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I Background review

QCD shows non-perturbative behavior at the energy scale of

nuclei and hadrons.

« Spectroscopy is the powerful tool to understand QCD at this
energy scale. Experimental results will be important to test the
relevant theories.

« Spectroscopy of conventional hadrons (mesons and baryons)

enriched in the past decades.
« EXxotics are predicted since 1960s, but first observed until 2003.

* In the last 20 years, many new exotic candidates have been
discovered in e*e™ collision and hadron collision experiments.

L ‘

> 180E 1 HCh 13 TeV E
ﬁ 160 iy -
" 140F -+ Data = E
5 F  —Total
2120 . Signal 3
g 100F ---Background
‘g 80
O 60 4 t

40FTT 4

20F e

0:. L e

3500 3600 3700

Megna(Ecc) [MeV/c?]

Oct 17, 2023 PRL117(2017) 112001

Events / ( 0.005 GeV )

X(3872

3.82 3.84 3.86 3.88 3.9 392
M(J/ y nin) (GeV)

PRL 91 (2003) 262001

as(Q?)

(b)

** LHCb
t, PN(4450)*
¥ ++ 1p( )

Myrp [GeV]

PRL115(2015)072001

Zan Ren @MENU 2023

0.35

T decay (N3LO) =+ 1

low Q? cont. (N3LO) +e—

HERA jets (NNLO) - ]

Heavy Quarkonia (NNLO)
e'e jets/shapes (NNLO+res) F* ]
i \ pp/pp (jets NLO) =+ 4

0.25 - EW precision fit (N3LO) Fe— 7]
pp (top, NNLO) ++ -

02 il

0.15

0.1 F

- = ay(M,2)=0.1179 + 0.0009

R ———
1 10 100 1000

Q[GeV]

August 2021

PDG Appendix

¢C

@D




Hadrons discovered by LHCb
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I 30 new states since the last MENU
I conference

esults shown In this talk

1

« Only limited (more recent) published analyses are covered

by this talk.
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« New excited QY states:

.« 0.(3327)%,0.(3185)°
- New excited ZE} states:

. %,(6095)°, %, (6087)°
* New b-baryon decay mode

- Observation & BF measurement of £, - A)m™~
PRD108 (2023) 072002

* New pentaquark candidate:
P, (4338)°
* New tetraquark candidates:
Tps1(4000)°
e T%,(2900)*+/0
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arXiv:2307.13399, Accepted by PRL
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I Results not specially included in this talk o
...... but worth mentioning

‘m(0?) =2695.28 £0.07(stat) 0,27(syst)20.30(ext) MeV.
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I LHCb detector

« Single-arm, forward. Specifically designed for heavy-flavour physics.

LHCb Run 1&2 detector
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Excellent tracking and vertexing
a(@)/p < 1% @ €rack > 96%
o(IP) = (15 + 29/p7) um

Excellent PID
epip(K) = 95% @ MisID(wr — K) = 5%
epip(U) = 97% @ MisID(r — u) = 3%
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New excited Q0 states

* Five narrow Q2* states observed in Runl. = updated with Run1&2 data
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 Confirmed the Run 1 results.

 Two broader states, namely Q.(3185)° and Q.(3327)°, are observed for the first time.
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I New excited Q) states
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Two broader states, namely
0.(3185)° and Q.(3327)°,
are observed for the first
time.
 Mass and width are
measured
e Near Z°D*C and Z}K~
thresholds



I NeW eXCIted Eg StateS arXiv:2307.13399,

Accepted by PRL

~0/— .- ~+/0 . - — —
The ground state :.b/ was reconstructed by combining :.C/ with = or n~ntm
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NeW eXC|t6d Eg states arXiv:2307.13399,

Accepted by PRL

= e ' ac, 3 CMS 140 fo! (13 TeV) CMs 140 fo' (13 TeV)
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« £,(6100)~ (observed by CMS) is confirmed by State Observ. Value (MeV)
LHCb with significance >12¢. Z,(6100)" Qo 23.6 £ 0.11 & 0.02 m
. . ~ 0 ~ 0 r 0.94+ 0.30+ 0.08
* First observation of Z,(6087)" and Z,(6095)°: mo  6099.744 0.11+ 0.02 + 0.6 ()
« Significance >10¢ (and 80). =,(6087)°  Q 16.20 & 0.20 + 0.06
new
T 2.434 0.51 4 0.10 1=-—I

« Decay properties are measured.

: : 6087.24 4+ 0.20 £ 0.06 + 0.5 (&)
« Maybe P-wave states coupling to the b quark to give a o (Z0)

. . 1- 3 =,(6095)” Qo 24.32+ 0.15+ 0.03
pair of states with J? = > and JP = > r 0.50 - 0.33 & 0.11 I

Mo 6095.36 + 0.15+ 0.03 + 0.5 (=P)
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I Observation & BF measurement of 2, - A)m™

1st show

PRD108 (2023) 072002

« A previous LHCb study using Run 1 dataset shows an evidence for the strangeness-changing

weak decay £, - A}m~. = Updated with Run 2 dataset. PRL115 (2015) 241801
"LHCDb —~+ Data, 5.5 fb” LLHCb —~+ Data, 5.5 fb™
i — Full fit 150 — Full fit
s 150 — =, Al o~ B — = Al
59 - RS 2 A § " RS S A%
% i Comb. % L Comb.
o B o 100
= 100 < L
g | g [
© B © B
ie) =) -
£ 5ol g 50
o - o I
A)— Aim A= Ajmmin
1 I 1 1 1 | I 1 I 1 1 1 1 I 1 1
50 100 50 100
M(A27™) = M(AD) — m- [MeV/c?| M(Ar™) = M(A?) = m - [MeV/c?]

~ B(E; = A)n") = (7.3+ 0.8+ 0.6) x 10~

b
» Using the independent f=; /f x9 measurement from PRD 99 (2019) 052006, the BF is determined as:

B(E, — Ay~ ) = (0.89 £ 0.10 £ 0.07 £ 0.29)%

Consistent with predictions from

some diquark model : H.Y. Cheng et.al. JHEP03(2016)028
» current algebra approaches: e.g., PLB 750. (2015) 653

« duality: e.g., PRD 93 (2016) 034020



I Observation of Py (4338)° s

« The mass of pentaquarks is found to be close to charm-baryon and charm-meson threshold.

» The interpretation as hadronic molecular-state is one of the popular theories.
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- _ Sci.Bull.66 (2021) 1278 (ccuud) .
(ccuud) (ccuds) VA c
. < S “— J/y/
« B* - J/YAp is an ideal decay to search for pentaquark candidates related to B+ wt \{/\C
—0 o ) -
the thresholds of ,and AT D, 2.D™) at the same time. A
» 93% purity of 4617 B candidatex u ( d
« 6D amplitude fit is performed. d
JpA u ”p

- + e
Oct 17, 2023 Zan Ren @MENU 2023 Tree-level Feynman diagram for B™ — ] /Y Ap decay



I Observation of Py (4338)° s

- Start from the K* model: K 5 , and NR(Ap) - can't describe the data well.

« Nominal model: NR(Ap), NR(J/yp) and P$S - significantly improve the likelihood.

L=

= f T T ] 40 T T —~

N}i8.8 % %lSOZ— LHCb I —-—[I)ata 3 % _| I} LHCb ] :°>) 140 -

F E 1 — Nominal fit ] L S 1

O, C~ = 160} 91 — Null-hyp. fit ] = 120¢ + oo 1 = 120F 3

= 18.6} S 140F NRU P 4 Dok 1 ]

=5 ] =100 ~

NI g10f | R 38 { + ] 1o} E
2184f 5 f 1 w | 8 sof + ﬂ 1 5 oof

S 7 < 100F + Background { O | + + 1 3 380 ]
N L =] N S B ] 3 :

8 18.2] Z sof Mty ? 1 8 oo f 1 E eof .

- O 60f 1 O b + 1 S} ]

18} sk E I 17 4o} ]

17.8 20f 1 ) i 201 E

ol e, P AT s S W R et S T

- 6|4 6‘6 68 _ '2‘ ; 4.2 4.25 43 4.35 2.05 2.1 2.15 4.05 4.1 4.15
64 166 Jo& LT Lk m(J/y A) [GeV] m(A p) [GeV] m(J/yp) [GeV]

m*(J/yp) [GeV’]

. P{,‘,S(4338)° is observed for the first time with significance >100 (w.r.t. to the non—P$SO hypo).

« Minimal quark component: ccuds

» The first observation of a hidden-charm pentaquark candidate with strangeness.
M(Pjs) = 4338.2+ 0.7 + 0.4MeV

- JP = %_ preferred. BW mass and width are reported.
r(Pys) =7.0+1.2+1.3MeV

 Close to £} D~ threshold and J¥ consistent with S-wave Z.D molecular state.
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I EVidence Of TlgSl (4000)0 PRL131 (2023) 131901

PRL127 (2021) 082001

T9s1(4000)* and T, (4220)* are observed in B* - J/y¢K* decays. S ) LHCD (b) o
« Searching for their isospin partners to identify the full SU(3) nonet that involves ‘% 17; . :3'_ 15
these states. o 16F - ﬁ c
- The B - J/y¢KQ decay is an ideal process to search for that states due to Ng% 15;_ - 0
the isospin symmetry. 14p :r 5
+ Simultaneous fit is performed to B® — J/p$KY and the B — J/ppK* samples.  SE ., . "~ 9]
18 20 22

M [GeV?]

i~ 700;_ +Data LHCb —;— 2 ;
S 600 — Total fit 9 b =+ + = _ _
§ 500+ Background Y ES i - Evidence of a J /K. structure with
7 4o f4za;$" ' 3 E a significance of 4o is seen.
2 300F ~ Tu + 3 =
5 0 0E N (ao00 i i+ Denoted as T, (4000)° (ccds),
"g 200 v ES E ¢51
100 R E3 : , : :
© 3 it BE A SR VTS £ 3 = 1*?\\\\\\\\?:\\\\\ which Ilkely to be the ISospin partner

of T, (4000)* (ccus).

M(Tps; (4000)°) = 39917123, MeV
I'(Tps1(4000)°) = 105+32*17 MeV
AM = —12+11%8 MeV

Candidates / (10 MeV)
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I Observation of T%,(2900)** and T%,(2900)°

PRD108 (2023) 012017 PRL131 (2023) 041902
« Exotics composed of four different quark types attracts great interest in studies of hadron

spectroscopy. PRL125 (2020) 242001 PRD102 (2020) 112003
« X,(2900) and X;(2900), with quark component cstid, are observed in B* - D*D~K* decay.

- Search for tetraquark candidates, with quark component csud or csud, can be performed in B —
D~Din* and B® - D°Dfn~ decays.
« A combined amplitude analysis of the B* - D™ Dfrnt and B® - D°D} n~ decays is performed.

e Structure at 2.9 GeV in DF /= spectra can not be well described by any known or new D**/0 —
DY%~m* resonances.
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I Observation of T%,(2900)** and T%,(2900)°

PRL131 (2023) 041902

1 1 1 + 1 1 T T T T T T T L] T T T T T T T
» With two additional DS'w™ components, the data is better described. ¢ [ MR
. reit-Wigner of T
506_— ;’kS[mpoif{{m=2.7§GeV)
T T T T T T T 1 T T T T T T T ] g.‘ . [ + Splme lineshape
— 100 - LHCb (b) : + Data <
> > 80 9 fb-! . Background “é N
O o &) ] —— Total fit 8
= < — &
S = wf ] — D;460) D; o ]
S @ S ] D; (2600) D g ]
: 2 sl 1 D;@750) D} g
S 4 3 ] D, (2760) D} A
"O .-a | _ 5
S . 2 i D(3000) Dy
© @] ] D"(2010)- D* N
o L e e o LA ek | 79 (2900) D b L L
2.2 2.4 2.6 2.8 3.0 3.2 3.4 22 24 26 28 30 32 34 D S-wave D* -0.25 0.00 0.25 0.50
M(D; 77) (GeV) M(D; 7*) (GeV) ! Real part of amplitude

- Both states prefer J¥ = 01 (1™ is rejected by >70).

« Separated fit reports: (both M and I' in great agreement) Isospin triplet)
T9,(2900)°: M = 2.892 4+ 0.014 £ 0.015 GeV M = 2908 + 0.011 + 0.020 GeV
T%,(2900)"": M =2.921 £ 0.017 £ 0.020 GeV 6.50
I = 0.137 +0.032 4 0.017 GeV Combined significance J
>9.00

T%,(2900)** is the first observed doubly-charged tetraquark candidate.

Oct 17, 2023 Zan Ren @MENU 2023

» Shared fit reports: (assume they belong to



I Summary and prospects

J———— LHCb Upgrade | =——p — LHCb Upgrade II —)
}———— HL-LHC

2019 2022 2025 2027 2031 2032

P =4%102cmis! F=2%10Pcm?s! P =1.5% 10 em?s-! arXiv:2305.10515
9fb~! 50fb! 300 fb~!

« Some recent interesting results presented:

New conventional hadrons
« New excited Q0 states: 0.(3327)°, 0.(3185)°
« New excited Z) states: E,(6095)°,2,(6087)°
New exotics
* New pentaquark candidates: P$S(4338)0

« New tetraquark candidates: X(3960), T£s1 (4000)°, T%,(2900)++/°

« Higher statistics in upgrade boosts hadron spectroscopy studies at LHCb:

Oct 17, 2023

Search for more conventional excited states
Evidence of some hadrons/decay modes = Observation

Search for new decay modes of observed exotic hadrons, e.qg., P{b\’+
Determine J¥ and other properties of multiquark states
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Thanks for listening

I Questions and comments are welcomed.
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I Impact on recently discovered hadrons

Minimal quark

Current name [(@) JP©) Proposed name Reference
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ce Xe1(3872) 1€ =0, JPC =1+ Xe1(3872) 24, 25]
ceud Z.(3900)* 1€ =11, JP =1% T5,(3900)* 26-28]
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cc(s5) Ye1(4140) 1€ =0T, JP¢ = 1+F Ye1(4140) [32-35]
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