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Introduction

s QCD describing strong interaction between quarks and gluons is not well
understood due to its non-perturbative nature at low energy scale

s Hadron spectroscopy provides opportunities to test QCD and its effective

models

o e.qg. lattice QCD, diquark model, potential model ...
meson

s Exotic hadrons provide unique probe to QCD

o Predicted in quark model baryon
o Recent results show strong evidence for their existence

EXOTIC

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?

—t

e.g. deuteron

STANDARD



" The LHC as ¢ a Beauty and Charm factory
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The LHCb Experiment

s LHCD is a dedicated flavour physics experiment at the LHC

o >10% X larger b production rate than the B factories @ Y(4S)

) . p+ RO RO p+ A
0 Access to all b-hadrons: B¥, BY, B¢, B., b-baryons > All results based on full or part of run-1 and

s Can also study hadron spectroscopy and exotic states run-2 datasets
= Acceptance optimised for forward bb production

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023

= - 2023 (6.8 TeV): 0.37 /fb

- 2022 (6.8 TeV): 0.82 /fb
- 2018 (6.5 TeV): 2.19 /fb
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New particles in a glance

= 64 new hadrons discovered by LHCDb!

https://www.nikhef.nl/~pkoppenb/particles.html

11.0 1 1 1 1 1 1 1 1 1
10.5;,
7.5, 64 new hadrons at LHCb
7.0 A .TW(GQOO)
0,(6350) "
6.5 - Ap(6152)0 ,(6340) =
=p(6227) - An(6146)° W =5(6227)° B »(6327)° _
No(5920)° 2,(5955)= _ B;(5970)*° - s - =5(6333)° 5b§ggg§;3
- b - Zp
6.0 Ap(5912)° =1 (5035)" 'B, 5840)*° 55(6097)  A,(6070)° B (6114)°
b %,(6097)~ B (6063)°
~ 5.5
2
2 5.0
3 X(4700) X(4685)
=45 Pl (4450)* X(4500) PN(4457)* @ x(4630) X
-2 N + P(4338)°
a ® bj . . X(4274) lPN(4440)+ T,a(4220)" a”
o Py(4380) Py(4312) T8, (4000)* T8,,(4000)°
- - ysl sl
= 404 @ ci(gq) .lﬂ3(3842) e
@ cccc Ehay T..(3875)+ X(3960)
3.5 A 5 Q.(3327)°
: zqu D/(3000)*:° gzgééggg 0.(3185)°
3.0 - D,(3000)°@ D1(2860)* A(2860)*  Qc(3066)° =c(2939)° Tes0(2900)° (2900)**
B bqq D,(2760)", Q.(3050)° - o @7.,(2900)° ® o
D)(2740)° D*(2760)9 04(3000)° Zc(2923) ° 72,4(2900)°
2.5 4 cqq Dj(2580)°. 3 ®p,,(2590)*
m céqqq
2.0 T T T T T T T T T T T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

patrick.koppenburg@cern.ch 2023-06-25

Date of arXiv submission

Exotic hadron naming convention: arXiv:2206.15233




Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles a Usually with amplitude analysis
o Pros: High statistics, in principle can o Pros: Low background, Better
study all states determination of J°
o Cons: Large combinatorial o Cons: Low cross-section, limited

background, hard to determine J° mass range

2023/6/2



Selected topics

Conventional hadrons

= Singly-heavy baryons

= Doubly-charmed baryons

Exotic hadrons

s Hidden-charm tetraquarks

» Open (doubly)-charmed tetraquarks

s Hidden-charm pentaquarks



Singly-heavy baryons



Singly-heavy baryons

s Qgq baryons is well described by heavy quark-light diquark Q[gq] model
v A-mode: can describe almost all observed states
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017

Charmed and bottom baryons

» LHCb has made great
contributions to heavy
baryon spectroscopy

o Bottom are very similar
to charmed baryons

o Equal spacing rule
predicted mass of (2 [Gell-
Mann, Okubo], still holds
for the excited states,
Implies same multiplets

m(£2.(2770)°) — m(Z.(2645)%) ~ m(Z.(2645)%) — m(X.(2520)%) ~ 125 MeV
m(£2.(3050)%) — m(Z,(2923)°) ~ m(=.(2923)°) — m(£.(2800)°) ~ 125 MeV
m(£2,(3065)") — m(Z.(2939)%) ~ 125 MeV
m(£2.(3090)%) — m(Z.(2965)°) ~ 125 MeV
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=0 states at 2.9 GeV

[Belle, EPJC 78 (2018) 3,252] p— _, A+ A=K~
(4 c
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New 2. states in &7 K~ final state

Candidates / (1 MeV)

[' (MeV)
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). states from 2,

ETK m

PRD 104 (2021) L091102

= JPis important to interpret these states

The order of J=1/2 1/2 3/2 3/2 are rejected at 3.5
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=, baryon spectroscopy

x Numbers of excited b-baryons have already
been discovered

o E5(5945)°

> Bt [CMS’12]
0 £5(5935)7, 55(5955)" > &

= m~ [LHCb’15]

~ 0
o ], not yet observed
Neutral =
ﬂRL 108, 252002 (2012) JHEP 05 (2016) 161

% 16: s . - .
~ 14 ;— pp, Vs =7 TeV * :i';:‘:i'::::::: ) § 60 E_
5112: S ---- Background g 50;_
§ 10f CMS 2 JF
o B o n
§ 8f : =
oa F " | 2
ol 6 §

4f éi

: i3

2- el I

0= L [TT]1]

b s
gy 1/2% T (M)
o 1/2% (1T
o 3/2% T(11)

10“”20“ 30 ] 40
M(E,n*) — M(E;) — M(mrt) [MeV/c?| /

Charged Z) 7/

Entries per 0.45 MeV/c?

PRL 114 (2015) 062004

[ it gy
0

\ M(gpn~) — M(Ep) — M(r™) [MeV/c?] /

10

20 30

40

14




=y K K

New Z,” baryons

[PRL 128 (2022) 162001]

= Two new states observed in Me (63270 = 6327.28 *§33 (stat) £ 0.12(syst) & 0.24(1m o) MeV
the combination of ApK~m* Mg, (63330 = 6332.69 *§:17 (stat) £ 0.03(syst) £ 0.22(my9) MeV

s Consistent with 1D =, Am =mg (533350 — Mg, (63270 = 5411535 (stat) £ 0.12(syst) MeV
doublets Iy, (63270 < 220 (2.56) MeV at 90% (95%) CL

[z, (63330 < 1.60 (1.92) MeV at 90% (95%) CL
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New :'b baryons [PRL 131 (2023) 171901]

Candidates / (1.0 MeV)
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Observation of 2,

Xk —

[PRL 124 (2020) 082002]
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Doubly-charmed baryons
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.. discovery

|84 Selected for a Viewpoint in Physics

week ending

PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

Subsequently seen also in =

£

Observation of the Doubly Charmed Baryon Z7*

R. Aaij et al.”

(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)

A highly significant structure is observed in the A7 K~z 7" mass spectrum, where the A baryon is
reconstructed in the decay mode pK~z". The structure is consistent with originating from a weakly
decaying particle, identified as the doubly charmed baryon Z/". The difference between the masses of the
B and AF states is measured to be 1334.94 4+ 0.72(stat.) 4+ 0.27(syst.) MeV /c?, and the Zf; mass is
then determined to be 3621.40 & 0.72(stat.) & 0.27(syst.) = 0.14(A}) MeV/c?, where the last uncer-
tainty is due to the limited knowledge of the Al mass. The state is observed in a sample of proton-proton
collision data collected by the LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 1.7 fb~!, and confirmed in an additional sample of data collected at 8 TeV.

DOI: 10.1103/PhysRevLett.119.112001

SHRAP decays

Candidates per 5 MeV/c?
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https://doi.org/10.1103/PhysRevLett.119.112001

Lifetime measurment

PRL 121 (2018) 052002
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https://doi.org/10.1103/PhysRevLett.121.052002

Mass measurement & production rate
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Candidates per 5 MeV/c?
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Searches for =,

Candidates per 5 MeV/c?
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Search for Q/,

SCPMA 64 (2021) 101062
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With look-elsewhere-effect [in 3.6—4.0 GeV/c?]

global significance is 1.8 o
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Exotic hadrons @ LHCDb
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Hidden-charm tetraquark



Study of x.,(3872)/X(3872)

Candidates / 0.2 Candidates / 0.2 Candidates / 0.2  Candidates / 0.2

Candidates / 0.2

v JPC=1++

[PRD 92 (2015) 011102 (R)]
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Exotic states in B" - J/Y¢dK™ decays

m BT - J/YpK™ decays initially used for study of J /y¢ structures

0 X(4140) first observed by CDF and confirmed by CMS
[arXiv:1101.6058] [PLB 734 (2014) 261]

o With run-1 data, LHCb observed X(4140), X(4274), X(4500) and X(4700) [PRL 118 (2017) 022003]

s With run-1 and 2 data, 6 x signal decays obtained

il : : +
o Clearly visible: 4 structures in J /1¢p mass and an obvious J/YK™ band [PRL 127 (2021) 082001]

— g 22
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S LHCb 1 Data ofp! 118
SEOE — Total fit 1o
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E 10
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Observation of new resonances —J/yK* and J/y¢

[PRL 127 (2021) 082001]
. , %\ ; | ! ! ! | ! ! ! | ! ! ! | !
= Run-1 fit model doesn’t work well N
—t -
= Fit needs more states, in which — Totalfit < soof
4 new exotic-like states are observed - Backeround - 2 4o0f
o ﬁ(:_' 5 300F
k1 b O 200f
= New states: — K2 100E 4
+ P _ 1+ — K27 08—t
ch(4000)+ J - 1 e —— X(4630) '
ch(4220) ,] =1 —— X(4500) = - T T - T T
X(4685),X(4630) —— X(4700) < 700F | LHCb -
—— XNR S 600F 9fb!
» Confirmed previous observed states: i::;‘;g; 3 S0 b a0
X(4140), X(4274), —— X(4685) I . '
300
X(4500), X(4700) — xaso) 2
B Z,,(4000) o
..... ?amzzo) 100¢



https://link.aps.org/doi/10.1103/PhysRevLett.127.082001

Comparison with BESIII

m BESIIl observed a narrow Z,..(3985)" with different final states Dy D* + DD}™
m Two states have similar masses, but different widths

m No evidence Z.;(4000)" is the same as Z.;(3985)" seen by BESIII
o Fix Z.,(4000)* to BESIII's result; 2InL is worse by 160
o Adding on top of the default model almost doesn’t improve the fit likelihood

/ ik [PRL 127 (2021) 082001] [PRL 126 (2021) 102001] BESTI
S e A 40
ﬁzsoé o € (425,4.35) GeV ] 4,350 V3 =4.681 GeV —+— Data
S F LHCb  pl, sdi : S Total fit
5200§-+nam9fb-1 et | 2 — — — Z.(3985)
%1505_—+—T0ta1fit h' _ . D* (2600)°D*°
S [ -4 No Z,fit ] !
%100:—— Z.,(4000) § 3 ePEWNIACTIHET™ YO | T n(:n-Res.
O F ' ] % p, D
505— E 3 » : | comb. BKG
R 42 O 406 41 41
My, - [GeV] RM(K*) (GeV/c?)
m(Z,.s(4000)*) = (4003 + 61,%) MeV Mpole(Zc5(3985) ™) = (3982.57 56 + 2.1) MeV /c?,
I'(Z.,(4000)") = (131 + 15 4 26) MeV Tpote(Zes(3985)7) = (12.875 +3.0) MeV.
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Evidence of T}, (4000)° in B® - J /P pK

[PRL 131 (2023) 131901]

s BY > J/YpKd and BT > J/y¢pK™ are related by isospin symmetry
= Joint amplitude fit assumes isospin symmetry except for Tz/€51 (4000)°
m Its significance is 40 (5.40 under isospin assumption)

O T$51(4000)° and T£51(4000)+ = Z..(4000)" are likely to be isospin partners

%\ 700;— —4-Data ' LHCIb —z‘ I n e + 3

S T e, I B > /v

i ey w3 A\ ] M(Tn(4000)°) = 3991 Ty Ty MeV
2 Joof W70 E E I'(T9,1(4000)°) = 10572 F3T MeV
O E F 3

—~ 1 E < - AT AANT NN NN NN Y 3 e \\&\\\Qi‘\;\}&&&m“b =

>

=

< 60 0+ _ 11 +6
AM(Tgsy — Ty ) = —12%15%2 MeV
5
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X(3960) in B - DD ;K™ decays """

= Strong threshold enhancement found in DS D; system 3 :; - e )
= Amplitude analysis is performed é @;;E‘E‘ﬁ
m X(3960): threshold enhancement ~36081grflls:£ it {*f :
a JP¢ = 0** preferred over 17~ and 2** by 9.3¢0 and 12.3¢ or _ | ,ﬁ??f’s?zzfﬁev,ﬁ. -
wb B o Total fit :

o Could be a ccss tetraquark predicted by Lattice QCD
[JHEP 06 (2021) 035]
o Resonance parameters are consistent with y.0(3930) within 3c

— X(3960)

X(4140) ]
— (4260) .
W4660)

Non-resonant Df Dy 1

Candidates / (20 MeV)
(%]
(e}

= More data need to study the lineshape for X(3960) o EeaL MUY
m(D3D;) [GeV]
Component J"¢ My (MeV 'y (MeV F (%) S (o)
X (3960) 07t 3956 +5+10 43+13+8 [254+7.7+5.0 12.6 (14.6)
X (4140) 0t+  4133+64+6 67+17+7 16.7+4.7+3.9 3.8 (4.1)
(4260) 1 4230 [62] 55 [62] 3.64+0.4+32 3.2 (3.6)
(4660) 1-— 4633 [32] 64 [32] 2.24+0.240.8 3.0 (3.2)
NR 0t - - 46.1 +13.2+11.3 3.1 (3.4)
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Open (doubly)-charmed tetraquark



Observation of T,, > D" K™

= Amplitude analysis of B* - D*D~K* decays
o ~1300 signals with purity 99.5% (9fb-1)

s Enhancement in m*(D~K*)~8.5GeV 2

s Described by X;(2900) and X,(2900)

= First discovery of open-charm tetraquarks
with four different flavors [csud]!

= The observation motivates study of B - DD.rr

Resonance Mass (GeV/c?) Width (MeV)
new Xc0(3930)  3.9238 + 0.0015 + 0.0004 174 + 5.1+ 0.8

Xe2(3930)  3.9268 + 0.0024 + 0.0008 34.2 £ 6.6 £ 1.1
new Xo(2900)  2.866 + 0.007 + 0.002 57+ 12 =+ 4
new X, (2000)  2.904 + 0.005 £ 0.001 110+ 11 +4

mA(D*D") [GeV?/c*]

Candidates / (17.3 MeV/c?)

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003]
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Study of B’ - D°D}!n~ and Bt - D D! nt

[PRL 131 (2023) 041902]

s Full 9 fb~1 Run1+Run2 LHCD date

I~ C (o} + d © +
= 4420 B® - D°D# 7~ and ) " ¢ o (@) y o
3940 B* - D™D n* candidates b ‘ ° 5 b ‘ © o
B° B* -
<ﬁ T — <d T +
d > d u > u
< 12F ' ' TR " < 12F . g 107 ¢,
5| | | B
= 10f : 1 S Zof L o
& —F E L e E
Sl wfh 193 S 0 1310 F
= i R = 11 S
Jy. ' 6| 1
‘ . K |
T T s 0 421"'6"'8'_0"10"
D;(2460) M (D x*) (GeV?) D5(2460)° MXD ) (GeV?)

= Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry
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Observation of T%,(2900)%/**

= Fit with two DS m states sharing resonance parameters [PRL 131 (2023) 041302]
— Total fit
—— D, (2460) D3
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»T%,(2900)° » Dfn~ & T%,(2900)*" —» DI nt significance > 90
v'Asecond 1~ DJ  state yields significance of only 1.30
v'Additional Drt, Df , DDJ resonances disfavored

> J¥ = 0" favored over other spin-parity by more than 7.5¢
M = 2908+ 0.011 + 0.020 GeV
[ =0.136 + 0.023 + 0.011 GeV



Exotic hadron with full charm or double-charm

Y

[Science Bulletin 65 (2020) 1983] 5 1O T % S— ]
~ 220 Z sof- LHCh 2% 1
= 20E [ Heb - X(6900)=> st mT Em ﬂ .
2 180 — Resonnee = e §+ .
§L618 e F— & 0 o R 385 *%@
g 120F g1 s A C L E
© 100 F} \: ) g R g’filDU threshold E
% 80 % 20? {}* ————  D*D* threshold + E
3 0} oE L f
= o ﬁMH W i *ﬂ #W&
= )k o * ‘
&00 7000 8000 9000 3.87 3.88 T 39
Mdi_j/w (Mev/cz) mpopo+ [GGV/C ]
2 dm [keV/e?]  w |[keV/c?]
M(X(6900)) = 6886 + 11 + 11 MeV/c
— 2
F(X(6900)) =168 £33 £ 69 MeV/c FBW  _979 + 59 409 &+ 163

FY —361+40 478+19
s confirmed by ATLAS and CMS [Nature Physics 18 (2022) 751]

[Nature Comm. 13 (2022) 3351]



Hidden-charm pentaquarks



LHCDb observation in 2015

= Two J/Yp resonant structures are revealed by a full 6D amplitude analysis

a 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

)

15 I\4eV

Candidates/(

PRL 115 (2015) 072001

o
o
(=]

Q
o
(=]

[e2]
o
(=]

400

200

250

=== data My, all 200
=e=total fit

150
== background
-5 P.(4450) t
-=-P_(4380) ¥ 50

-4 A(1405) ¥

100

Candidates/(20 MeV)_
1 'l Il 'l

& A(1520) #.ﬂ‘% 42 44 46 48 5
A(1600) H'r zmw* :
"-q.‘ P.(4450)*
A*s MRun 1
A

and other

oK

} < /W

P.(4450)" M = 4450+2+ 3 MeV
I = 39 £ 5+ 19 MeV
F.F.= 41+05+11%

Q-:oo

P.(4380)* M= 4380+ 8+ 29MeV
I = 205 + 18 + 86 MeV
F.F.= 841+07+42%
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Limited knowledge of P,

s Observation of LHCb opens a gate to study pentaquarks

= To interpret the nature of P., more studies are needed
a JP, spectroscopy, decay modes and production mechanism?

MPC'" = M]/l/) + Mp + ~400MeV

Tightly-bound
pentaquark?

Maiani,Polosa, Riquer, PLB
749 (2015) 289

Lebed, PLB 749 (2015) 454
Anisovich,Matveev,Nyiri,
Sarantsev PLB 749 (2015) 454
and others

Mpt+ = Mp+0 + Myt — ~few MeV

Loosely-bound
pentaquark?

P (4450)

Wu,Molina,Oset,Zou, PRL105
(2010) 232001
Wang,Huang,Zhang,Zou, PRC84
(2011) 015203

Karliner,Rosner, PRL 115 (2015)
122001

and others

Xc1p threshold?

P.(4450)*

Kinematical effect:
triangle diagram?

Xcib = J/Yp 1/

Guo,Meissner,Wang,Yang, PRD 92
(2015) 071502

Liu, Wang, Zhao, PLB 757 (2016) 231
Mikhasenko, arXiv:1507.06552
Szczepaniak, PLB 757 (2016) 61

and others
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Update A} — J/YpK~ (3+6 fb)

ztD :D*°
= New pentaquark and fine structure was 3 >
discovered with x10 signals A LHCb
g1000E 1 ground
= The masses of P.(4312)F, P.(4440)*, Seok  F
P.(4457)" just below mass thresholds S oL
of X D0 = T W
¢ 400:{“‘1li | 1
m /¥ measures and information of P,(4380)* 200:_
require detailed amplitude analysis 43004250 4300 4350 4400 4450 4500 4550 4600

m o [MeV]

State M [MeV | [' [MeV ] (95% CL) R (%]
P.(4312)* | 4311.9 £ 0.778% | 98+27F 37 (< 27) | 0.30+0.0779:3

P.(4440)" | 44403 +£1.3741 | 206 £4.9757 (< 49) | 1.11 +£0.3375%
P.(4457)" | 44573 £0.67%1 | 6.4+2.0% %7 (<20) |0.53+0.165913

[PRL 122 (2019) 222001]

Largest systematic uncertainty:
unknown interference terms
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Evidence of a strange hidden-charm pentaquark

s SU(3) partner P.; was predicted to exist, that

decays to J /YA
[PRL 105 (2010) 232001; PRC 93(2016) 064203 and others]

s First amplitude analysis performed to ~1750

— J/YWAK™ decays

= p

= Evidence for P..(4459)° with 3.1¢ signficance

Mass is about 19 MeV below Z2D*? threshold

State

My [MeV ]

['[MeV |

P.,(4459)°

4458.8 £ 2.9 H47

17.3+£6.5 189

Science Bulletin 66 (2021) 1278]
% 2 ; | e 2251690; _
S = LHCb ... 2(1820) 3
S - L —— (1950 3
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o g * 4 g W ‘ E
o : i i ]
S ,:le. ]
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= 't LHCb e ’
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< - —— Fit with P,
E o m,.->22GeV -
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if. g
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EZ9D*0 threshold!
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https://doi.org/10.1016/j.scib.2021.02.030

Observation of Py, (4338)° 131 202 51901

= A new pentaquark with strangeness P$S(4338)° (ccsud) observed from
4617 B~ - J/YAp decays

o At EZ}rD™ threshold
m=4338.21+0.7 + 0.4 MeV
o I'=7.0+1.2+1.3 MeV

+
JP? = (1/2)" preferred, JP = % rejected under 90% CL,

- > 180F LHCb = —<Daa
é) 160:— 9 fb’! — Nominal fit ]
C — Baseline fit 3
S 140F * NR(J/w p) -
— ~ T T T — T 2 :_ —NR(Aﬁ) ]
S = 140F LHCb + H E ;}_é 1205 + + _ pAY :
e 2 150k 9 fb! { { ﬂ ] S 100F + ---Background T
2 = E S 3ok e
§ g 100 } + = = 80E ++ + + t:h hold
E < sof * f O 60 E
O 2 ob i - 40F W 14 -
S of T E ok |
20F 3 o Enlaamampm g e 75 ]
N == 4.2 4.25 4.3 4.35
405 41 415 m(J/wA) [GeV]

m(J/yp) [GeV]
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A ne!v(:garticle zoo” is forming up

‘/\/3/\
@} @ = We expect them to reveal
deeper fundamental laws
+ of QCD for us

Credit: Liupan An
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Summary and prospects

s LHCDb keeps making important contributions to heavy hadron
spectroscopy, both for conventional or exotic hadrons

s In Run 3, the upgraded LHCb detector and an improved software-
only trigger system will be implemented

18
Run 5 Run 6
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More exciting results are to come!
More data, more chances & challenges! 45
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(). states from 2,

ETK T

PRD 104 (2021) LO91102

= JPis important to interpret these states
s~ 240 (2, signals obtained
m First four (2. states are observed
= Spin hypothesis are tested
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The B~ - At A K~ decay

PRD 108 (2023) 012020

o Interesting for conventional & exotic studies

o E¥* - ATK™; exotic hadrons in AFA; and A; K~ ?

= High-purity sample, with N, = 1365 + 42

250
(2]

* No significant hint for
exotic hadrons in
AYAZ or A K~ mass
spectra

-1 < 400F
e o F
1 = 350F
T o F
] :’ 300 -
spsbe 1 8 250F
s'pbas 1 s F
sybibe 1 T2 200F
bB‘S/\l‘A" 1 "g =
biusiihel, i r
ni 1S P
bB‘br\‘ AL _— 100 ;_
50F

e A RSN oanemcs s st
2250 2300

I

2800 2850 2900 2950
M(A.K™) [MeV]

4600 4650 4700 4750
M(AA?) [MeV]
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arXiv:2211.00812

M(ALK™) [MeV]

p—y |
Z. baryon in B decay
= 5.(2930)° found in B~ - A; AfK~ at BaBar, confirmed < 200"
by Belle —
0o
= Resolved into 5,(2923)° and £.(2939)° in prompt e 3;’ 10003 0
— =
AfK™ search at LHCb PRL 124 (2020) 222001 S
500 E
= Confirmed by recent B~ - A7 Af K~ study at LHCb s e 200
o Evidence of a new £,(2880)° M(AIKT) - m(AD - m(K") [MeV]
State Mass (MeV) Width (MeV) E 0 e 2.(2923)0 E
=,(2880)° 2881.8+3.1+85 124+52+58 T > 100
Z.(2923)° 29245+044+11 48409415 PRC non-resonant -
2,(2030)° 2938.5+09+23 11.0+1.9+7.5 g soF 7 peckeround | &> 100
5 60 _ .
© 40F5,(2790) :6(32280)0
Ry = BB 2 AAKT) ) oy 011 4022 + 025 * g -
= = 4.50 1T U. T U. T U. ot T R e TR
B~ B(B- - D-D*K") 0™ 380 2850 900 2950
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles a Usually with amplitude analysis
o Pros: High statistics, in principle can o Pros: Low background, Better
study all states determination of J°
o Cons: Large combinatorial o Cons: Low cross-section, limited

background, hard to determine J° mass range
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a B or D decays
o EXF 0 - EK 0 X(3872) JP
0 Z.(4430)
o All excited B, &£}" - Z,m; 4K 0 X(4140) ....
o P.(4312), P.(4440) , P.(4447)
a D(S)J




Observation of a new excited D] state

= Big puzzle: D?,(2317)* and D,;(2460)* have S s s s L
P o — — —_—
much smaller masses than the predictions >, iégg E __ :
= Additional experimental input is helpful 2 2200 — E
s Use B° - D*D"K*rn~ decay =, e — 4
o m(K*m~) < 0.75 GeV consistent with S-wave K*n~ New | 2400 ) = oo
= DYK*m~ invariance mass shows a strong peak 22008 E
2000 — " E
570? LIHCb | (Ial)l A 1800 [Godfrey&Moats PRD 93 (2016) 034035]
é) 60F +Data ] 600 - | | | I | | I | L
o — Fit 1 2541, = 180 381 BPO 3P2 3D1 D, 3D3 3F2 F, 3F4
Qs D,(2590)"
N s D,(2536)" JP = 0" 17 07 17 2% 17 27 37 2+ 3+ 4+
g4op 4 NR .
< [ N
- limi . g - - -
-E;’ 30F PEIIEY = Amplitude fit is performed ~ [-HCP-PAPER-2020-034]
< [ -
S 20}
10FH!
T Ds(2590)*  2591+6+7 89 + 16 + 12 0"
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+C (CCﬁd) Nature Comm. 13 (2022) 3351

 Consist with ]P = 17 isoscalar QM1 10— T
>Q120:_ LHCb 1 2 90 LHCb 3

= - 4 dat 9fb~" 1 S 802— 4 data 9fb~t 3

S 100F o 18 70E EE T DD _g

Q Contribute to D°D? and %gof_ = et 1S sl A
D°D* (m/y is missing) 2 oo — atal 1z jg: —_ total ;

i L1 £

_ 0 P - + 20 &

d No peaks in D¥D°r™ and D¥D o - W’WWHM HTTHE 10f :

=> T;* not found Y R T VR Y T 0 —

Mpopo [GeV/c?]

=> Support that T/}, is an isoscalar

140————————————————— __100——

LHCb@
9fb! 1

40F
20}
| L 0—
3.85
[GeV/c?]

Answer: To find the predicted deep-bounded bbud ?
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https://doi.org/10.1038/s41467-022-30206-w

(2900) and X, ;(2900)

csO

LHCb-PAPER-2022-026 ; LHCb-PAPER-2022-027

+ + - Kt
PRD 102, 112003 (2020) B*->D"D K

> ——y ; > * D
2 100} 2 & onE R v(3770) - D" D
§_ il o | I z S b LHCb 3 (8930) 5D D
% | Preliminary i '} % S ok q e %,,(3930) - D* D
2 @ i g < s0f 1 ———— y(4040) > D' D
8 wf 8 < w0 1 — — - y(4160) > D' D
5 2 0F E v (4415) — D* D
AT e N 3 0F y E X ,(2900) - D'K*
e s e a0 T S R T s 0% et AN | I E— - DK*
o M(D§ 77) GeV MD; 7 >GCV 7 ok f2i514 e 3 E— 35 )l\:;(:z:gnan? ‘
__ m(D K*) [GeVic?]
2 (2900)°[c5ud] (2900)**[cSud] L
¢ e X(2900), X1(2900)[csud]
Mass (GeV) Width (GeV) J?
T%,(2900)° & T%,(2900)** 2.908 + 0.011 + 0.020 0.136+0.023 £ 0.020 0*
X0(2900)/T 50(2900) 2.866 + 0.007 + 0.002 0.057 £ 0.012 + 0.004 ot
X1(2900)/T.51(2900) 2.904 + 0.005+0.001 0.1104+0.011 + 0.004 1~

e T%,(2900) v.s. X((2900)

v Similar mass, but width and flavor contents are different.

V' Tgs1(2900)? * no isospin relation: [csud] v.s. [csud]
v T£,(2900)** - DTK*?  U-spin relation: [c5ud] v.s. [cdUs]
v T%,(2900)* - Din®, Dintn=? |* T¢50(2900) mass and width larger
than T .4¢(2900) o




X(3960) and y.(3930)

[arXiv: 2211.05034]

[arXiv: 2210.15153]

M [MeV] I [MeV] Jre
X(3960) 3955+ 6+ 12 48+ 17 + 10 0+
Xc0(3930) 3924 + 2 17+ 5
s Same particle? FF: Fit fraction

[(X > D*D™) B(BY = DD KI)XFF s pip-y+
I'(X - DiD;) BB+ - D;D;KJF)XT}";_)D; —_—
o Creation of s5 from vacuum is suppressed wrt uii or dd

o X —» D} D; has smaller phase-space factor than X - D*D~
= X has an exotic nature! Candidate for ccss
n Different particles?

o No obvious candidate within conventional charmonium multiplets for them; likely
to be exotic

= 0.29 +£ 0.09 = 0.10 £ 0.08



Open flavor tetraquark

S s = D~
o The D;,(2317)" (D¥n?) state was observed in 2003. PO (@
B \ e B+—0\‘\\<:'-::S 3
e It1is argued to contain some tetraquark component in ® b ®) e
. .. dr w S P
several theoretical descriptions, whose I = 1 partners can . oy 4,0
. . + 4+ B d-\: C:\" w B _.\;is\‘l
exist in the Dg T~ final states. P R gl
C \_,Bsi v
o Cheng & Hou: It would be astonishing if a doubly e o r D T 7

charged resonance is found.
[PLB 566 (2003) 193]

500207 ‘02T ‘121 A3y sAyd

N‘S’ z_ o = _:': ) i,’q’}“"W9’!l"""'f‘f’k‘!‘“’o‘“ﬁ"{"ﬂ*@m
* DO claimed evidence for the X(5568) in o
decaying to B m™, interpreted as tetraquark r e
sud i | | =
state [bsud] | it #Tmﬂ[#tHﬁﬂJHﬂT i i B g
* But not seen in other experiments R = i = O ]

97 'A3Y "SAYd



Evidence of a new J/Yp structure rxwztosemz

The measured mass and width: gﬁo:
,, , S 40
Mp, = 433717 (stat) 2 (syst) MeV, <
26 14 | 520
[p, = 29795 (stat) 13 (syst) MeV, e :
S O s ad
Can’t distinguish J¥ due to limited sample size ' “m(J/yp) [GeV]
560:— .
Other contributions are tested, no evidence is seen: 3t
- L
*  P.(4312)* seenin Ap - J/ypK~[PRL 122 (2019) 222001] Z |
5 200
* Predicted glueball state f;(2220)(— pp)[EPIC 75, 101 (2015)] % :
8 0' e
4.1

42 43 44
m(J/w ) [GeV]
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http://arxiv.org/abs/2108.04720

=++
New decay mode of £, JHEP 05 (2022) 038

s LHCDb opens a new era in doubly heavy baryon search

o Starting with observation of £} in ATK ~mtm™ PRL1192017) 112001

: i~ oot
o Confirmed in Z ™ decay  pri 121 2018) 162002
JHEP 05 (2022) 038

—~+ __+ .—II—.D;ta. LHCb

» Recently a new decay z."=* found 500 - — Tota PDF 541
- = BN EN—=Ery)rt st
o BT ES(- Ey)mt 400 o il —E TS sample

PRI AP

=I+_+
G —> =
B ( cc c T ) = Combinatorial

¢ B(s2F>5kmt)

prediction

= 1.41 4+ 0.17 + 0.10 tension with

(O8]
S
-}

Candidates / (10 MeV/c?)
(\o]
S
()

[S—
)
=)

[ S M PPN P PP
3400 3500 3600 3700
M(E! %) (MeV/c2)
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Search of £ bc arXiv: 2204.09541 (Accepted by CPC)

= First search for 5. performed

r—1+ H+ i
~ — / - —c - c
Q ubc ] lpuc a ]/l/)
6571 6694 N W '
MeV MeV Epe ST
_— b > > ol S
Local significance 430 410 =
o —u > U-
Global significance 28 ¢ 24 ¢
G:-s) 1 T T T T T (:'\ r - r - -1 1 1
= L 400 —+ Data LHCb
T 1ol lo > . 0 fb!
o 107 E S g 350 — Fit
= , - 12c o £100] == 1
— 2 E = 250
i 13 ;)
10° = Z 200
= 3 o
- LHCb ] = G
107 & 9fp’ 100
. - Y40 50
107 R B E M S - | 0 PR e Pl
6400 6600 6300 7000 6400 6600 6800 7000 7200

m(JIwE?D) [MeV/c?] m(J/y E;) (MeV/c?)



_I_
B decay B F meas u reme nt arXiv:2210.12000 (submitted to JHEP)

s Bf -> Bn*

a
a

Q

First B weak decay to another beauty PRL111(2013) 181801

: : (r+
Branching fraction expected to be large, and b R
contributes to more stringent limit on Bf —» 77v i
decay BF i

c 5(vr
B(B ~Bsm™)
=91+104+ 8+
B(Bf ~]/ymt) AT10L8L3
c/\l\ B Y EEE c/\l\ L T DT P R R LA TR L E
o ] o | LHCb |
> —3— Data 1 > | 541! —J— Data |
ﬁ 150 v B —> BY(—> JRp $)ar § o ~ B{— BY(—~Dim*)m* |
v Background 1 w»n Background
Z —— Total fit N _ —— Total fit I
£ 100 g
S S
& E
& ~ &/
0 6200 6300 6400 6500 0 6200 6300 6400 6500

m(B’z) [MeV/c?] m(B’z) [MeV/c?]
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Observation of a new £,7(6227)~ state

s Reconstruct 5, - A}K~ and 5 nt
a Hadronic (HD) and Semileptonic (SL) decays for A}
a SL decays for Z) - Zru~Xv,

= \With hadronic mode

M(E*) — M(A)) = 607.3 £ 2.0 (stat) £ 0.3 (syst) MeV/c?,
I' = 18.1 & 5.4 (stat) £ 1.8 (syst) MeV/c?,
M(E3*) = 6226.9 £ 2.0 (stat) £ 0.3 (syst) & 0.2(A9) MeV/c?,

Mass peak position is consistent between the three decay channels

The most massive baryons observed so far!

Candidates / [4 MeV/c?] Candidates / [10 MeV/c?]

Candidates / [10 MeV/c?]

[PRL 121 (2018) 072002]

w
o
O

LH(‘b — Full flt

Y—Am K

(H D) lblnatorlal

L
600 700 800 900
M(AJK) - M(AD) [MeV/c?]

1500

1000f

5004

|b|nator|al

AOK (SL) —>A°—>AuXK

L | _
500 600 700 800 900

M(AK) - M(AJ) [MeV/c?]

1l fit
T EY-E XN
cxmbinatorial

o i

| n n n
400 600 800
M(ET) - M(E) [MeV/c?]

61



Pentaquark study in B~ - J/YAp

= Search for pentaquark in J/yp & J /YA arXiv: 2210.10346

s Run1+Run2 LHCb data, £ =9 fb!

—1200F

1600F LHCb

1400

1000 F

9 fb!

NS

5250

200F -‘

——
- Data

—Total fit 3
—Signal -
----Background]

TS0 5350
mJ/wA ) [MeV]

= 4617 + 73

Purity in signal region : 93%

m>(J/w A) [GeV?]

PRI NN TR S S NN SN TR SO T SO ST SN SN SR S N T S
164 16.6 16.8 17 17.2
m?(J/wp) [GeV?]

Horizontal band at m?(J /Y A)~18.8GeV*
Further confirmed by amplitude analysis
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