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Introduction

s Hadron spectroscopy provides opportunities to
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study QCD in non-perturbative region

o Extensive and precise spectroscopy combined with
a thorough theoretical analysis add substantially
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to our knowledge of QCD ’
M mpene Hardon size
m Exotic hadrons provide unique probe to QCD e :
o Predicted in quark model EXOTIC CONVENTIONAL

o Strong experimental evidence in last years

Mesonic .
molecule ? Tetraquark ? Pentaquark ? Hybrid ?
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The LHCb Bea‘utyuand Charm factory
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The LHCb Experiment

s LHCb 1s a dedicated flavor physics experiment at the LHC
o >10* X larger b production rate than the B factories @ Y(4S)

o Access to all c-hadrons: D*, D°, D, c-baryons

> All results in this talk based on full or

m Ideal also to study hadron spectroscopy including exotics part of run-1/2 datasets

= Acceptance optimized for forward QQ production
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New particles in a glance

69 new hadrons discovered by LHCb!

https://www.nikhef.nl/~pkoppenb/particles.html
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69 new hadrons at LHCb|

Charmonium(-like)
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Charm spectroscopy with
B — DDh decays



Why B —» DDh decays

= Rich opportunities for spectroscopy
o Excited D, D D, A states from D*Wh, At h ...
o Charmonium(-like) states in DWD™ AFD™ ATAZ ..
o Open-heavy-flavor exotic states from D h, AZh ...

m Improve previous studies by B-factories with higher signal and lower background

D+ DO p+ At

D™=, DO D= A7 ...

KGO+ KO0 g4 ¢ A ...




Ti‘SO 1 in B - D_D+K_ decays [PRL 125 (2020) 242001]

[PRD 102 (2020) 112003]
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Ti‘S‘O inB - DD:SI-_TL'i decays [PRL 131 (2023) 041902]

< 197 LHCb (a) l =
Ti5o(2900)*F = Dfnt 5| o DAREL
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Puzzle for T 5((2900)

[PRL 131 (2023) 041902] R [PRD 102 (2020) 112003]
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XO (3960) inB - D;_D;K-I_ decays [PRL 131 (2023) 071901]

X,(3960) > D3 D;
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New states in BT —» D*t*DT K™ decays

B* > DID;K*
X(3960)
4
B~ - D DYK~™
TC*SO,1(2900)1Xc2(3930)

Bt - D Din* B° - D°Dim~
T (2900)* T (2900)°
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Bt —» D**D¥K™: signal vyields

[PRL 133 (2024) 131902]

s Full LHCb Runl&2 dataset of 9 fb~1: D** - DO(» K &K mwtntmn )n*
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B* —» D**D*K*: amplitude analysis

[PRL 133 (2024) 131902]

= Amplitudes of R - D**D~and R - D*~ D™ decays linked by C-parity
= allowing determination of C-parities of R resonances
C-even: Ar(D**D™) = +Axr(D*"D™)
C-odd: Ar(D**D™) = —Ar(D* DY)
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Total fit ~ ----- EFF++
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* New charmonium(-like)
states decaying to D*D
observed (> 6.10)

= JPC determined (> 5.70)

= Exotics or charmonium?
Isospin could shed light
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Op en charm tetraquarks [PRL 133 (2024) 131902]

m Tl01 states, observed in B~ - D™D*K~, confirmed in B~ — D*"D*K~ decays

B(B*T5,(2870)'D)) | B™ = D""DTK” B” = DDK"
B(B*—T%,(2900)0D*)+) 1.174+0.31 £ 0.48 0.18 £0.05
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B~ —» D™ D°K?° decays

B* > DIDIK*
X(3960)
4
B~ - D DYK~™
T:so,1(2900)»)(c0,2(3930)

+

Bt - D Dfn*
T’ (2900)+

B~ - D~ DYK?O

Bt - D*tDFK*
T, h.(4000/4300), x., (4010)

B® - DODir~
T.,(2900)°
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* 0
T 50 (2870)" new decay mode [PRL 134 (2025) 101901]

S T0(2870)°
— - Background
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. . — — ~240 —
= Amplitude analysis of B~ - D~D°K_ R
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m = 2883+ 11 + 6 MeV | My [GEV/c?

S
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'=87122 + 6 MeV

~120—— . 1407 ; .
o O L O -
= Isospin tests: >0k gmt i } 1 >0}
B o : (b) Tcs() (2870) (D 100:
T:.,(2870)° - D°K° o 80 - S
" 0 =3.3 i 1.9 e i < gob
T:.,(2870)° - D*K~ S 60 e
U % 60F
— _8 r _8 L
T:.,(2900)° - D°K?° 5 40 S a0
‘ - =0.15+0.17 3 - o =N
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Excited D} statein B > DD mntm™ decays

Bt - DfDsK* B— — D-D°KO
X(3960) T:.,(2870)
4

B~ > D DYtK~ BT - D*tptK+
Tls0,1(2900), ¥c0.2(3930) TZ., h.(4000/4300), x., (4010)

B* - D DJn* B® - DD m~
T, (2900)** T,(2900)°

B - DWDIgtm™
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Study of D¢1(2460)" - Dim ™ decay

m Unexpected properties for D},(2317)* and D, (2460)"

o Masses ~100 MeV below prediction — 3400

> - ]

. . : Q 3200 — —

o Isospin-violating decay DS( )* 70 dominate = - .

n 3000 — -_— D _;(3040) —]

N - -

—_ < - D’ (2860 D_ (2860 —

= Propose to study of Ds;(2460)* —» Dfn*n~ = *F — e :
. . . 2600_ D, (2700 jy - _: /
o Double-bump lineshape in m(mm) if a0 - PulZEEN. T o0 Aok
D.,(2460)™ is a D*K hadronic molecule 2200 : - E PR

-+ 2000 e =

K°(K™) ™ 1200 [PRD 93, 034035] E

7 /’ e [Commun. Theor. Phys. : :

/ \ / 75 055203 1600 | | 1 1 | 1 1 1 | |
Djl - | 5 I?// " D;_ ! 1So 3S1 3PO P, 3Pz 3D1 D, 3D3 3Fz Fy 31:4
i D*+(D*0) il JP= 071707 1t 2t 1— 2= 37 2% 3t 4+

m D},(2317)7" as tetraquark: isospin partners proposed
inspired by observation T,.s(2900)*+/0 - pFr*/0 [PRD 110, 034014]
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St“dy of DSl (24‘60)+ — D;-I_Tl'-l_n'_ decay [arXiv:2411.03399]

s ~800 D4 (2460)Jr - Dintm~ decays from three B — D, (2460)+D(*) decays

p—
o0
(=]

2

LHCb B> D" DS,(2460

; ' 0 § ; » ' ' O
T I e T e F i
o 1 — Fit } 140 — Fit o N ; —Fn
T 120F (a) | D 2460¢ 1 T 10f (P) 1 - D §2460; T 80p(c) o]
~q0F H - Dsl€2536;+ = + e D 2536)" = E "~ I 2 md §2536)*
2 Background § £ 100 Background { § 60 Background
g % S 80 3
g 60 E 0 E
O 40 ST &)
20 &
0 a0 2500 2550 O 2450 L 2550 0 450 2500 2550
m(Din*m) [MeV] m(D; ') [MeV] m(D: ) [MeV]
. LHCb 9fb~! (a)
= Double-bump structure in m(mm) N A AR PARAE IIF~UE i e e
880r LHCb (@) 1%
. o I _ =0.45
s Amplitude analyses performed S60f 9fb+‘ 1c
i S 1 0.40
0 £,(500) + £, (980), or mrr K-matrix Sof H iy 1EONG A
: =R 0.35 F \ " L Eeh
cannot describe data well ézo:- +++++++++++++++ 1
1 @) oy b —————— + r suye
o Model directly from theory cannot ey e S S

describe data well either m(n*r") [GeV] ' " (DIt [GeV]
[Commun. Theor. Phys. 75 055203]
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https://iopscience.iop.org/article/10.1088/1572-9494/accc1f

Two models can fit the data well

s £,(500) + £,(980) + £,(1270)

o Large contribution from f;(980) and
f>(1270) despite beyond phase space limit

o Can’t be rejected, but implausible

n f5(500) + TLT + T2 (new exotics)

1 1
Din*t Dfm~

Consistent with isospin symmetry

T.s masses ~ D3o(2317)*, but different widths

[arXiv:2411.03399]

+

Resonance Mass (MeV) Width (MeV) FF (%)
f0(500) 376 +9+16 | 175+23+16 | 197 +35+ 23
f0(980) 945.5 167 187 + 38 + 43
f>(1270) 1275.4 186.6 29+2+1
%120 _ %\100: T T T T
3 T O gof
oo g™ :”
féa(lilzig)gund 8 80;_ g 60:
Total fit o 60F = r
Data 8 L B 40
S 40f g
2 8 20},
] 20 g I
= . L T T o S Wi O LE
8.25I - 030 0.35 0.40 0.45 0.50 9

m(ntn) [GeV]

m(D{ ) [GeV]

Resonance | Mass (MeV) Width (MeV) | FF (%)

£,(500) | 472432419 | 226+24+18 | 237%51 4 42

T,s 2328 + 12+ 12 96 + 161170 151%31 + 25
30 LHOb 1 S T T ] T3+
w100F 9fb~l (a) ] O sgof %
8 . f 18 | 7 o e e o
S | S | =
E 50:‘ + . T\; r 1 ~+ Data
F wf |- L § 402
3 F =il 4 : 3
g 20 ¥ 1.4 T »p
= C PR I L | ] ] 6 |
825030 035 o040 045 050 9

m(nTr7) [GeV] m(D} ™) [GeV]
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Excited D} in B’ > D"D*K*m™ decays

B* - DXD;K* B— — D-DOKO
X(3960) T:.0 (2870)
4

B~ > D DYK~ Bt - D*tpTKt
T¢50,1(2900), Xc0,2(3930) Tés, ho(4000/4300), x4, (4010)

K2
Bt - D Dint BY - D°Dirn~
T (2900)*+ T (2900)°
B->D®Dintr- B® > D™D*K*m~

T (2328)? D50 (2590)* 23



D.,(2590)" in B > D" D*K*m™ decay

Q]
()
T

LN R B B B B B B R |

= Enhancement around 2.6 GeV in D¥K¥m™ mass spectrum  § "f theo @
= 00F R
= Amplitude fit for low m(K "7 ™) mass region Ssf i - D,,2590)"
| — D, (2536)
. $ 40F *
K*7~ dominated by K;(700)° S-wave g
5% [PRL 126, 122002]
= Observation of D;(2590)7 S 20}
10}
J¥ = 07 preferred, 1%, 27 rejected by >150 e T "34
m = 2591 + 6 + 7 MeV n vy [GEV]
o 00— 3
[=89+ 16+ 12 MeV Zoop— E—
s Consistent with the D;(21S5,)7 state, but mass 80 MeV ~ ~ 26§§§ " 1.
. . . . . 240Q £ )
lower than prediction, but width 1s compatible ) £
2000 — " E
s Amplitude fit in full phase space ongoing 1s0p  [PRD 93, 034035]

25+1£609 s 3 3p P, 3p. 3p D, 3p. g F,
J = 0 1 0 1 2 12 3 2 3 4
JP =0 17 0t 1t 2t 1 2= 3= 2t 3+t 4t



States in B~ > AT A7 K~ decay

Bt - DID;K* B~ - D™DOK" N P,
X(3960) T (2870) BT - A7A K
£,(2923)°,5,(2939)°
4

B~ > D DYK~ Bt - D*tpTKt
TC*SO,l (2900)» Xco,2 (3930) Tgs—, hc (4000/4300); Xc1 (4010)

K2
Bt - D Din* B° - D°Dim~
T (2900)++ T (2900)°
B—-D® Dintr- B > D D*K*m~

T!.0(2328)? Do (2590)7 25



Observing =, state in B~ - A7 A K~ decay

= [nteresting for conventional & exotic studies [PRD 108 (2023) 012020] (¢ Is |
J 52** —>/12’K_;exotics in/lizg andZ;K‘? %140;_' AP 'O'_

= High-purity sample, with Ng;, = 1365 + 42 § iig: _””;:t it ;

= £.(2923)° and £,.(2939)° baryons confirmed é 80?— """ prekeround 50333?0—2

= Evidence of a new £.(2880)° S jg: Tl
State Mass (MeV)  Width (MeV) 232_. R T ;":,. o
5.(2880)° 2881.8+31+85 124+52+58 2800 2850 1 2900

[

1

! E,2923—AK™
| 1 - 52939 ATK~
I 22965 ALK~
|

|
|
=,(2923)° 20245404411 48+09+15 |
1(2939)° 2038.5+09+23 11.0+19+75 [PRL 124 (2020) 222001] !

[N

E.(2923)" > AK

ST TR

= No significant hint for exotic hadrons in 2 1500 ' T
/12r A; or A K~ mass spectra = E -
5 1000 [— I
= (In)consistency with prompt production T oof 22929)° o 22965 E
. : , . = PI'OIIlpt HY, \ / \ -
o Missing states, different relative yields S —_

M(A‘Cl'K—) [MeV]

20



Beauty baryon decays

B* > DIDIKY
X(3960)
5.(2923)%,5.(2939)°
4
B~ - D DYK~™
Tc*so,1(2900)»)(c0,2(3930)

Bt - D*tpFKt
ch§'hc(4000/4‘300)r)(c1(4010) Qg — DED
v
B* — D™Dim* B? > D°Dim” @ AcD (*)B
T/50(2900)"F T¢50(2900)° : -
)5 )0
27

B~ - D™ D°K"
T¢s0(2870)

Bt 5> AT AZK*

B - DWW Dimtm™ B > D™DTK*m~ @—) Z'C(* (’D

T?0(2328)? Dy (2590)7




Observation of /12 — €CS decays

m Pave way for hidden- or open-charm pentaquarks

A9 — A¥DMOK - A9 - T pM-k- AY = D*D™A
1000 : e e aneaanaa . :
@ 1 2 _F LHC ata 3
Z 800 [ ﬂ pEh oAb = Z f sa! o ]
Z [ < - 540:— WA DDA
8 600 F & 2001 1 T F A =D D A ]
2 [ < g 0f Aeprpr s
'C% 100 F 'C% i %‘ : -+ Comb. bkg. ;
“ ; © 100 1§ ;
- [ 1 © of -

TE s [ T s ] W . t
' . 2 o O GO0 ol Qo0 5500 5600 5700 5800
5400 5500 5600 5700 5800 5550 5600 5650 5700 m(D*D™A) [MeV/c2]
m (A¥D°K~) [MeV] m(AY) [MeV]
[EPJC 84 (2024) 575] [PRD 110 (2024) L031104] [JHEP 07 (2024) 140]
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Quarkonium(-like) states



Radiative decays of y.1(3872)

[JHEP 11 (2024) 121]

m Nature of y.1(3872) still under debate, radiative decays sensitive to structure

m Only evidence of y.1(3872) — ¥ (25)y was seen experimentally

Reference Ly
T. Barnes and S. Godfrey 67] 5.8 cc
T. Barnes, S. Godfrey and S. Swanson 69 256 e
F. De Fazio 84 (1.64 £ 0.25) 5
B.-Q. Li and K. T. Chao 35 13 c
Y. Dong et al. > 1 36 1.3-5.8 cC
A. M. Badalian et al. ~ 87 (=02 ce
J. Ferretti, G. Galata and E. Santopinto 88 6.4 cc
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [39 24 CE
W. J. Deng et al. 90 1.3 cC
F. Giacosa, M. Piotrowska and S. Goito ﬁ 5.4 cc/ve
E. S. Swanson 81] 0.38% DD*
Y. Dong et al. 86 .33 7% (B0
D. P. Rathaud and A. K. Rai << 1 2 0.25 D@*
R. F. Lebed and S. R. Martinez 92 0.33% BB
B. Grinstein, L. Maiani and A. D. Polosa @ 3.6% DD*
F.-K. Guo et al. 82| 0.21(gh/g2)* BB
D. A.-S. Molnar, R. F. Luiz and R. Higa 83 2-10 DD*
E. Cincioglu et al. mixed (94 ! B
S. Takeuchi, M. Takizawa and K. Shimizu [95] 1.1-34 DD*
B. Grinstein, L. Maiani and A. D. Polosa 93] > (0.95%307) ceqq

By = e (3872)50 (28)y
, =
Pxer (38720 30y
Babar 2008
@
Belle 2011
LHCb 2014
H—.—H
BESIII 2020
O 1 2 3 4 5

30



Observation of y.1(3872) - Y (2S)y

[JHEP 11 (2024) 121]

= Update by LHCb using BT = x.,1(3872)K* decay with 9 fb~! Runl+Run2 data

Ryy = 1.67+0.21 £0.12 £ 0.04 (15%)

— 120 — T T
NQ - 4 Data LHCb -
=100 [ BT — xc1 (3872)K* 9fh~!
=t ] B—y(29)KTX ]
S 80 __  Combinatorial -
g L Total + ]
7 60F o JF ]
Z C ﬂ ]
< i
= 401 + + ]
el L + + ]
g L + ]
S 00 e t E
5 5.1 52 53 54
mysyk+ [GeV/e?]
~2 4X1v03 — T T T
% TF 4 Data LHCD 7
= oF OO BYfoxa(3872KY gt S
= ¢ L B=Jwx 1
0 16F X (3872)KT -
% [ —— Combinatorial
-% 1-2; Total —
% O .8;*““"‘“’0”0““ P :‘ 1
) 04 ~ -~ RN e . —
G _________ ‘ N R :_"_"_Out.
5.1 52 3 4
TTLJ/L‘,YKJr [GGV/CZT

~ 20—
C\'& - 4 Data LHCb -
= 1001 [0 BF — x1 (3872)K* 9fh~!
= r ] B—y(29)K*X ]
— 80 __  Combinatorial ]
- I Total
7 60F o } 3
£ f ﬂ
T 40r 4 =
"g L
3 20F R A
© 0: + +”+”7
3.75 3.84 3.93 4.02
Mhp(2S)y [GeV/e?]
L L
N& "I 4 Data LHCb
Z 1 E Bt xa(3872)K* 9fh!
= [0 B=Jx 1
S 08F ——  xa(3872)K* .
g r —— Combinatorial ]
S 0.6 Total 7
15 o :+++ 1
.=
= 04 4 t —
= # +
= -+
O 02+ -+ *f‘ —
SRR S SRR
3.7 3.8 39 4 4.1
Mgy [GeV/¢?]

Xc1(3872) - Y(2S)y
Runl: N =40+ 8;5.30

Run2: N = 63 +10;6.70

BaBar 2008

Belle 2011
LHCb/Run1 2014

e BESIII 2020

LHCb/Run1 2024

d LHCb/Run2 2024

0 1 2 3 4 5
r )
By = a7 (@28)y
Uyei (3872)5 30y
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Central exclusive production (CEP)

s Study J/y¢ resonances in CEP

inelastic

I
=

single diffraction

double diffraction

v" Experimentally clean even @LHC
v" Spin-parity option narrowed down
X Much smaller rate

-y y-pomeron pomeron-pomeron

E CEP inelastic

p
p
p
p
p
:% CEP elastic
p
p
p
p
p

elastic

Gluon rich,
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X = J /Y in central exclusive production

[PRL 134 (2025) 031902]

~ — T - - - - 1 - T T 1

> 80 I Data

(D]

= 70 , \ LHClb —— Total fit

Q60 5fp!2.40 ... 1,(4140)

N { 1.(4274)

=~ 50 1,,(4500)

2 40 1.60 ="~ % (4685) + x (4700)

o , NR

m 30 J[
20F [ +
10 ot - 1 Lt ;

LRSI It Lt et s L SN W 5.2 5 s et & AL, 10 00 LAE: AN
4000 4500 5000 5500 6000
My, [MeV]

= First observation of exotics in CEP events
" Mass and width measurements

[PRL 127 (2021) 082001]

70 BT - ](I/J¢K+ LHCb
600 - 0 fp’!
500

400
300
200

Candidates / (10 MeV)

IllIlllllllllIllllIllllllllllllllllll

= Cross-section measurements

Oyon(a140) X B 110 — (0.80+0.15 +0.28) pb,
Oyor(azray X B 2™ — (0.7340.08 £0.17) pb,

O oo(ason) X BXUS) — (0.42+0.99 10.06) pb,
UXcl (4685)+Xc0 (4700)
x B (1890 txeo4T00) _ () 14+007 10,06) pb,

Parameter (MeV)  This Letter Ref. [12]
M., (a271) 42084649 4294 £ 477
[\ (4270) 92775 £57 53+£5+£5
M, (4500) 451257800 43.0 4474 +3+3
T .o (4500) 65120 +32 77T +6710

onr X B = (0.4370:22 40.20) pb,
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Charm baryon spectroscopy

More details in talk by Guanyue WAN (Thursday afternoon)



Singly heavy baryons

= (Qqq baryons well described by heavy-quark light-diquark Q[qq] model
v A-mode can cope with almost all observed states

v p-mode: no firm assignment yet

3400 -
2P(112) 2P(/2),,
L - 2p(3/2')/ =2ren), 1D,
LF(5/2) " P(112),, 0/ DG |
3200 | 2P(3/2) 35(3/2") _<1D(3/2')h
3812) 38(172) I
q 2p(172) - \10(1/2 )
q o [ D) 25(3/2) (3055) D32, ]
% 3000 L 1D(G3/2) 25012 (3080) /1;)(5/2‘)/72 1D(5/2),,
[PRD 92 (2015) 114029] L >3 ) (2970) =0
wn (2923,2939,2964)\ K
& 1PG12) (2815) PO,
S 2800 — 1B,
Q 0 1P(172) (2790)
}»—MODE [ 15(312) (2645)
- 600 -
p MODE ? = 15172 (E'c+’°) =/
. . X 15(12") (E;‘O) c c |
m Spin-parity of most states not measured, ol 0 2 | 0

limiting proper assignment in spectroscopy

Chinese Phys. C 47 (2023) 073105



Determination Of]P for EC (3 0 5 5) +,0 [PRL 134 (2025) 081901]

Weighted candidates / (5 MeV/c2)

Weighted candidates / (0.2)

s First observation = g ) £.(3055)"%(> DA)mr~ decays, also evidence for Z.(3080)

= Used to study of the properties of Z.(3055) " baryons (c]s )
= Amplitude analysis performed to four observables (mpp, Oz_, Ba, Op)

L L N B " T "~ "~ " 1 " " "1 " ]
180F LHCb 29 - Bt 4 & M0 LHCH E
160 S4fb —+ Data 3 g 120 547 -
140 — Total fit E 8 100
138 R . I— £.(3055)" EE-IN:
E EF(3055) | e Z.(3080)" 1 B L
N 1 S 60
60 --- Nonresonant 3 = [
- - O o
E = = 40
40¢ E¢(3080) 1 = f
20F 4 B 20
0 e et =N
S T SN TR T T [ TN ST U S NN S S S S R S S 0- n
3000 3050 3100 3150 ~1

my., [MeV/c?]

100F -
120F

~~
o]
<
-
53
C N C
80r S 100F
L ~ C
5 [72} -
60 g sof
[ k=] C
! Z 60F
40 g C
L i Q =
20F ] 3 Mz
P e e e e e e iaina) ] = [
- 5 0F
D S e T e e e e o [
071 -0.5 0 0.5 1 = 0
cosﬂ/1
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15t determination of J¥ for £.(3055)*9

m /¥ =3/2" determined for =,(3055)*Y

with significances of more than 6.56 (3.50)

J¥ and narrow width favor Z,(3055) as

as a 1D A-mode excitation of flavor antitriplet

s Mass, width, decay parameter and relative

rate between =.(3080) and Z,(3055)

Quantity Z.(3055)F =.(3055)°
m[MeV/@] 305452+ 0.36 £0.17  3061.00 = 0.80 = 0.23
I [MeV/¢?] 8.01+ 0.76 +0.34 124+ 2.0 +1.1
« —0.924+ 0.10 +=0.05 —0.92 £+ 0.16 £0.22
Rp 0.045 £ 0.023 £ 0.006 0.14 £ 0.06 = 0.04

[PRL 134 (2025) 081901]

Mass (MeV)

3400

3200

3000

2800

2600

2400

T

1F(5/2)
2P(3/2)

38012) 2P(1/2)
{ I-DG/;)\|
1 = |
I 1DG3/2) |

\ U

———

25(1/2') (2970)

1P(3/2) (2815)
1P(1/2) (2790)

15(1/2") (E;'O) c

L=0 L=1 L=2 L=3

) 2P(5/2)
2P(112),, 2

2P(3/2) :7/ 2P(3/27)/’l 1D(7/27),:3 J
2P(1/2)) 11)(5/2‘)[72

i N
1D(172"),,

35G12) (3055) \10(3/2;)” -

25(112) (3080) /1P<5/2'>,,z 1D(5/2),.,
[AP@B/2)

ilP(]/z')F0

1P(112),,

1P3/2),, _

(2923,2939,2964)

15632 (2645)

15(1/2%) (E‘C+‘°)

[1]

L=0 L=1 L=2

[CPC 47 (2023) 073105]
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Hadronic two-body decays of 22 baryon

N —

= First observation of Cabibbo-suppressed decays Q2 - Q" Kt and Q0 - 2t

B> 2" KY) [PRL 132 (2024) 081802]
B> 2 nt) [6.08 £ 0.51 (stat) £ 0.40 (syst)] %,

B(20— =~nt)

B nt) [15.81 & 0.87 (stat) & 0.44 (syst) £ 0.16 (ext)]%.

= Precision measurement of QY mass using Q2 - Q

M(2%) = 2695.28 4 0.07 (stat) £ 0.27 (syst) & 0.30 (ext) MeV
World average improved by X4

= 0 —+
QY - QK™ Q) > QO
C8F T T TS (400 < 800F R N RN
% - - Data . LHCb % r % LHCb
S [ — Total fit 5 4 fb-! s = 54 b
= 6o ~Signal 4 300} 600 -
> Background = F = L
Qo | QT Q
2 40- 4 22004 = 400+ .
2 1 5™ E
< S 1 < <
@) { ] O [ @)
20 100_— - 200 —
T P : - +
Oles e, | e g )| OOPER RS gl ., . . . emsissmesem ) ] Bt e tetet® D T i e
2660 2680 2700 2720 2740 2660 2680 2700 2720 2740 2660 2680 2700 2720 2740

M(S2°K") [MeV] M(E x*) [MeV] M2 n*) [MeV] 38




A}, A}, A decay parameters [PRL 133 (204) 261804)

m B — BP decay parameters: first proposed by Lee and Yang to search for parity
violation, defined by S- and P-wave amplitudes

_ 2R(s"p) _ 23(s™p) _
EErE PR E 7T
= /12 — Ath™ (h = , K) decays,
with A7 — AR*, A - pK)

A - p

m Decay parameters encoded in anglular distributions

a AY measured to be unpolarized by previoius study

" b
d cos 6;d cos Oyd o

o (1+ QA0 QLp+ COS 01 + ay+ 0 cos by + Qg0 0rp cos 01 cos O

— Q[0 4 0ip SID 61 sin 05 cos ¢9 + aAgﬂA:r vy sin 61 sin B sin ¢9)
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A}, A}, A decay parameters [PRL 133 (204) 261804)

m « parameters for A9 At and A decays —
Y= 2%(8*]?) A—=2n
. . . = —- At—Z
s a(A}) compatible with most calculations, [sI* + Ipl® e
. A3kt
a(A}) constrains models pletsl —
At—>AK* , .
Decay Korner ~ Xu Cheng Ivanov  Zenczykowski Sharma  Zou Geng ji:;;; ——
Aj - Art -0.70 -0.67 =099 =095 -0.95 -0.99 -0.99 -0.93 -0.8740.10 APAK ey . EEI?HI
Af = pK© -1.0 051 -0.90 -049 —0.97 ~0.66 ~0.99 075 —-0.897) AAT . LHCb
PR TR TR I TR TR TR NN TR TN T RN TR SHN S R
-1 —-0.8 —-0.6 —-04
= [,y and phase A for A} —» Ant decays — o
_ 23(s"p) _ [sIF = 1p|
o sP el s+ IplA
Decay AF - Aznt Af - AKT p p
p 0.368 & 0.019 £ 0.008 0.35+0.12 £ 0.04
B —0.387 £+ 0.018 £ 0.010 —~0.32+0.11 £0.03 = Inputs for global fit
y 0.502 +0.016 + 0.006  —0.743 £ 0.067 £ 0.024
7 0.480 +0.016 +0.007  —0.828 4 0.049 + 0.013 PRD111 (2025) 034011
A (rad)  0.633 £ 0.036 & 0.013 2.70 +0.17 + 0.04
A (rad) —0.678 +0.035 +0.013 —2.78 £0.13 + 0.03
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Summary

= New important contributions to heavy hadron spectroscopy with runl and run2 data
o New charm states with B = DDh decays
o Charmonium like states
o New charm baryons and measurements

= Run 3 collection ongoing, much more data foreseen

m Stay tuned for more exciting results

Run 1 Run 2 Run 3 Run 4 Run 5
= 16~
c:‘.’, - e o 0 0o o 350‘:_—|
E4E 5 & 2 3 K )
2 12— ’ / =
e :_ actual !‘ 250 8
el 10 - — == eXpected ; .E
_..? 8 = - expected with improved LHC optics at Run 5 ,:/ 200 £
[7/] - N =
_E 6E- b4 150 3
- T
LHCB-TDR-026 3 4F ji 100
L4 =
3 2F L 50 &
n'oil_:.—l-lgr ----- A - M C P
2010 2015 2020 2025 2030 2035 2040

Year




Enjoy the landscapes of exotic states [arXiv:2410.06923]

L 4430 4230

‘qsm <3900
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B* —» D**DTK™*: amplitude analysis

s Amplitudes of BY - R(D**D7)K* and B* - R(D*D*")K™ linked by C-parity

= allowing determination of C-parities of R resonances

Alz) = 1il< Z

2 .
| j€R(D*:DF)

c;Aj(z) + > CkAk(x)}
D+K+)

kER(D*— K+,

+ 1%d { Z @X CjAj(SC) - Z )CZAZ(IE)}

| jER(D*:DF) IER(D*+K+, D-K+

v.d=1forBt* > D*D*K*;d = —-1forB* > D**D"K*

OR resonances with J° = 1*: S-wave & D-wave

a i (m) _ 1S
| mg — m? — imo[v2ls(m) + v5I'p(m)]

OOther resonances: Breit-Wigner

CONonresonant cqntributizons to D*ED7
fr(m) = e@tBD(mM*—mg) for NR,-+; otherwise frp(m) =1

B* > D*D*K*

B* > D**D K*
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=
J
3
S
+
g

structures

m¥(D*D") [GeV*/ ¢4
[\®)
S

16

1

.............

LHCb 1
(a)

6 8 10 12

||||||||||||

6 8 10 12

mAD K" [GeV¥ ¢4

Candidates / (0.22 GeV?/c*)

s &8 &

[\
=}

(o
(=)

0
(e)

(o)
(e

S

[\
(=}

(o)

= LHCb

- | (b)

o

: | - :

C f ++ Jr+++ ++ ty +Jf++ + u # :
I 1I5 I — l 20 l =

mA(D*D") [GeV?/c4]

||||||||||||||

6 8 10 12
mAD*K*) [GeV* ¢4
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Bt - D**DTK*: D*tD™ system

<+ Data — 2(3930) n:(3945)  —— (4040) T2:(2870)° T5:1(2900)°
Total fit ~ ----- EFF -+ NN /2,(4000)  IE %1(4010) 227 h(4300) NR|+
Background NR;-- NRo-+ NRy-- e Reference fit

o F T T T T T T T O FT T T T T T T T T T

3 wof 1 LHCbO b 1% 100 LHCb 9 fb-!

=0T @ {2 f ()

= [ 128 [

8 s0f 18 soF .

< F = L

S i o 1o L

5 L ? 15 L

8 0 Anahiier RN P i R i SO 8 0 s e L

4.0 4.2 4.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8

M(D*~D*) [GeV]

= Significances for those charmonium(-like) states >6.1c
= JPC for each state is determined to be >5.7c better than other hypotheses

M(D**+D~) [GeV]

This work Known states [6] cc prediction [34]

1(3945) JPC =0+ X (3940) [9,10] JPC =77 n.(38) JPC =0t

mo = 3945 T2 3T Ty =130 3210 | mp=39424+9 [y=371% mo = 4064 Ty = 80
h.(4000) JPC = 1+- T.:(4020)° [35] JPC =7"- h.(2P) JPC =1%-

mo = 4000 17 120 T = 18472 27 Img = 4025.5 729+ 3.1 T = 23.0 £ 6.0 = 1.0|mg = 3956 T, = 87
X1(4010) JPC = 1++ X (2P) JPC =11+

mo = 4012.5 755 137 Ty = 62.7 79 184 mo = 3953 Ty = 165
h(4300) JPC = 1+~ he(3P) JPC =1t-

my = 4307.3 55 33 Ty =58 TR 28 mo = 4318 Ty =175
Xc(4274) [36] JPC = 1++ X (3P) JPC =1++

mo = 4294 + 4 75 To=53+5+5 |mg=4317 To=39

[PRL 133 (2024) 131902]

a
dm

|=————————-——

— 80 F L e e L

% Total fit 1
E [ == Reference fit

60 - —— Interference between /.(4300) and other contributions (not including y.1(4010)) -

f == Interference between /.(4000) and other contributions (not including y.(4010)) 9

= [ =+ Interference between %c1(4010) and other contributions ]

—_ 40 [ NN\ T55(2870)° and 77 (2900)° b

Q [ /// Other contributions ]

o I = Data E

Q 20 mm Background =

| i
N :
o 20 ]
sE_aof ]

ok LHCb 9 fb-!
-80 | .} 1 L R T R
4.0 4.2 4.4 4.6 4.8

M(D**D?) [GeV]

= States can fit into Charmonia, and mass
more consistent with the prediction with
unquenched quark model [arXiv:

2312.10296]

" ¥.1(4010) could be the partner of
Xc1(3872), predicted both in the

unquenched model and Lattice
[arXiv:2402.14541]
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Bt - D**DTK+. T% states

» Bt > D**D"K?

» B* - D* D*K?

[PRL 133 (2024) 131902]

§75 — LHCbOfor! + S ;;100 - LHCbOM ]
8 0 L 8 0
Property This work Previous work
110 T%,(2870)° mass [MeV] 2914 £ 11415 2866 + 7
T%,(2870)° width [MeV] 128 == 2215123 20 o = i3
9 20 T%,(2900)° mass [MeV] 2887+ 8+ 6 2904 £ 5
T%1(2900)° width [MeV] 92 == MG 16 Q=R

csl

B(Bt — T%,(2870)° D))
B(B* — T%,(2900)° D))

B(BT —Tx,(2870)° DX)+)

B(BT—=T%,(2900)°D()+)

csl

(4.5 70509 4 0.4) x 10~°
BB =S -8 105
1.17 4 0.31 = 0.48 €018 = 0.05

(1.2+0.5) x 1075
(6.7 +2.3) x 1075

v'T:(2870)° - D*"K* forbidden
v'B(T}:1(2900)° - D*"K*)/B(T%4,(2900)° - D"K*) < 0.21 @ 95% CL
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Observations of A) - A7 DK~ decays

_.1000

Qo
o
o

600

400

Candidates / (4 MeV

200

= Pave the way for future P search in
AFD™0 gystems
o Open-charm equivalent of | /Yp decay

a D*? is partially reconstructed with missing 7°/y

NAAZD K™ _ 4010 4 70,

0 + P*0 g —
NAAEPTET — 105601350
- ' ' ' —:E Data
[ ﬂ LHCb 5.4fb~!
= === Full model
........ Ag—)AjDOK_

| ey e
A= AF D], K
B 1 A7 (D] 5 K-
A0 [AFn°] DK~

X(2455)+

A

5600

5700 5300 Combinatorial background

m (AFD°K~) [MeV]

5400 5500

. . [EPJC 84 (2024) 575]
= Branching fractions

B(A) - AFD°K™)
B(/lg — ATD;)

= (19.08+335*0-15 £ 0.38)%

B(A) - ATD*°K™)
B(/lg - A'C"DS_)

= (589713117 + 1.2)%

= Relative to A} - J/YpK~

B(Ap — ] /YpK~)
B(A) - AFDOK-)

B(Ap — ] /YpK ™)
B(A% - A*D*OK)

= (15.2733)%

= (4.9} %
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A} — zﬁ*)++1)<*>—1{ ~: observation

s FourA) - X g*)++D(*)_K ~ modes observed with overwhelming significance

Candidates/(1.75 MeV)

Candidates/(4 MeV)

NS
=
S

—_
W
(=)

—
o
S

W
(=)

(=]

"""""""""""
§ Data
—— Total fit

LHCb
6 b’

Bl A)—Afx*DK”NR
Bkg. with real Z'(:)H
Combinatorial bkg.

(%]
(=]
(=]

—_
(=]
(=]

200

‘2550 ) .2600
m(A ") [MeV]

2450

ol
5600

g650 5700
m(A) [MeV]

1
5550

Candidates/(1.75 MeV)

Candidates/(4 MeV)

100

100

50

Pr Wl T
2450

11
§ Data 1
— Total fit
------ A3 p K
B A)—A'7*D K- NR

Bkg. with real Zf*)ﬁ
Combinatorial bkg.

LHCb
6 fb!

" 2550 360
m(A* ) [MeV]

50

0
5550

‘5650 5700
m(A}) [MeV]

b0
5600

uld] i i uld] S+ ) d >
e ” Atz A
b »>

)K

D)=

dlu) — D)

B(A)— YD K-)
B(A0— AFDYK-)
B(A)— T+ D-K-)
BN = X+ D-K-)
B(A)— S+ D K-)
BAY— S+D-K-)
B(A?— S+ D= K)
BAY— S++D-K-)

= (0.282 £ 0.016 £ 0.016 £ 0.005,

= 0.460 £ 0.052 £ 0.028,

= 2.261 £ 0.202 £ 0.129 £ 0.046,

= 0.896 = 0.137 £ 0.066 £ 0.018,

[PRD 110 (2024) L031104]
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A9 5 2T pO-K-: intermediate states

[PRD 110 (2024) L031104]

m Larger dataset needed to draw a definitive conclusion

72“3600..:-}:-.'.'-.::.’ " o' 1 §3400 o
58400? .°'-.-;..:.:-.".'.°:-'....: &, ’;-; R Edj I <., . |
:;'-s_ i Sl
“T00 2600 48(1)2@? l;(‘)g)(EMeV] 400 2600 4800m(23+l;9b)0[MeV]
A T | §30H “““““ LHC -
= | 6 b’ : - 6 b
Lk A
| b L Jm
AT 2

4400 4600 4800 5000 0= 3000 3200 3400 3600
m(EHD™) [MeV] m(ZK") [MeV] 50



[JHEP 07 (2024) 140]

Observation of A) - DtD~A

m First observation of A) — D* D~ A with significance of 16 o

N=19+5 N=73+9
s e e B e I A o B(AY— DYD™A)
= '*F LHCb S 5f LHCH 3 b b = 0.179 + 0.022 £ 0.014
% nE 53 o 1 27F san ] ogo  B(BY - D+D-KJ)
E WA ->Dp DA E swof  Adecay WA -DpD A 3
= AN-ppa ] T outside VELO A DDA ]
8 A-pps g O A =D D5 0 _
3 ~=Comb.bkg. 3 S F -++-Comb. bkg. ] B(Ab — D+D A) -
3 i T 20 -
5 4 * 1 8.1 ; (1.24 4 0.15 4+ 0.10 £ 0.28 = 0.11) x 10~
PGB iz LT b bRy o
5500 5600 5700 5800 $400 5500 5600 5700 5800
m(D*D™A) [MeV/c?] m(D*D™A) [MeV/c?] [PRD 103 (2021) 114013]
C} gt &Z_ } > }X(3700)
a5 s b 3 } b ¢
v : 2 u - . - 4w w b
) o ; ‘)
g* .5: | T T — ILHCb ] 50.14:—LH'Cb T T T T T _: :,:‘ 0.1-_]'_‘H|Cb T T | L — _:
> oo { Data 1 >o0n2F 4 > t
2 53t r 53 fb! . r 531fb!
g r * Simulation . g 0.1F P s = % 0'08:_ X g
+§ 5_ ok _ go.osi— go.os:— 3
T oif =c 1 Toosk 1 2. F ]
S . . i S r 4 E 004__ .
z HW[* H ] 20.042—1[ 1[ + ][ }\}l 1 2 & | ’ ’ | ]
S 005 - I~ C ] < 002 .
2 gt ) 2L,
— oL ++ , +|++++H4++H+++'H’+i+‘+‘+++ ] — o b + , ﬂ> R |+. H L +H ] % 0' PR T Y I A , + L. ,
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800 3800 4000 4200 4400 4600

m(D*A) [MeV/c?]

m(D™A) [MeV/c?]

m(D*D") [MeV/c?]
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X states in B+ — ]/1I}¢K+ decays [PRL 127 (2021) 082001]

%700 E——I x(4ls30)I I —z—
E 00 E— X(so0) LHCb =
S E — xa@mno) I
£500E— xNr x
S 4o0f— X i
T E— xams T
O 300E— xwess) E3
200E— xesn i
F == Z.,(4000) T
e
X(27)
X (4150) 4.8 (8.7) 4146+ 18+ 33 135+28F3)  20405%08
X(17)
X (4630) 5.5 (5.7) 4626 £16T 18 17442713 26+ OE Eﬁ;g
All X(0F) 20+ 57112
X (4500) 20 (20) 4474+ 3+ 3 TT+6T19 56+0.7F2%
X (4700) 17 (18) 4694 +£4 1S 87 +81 18 8.9+ 1.2°1)
NRj/yé 4.8 (5.7) 28 +81 17
All X(11) 26+371 5
X (4140) 13 (16) 411841175  162+211% 17+3+%
X (4274) 18 (18) 4294 + 4713 E 2.8+0.575%
X (4685) 15 (15) 4684+ 771 126415737 7.241.0730
All Z.4(17) 25 +571 15
Z5(4000) 15 (16) 400367 ,4 131415426 9.4+214+34
Z05(4220) 5.9 (8.4) 4216 £24 735 233452197 10+£471
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Prospects

[arXiv:1808.08865]

LHC ERA

3fb?
2011-2012

Run1
Current LHCb

+6 fb!

2015-2018

Run 2

HL-LHC ERA

Decay mode

Bt — X(3872)(— JpnTr )KT 14k
BT — X(3872)(— ¥ (2S)y) K™ 500
B — ¢y(2S)K—nt
Bt — DFD°DY
AY— JhppK— [¥]
E;— JWpAK™
A) - AEDOK™

[*] updated according to the latest result

> e
23 fb-1 50 fb-1 oot m LHCb is now boosting the
2022-2026 2030-2033 2036-2041 data to a new level
Run3 Run4 Run 5. o Expect to 3x data (5x hadronic
LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 events) by 2026
- o Opportunity for decays with
hadronic final state, such as
AY - AtDIOK
LHCb
23fb~!  50fb~! 300fb~!
30k 180k Xc1(3872) lineshape from multi-channels
1k Tk
340k 700k AM Zc(4:|30)h ; e
10 20 100 Doubly-charmed tetraquark 7' ;. — Dg
680k 1.4M 8M
4k 10k HHk More information for pentaquarks
23k 58k 390k
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D.(2460)* - Dimtm~ fit

Model ANLL Number of fit parameters
Chiral dynamics 252.4 5
K-matrix 77 S-wave 249.0 6
fo(500) + £5(980) 245.2 8
fo(500) + £0(980) + p(770)° 148.0 12
fo(500) + fo(980) + f2(1270) 3.7 12
fo(500) + £6(980) + f2(1270) + p(770)° —2.8 16
K-matrix 77w S-wave + f5(1270) 5.9 10
fo(500) + RBW T.5(0%) 3.5 10
£o(500) + K-matrix T,5(0F) 0.0 10
£o(500) + £5(980) + RBW T,5(0%) —3.0 12
f0(500) + p(770)° + RBW T,5(0%) —-1.1 14
£o(500) + £5(1270) + RBW T.5(07) —4.3 14
£o(500) + RBW T.5(17) 62.9 12




Search for pentaquarks via open charm

[PRD 110 (2024) 032001]

= Inclusive search performed using 5.7 fb~* data from 2016-2018

= Reconstruction: Af,D~, D, 2:+(0), D*~

v’hidden-charm pentaquarks v'doubly-charmed pentaquarks & excited =,
i Limit i Limit
Hadron 1 Hadron 2 Charge I Y C Sot Hadron 1 Hadron 2 Charge I Y C Sot
AF D° +1 L/ 1 0 Vv AF D° +1 =1/ 3 2 v
A D~ 0 ) 1 0 v Af D+ +2 1/ 3 2 v
Af D*- 0 — 1/ 1 0 v A D*+ +2 1/ 3 2 v
Xt D° +2 3/2 1 0 v it D° +2 1/ 3 2 X
yr D~ +1 1/ 1 0 v yrt D+ +3 3/2 3 2 X
yr D+~ +1 1/ 1 0 X it D*+ +3 3/2 3 2 X
X0 D° 0 1k 1 0 v X0 D° 0 -3k 3 2 x
20 D~ —1 =3/ 1 0 Vv X D+ +1 — 1/ 3 2 X
20 D*= -1 =3/ 1 0 X X0 D*t +1 —1/ 3 2 X
Tt D° +2 31 0V byl DY +2 3 2
b an D- +1 Ly 1 0 v Jatt D+ +3 3/2 3 2 v
ot D+~ +1 1/ 1 0 v 2 D+ +3 3/2 3 2 X
50 Do 0 -1/, 1 0 v X0 D° 0 =3/ 3 2 v
X0 D- 1 -3/ 1 0 v X0 Dt +1 —1/5 3 2 v
20 D*~ —1  —3h 1 0 v 230 D+ +1 1k 3 2 x

*10 modes too statistically limited to set upper limits




Results

[PRD 110 (2024) 032001]

NIRRT
il S T | 'S
o
1(0)_4_ \I local 40

10'5;—, . ,V . 3

0 200 400 600
m(Ar D7) -m(AL)-m(z*)-m(D”) [MeV/c?]

90
80
70
60
50
40
30
20
10E i
0 =1 N 1
0 200 400 600

m(AZx*D™) = m(AY) —m(x*) —m(D”) [MeV/c?]

Candidates / (6.5 MeV/c?)

ccuud
M~4520.69 MeV

= No significant signals are found
Nee | Eaf a(pc)xB(pﬁA;fD(n))xB(D)

m Upper limits set on R = Vot epe o)

= Largest significant modes:

*Complete list in paper

Width  Significance (o)  Q-value UL (x1073)

ety ROeE (MeV/c?) Local Corrected (MeV/c?) bignal Yield 90% CL 95% CL
0 3.59 221 225 I6L126 3.05 119

. 5 4.01 2.89 9225 64.7 + 17.4 4.43 4.69
c 10 4.30 3.32 225 87.1 4216 4.64 4.85

L 15 4.50 3.62 295 10824253 4.72 [4.90

0 3.36 1.90 957 381+ 12.4 4.28 4.56

pr— 5 3.86 9.5 253 62.1417.1 4.62 4.83
c 10 4.18 3.20 249 83.74+21.2 4.72 4.88
15  4.44 3.56 249 103.5 + 24.6 4.77 4.92

0 3.18 1.58 245 419+ 13.7 2.87 3.06

o 5 Wi 2.53 245 67.6 & 19.2 3.22 3.35
¢ 10 4.06 3.06 245 91.6 & 24.1 3.29 3.39
15 4.30 3.42 9245 115.0 + 28.5 3.30 3.40
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Bt - D*‘Dg*)+1t+: branching fractions

[arXiv: 2405.00098]

= Measurement peilormea using the Tull LHCD dataset ol 9 Ib *

- Frrr T rrrr 1 71 "1™ 1 *=pDto ) —
% 500 o Data - Im(D DS T ) mB+| < 30 MeV
@ - ) ]
= C Fit ] 0;
9-/ 400 :—___ B+ BN D*—D;-n.+ —: (50
R B* > D* D;*m* ] ™
& 300 |- Comb. backgr. ] 5
= o)
€2 C !

200 F .

100 |

50

m(D*~DFnt) [GeV]

B(B* — D* Dz
R = s™ ) _ 0.173 4 0.006 = 0.010
B(BY = D—D7)
+ S
g = BB = DDFTY) a0 0074014

B(B+ — D*Din")
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BY - D*" DI m": amplitude analysis

[arXiv: 2405.00098]

s Baseline fit with D**% - D*~r* contributions

& O [
Resonance | J© Mass [MeV] Width [MeV] 3 =%
D;(2420) | 1t 24221406 31.3+1.9 : i b
D1(2430) | 17 2412 +9 314 =29 OE ) _ .
5(2460) | 2+ 2461.1 5% 473+0.8 e e
6.50 Dy(2550) | 00 2549 +19 165 + 24
D¥(2600) | 1= 2627 10 R S =
g g 6op
Dy(2740) | 2= 2747 +6 88 £ 19 : N
M2Fel) |8~ 2%63:1L£32 66 £ 5 sk
Component ’ Fit fraction [%] Phase [rad] Tho s m(D‘_DE‘)-O[GeV]
D;(2420) S-wave 384+1.7+£087 ;% —1.9640.16 & 0.10t3},§ ] 2
D1(2420) D-wave 71.0+ 4.4+ 4620 0 (fixed) %
D, (2430) S-wave 424125240, +0142011 01307 - z
D;(2430) D-wave 0.5+094+ 15302 —29940.424 0.84+022
D3(2460) 1.7 1A-L080 % 1314011 L 0ists =
Dy (2550) 2.34+08+0.793 2244021402602
D% (2600) 48+1.04+0.9437 +0.32+0.16 +0.161037 .
D, (2740) P-wave 0.4+0.4+402%1 —0.02+0.56+ 0.3230:1¢ + Dua Dii0) (L=2)  —— Dy(2ra0) (L=1)
D,(2740) F-wave 23+07£0907 —0.09+027+0211028 e oym=y we e mma
== D;(2420) (L =2) D;(2600) (L =1) Comb. backgr.

Sum of fit fractions | 111.0+52+42 D,(2430) (L = 0)




BY - D*" DI m": amplitude analysis

[arXiv: 2405.00098]

m Fits incorporating DS w™ amplitudes
o best fit: T%,(2900)"" 4+ nonresonant vector

2.6 o, fit fraction = 1.2 + 0. 8%, upper limit 2.3(2.7)% at 90(95)% CL
« consistent with (2.25+0.67 +0.77)% inB* - D D}n*

m(D* " wt) > 2.5 GeV

W
o

g % - LHCbH i
= 30f < g 97 ] ¢ Data
S [ S [ ] Baseline fit
— — | — = Fit with NR D7+ and T7%,(2900)++
£ 20f g 20 ~== NR Dat(L =0)
2t R —= NR DFrt(L=1)

ol ok NR Diat(L = 2)

: [ —— T2(2900)
0 . %0 2.5 3.0
m(D*~7T) [GeV] m(DfrT) [GeV]

» Fits incorporating D*~Dg amplitudes: none provides a physical description
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Study of B > DD~ and B* - D Dim*

[PRL 131 (2023) 041902]

s Full 9 fb~! Runl1+Run2 LHCb data

N — (c) . (d) c .
= 4420 B® - D°D{ ™ and W s > W § >
3940 Bt - D™ DIn™ candidates b ) c 50 b ) ¢ p-

> B° < " Bt < d
u m- d Im+
d > d u > "
(\/lﬂlz_l T T T 102‘f> r\¢12—' L T 102‘f>
% - (b) ¥ ?! 3 E i - ?! 3
L . i ) | i e}
= 10F m 4] S ZwofF m 4] =
e ] S I ' . »
+a| T e e L t= T TP O
S = - I dei 190 F
= [ ERERE T
6._';% LHCb ]| o s | 7
: 9fb—1 1 1 o - 1 1
T s 0 5 6 '8'_(;'10"
D;(2460) MXD z*) (GeV?) D5(2460)° M2(D ') (GeV?)

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

m Fit with two D] it states sharing resonance parameters [PRL 131 (2023) 041902]

""""""""""""""""""""""""" —— Total fit
5\ IIIIIII /; IIIIIIII 5* (2460) D +
D 100 2] 2 K
©) LHCb ! O LHCb —
= 9 fp-! < 80 9 fb-! ] — 21* (2600) D,
S 80 = , ] —— D;(2750) D}
(] o —
2 | i 1 D; (2760) D}
5 } ks } { { ] D(3000) D
2 w0 { | | s * 1 e D*(2010)~ Dy
O { { ] © —— T%(2900) D
20 ] or ] —— D S-wave D}
1 RSP R R e 1 ST B * ] I i SRS st DD S ] + Data
0 I2.2 2.4 2.6 2.8I l .3.0 3.2 l .3.4 0 I2.2 2.4 2.6 2.8l l .3.0 3.2 . .3.4 BaCkground
M(D; 77) (GeV) M(D;* 7+) (GeV)

»T%,(2900)° - Din~ & T%,(2900)** - D nt significance > 90
v'Asecond 1~ DJ  state yields significance of only 1.3¢
v'Additional Dmr, Df m, DD resonances disfavored

> JP = 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
Fit fraction = (2.45 + 0.65 + 0.84)%



X(3960) in B* - D{D;K* decays """

m Strong threshold enhancement found in DJ D system T TR v
= Amplitude analysis is performed § ,__::?"“_E‘-' :
m X(3960): threshold enhancement - ~360 SIgrfls g |

16 18 20 22

a JP¢ = 0% preferred over 17~ and 2** by 9.3¢ and 12.3¢ L mDIDPIGEVE

T & 1
Lucb  + Data
-1 Total fit
— X(3960)
X0(4140) ]
——  (4260) .
11(4660)

W
(e

IS
(e}
AR
)
=3
|

o Could be a ccss tetraquark predicted by Lattice QCD
[JHEP 06 (2021) 035]

o Resonance parameters are consistent with y.0(3930) within 3o

Non-resonant Dy Dy 1

Candidates / (20 MeV)
[\ (9%}
(=) (e}
e

—_
]
T

= More data need to study the lineshape for X(3960) obd b T TP
m(D;D,”) [GeV]
Component J'Y My (MeV) 'y (MeV) F (%) S (o)
X (3960) 0" 3956 +£5+10 43+13+8 25,4+ 7.7+£5.0 12.6 (14.6)
X0(4140) 0"t  4133+6+6 67+17+7 16.7 £4.7 4+ 3.9 3.8 (4.1)
(4260) 1 4230 [62] 55 [62] 3.6 4+ 0.4+ 3.2 3.2 (3.6)
1 (4660) 1-— 4633 [32] 64 [32] 2.240.2+0.8 3.0 (3.2)
NR 0+ - - 46.1+13.2+11.3 3.1 (3.4)




Bt - D*‘Dg*)+1t+: branching fractions

[arXiv: 2405.00098]

= Measurement peilormea using the Tull LHCD dataset ol 9 Ib *

- Frrr T rrrr 1 71 "1™ 1 *=pDto ) —
% 500 o Data - Im(D DS T ) mB+| < 30 MeV
@ - ) ]
= C Fit ] 0;
9-/ 400 :—___ B+ BN D*—D;-n.+ —: (50
R B* > D* D;*m* ] ™
& 300 |- Comb. backgr. ] 5
= o)
€2 C !

200 F .

100 |

50

m(D*~DFnt) [GeV]

B(B* — D* Dz
R = s™ ) _ 0.173 4 0.006 = 0.010
B(BY = D—D7)
+ S
g = BB = DDFTY) a0 0074014

B(B+ — D*Din")
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BY - D*" DI m": amplitude analysis

[arXiv: 2405.00098]

s Baseline fit with D**% - D*~r* contributions

& O [
Resonance | J© Mass [MeV] Width [MeV] 3 =%
D;(2420) | 1t 24221406 31.3+1.9 : i b
D1(2430) | 17 2412 +9 314 =29 OE ) _ .
5(2460) | 2+ 2461.1 5% 473+0.8 e e
6.50 Dy(2550) | 00 2549 +19 165 + 24
D¥(2600) | 1= 2627 10 R S =
g g 6op
Dy(2740) | 2= 2747 +6 88 £ 19 : N
M2Fel) |8~ 2%63:1L£32 66 £ 5 sk
Component ’ Fit fraction [%] Phase [rad] Tho s m(D‘_DE‘)-O[GeV]
D;(2420) S-wave 384+1.7+£087 ;% —1.9640.16 & 0.10t3},§ ] 2
D1(2420) D-wave 71.0+ 4.4+ 4620 0 (fixed) %
D, (2430) S-wave 424125240, +0142011 01307 - z
D;(2430) D-wave 0.5+094+ 15302 —29940.424 0.84+022
D3(2460) 1.7 1A-L080 % 1314011 L 0ists =
Dy (2550) 2.34+08+0.793 2244021402602
D% (2600) 48+1.04+0.9437 +0.32+0.16 +0.161037 .
D, (2740) P-wave 0.4+0.4+402%1 —0.02+0.56+ 0.3230:1¢ + Dua Dii0) (L=2)  —— Dy(2ra0) (L=1)
D,(2740) F-wave 23+07£0907 —0.09+027+0211028 e oym=y we e mma
== D;(2420) (L =2) D;(2600) (L =1) Comb. backgr.

Sum of fit fractions | 111.0+52+42 D,(2430) (L = 0)




BY - D*" DI m": amplitude analysis

[arXiv: 2405.00098]

m Fits incorporating DS w™ amplitudes
o best fit: T%,(2900)"" 4+ nonresonant vector

2.6 o, fit fraction = 1.2 + 0. 8%, upper limit 2.3(2.7)% at 90(95)% CL
« consistent with (2.25+0.67 +0.77)% inB* - D D}n*

m(D* " wt) > 2.5 GeV

W
o

g % - LHCbH i
= 30f < g 97 ] ¢ Data
S [ S [ ] Baseline fit
— — | — = Fit with NR D7+ and T7%,(2900)++
£ 20f g 20 ~== NR Dat(L =0)
2t R —= NR DFrt(L=1)

ol ok NR Diat(L = 2)

: [ —— T2(2900)
0 . %0 2.5 3.0
m(D*~7T) [GeV] m(DfrT) [GeV]

» Fits incorporating D*~Dg amplitudes: none provides a physical description
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