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Introduction

» QCD describing strong interaction between quarks and

gluons is not well understood due to its non-

perturbative nature at low energy scale

» Hadron spectroscopy allow to test the knowledge of

QCD and it effective models

e e.g.lattice QCD, diquark model, potential model ...

> Exotic states provide unique probe for QCD
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Hadrons observed at LHCb

> 062 new hadrons observed at LHCb, 20+ are exotics
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The LHCb detector

» LHCD is a dedicated heavy flavor physics experiment at LHC
e ~20,000/s bb generated at LHCb point in Run2
* A single-arm forward region spectrometer covering 2 <7 < 5
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Vertex:

Time: o, =45fs for BY > J/1¥¢ or DI~
Momentum: Ap/p=0.4~0.6% (5-100GeV/c)

Mass : om =8MeV/c?  for B - J/PX (constrainted m; )

Hadron ID: &K - K) ~95% mis-ID &(r > K) ~ 5%
Muon ID: ep-pn) ~97% mis-IDe(m->p) ~1-3%
6/28/23 ECAL: AE/E=1® 10%/,/E (GeV) 4



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Incomplete list of recent results
I ——————————————

 Cover just a small set of very recent results since last year

> Conventional

e Charmonia decaying to K;Kn [arXiv:2304.14891]

e New excited .Qg states [arXiv:2302.04733]

« New excited ZJ states [LHCB-PAPER-2023-008 in preparation]

 Amplitude analysis of D(-;) — TITTTT [arXiv:2209.09840, arXiv:2208.03300]

» Exotic (hadrons beyond qq and qqq)

+  Evidence of T, (4000) [arXiv: 2301.04899]
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https://indico.cern.ch/event/1121975/contributions/5003405/

Charmonia decaying to K Kn jarXiv:2304.14891]

» High-statistic signals with B* - KIK*K "t and BY - KK*K*n~
e Two K2 reconstruction methods (LL, DD)
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Charmonia decaying to K ,K«

> New precision

measurement of 77,

nc(25)

Mass [ MeV]

e 2985.0140.17+0.89
ne(25)  3637.90 + 0.54 + 1.40
X 3509.8440.69 % 0.64

» Dalitz analyses of n,

[arXiv:2304.14891]
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rovide information on kaon spectroscopy
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New excited 2! states

> EYK~in 2017, five excited £ observed; updated with Run1+2 dataset

ey l [arXiv:2302.04733]
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> New states: 2.(3185)Y and £2,(3327)°

> All previous states confirmed
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New excited 2! states [arXiv:2302.04733]

> .(3185)° and 2,(3327)° near E°D*® and EF K~ thresholds
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New baryons IN ‘-'b Tt and ._,bT[ toT [LHCb-PAPER-2023-008]

» First investigation in LHCb of the final states £, m*m~ and £ T[+7T_
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» Charged and neutral £ states reconstructed
> E)*, B) and £ reconstructed from Ey T or Bpmw
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New baryons in Eb_T["'T[_ and 587T+7T_ [LHCb-PAPER-2023-008]

e — 70— ———
- Preliminary LHCb (b) ] Ak Preliminary LHCb (c)
E Ep (6087)0 4~ Data (9 fb™) E E &, (6095)0 ~+- Data (9 fb™)
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= F ;S‘::.((:,b; I (5, (6100)) 0.94 + 0.30+ 0.08
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> Observation of two new excited baryons: 5, (6087)°, 5, (6095)"
> E5(6100)~ is confirmed
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Amplitude analysis of D{;, » nnn

[arXiv:2209.09840, arXiv:2208.03300]
» 2012 pp dataset used; promptly produced D mesons

7~ e L . i i | TS e Xl'ol"'l'"l"'I"'l"'l'
225000? LHCh % . Data LHCb
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€3 20000 (- i S wf e gl it
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[ e T i v v et s e e " ooeees Pt T
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» Methodology for amplitude construction:
e S-wave: Quasi-Model Independent approach (QMIPWA)

As (512, 513) = As (812) + As (513) Ag (Sptn—) = Cre'Pe
* i, §r: Generic functions determined by fit to data

e Isobar model for spin-1, spin-2 components
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Amplitude analysis of D{;, » nnn

[arXiv:2209.09840, arXiv:2208.03300]
> Dt > i
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2
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+
» D — nnm
S
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~ e T T T R 35:10)' S S T T S T T L S-wave | 84.97+0.14 I
% F iData LHCb 4 5 “F iDaa LHCb p(770)° 0.120140.0030  79.4+ 1.8 TU LU0
S b Ly Bl MG w(782) 0.04001£0.00090 —109.94 1.7[ 0.360 £0.016
@ “F 1 < £ 3
S LE 1 =§ 3 p(1450)° 1.2774£0.026  —1152+26  3.86+0.15
g Tt 18 of 3 p(1700)° 0.873+£0.061  —60.9+6.1  0.365=0.050
3 5 E 3 sE 3 combined - - 6.14 +0.27
= - 4 = £ 3
& “F 18 g 3 £2(1270) 1 (fixed) 0 (fixed) 13.69 +0.14
sE E ) g E 4(1525) 0.1098+£0.0069  178.1+4.2 0.0455+0.0070
0: ! ! ] 0 I ) A 3 sum of fit fractions 104.3
. 2 3 05 ! I iy x?/ndof (range) [1.45 — 1.57]
Shigh[GCV“] Slow[ch-]

Dominated by S-wave, followed by spin-2 resonances
Contribution from (w(782) - n*n~)m*observed for the first time
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Evidence of Tj¢,(4000)°

> TlgSl-l- observed at BESIII and ILHCb

T°,1(3985)* in D;D* + D°D,* by BESIII
PRL 126 (2021) 102201
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» Secarch for Tgﬂ in B -» J /oK
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[arXiv: 2301.04899]
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LHCb PRL 127, 08R001 (2021)
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Candidates / (10 MeV)  Candidates / (10 MeV)
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Evidence of Tj¢,(4000)

> Joint fit with Bt and B channels

[arXiv: 2301.04899]

5' -4~ Data
F- == Total fit
-+ Background
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2
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> Joint Evidence for new tetraquark state with 4¢
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Summary and Prospects

j————LHCb Upgrade | == I LHCb Upgrade || ==

p————— HL-LHC >
2019 2022 2025 2027 2031 2032

&£ =4x%x10*2cm?s™! L =2x103cm?s™! F=15%10¥cm?s™!
9fb-! 50 fb~! 300 fb-!

» Some recent interesting results presented:

* Charmonia decaying to KK

* New excited .(22, 58 states
* Amplitude analysis of D(Jg) — NN

* Evidence of T$51 (4000)°

» Larger statistics in Run 3 boosts hadron spectroscopy studies:

* Search for more conventional excited states

* The evidence of hadrons to be confirmed

«  To confirm the observed multiquark states in other channel, e.g.: P in
A} = ] [ypr

«  Study J¥ and other properties of multiquark states

6/28/23 Zehua XU 16
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n . . 0mn0_+ larXiv: 2019. 01038]
Ti. observation in D"D"n [arXiv: 2019. 01056]

» First observation of same-sign doubly
charmed tetraquark T,

’“70_ T T T T T T
< o
. = [ %35-
» Very narrow state in DDt mass E eof ;EC_J? %5 J{
= [~ 52',25‘
spectrum § 50 ' I +
= n
» Manifestly exotic with quark content £ awf | 4 +Jf+;}il

data 3 874 3876

T — DDVt TMpopo -+ [C \/ ]
background
to

ccud of | ==
» Mass ~ 3875 MeV, very close to the af { T DD e

DO threshold o p
b w m fﬁﬁﬁﬂ*ﬁﬁﬂﬂ *ﬂ

o=ttt

dmpw = —273 & 61(stat) & 5(syst) 14 (model) keV 3_§7 B D

[ = 410 % 65(stat) + 43(syst) 35 (model) keV Mpopor [GeV/

nwlltmllllllllllIIIIIIIIIIIIIIIIIII

9
’]

» Consistent with isoscalar J¥ = 1%
» No hint of possible T?, T**+ isospin
partners
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https://arxiv.org/abs/2109.01038
https://arxiv.org/abs/2110.04497
https://arxiv.org/abs/2109.01056

Dalitz fit with T%, (2900)%/+* [LHCD-PAPER-2022-026]

cs()

9 T T T T T T T T T T T T S\IOO _‘ LA LA DL AL AL DL L L L .' T '. L | ‘:
LHCb LHCb Preliminary
@100 “ @ soL 9fb! (b) y_3 — Total fit
2 5 | = | 1 —— D;(460) D}
S 60 s * *i 1 —— Dy (2600) Dy
5 40 5 “or ] ?3*(2750) by
R . A Ll ] D, (2760) D;f
; D(3000) D+
: e D*(2010)~ D,
= = 1 —— T9,(2900) D
= 0 PR T [ TR ST T T (N TR TR TN TN (NN SN TN ST SN N SN SN SN SN NN SN SO WO W = 0'. PR [N TN T (NN TN T TN AN TN S TN N TN S TN N TN ST TN NN SO ST | .g DjT S_Wave Ds+
- 2.25 2.50 2.75 3.00 3.25 3.50 - 2.2 2.4 2.6 2.8 3.0 3.2 3.4 Data
M(Dy 7~) (GeV) M(D 7*) (GeV) Background
» The fit greatly improved;
> Significance of T%, (2900)%/** >9¢ & [ T T T
p + 150 N Data 2ALL=59.34 273 Toy data JP=1- "]
> Strong preference for J© as 0% (>70) P Preliminary -
2 0 ]
» Mass and width are measured “io0F .
50 -
M = 2.908 4+ 0.011 £ 0.020 GeV and i
[' =0.136 £ 0.023 + 0.011 GeV, ) F— e
2ALL
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Argand diagram of T¢, (2900)0/++ [LHCb-PAPER-2022-026]

e Breit-Wigner of T55,(2900) T
LHCb Start point (m=2.708 GeV) —

9 fb-! = Spline lineshape

Preliminary -

e
~
*

o
(\®)
1 T 1T

Imaginary part of amplitude

S
o

1 1 1 I 1 1 1 I 1

-0.2 0.0 0.2 0.4
Real part of amplitude

> The fit using seven spline points to describe T%, (2900)%/** lineshape;
» Consistent with Breit-Wigner lineshape, further supports the resonant
character
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B_|_ N D;_D;K-I_ at LHCb [LHCb-PAPER-2022-018,

LHCb-PAPER-2022-019]

> Motivation:

« B - DfD; K" has not been observed previously
« B(B* - D}D;K™) allows to estimate partial width of X neat
threshold

e Also search for other exotics

[arXiv: 1602.08421]

> Signal reconstruction using LHCb Run 1+2 dataset;
e B7 yield ~360 candidates with 84.4% purity

T T T T T T

LHCb Preliminary

+ Data _E

= PFit

x© O
(=]

Events / (4 MeV)
g8 3

40
30
20
10

it G g 4
5250

L b ) L 1 =)
5300 5350
m(D;D;K") [MeV]

50200

» Dalitz plot analysis to understand the resonance structure
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https://arxiv.org/abs/1602.08421

Da

litz analysis

> Near-threshold enhancement in m(D;'DS_)
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(98]
[e)
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S 8
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Total fit
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W466()
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%1

2.6

30 32 34
m(DK+) [GeV]
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» Baseline model well describes data
07*: X(3960), X(4140) and NR; 177:¢(4260) and 1 (4660)
» X(3960):

Significance > 120

e JPC =0%* preferred over 17~ and 2** (> 9¢)
> X(4140):
e JPC =0%* preferred over 17~ and 2** (> 30)

The dip can also described by / /1) — DI D> scattering

6/28/23
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[LHCb-PAPER-2022-018,
LHCb-PAPER-2022-019]
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X(3960) and x.,(3930) [fggsfﬁgﬁjggfgllgi

M [MeV] I [MeV] JFe
X(3960) 3955+ 6 + 12 48 +17 + 10
0++
Xc0(3930) 3924 + 2 17+ 5

» Same particles?

Latest Lattice QCD shows the enhancement near the threshold of
D;’ D; due to the presence of X(3930) [arXiv: 2207.08490]

(X >D*D™) B(B* > D*D K)XFFgi_p+p-g+
(X »DiD;) B(B* - DID;KH)XFFX

Bt-D}DK*

=0.29 £ 0.09 +£ 0.10 £+ 0.08

X has an exotic nature: creation of s§ from vacuum is suppressed
wrt. ull and dd; X - D D; has smaller phase-space than X —

DD~

> Different particles?

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

exotic
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https://arxiv.org/pdf/2207.08490.pdf

Motivation of searching for P:Ag:s in B~ > J/YAp

» Pentaquark seen at LHCDb often noted to be close to charm-hadron

threshold
—_0 —
stD ztD*°

S . : :
[0 - H :
= 12001~
g [ — data t
& b —totafit i
g 1000 C— backgrouhd
© | -
C H
g i
5 800_—
(0]
<=
'% 600
= T

4OOW

r- P [(4440)* P (4457)"
P (4312)
..............
300 4250 4300 4350 4400 4450 4500 4550 4600

J/p

P} in AY > ] /ypK [PRL 122 (2019) 222001]

Yield / (20 MeV)

ol LHCb
- 9fb! * i
of g i .
| {
201 +* i **00 ] N
¥l e
my, 5 (GeV)

Evidence of P$Sin Zy = J/WAK™

[Sci.Bull.66(2021) 1278]

» B~ — J/WAp allows to search near threshold of £,D~, ALD; and

A*DO

> P$S predicted in hadronic molecules model

6/28/23

Zehua XU

[Progr.Phys.41(2021) 65-93]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001
https://www.sciencedirect.com/science/article/pii/S2095927321001717?via%3Dihub
https://inspirehep.net/literature/1893815

B~ - J/yYAp Sig nals [LHCb-PAPER-2022-031]

» B~ yield ~4617 with 93% purity using Run 1+2 data
> Most precise measurement of B~ mass:

mg+ = 5279.44 + 0.05(stat.) + 0.07(syst.) MeV/c?

—~ 9T T o~ : 45
% o F LHCb Preliminary} = Data > 18.0 B . LHCb Preliminary
s 800:—9 fb! —Total fit 8 s S 9 fb!
w0 700,:_ —Slgnal ~ [
= ~.Comb. bkg < 1861
< 600F S
(7] o I
g s500F 5 184
8 ook T | R,
5 400 18.2}
g 300F :
O 200;_ 18:
100f J 17.8
‘- e i :|||\|
5300 5250 5300 5350 164 166 168 17 172

» Narrow structure in J /iPA; broad structure in | /ip

» Dalitz analysis needed to determine its resonance structure
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Dalitz fit [LHCb-PAPER-2022-031]

> K* model: K3 3 , and NR(Ap)
> Nominal model: NR(Ap) NR(]/¢p) and P

200 ; —3 140 - o T
2 180 | LHCb Preliminary +Data | > 4[ | LHCb Preliminary] =, 140{- LHCb Preliminary i
= 9 fb! —Totalfit § < 120fF + 9fp' 4 S [ 9fb! ]
160 NR 3 : 1 = 120F ]
S 140f S 100f + SN +
< 140F 3 x100F ] 3 ]
oo SR VL Y N AT .
9 100k * ! 2(2320) 3 388 + # 12 sof + 1 K™ model
S Uk Ks g . f * S ]
S gok } Background = 60f 1 £ 6of E
a f SN f S F |,
60F b 3 40F +++ o w4, 1 4o . ]
40 :" = 3 [ ol ] r +
F ] 0f A - - i
20F J. *‘0 & 200 |y rd ] 2 _—
0: Y el i G LTI, | I ol [ e L ) ol e
4.2 4.25 4.3 4.35 2.05 2.1 2.15 4.05 4.1 4.15
m(J/ wA) [GeV] m(Ap) [GeV] m(J/yp) [GeV]
'y 2 R ~140 B S =~ T 1
> 180 LHCb Prellrmnary - Rata - > 3 | LHCb Preliminary ] =2 140F- LHCb Preliminar;' : 3
2 160 L9 fbl — Nominal fit __ 2 120 * 9 fb! i E © 9 fh! + H ]
= — Baseline fit ] ! 1205 { 3
o3 3 o [ ]l N r ] .
gLl * 7 100 1% 100} { i Nominal model
Giof |4 Iz | g1oof Py
§ 100F fif T Background— = 80 1S 8ok 3
T onf h 1 © 15 :
5 80 — ‘ = 60 . . 5 60 + ﬂ ]
50 - _ - 40F . 40F + -
40F =] r
20 . o 1 % ]
0: == sepaegy i ok e r——— ] ) |8 s s et
4.2 4 25 4.3 4.35 2.05 2:1 2 15 4.05 4.1 4.15
m(J/yA) [GeV] m(A p) [GeV] m(J/yp) [GeV]

» K* model cannot describe data well
> P$s improve the fit NNL significantly
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[LHCb-PAPER-2022-031]

Observation of P:AE:S - J/PA

>P$S observed with significance > 100
»] = 1/2 is established
»P = —1 preferred; J* = 1/2% excluded at 90% CL

M(Pj;) = 43382+ 0.7 + 0.4 MeV
[(Pps)=7.0+12+13MeV

»Key properties
v'First observation of pentaquark with strange quark content ccuds

v'Narrow
v'Close to £} D~ threshold and in S-wave
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Charmonia decaying to K Kn jarXiv:2304.14891]

S\ 3000[ PR TR A N R I ' I TN T T ' LT I— q

[5) = L = §

» New precision E - LHCb Preliminary W o: o
measurement of ., = - E :
25 8 2000f% ¢ g
7c(25) £ 200n ,. :

3 2 joof J

= Eh i

Q [~ 200} ST o

1000 [ Bl

Mass [ MeV] Width [MeV] | T oo ' N

Te  WSBOLE0ITE089  DTE05502 | N, e e NS =

n.(2S) 3637.90+0.54+£1.40 10.77+£1.62+1.08 )

o 3509.8440.69 +0.64 [fixed] 2 3 4
Xel m(K'K7") [GeV]

» Dalitz analyses of ., n,(2S) decays provide information on kaon spectroscopy
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