SEES

Heavy spectroscopy results from LHCb

Liupan An (‘%2 X1]2£)
On behalf of the LHCb collaboration

Peking University (16 5 K5%)

9th China LHC Physics Workshop @ Shanghai, Nov 20t 2023



Introduction
»QCD dilemma: understanding the non- s

r fm
1/2000 1/200 1/20 1/2

I | I |
perturbative property of QCD at low- -[Rev. Mod. Phys. 90, 15003 (2018)]] confinement
energy scale 4T

O, —
»Hadron spectroscopy: a main tool to 03 -
probe QCD at low-energy regime L
v'heavy quarks bring advances both - gt
experimentally and theoretically 01 Faemet e otic
A och — freedom
— i ; | — ' ' '
u d 3 ki ¢ L t Mass  0-001 0.01 0.1 1
~5 ~7 ~150 ~4Y ~1400 ~4200 ~Au  [MeV] 1/Q GeV~
____________________________ ,
Meson Baryon

O ®
@ ‘e |

conventional hadrons

2023/11/20 Liupan An

HADRONIC
MOLECULE

GLUEBALL

HYBRID




Experimental progress
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The LHCb detector

»LHCb is a single-arm forward region spectrometer covering 2 <n <5,
dedicated to heavy flavor physics at the Large Hadron Collider

2011-18 edition
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Vertex Locator: high precision;

capable of separating b/c
hadron production and decay
vertices

0PV,x/y~1O um, O-PV,Z~60 pum

[JINST 3 (2008) S08005]
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RICHs: efficient identification
of pions, kaons and protons

Muon system (M1-M5):
efficient muon
identification and trigger

e(K - K)~95%

@ misID rate (mr - K)~5% e(u - uw)~97%

@ mislD rate (m » u)~1 — 3%
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Hadrons observed at LHCb

11 0 1 1 1 1 1 1 1 1 1 1 1 1
] https://www.nikhef.nl/~pkoppenb/particles.html
10.5 L
7 5 64 new hadrons at LHCb
7.0 - ’TW(6900)
o 0(6320)
N g Mg H UG mEm
b
6 0 _ Ab(5920)0 —b(5955 (5970)+’0 . ' .Eb(6087)0
' ./\b(5912)0 =,(5935)" 'B, 40)*© (6097)+ /\b(6070)° B (6114)°
25(6097) B.(6063)°
— 5.5 4
N
N
2 5.0
0 X(4700) X(4685)
= ® bj PN(4450)* X(4500) PN(4457)* ® x(4630)
n 4.5 7 I X(4274) PlN(4440)* N P}s(4338)°
© o qq PlN(4380)* PN(4312)* ¢ (4000)* 5 (4000)°
= 404 ® ccqq ‘qj3(3842) [ ) To FY Tes
® ccicé Ehay T..(3875)* X(3960)
3.5 4 3 Qc(3327)°
@ cq 0 ¢
sa6  Dy(3000)+° 06‘3(1)3,8’0 Q (3185)0
® cGqqg . . Q(3090) : .
3.0 - m b Dj (3000)°@ D.51(2860) A.(2860)* QC(3066;E =.(2939) 'TCSO 5888) @ 72,(2900)*
2760 N Qc(3050 = 0 cs i
cgg Dy 2740>°: b; (2760 Qc(3000)° w29 0; (2500)* (29007
227 m ccagq O i
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 2023-08-16 Date of arXiv submission
2023/11/20 Liupan An 5/25



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

Selected new measurements

» Exotic hadrons
v’ Search for prompt pentaquarks in open charm final states [LHCb-PAPER-2023-018]
v Observation of AY — AED™OK~ and AY — ATD:™ decays [LHCb-PAPER-2023-034]
v' Evidence of T$51(4000)0 in B > J /WK  [pRL131 (2023) 131901]

» Conventional hadrons

New states:

0 —_
v" Observation of Hb/ J— ‘-‘b/ mtmT™  [PRL131(2023) 171901]

v' Observation of new 20 = EF K~  [prL131 (2023) 131902]

Particle properties:
v Measurement of mass difference of 2, and £, [arxiv:2305.15329]
v Study of charmonium states in B — (KSOKT[)K [PR D108 (2023) 032010]

Decays:

v" Observation of 02 — N"K* and .(22 — Z7nt  [arXiv:2308.08512]

v" Observation of =y > A%n_ [PR D108 (2023) 072002]

v' Observation of 5 — ZFD; and 5 — E9D; decays [arXiv: 2310.13546]
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Exotic hadrons
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o Mass proximity to
threshold natural

o Fall-apart decay
dominant

Compact multiquark

o Mass proximity to
threshold accidental
oNo (strong) hierarchy

of couplings

Proximity of X7 D and X} D*? thresholds to the peaks
suggests they play an important role in the dynamics

» The observation of new decay modes can shed light on the binding scheme
of the exotic hadrons = search through open charm modes
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Candidates / 0.5 MeV/c?

Search for pentaquarks via open charm

> Inclusive search performed using 5.7 fb~! data from 2016-2018

[LHCb-PAPER-2023-018]
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Local p-Value
= g

Results

» No significant signals are found

»Upper limits seton R =

—_

Candidates / (6.5 MeV/c?)
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[LHCb-PAPER-2023-018]

Npe | it a(PC)xB(PCeAgD(n))xB(D)
NAZ- €P. O'(Az-)
Significance (o) Corresponding . , Upper Limit (x103)
Decay Mode | Joal  Global Mass (Mevica) 9" Yield g0 0L g59 oL
Ag DO 2.85 1.01 349 46.8 + 23.4 1.16 1.21
AFD* 2.32 0.00 365 15.0 +10.3 2.16 2.39
AfrtD~ 2.82 0.99 225 68.6 + 13.3 1.95 2.40
>op° 1.90 0.00 65 474+ 42 1.02 1.15
| Al 7~ DO 3.86 2.56 45 60.1 +25.9 1.40 1.70 |
9D~ 2.03 0.00 261 70+ 2.6 0.71 0.89
[Aln~ D~ 3.67 2.35 249 82.8 + 14.3 2.23 2.67 |
Afr—D* 2.31 0.00 409 23.6 +23.0 2.79 3.28
ET D 1.74 0.00 453 33+ 24 1.24 1.43
20D~ 1.86 0.00 109 10.7 + 29.1 1.32 1.59
AFDt 2.52 0.59 169 149+ 96 1.34 1.50
AFntDO 3.21 1.72 45 24.8 +39.3 0.98 1.18
Afnt Dt 3.37 1.99 165 13.8+ 35 0.97 1.22
Afnm—D*t 2.70 0.58 73 58+71.3 1.70 1.94
Errpo 2.11 0.00 113 39+ 28 0.87 0.99
>Hpt 2.18 0.00 69 47+ 4.6 1.13 1.32
v'Known P;" states  P.(4312)* | M = 4311.9MeV,T = 10MeV
tested and yields all Pc(4440)" | M = 4440MeV,T =21 MeV
agree with 0 P:(4457)" | M = 4457.3MeV,T = 6.4 MeV
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A% - AFDWOK~ and A9 - ALD:™

C ™S [LHCb-PAPER-2023-034]
»The observation and branching fraction (BF) measurements of these decays can

v'pave the way for future P search in A D™0 systems, which are open-charm

equivalent of J /Yp
v'probe factorization assumptions in effective QCD theories
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Tps1(4000)* in B* — J/pK*

Zehua Xu, Liming Zhang
F T T T T T T v T v v I T T T T T T T T T T T T T T T :: T
F—— X(4630) =+
E — X(4500) LHCb
F— X(4700)
- — XNR
E— X(4140)
E— x(4274)
F— X(4685)
F— X(4150)
E == Z.,(4000)
- Z,(4220) !’

[PRL 127 (2021) 082001]

Updated model

E+ Ko E:
E KT LHCb *
o K1
E - K2
E K2

Run 1 model

E == Background
E- == Total fit
E == Data 9 fb’

L s : ; = — k) T | = e
1.5 2 42 4.4 4.6 48 3.6 38 4 42
oK [GeV] My, [GeV] m [GeV]

JIwK*

»Z.<(4000) (i.e. T£51 (4000)™) was observed with significance > 10 ¢
> ] of Z.-(4000) was firmly determined to be 1%
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Evidence of T4, (4000)° in B® - ] /@K

O = J/WdKd and Bt — J/PpK™ are related by isospin symmetry

Zhihong Shen
Liming Zhang

»Joint amplitude fit performed assuming isospin symmetry except for T£51(4000)0,

with significance of 40 (5.40 under isospin assumption)

[PRL 131 (2023) 131901]
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>T$sl(4000)° and T1/‘3'51(4000)Jr are likely to be isospin partners
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Conventional hadrons

-- New states
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Singly-heavy baryons
»Missing resonances problem in baryon physics
= heavy quark-light diquark Q[gq] model is widely used to describe Qqq systems

v'A-mode: low-lying states well established for most species [PRD 92 (2015) 114029]
v’ p-mode: no firm assignment yet
q q q
>5;/0 spectrum (based on A-mode) L
][IZICI] =07 ][Izzq] =17 OQ 0
L=0 Ry (5935)-,%(5955) - 201
~b ub(5945) - E ot

[PRL 118 (2017) 182001]
T ‘ T T T T [ T T T T |

(1/2)7,(3/2)"
L=1]|5,(6100)" - £,(5945)°~ | ...
[PRL 126 (2021) 252003] by CMS

400~ .
i ‘ LHCb 1

Candidates / (1 MeV)
(98]
S

>0 spectrum: - gt
yet no consensus on the interpretation ool gl
of observed excited states

. V3000 3100 3200 3300
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017

Observation of = > = Tntn
b b [PRL 131 (2023) 171901]
Oz ntn withZ, - E0[pK " Ktnt|ln~and 5, -» E2[pK K ntln ntn~:
an LHCb record of 9 tracks!
O 5 ntn~ with ) - EF[pK ntln~ and 5 —» EF[pK ntn ntn™
[PRL 126 (2021) 252003]
by CMS

Confirmation T

1st Observ

(a) LHCb :
—4—Data (9 fb ")
B =6100) > =7t

Combinatorial

(b) LHCh
—4— Data (9 fb™)
EY(6087) - Ebmm*

Combinatorial

Significance 150

Candidates / (1.0 MeV)

Candidates / (1.0 MeV)

: 5 AR Le R
g ® g=m_,, -m_-2m, MeV} ) ® 0=m, .-t -2m, MeVS
Value [MeV] %wiw " © LHCh E
Qo (5, (6100))  23.60+£ 0.11 £ 0.02 = “F + D 019 :
I (=, (6100)) 0.94 + 0.30 + 0.08 =F il
mo (2, (6100)) 6099.74+ 0.11+ 0.02 + 0.6 (Z;) £ T
Qs (=0(6087))  16.20 F 0.20 £ 0.06 - [
I' (59(6087)) 2.43 4 0.51 + 0.10 S :
mo (E0(6087))  6087.24 4 0.20 4+ 0.06 + 0.5 (=P) B: b significance go
Qo (55(6095))  24.32 015 0.03 B R e—
I' (5°(6095)) 0.50 4 0.33 4 0.11 Aew R
mo (Z°(6095))  6095.36 + 0.15+ 0.03 + 0.5 (=2)

v’ Consistent with naive expectation for 1P ][’Z,q] = 0% (1/2)7,(3/2)” doublet
2023/11/20 Liupan An 16/25



Observation of new 20 - ZF K~

> Using full 9 fb~! Run1+Run2 LHCb data

2.(3065) — BN (—=Ery)K"
B 2.(3090) — EH(—E )K"
Q3119 — EXN—E!y)K"

B Q.(3185)° — E/K-
Bl 2.(3327)° - E}K-

x10°

------ Q.3000° — E'K-
------ 2.3050)° E'K-

R
oy
gl

Zhihao Xu
Jibo He

[PRL 131 (2023) 131902]

—%— Data

=== Combinatorial background
Total fit

(]

Candidates / (5 MeV)

Candidates / (5 MeV)

3300 3400 3500 3000 3100

m(5;K") [MeV]

m (MeV)

3200 3300 3400 3500
m(Z;K") [MeV]
I' (MeV)

3000.44 £ 0.07 *59%7 +0.23
3050.18 +0.04 395 +0.23

3065.63 + 0.06 39 +0.23
3090.16 +0.11 39 4+ 0.23
3118.98 +£0.12 F993 +0.23

3.83 +0.23 T§50
0.67 +0.17 +5:52
< 1.8MeV,95% C.L.
3.79+£0.20 153
8.48 + 0.44 *98!
0.60 + 0.63 T4
< 2.5MeV,95% C.L.

0 R

3100 3200
Resonance
_ 2,(3000)°
v"Most precise 2,(3050)°

mass and width

measurement  2(3065)°
12,(3090)°
2,(3119)°
0

v | £2.(3185)
Two new states: 2.(3327)°

3185.1+ 1.7 774 +0.2
3327.1+1.2 F%1 402

50 + 7 +19
20+ 5 +13

2023/11/20
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Conventional hadrons

-- Particle properties
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: : 0
Charmoniumin B — (KS KT[)K [PRD 108 (2023) 032010]
»The BY - KQKTK~n* and Bt » KQKTK*n~ decays are studied with 9 fb™! data,

giving a rich set of results n
>
-
5\3000:—‘\‘ ‘\““““I\““\““\““ —: 36007
< [ LHCb (a) 1 FR
S - 9fp! U B B sidebands E Té 400
%/ B ] S L
%2000; 7: 200
=) B ) . i
o) [ _
g B | ] 0 e .
@) + b g - -04 -0.2 0 ) 0.2
1000}~ ' = (KK *)m, | [GeV]
;* . : ; '...' m:‘,“,: ',,wv‘f"‘“wl'wm“é E 300} LECH i @ {
r :l‘.' m”""v'mdwﬁf«w»%w”\_\».\&;w “"":"M ] g/ 9fb7l — Total 1
9] Y B U S AL Background |
0 2 3 4 g 200- [} g4t e . )
m(KeK r+) [GeV] g i : 1 O
*similar in KKt~ o L TR
r i gyt t
Res. Mass [ MeV] Width [ MeV] 0:‘ I S
34 35 3.6 3.7 3.8
m(K3K 7*) [GeV]
Ne 2985.01 £0.17 £+ 0.89 29.7+0.5+0.2
nc(QS) 3637.90 £0.54 +1.40 10.77 +£1.62 £ 1.08 Not able to cover
Xl 3509.84 £+ 0.69 + 0.64

v'Dalitz plot ana. of ,.&n.(2S) - KJKn
v'First observation of Bt = y. K°m?
v'A series of BF measurements

2023/11/20 Liupan An 19/25
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Candidates / (8 MeV/c?)
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15F

10F

05900 6000

v’small Q-value
v'clean signal sam

Mass difference of {2, and =
> (), is the least-well studied weakly decaying singly heavy b-baryon
>, mass measured with 2, — J /£ using all 9 fb~?! data

201

r—————
E +Data
- — Total fit model
F— -l
Background

LHCb
3fb!
(s=7,8TeV

e=|

6100 6200

m(J/w Q") [MeV/c?]

Candidates / (8 MeV/c?)
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[ R S
o o O

[N I
o O

D ®
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e L B
E—}—Data E
[ — Total fit model m LHCb .
[ — O, Iy 6 fb! .
- Background {s=13 TeV ]
% st !) k‘ Lk ]

0 S
590 6000 6100 6200

m(J/w7) [MeV/c?]

plewith2 - AK~,A - pr™

2009: CDF (4.2 fb™") 2, —»J/y Q2
2013: LHCb (3 fb™") @, »J/w Q2
2014: CDF (9.6 fb~") combination

2016: LHCb (3 fb~') 2, 507~

2021: LHCb (9 fb™") Q, » 5K 7~

2023: LHCb (9 fb™") 2, >J/w Q™

2023: LHCb combination

[arXiv: 2305.15329]

PDG 2022

_—.
—_——
—
P
N

6020

6040

6060
m(£2,) [MeV/c?]

m(§2;) — m(Z;) = 248.54 £ 0.51 (stat) £ 0.38 (syst) MeV/c?

v'mass measured relative to =, — J /= "to cancel systematic uncertainty

2023/11/20

e

B($2, — Jfps2™)

fe-
b

—_

By == JE—)

Liupan An

— 0.120 + 0.008 (stat) =+ 0.008 (syst)
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Conventional hadrons

-- Decays
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Chuangxin Lin

Observation of Q) - N"K*&E~mw™*  wirostay saur

L TR
2680 2700 2720 2740
M(Q %) [MeV]

ol e e ] L e ] Pl o
2660 2680 2700 2720 2740 2680 2700 2720 2740 2660

M(L2K") [MeV] M(Z %) [MeV]

external W-emission only

__________________________________

external W-emission & W-exchange transitions

B(2°— N~ K7)
B(20— 0—1+)
B(2)— E-nt)
B(20— —7+)

Ziyi Wang

> Current experimental knowledge of 22 is very limited [arXiv: 2308.08512]

> Predictions of BFs for 20 — 2wt and 22 —» -t have significant discrepancies

between different models  fjrst observation mass measurement

02 - 0°K* i |
S8 T T T T ] S0 Ié E
s ol i ’ ?ZK;:_I S = :
—i #al. ==*Signal : — 200k - I
=9 e Bagcnl?ground 13 300 S !
o] i ] i :'8 1
5 5 s |
= 40r -,gzoo E :
< - I r (g 1
O | O [ 'O |
20 100} i 2007 !
07 0: ............ ii O e il ; E

= 0.0608 £ 0.0051 (stat) = 0.0040 (syst), /Indicating W-exchange

contributions are necessary

= 0.1581 = 0.0087 (stat) = 0.0043 (syst) = 0.0016 (ext)

v Improving current precision
by a factor of four
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M(2Y) = 2695.28 +0.07 (stat) £ 0.27 (syst) £ 0.30 (ext) MeV/c?
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Observat|0n Of ub — Abn [PRD 108 (2023) 072002]

»>Ep - A%n_ is a decay process with the b quark as spectator
v'test diguark model and probe possible enhanced short-range

correlations within diquarks

v's-quark decay should be considered in =} decay width calculation
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v'First observation
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= B(E, — A7) = (7.34+£0.840.6) x 107

B(Z, — A)r~) = (0.89 4 0.10 4 0.07 + 0.29)%
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50 100
M(A%%) — M(A%) — m,,- [MeV/c?]

v'Consistent with diquark

model calculation
[JHEP 03 (2016) 028]
v'No large enhancement

[PRD 90 (2014) 033016]
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Observation of 5} - £ D; and &, — E2D;

» Study on decay modes of Eg/_

v'test the SU(3) flavor symmetry by comparing to A% decays
v'give insights into dynamics of beauty-baryon weak decays

[arXiv: 2310.13546] Yiduo Shang

is limited :
Yanxi Zhang
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v'First observation
- (5_15)) _o(5)  B(5 —58D5) v'Consistent with SU(3)

= (158 £ 1.1+ 0.6 + 7.7)%,

) o(A)) " B(A - ALD;) flavor symmetry and
i ) B(E —»&D;) phenomenological
I EAPACY b 7 o8 ) _ (16.9 4 1.3+ 0.9 + 4.3)%
( il ) o (A)) ~ B(A) = AT DY) ( %, model predictions
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Summary and prospects

» LHCb keeps making important contributions to spectroscopy study

v'Exotic heavy hadron: search for pentaquark in open-charm modes; evidence of
neutral T, (4000)°...

v'Conventional heavy hadron: new Z;* states; new excited 22 states;
better mass&width precision; more decays

»In Run 3, the upgraded LHCb detector and an improved software-only trigger
system are implemented

18
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More data, more chances!
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