (syst) MeV Pgi(4‘4‘4‘0) 5 41 42 43 44 8 ok S o=
m(J/y p) [GeV] m(l/y p)[GeV]
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Summary

 Observation of first neutral pentaquark candidate P$S (4338)Y with
strangeness in B~ — J /W Ap decays

 Narrow state close to £F D~ threshold
* Spin 72 assigned, negative parity preferred

 Evidence for a charged pentaquark candidate Plll)v (4337)* in BY —

J/Wpp decays
* No evidence for structures around thresholds of A¥D® and Af D

* Run3 1s coming, expect to have more structures in following years

HL-LHC ERA

=
3fb! +6 fb! 23fb! 50 fb-! 300 fb-?
2011-2012 2015-2018 m@m 2027-2029 2031-...
Run1 Run 2 - Run 3 Run 4 Run5... Th nk '
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 a you o
> o
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