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Observation of a neutral pentaguark candidate
IN B-meson decays




Outline

[ Observation of first neutral pentaquark in

B~ — J/wAp decays
LHCb-PAPER-2022-031 in preparation

[J Evidence for a charged pentaquark in
BY — J/wpp decays
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Pentaguark in the quark model

AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

A SCHEMATIC MODEL OF BARYONS AND MESONS * 3 *)
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In general, we would expect that baryons are built rot only fror the rreduct

the triplet as "quarks" 6) q and the members of the of three aces, AAA, but also from AAMA, AMAMMA, etc,, where -.‘:

anti-triplet as anti-quarks q. Baryons can now be denotes an anti-ace, Similarly, mesons could be formed f{rom -A.A, AhaA
constructed from quarks by using the combinations
(qaq), ( “)? etc., while mesons are made out .
of (qd), (qqqq), etc. It is assuming that the lowest possibilities, AL and AAA, that is, "deuces and treys",

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

[ Predicted in the quark model

] Minimal content ggqqq
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Exotic hadron naming convention

J

LHCb-PUB-2022-013, arXiv:2206.15233

Minimal quark

Current name 1@ JgP©) Proposed name Reference
content
cc Xc1(3872) I¢ = 0*, JPC¢ = 1++ Xc1(3872) (24, 25]
ceud Z,(3900)* I¢ =1+, JP =1+ T%,(3900)* [26-28]
ccud X (4100)*F I¢ =1- T, (4100) " [29]
ceud Z.(4430)* I¢ =1%, JF =1+ T5,(4430)* (30, 31]
cc(s3) Xc1(4140) I¢ =0, JPC = 1++ Xc1(4140) [32—35]
ccus Z.5(4000)" I=1 JF =1+ T9,,(4000)* 7]
ccus Z.s(4220)" I=3%,JP=1 Tys1(4220)F 7]
céce X (6900) I¢ = 0*, JPC =77+ Ty (6900) 4]
cstud X0(2900) JP =07t T,50(2900)° 5, 6]
cstud X1(2900) JP =1- T.s1(2900)° 5, 6]
ccud T..(3875)* T..(3875)* 8, 9]
bbud Z,(10610) " I¢ =1+, JP =1+ T%,(10610)™ 136]
ccuud P.(4312)" I=1 Py (4312)* 3]
ccuds P.,(4459)° I=0 P (4459)° [20]

| P for pentaquarks, T for tetragquarks

P states: i.e. P)(4312)*, P/\(4459)°

Superscript: denotes isospin: A,N,2,A for I=0,1/2,1,3/2

Subscript: Y,,¢ for hidden beauty, charm, strangeness; b,c,s for open

flavor quantum numbers
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Pentaquark candidates in B-baryon decays

Observation in A} - pK~J/y Evidence in B, — J/wAK™
A 0
P(4312)%, PJ/(4440)*, P)(445T)* P,(4459)
R 5D’
3 ‘ > =,
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% [ —data LHCb 2 G
R S} s o LY o
B : : N fb'
g 800 E 4 }
R il L
g soo- gl
4oohiljd T {WW B { ) |
t |, PJadao) 0 + * \ * .
- P(4312) I bt srovgrena, I L]
. \ L B BT Cr e
4300 4250 4300 4350 4400 4450 4500 4550 4600 45 5
My, [MeV] mj/wA [G@V

] Narrow structures require excellent mass resolution

] Interesting physics related to thresholds

[J Spin and parity not determined
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Interpretations

Their nature is still largely unknown, various interpretations including:

Hadronic Molecules Compact pentaquark Rescattering effects
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More pentaguark 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 tthrhlcreonlg to a
bound state or a virtual state, depending on the strength of interaction and the cutoff. In total, 229
molecular states arepredlcted The observed near-threshold structures with hidden-charm, like the

Progr.Phys.41(2021)65-93
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LHCb detector and performance

Int. J. Mod. Phys. A 30 (2015) 1530022
LHCb is a forward spectrometer JINST3(2008)S08005

Calorimeter 2 <5 <5,25% of bb pairs
N inside LHCb acceptance

Excellent time resolution, [P
resolution, mass resolution,
tracking, PID performance
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Integrated Recorded Luminosity (1/fb)

LHCb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

| N 2018 (6.5 TeV): 2.19 /fb
9 — . 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb

— 2016 (6.5 TeV): 1.67 /fb
8 — | 2015 (6.5 TeV): 0.33 /fb

= - 2012 (4.0 TeV): 2.08 /fb
7 £ 2011 (3.5 TeV): 1.11 /fb

= 2010 (3.5 TeV): 0.04 /fb
6 :_ ...................................................................................
5 :_ S hs SOTRSOOR: SR
4 :_ ...............................................................
3 I:_.., \\,,, ......................
. EEARTRRTINS TSR S— ......................
| SR, S— .......................................................................................
oE— L 1 | 1 i 1 | |

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Runi: @7/8 TeV Run2: @13TeV
2010-12, 3fb 2015-18, 6fb-1
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[J9fb-1 pp collision sample
collected in run1+run2

[ Large b hadrons produced

Bt BO BO . /10
(ub) (db) (sb) (udb)
4 : 4 - 1 : D



Why In B-meson decays

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

] Search for pentaguark and anti-pentaguark states at the same time

] Sensitive to structures in baryon and anti-baryon system

J. FU
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Amplitude analysis in B~ — J/wAp decays

LHCb-PAPER-2022-031 in preparation



B~ — J/wAp decays
[ Q-value ~128MeV

O Thresholds: AFD° in m(J/wp), AfD; and XD~ in m(J/wA)
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B~ — J/wAp @CMS

[J Limited statistics ~450 signals @8TeV

JHEP12(2019)100

] Pure phase space hypothesis can not describe data

.| K;§4 contributions decrease the incompatibility with data
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B~ — J/wAp reconstruction

O Trigger on detached J/yw — u*pu~

[J A — prn~ reconstruction:

A decay inside VELO

-—
T
—
—

A decay after VELO <

[JPID for bachelor anti-proton

[J Good-quality vertex for A, J/yand B~

[1BDT optimization

J. FU
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B~ — J/wAp candidates
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LHCb-PAPER-2022-031 in preparation

JLHCb run1 and run2, 9fb-1 dataset
Signal window *£2.5¢

4400 candidates
93% purity
B mass resolution 2MeV

20— [JNarrow structure in J/yA

] Activity in the J/yp system
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B~ — J/wAp amplitude analysis
J Amplitudes developed using helicity formalism, assuming no CPV

[ Three decay chains: J/wK ~( — Ap), AP-( — J/yp) and pP2( — J/yA)
] Resonant lineshape: Relativistic Breit-Wigner (RBW)

L Non-resonant (NR) lineshape: constant or 2nd order polynomial
J Amplitude fit to data by minimizing

—2log L(W) = —2 Zlog [(1 g 5)Psig(mg_p/l,z’7 ﬁz|¢3) b 5Pbkg(m;—9/1,z', ﬁz)]
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Model with only K~

LHCb-PAPER-2022-031 in preparation

O K54 peak out of phsp, and contribution not obvious in pA distribution

Resonance Mass (MeV) Natural width (MeV) J*
K3 (2045)* 2045 +9 198 4+ 30 4+
K3(2250)t 2247 +17 180 4+ 30 2~
K3(2320)" 2324 +24 150 4+ 30 3+

0 Amplitude model with K33, + NR(pA), can not describe date.
xZ. Indof=123/33

T[T T T[T T T [T T T[T T T[T T T[T T T [TT T [ TTT[T
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Baseline and nominal models

Contributions in two amplitude models

Baseline model | NR({@pA) constant

2nd order poly.
RBW

J. FU

Nominal model
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Fit results of nominal model

LHCb-PAPER-2022-031 in preparation

[ First neutral pentaquark

. K : e e A T
candidate P,(4338)" near St oM Beiine 1 =120F m ofb!
threshold of £/ D~ o B S L T
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L S ER .

[ Significance: >106 wrt w0 } { b _
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Structure around A*D

J Amplitude fit with

LHCb-PAPER-2022-031 in preparation
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Structure around ATD

[JFew events excess around
threshold of ATD”

[0 A second RBW(P,’) added
to the nominal model

[JA p-value of 20%
determined from toys

=> no evidence for P,(4255)"

J. FU

LHCb-PAPER-2022-031 in preparation
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Amplitude analysis in B? — J/wpp decays

PRL128(2022)062001



BY — J/ypp decays

[ Q-value ~393MeV and four thresholds
[JCheck PY(4312)*, P (4440)*
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BY — J/wpp candidates

PRL 122(2019)191804
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[J First observed at LHCb in 2019

B(B} - J/ypp)
= [3.58 £ 0.19(stat) % 0.39(syst)] x 10~

enhanced by 2 orders w.r.t. estimation
W/0 resonant contributions

800 candidates
85% purity
B mass resolution 3.5MeV

[JHints of structures in Dalitz plot

[J Full amplitude analysis using 9fb-! data
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Amplitude fit

J Amplitudes developed using helicity formalism

[J Assuming no CPV

[ For untagged B decay, total amplitude

M = L(MB))? + |M(B")]?)

[ Same fit strategy as B~ — J/wAp analysis

J. FU
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Amplitude fit

] Two amplitude models
R(pp)
R(pp) + RBW(P{/}’i)

Baseline: N
With Plﬁ,Vi: N

[J The same mass, width and
couplings for P,*

[JImprovement in mass and
helicity distributions

J. FU
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Amplitude fit

[J Evidence for a charged
pentaquark candidate
PY(4337)*

] Significance: 3.1~3.7¢ for
JP(1/2%,3/2%)

Mp, = 43377" (stat) 5 (syst) MeV

I'p, = 29775 (stat) 17 (syst) MeV

[0 No evidence for P;(4312)*
and PL(4440)*

J. FU
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Summary

] Observation of first neutral pentaquark candidate P,;(4338)" with
strangeness in B~ — J/wAp decays

narrow state close to ZF D~ threshold
spin 1/2 assigned, negative parity preferred

] Evidence for a charged pentaguark candidate Pj,v (4337)*" in
BY — JIypp decays

[ No evidence for structures around thresholds of AYDY and ATD;-

[JRun3 is coming, expect to have more structures in following years

LHC ERA - HL-LHC ERA 3
3fb! +6 fb1 23 fb! 50 fb?! 300 fb?
2011-2012 2015-2018 I 2022-2024 2027-2029 2031-...
Run 1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 Thank yo UI
——>- e —————————
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Couplings and lineshapes

e Helicity couplings expressed in LS couplings

2L +1 c] 0] y S L S ']~—
A—BC : B ¢ :
H/\B/\( ZZ\/Q]‘+1 BLs ( AB —Ac | AB — A¢ )X< 0 AB—Ac |AB—Ac )

* Helicity couplings of A decays are fixed according to decay parameters (PDG)

Aprt Asprt l—ay _—id a+=-075810012
o ¢,=+6.5+3.50

* | ine shape of resonant decay 1

BW(mimo, Lo) = ma — m? — imol’(m)
P \L 4\ 7
(—)*B(p,po,d) x (—)'B,(q, g0, d) BW(m|myg, Ty) Mo
e N D(m) = To(_ )™+ () Bi(g, 60, )’

For Non-Resonant (NR), BW replaced by

e | for NR(pA)
) o+ er(m — mg) + c2(m — myg)?. for NR(pJ/y)
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