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Hadron spectroscopy and exotics

« QCD shows non-perturbative behavior at the energy scale of nuclei and hadrons.
« Spectroscopy of conventional hadrons (mesons and baryons) enriched in the past decades.

« Exotics 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.
« Compact, Molecule, dynamic rescattering, ...
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I Hadrons discovered by LHCDb

https://www.koppenburg.ch/particles.html

11 5 1 1 1 1 1 1 1
bc ccqq b
11.0 - 75 new hadrons at LHCb ¢ ne ® cqqg W Dqq
' ® bg ® cccc cqqg
J ® ccC ® g B ccq
10.5 2 - T i J
cc(qq) ® <qqq B ccqqq
7.5 -
] Teece(6900)
7.0 ® B.(6750)*
. obgesso;- esc(ﬁmor
-1 Np(6152)" Qp(6340)
6.5 =p(6227) Az(sme)u h. p(6227)°  pm=,(6327)° ~ .
_ ) o [ | o Z5(6333)° =5(6095)
6.0 - As(5920)° =p(5955) - o B)(5970)* [ [ ] M=, 6087)°
' NAp(5912)° :,(5935)..5,(584o)+-° I,(6097)"  AL(6070)° B.(6114)°
—_ ° £,(6097) " B, (6063)°
~ 5,51
L
2 5.0 -
-(2- Pcz(4450)" Pce(4457)*
n 4.5 1 Pz(4440)* .Pces(4333)° .hc(4300)
% Pcz(4380)* Pc:(4312)*
s 4.0 1 .w(3s42) Chc(4000) . N
.5&* T(3875)" ‘“.I -
3.5 1
D,13000)*:° .
3.0 1 D,(3000)° @ D.;(2860)* T71(2900) T (2900)* D;1(2933)*
B;((zzgjg))c— ¢ bt .;:50(2870)0 .T:‘:Z(zgomﬂ P
il D5 (2760) +
2.5 1 D)(2580)° : Ds0(2590)
. Ll 1 ) 1 1 L) I L) I 1 1 1 1 Ll Ll
2.0
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
patrick.koppenburg@cern.ch 2026-06-02 Date of arXiv submission

Zan REN



I LHCDb detector

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

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

Excellent PID

epip(K) = 95% @ MisID(mr — K) = 5%
epip(p) = 97% @ MisID(r — u) = 3%
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I New results covered by this talk

« Charmonia and tetraquark-related:

« Observation of the decay y.,(3872) - J/Yyu*u~ PRD 113, 072019 (2026)
« Amplitude analysis of B® - n.(1S)K*n~ decays EPJC 86 537 (2026)

 Observation and investigation of the T,z (4430)™ structure in B* — Y (2S)Kdn+decays

PRD 113, L071101 (2026)
* Pentaquark-related:

- Observation of A} - AfD; K™K~ decay and search for pentaquarks PRD112 (2025) 052013

- Branching fractions of A,°(29) —» J/WE~K*(n*) decays EPJC 85 (2025) 812
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Charmonia and tetraquark-related
I



I Observation of the decay y.,(3872) - J/yu*u~

PRD 113, 072019 (2026)

* x-1(3872) is well-established in many experiments

» Nature of y.;(3872) remains investigation: exotic (molecule? compact?) or a mixture of
charmonium and exotic

« Study of y.,(3872) - J/Yyu*u~ has several possible contributions:
- Virtual photon at low m,,,, > related to the radiative decay of y.,(3872)
* Higher m,, region = p or w contribution may exist

« Simultaneously searching for y.,(3915)
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« BDT1: reject the pion = muon misidentification
« BDT2: reject the J /i — dimuon random combination
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I Observation of the decay y.,(3872) - J/yu*u~

PRD 113, 072019 (2026)
« 60+ 11 y.,(3872) signals: significance > 6o
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Amplitude analysis of B® - n.(1S)K*n~ decays
EPJC 86 537 (2026)

« Evidence of T,.-(4100) found in n.m~ by LHCb (using Run 1 + 2016)

» Improved analysis using full Run1 & Run2 EPJC 781019 (2018)
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Amplitude analysis of B® - n.(1S)K*n~ decays

» Extended model: Add a T.7(4100) inn,.m

EPJC 86 537 (2026)

, fit quality improved

* Properties from the default fit in agreement with old results m = 4106 + 23 MeV, I' = 506 & 166 MeV
« However, the significance becomes <3¢ after considering systematical uncertainties.

« Comments:
* The old result is superseded. No contribution from T,.:(4100) in this data.
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I T.:1(4430)" in BT - y(2S)KJnt decays

PRD 113, L0O71101 (2026)

 About T,z (4430)"
« Discovered by Belle in 2007 in B*® — K%~ m*1)(2S) = PRL100(2008) 142001

« Confirmed by LHCb J¥ = 1% in B? decays. PRL12 (2014) 22, 222002

« 4-dimensional amplitude analysis of Bt*— ¢ (25)7 " KJ decays

Red curve: Amplitude fit result with only K* contributions
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K*-only model cannot describe the data — more structures in m,,,+ needed
—~ Model-independent fit gives a circular phase shift as m,,, increases.

- Not a statistical fluctuation but physical states/effects.
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I T.:1(4430)" in Bt - Y (2S)KJn* decays

. o PRD 113, L071101 (2026
Model-dependent investigation: (Z02)

Structure modelled as a genuine state Structure modelled as a triangle singularity
Relativistic Breit-Wigner parametrization Triangle singularity (TS) K-

4.452 + 0.01679.95% 0.174 + 0.019+3:983 1*

Properties consistent with Tz, (4430)* state
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—~ F— 1 1 1 T T 3 JIy, y(2S)
Furthermore, assuming T,z (4430)7 is & S00F Foata PHCD: 54 b’ ]
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N N ;“f : o o ] * More precise measurement
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92: Tee1(4430)™ — D1 (2600)°D N A L of the structure
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Result: |g,/g1| < 6.8 1in 95% CL PRD 113, L071101 (2026)
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Pentaquark-related
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Observation of A), - AfD; K*K~ decay and search for pentaquarks

PRL 131 (2023) 031901

Sci. Bull. 66 (2021) 1278

* P.zs observed in B~ — J/YAp and evidence in £, — J/YAK~ decays
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I Observation of A), - AfD; K*K~ decay and search for pentaquarks

PRD112 (2025) 052013
» The relative P,z contributions (fit fractions) derived from fit to background-subtracted data.

o _ B Po KK

B(PY — A+D-
P = B D k) P Fe ADS)

cCs

- Widths and masses for P)-, states are Gaussian with the means and uncertainties constrained to
their known value. PRL131(2023)031901  Sci. Bull. 66 (2021) 1278
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I Branching fractions of ADO(E,‘;) - J/YEKT (™)

* Motivation: P.-(J/yp)|[ccuud] = P.zs(J/WPYA)|[ccsud] 5 P.zc(J/PYE")[cCssd]

o phase space simulation

- First observation of ) - J/YE~rt + data
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» Branching fractions
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I Progresses and prospects on pentaquark researches

Data
L

. A9 5 = Pk~ Legendre moment analysis (Y = Y- wri(a()
=1

- A} - A¥D*°K~ ECC (Extended Cone Closure)

* Reconstruction for D* ®

* Recover the missing neutral particles by
kinematic constraints

« Can be applied for AY - DK~

PV

PRD 108 (2023) L031503

« Femtoscopy study in 27*D~ or £2D"

cosfl =

* Help for determination of the spin of Pz Correlation function
« A} - J/YpK~: amplitude analysis . C(k) > 1: attractive
~ \ o .
« Ongoing, delayed duo to the complex amplitude: & N . GO9=Llinoltemction
. ’,,_,---;é;d[sive C(k) < 1: repulsive
« Considering the coupled channels (J /yp and £} DY) 50 100 150 200
k (MeV/c)
« Maybe publish a combined Run2 & Rung3 result Ne ()
B o _ Cl) =y 13
B - ]/l/) pA ’ :‘b - ]/l/)AK ' &(k): corrections for experimental effect
 Run 3 data analyses are ongoing ... Neqme () 4same-euent distributien

Npiveq (K): mixed-event distribution



I Summary and prospects

 Run1&2: Hadron spectroscopy is one of the leading topics and highlights of LHCb!

« Run3: Upgraded detector & Higher statistics (~25 fb-1) further boosts the exotic studies:
« Search for new decay modes of observed exotic hadrons
- Determine J¥ and other properties of multiquark states
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I Study of the B® - D*D~K*rw~ decay (previous)

Fit results PRL 126 (2021) 12, 122002  Systematics

o 70? L L T TR ) F T T T T T T T R (el 120 L L L L L L L L L Source mR FR
% PLHCO (@ 1 % b LHCb (b) i S fwcw @ ] [MeV]  [MeV]
E 60;_ — Fit E E ! E 100 Jp_y  —Fit ] D¢ (2590)" width model | 6.1 8.0
S sof Dtz =% 5 of < D290 ] D,1(2536)" mass shape | 0.3 43
:cé 40f . NR ] % 40f 'g ND,,(2536)" K7~ mass shape 2.7 2.6
;g 305 é 30 S Blatt-Weisskopt factor 0.7 3.4
= =N Including c¢ resonances 1.1 5.4
S 20} S 20; D* 7~ resonance veto 2.4 2.1
10} 10 Simulation correction 0.2 1.1
okl oS Momentum calibration 0.5 0.4
Total 7.2 11.7

« mg=2591+ 6+ 7 MeV
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058 4 22 a4 46 O TR 24 2.6 NR 51 =+ 11 (stat) =19 (syst)
mpyp- [GeV] Mp [GeV] D} -NR —18 +18 (stat) £24 (syst)
DY, /D3, 6.1 + 2.4 (stat) &= 1.4 (syst)




arXiv:2504.05063

I Observation of the decay E;I-_C-I_ —> 327T+7T+ Submitted to JHEP

« Measurements of additional £}* decay modes provide essential information to
better understand the decay dynamics of doubly charmed baryons.
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I B* - D**DTK*: signal yields

[PRL 133 (2024) 131902]

« Using the full LHCb datasetof 9 fb™!: D*~ - D(» K*m &K ' m n)m™
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v. Bt > D*D*"K*:1068
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Bt - D**DYK*: amplitude analysis [PRL 133 (2024) 131902]

« Amplitudes of R —» D**D~and R —» D*~D* linked by C-parity

_ e - D*tD* system
= allowina determination of C-barities of R resonances

+ Data 72(3930)  —— n(3945) —— (4040 T7,(2870)° T2, (2900)° = Four Charmonium(_“ke)
Total fit - EFF++ N /2,(4000) I xe1(4010) w2 he(4300) NR++ P(C)

_ Backgownd MR o NRr o MRy o Refoeem Component F states are observed
% LHCbO b 1% (ol LHCb9 fb-! ] : * T
2 100 " 25100_/ : EFF++ = decaying to D*D for
< 1= [t ] >
4l F n(30) 0 0-10
:\l AR 1% Ye2(3930)1 2+ = At least the three of
o ) M(D"*D") [GeV] 1(4000) 1™ them are new
%75 Zosk icvomt Xe1(4010) O = JPC for each state is
N 2 o L PR (4040) 1 17~ determined for >5.7c
g 3t ] =
25 $25F . - f1(4300) 1 n¢(3945) g 0
§ ok e WE I IO B UM T 0(2870)°F  O* my = 3945 2150 Ty = 130 755 0!

M(D*K*) [GeV] Mo 28 3&20-]«)3 izGeV] g (2900)0 t i h(4000) J 1"
e ET e e R T mo= 4001118 Ty =184 7%
> -1 1% -1 . * — —14 - —45 —
2T e AN N | NR(DTDH) 1 xa(iw) e
< b N 1S L } ) NRo--(D*TD%) 07— s sl ot 8
§ ------------ / § NRj++ (D*:FD:I:) e h6(430(l)64 43.3 . :+12;:28
g P S e .1. 18 [ @ Lo S e T NR D*:FD:I: O——|— e 4307'3_6:6 —4.1 T'p =38 =102
© 0T 2.8 3.0 32 34 ° YT 2.8 30 32 34 0‘+( )

MD*-K*) [GeV] M(D**K*) [GeV]
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I Bt - D*IDTK™: T%g states [PRL 133 (2024) 131902]

B* - D*+D K+ Bt - D*_D"'K"'

< T ] o L B ' T T T ]

Z7sL LHCbOfo! 210 Licho } -

> Pt > o

[ee] C 2 L

PR 7 Sof

§ 25 ¢ S

5L R

O ol O S S
2.6 2.8 3.0 3. 2 3 4

M(D-K*) [GeV] M(D*~K*) [GeV]

Property This work Previous work
110 T%,(2870)° mass [MeV] 2914 4+ 11 + 15 2866 + 7
T, (2870)° width [MeV] 128 + 22 + 23 200 57+13
Gy
920 T%,(2900)° mass [MeV] 2887 + 8 + 6 2904 + 5
T2,(2900)° width [MeV] 92 4+ 16 + 16 110 + 12
B(B* — T%,(2870)°DW*) (4575 e+ 04 x 1075 (1.24+0.5) x 10"
B(BT — Tx (2900)01) ) (B.8FUTHE L 0.8) 5 10-° (BT +£2.3) x10-°
ggg:jlgggg;zg 3 117 0.31 + 0.48 ——0.18 = 0.05

v'T%,(2870)° - D*"K* forbidden
vB(T%,(2900)° > D*~K*)/B(T%,(2900)° > D~K*) < 0.21 @ 95% CL
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I Amplitude analysis of BY - ¢(2S)K ' n~ decay

« 7D amplitude analysis, using a model-building algorithm to iteratively add contributions to the total amplitude.

« More than 30k B* —» ¢(2S)K*n*n~ decays are observed with > 97% signal purity.

lised)

.

0.035

norma

(

Candidates
o
=

8

0.04F

0.03F
0.025E
0.02F
0.015E

T T T T T T T T T T T T T

E LHCb 9 fb™!
E X/ Vip=6.6

-------------
................
yua i

0.005E

‘‘‘‘‘‘

m(y(2S)mt ) [GeV]

known excited K' — K1r1T

3 known excited y* — @ (2S )1r1T

No exotic states

© LHCb 9 fb ! E
E X! Yip=2.1

42 44 46 48

.
.
.
.
Ve .
""""""""
.
-----

6 known excited K' — Kr1r

1 known excited y* — y (2S 11T
8 “known” — y (28 )mm, Y (25 )mor Y (2S)K

JHEP 01 (2025) 054
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© LHCb 9 fb™! R E
3 Xadf Vin= 1.6

48

T T T T T T T T T T T T T

ws!
.
-----
-----
Te

----------------

...... 3 i 4 Lo .18 ]
m(y(2S)mtn) [GeV]

6 known excited K' — K1r1r
1 known excited y* — y (2S )T
8 “known” — ¥ (25)am, Y (25 )mor ¢ (28 )K

+ 3 new exotic states
- 0
Tees14600)° 2 Y (2S)Km

Tecs14900)° = ¥ (2S)Kn
Ttes1(5200)° — 9 (25 )Km(maybe)



I Amplitude analysis of BY - ¢(2S)K ' n~ decay

* Interpretation of results is not straightforward:

Cascade exotics decays X° —» T2, " observed

Hidden-charm exotics with minimal quark content ccsd : T,z51(4600/4900)° - Y (2S)K* ™
may be the radial excitations of T,.z:(4000)° in B® - [J/YK2]¢

JHEP 01 (2025) 054

Four X°/x.o = w(2S)n*n~ are identified and the shows some similarities to previously
observed | /Y ¢ resonances

In Y(2S)m* system, T, (4430)% is confirmed, J? of T,z (4200)*is determined to be 1%

Resonance Jr mo [MeV] o [MeV] A(—=2InL) ANpar Sign. [o] Stat Only
X c0(4475) 0t 4475+ 7 +£12 231419432 675 6 > 20 (19)
X c1(4650) 1t 4653+14427 227426422 286 6 15 (13)
X c0(4710) ot 4710+ 4 45 64+ 9 +10 255 6 14 (10)
-1(4800) 1~ 4785+37+119  457+93+157 382 8 17 (12)
51(4055)+ 1~ 4054 (fixed) 45 (fixed) 81 2 8 (7)
Tez1(4200)F 1T 4257411417 308+20+32 842 16 > 20 (> 20)
T.z1(4430)7F 1T 4468+21+80 251+42+82 305 10 15 (8)
T,.z51(4600)° 1T 4578+10+18 133+28+69 287 8 15 (12)
T.. F§1(4900)0 1T 4925422447 2554554127 177 4 12 (8)
* 41(5200)° 1~ 5225+86+181  226+76+374 149 6 0 (8)
wzz1 (40000t 1t 4003 (fixed) 131 (fixed) 597 4 > 20 (14)

=
2l ST 1N




I Study of exotic J /Y ¢ resonances in CEP process

» CEP (central exclusive production) in pp collisions: pp - p+ X +p

p p
- - X
p '
Elastic CEP Inelastic CEP

*glueball

Low-activity

Specific kinematics m==) Lower background

HeRSChelL (high-rapidity shower counters for LHCb)
- Extend LHCD’s sensitivity to 5 < || < 10

Hole radius

Hole radius
47mm LHCb x L.
20

61mm

Cut-out
~108x230mm

Station B2
z=-114.0m Station B1
z=-19.7m Station BO
z=-7.5m
Station F1
z=20.0m

Station F2
z=114.0m
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I Study of exotic J /1Y@ resonances in CEP process

 CleanJ/y and ¢ peaks 2D fit on m(,uu) m(KK)

~ 100F T T T — 80
3 LHCb J[ m' g
5_- 80? ---- Signa E 60 Purity~93%
o o
g = 50
5 2
20
10 xd ¥Rt E
050 a0 3150 T BT —reve— PRL 134 (2025) 3, 031902
M, [MeV] M [MeV]
. Bacquound Ilneshape determined by dataset with inverted offline multiplicity requirement
~90 T T L— T T T T T T
Ego
%70 Sfb—l
260
‘250 NyELOTracks >4
g40
30
20
10
oo " "So00 e000 7000 3000

M

Tye IMeV] Zan REN



I Study of exotic J /1Y@ resonances in CEP process

« Significance:

* Mass spectrum PRL 134 (2025) 3, 031902 . y..(4140): 2.4

Sos0F T T T T T 'I'D;ta' S * Xc1(4274): 4.7

s 70 1 LHCb  — rotaim * Xc0(4500): 5.5

2 60 | 5fb - x,,(4140) . Xc1(468_5)+)(co(4700)51 6 o

= 5 * ﬁfs;:‘]’) « Mass and width for peaks with a significance>3¢

‘% 40 | - X::(4635) + y,(4700) are measured:

230 + ‘ - Parameter [MeV] Current analysis ~ Ref. [13]
20E J + M, (4270) 429846 +9 4294 4 473
N s TN } l Bt T, (a274) 92122 57 53+ 545
o e A s o L SR M, (1500) 45125700430 4474 +3 + 3
4000 4500 5000 5500 6000 T .0 (4500) 65130 £32 77+ 613

M, [MeV]

» Cross-sections:
0o (a140) X B = (0.80£0.15 £0.28) pb,

Oy a7y X BT — (0.734£0.08 £0.17) pb,
Oy as00) X B0 = (0.427999 +0.06) pb,

Xcl (4685) +Xec0 (4700)
x Bl (1059 Fxe0T00) — (0. 147807 +0.06) p

PRL 127 (2021) 082001 Zan REN ONR X = (0.437 75 £0.20) p

(=] ~]

o o

[ =R ]
TTTTTTTI T TTTT

Candidates / (10 MeV)
S 8

o W
o O
o O
TTTTTTTT

100 F

=
TT

b,
b



I Observation of the orbitally excited B states

- The BF meson family is the only mesons composed of two different heavy quarks (bc)

» Despite its ground state, only the 2S excitations have been observed at the LHC

* The 1P excited states are predicted to decay solely via radiative transitions
« most likely to be the next excitations to be observed, with predicted masses in the range of (340,520) MeV
» four states are expected, leading to six peaks due to unreconstructed photons from B decays

Mass (MeV)

~J
\®)
)
o

6800

6400 k

6000

PRD 70 (2004) 054017

7600 k7572 7588

7455 7475 1487

7472

7365 7376 7380

7565 7571 75684

7372

7122 7150 7164

7563

7269 7276 7271]

7145

7028 7041 7045

7036

6706 s
— 6741

6750 6768

6338

6271

1P - radiative decay, ]
most promising (v') y

1D — complex decays, -
small rate (X)

1S B — photon too soft to reconstruct (x)

's, ’s, °p, P, °P, D, D, °D,’F, F, °F,

PRL 113 (2014) 212004

Vs

S=0 - 111p, |
L=1)KXRES=01) | !
S=1 - 1P, {13P} 13P,
o e saies miving |
E 1P\ ([ cosf sind\ (1'P,
i 13Py, 13P, \1P, )i \ —sinf cos6) \13P,
e 1
States 13P0 ]_P1 ]_Pl" 13P2
D B*+( B+ ) Bél-y B;]’ B*+( B+ )
ecays . (— B¢ c \7 b¢
Y "V B By | Bt By Y
#peaks 1 2 2 1
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I Observation of the orbitally excited B states

« B.(1P)* -» By, where B} - J/y (- u*tu~)n* and photon reconstructed from calorimeter

« A pronounced wide peaking structure is seen within the predicted mass range (significance > 70)

« The visible width exceed the expectation of single-peak interpretation = a minimal effective two-peak model used
» By fixing the peak positions and relative yields to theory, different theoretical models were investigated = all generally good

« The relative production rate, representing the fraction of B} comes from B.(1P)* is determined using the LQCD model

= 0.20 £ 0.03 £ 0.02 &+ 0.03 (choice of theoretical models)

220

180
160
140
120
100
80
60
40
20

Candidates / (20 MeV/c?)

240 ¢

N(B.(1P)"— Bl7)

e(B;)

R =

N(Bf)

arXiv:2507.02149, Submitted to PRL

200 -

Candidates / (5 MeV/¢?)

x10°

— Data

— Total
Bi=Jlyr*
B!—=JIyK*

--- Background

6400 65I00
M(B7) [MeV/c?]

LHCb 9 fb!

—4— Data

— Total

----- Background
: Peak 1

[ | Peak 2

600 800
M(B}Y) - M(B}) [MeV/c?]

e(B(1P)* = Bf)
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Candidates / (20 MeV/c?)

180

160

140

120

100

80

60

40

20

arXiv:2507.02142, Submitted to PRD

IIWIIIIWI

IIIIII\I

I

M|ITIIII

LHCb 6 fb™!
Vs=13TeV

Lattice QCD

—+ Data

— Total
---- Background

B.(1’P)"
B(1P))"
SIB.(1P)"
1] B.1’Py*

6(|)0 800
M(B{y)- M(BY) [MeV/c?]



I Observation of £,(2923)" decayingto 2 n~ ™

. . . . arXiv: 2502.18987, Submitted to PRL
* Four peaks with high significance

° EC(2923)+ e ﬁwf" L I RO L I 98§mﬂ- =T & T 1 ° ]
24F LHCb w72 | EDm, LHCb
- observed for the first time & LA 1 26 =59 M
3 Background | & | £.(2815)° bk, |
o 8 F 1 5 L £,(2790)° bkg.
. 2.(3080)* i ] 5.t g ]
52 18 [ |
* seen in this decay mode for the first time 8 I 5.0 1
2 B B : S -
« £.(2970)* with ~30 MeV width s N i D © 2. TN
0! ' ' : 2620 2640 2660 2680

2440 2460 2480 2500

 confirms different to A.Km peak m(pK-7*) [MeV] m(E: ) = m(EZ) + mIC [MeV]

m[Z,(2815)"] = 2816.65 & 0.03 & 0.03 & 0.23 MeV, R B L
= 1. = LHCb - Data 5.(2815)*
['[Z.(2815)%] = 2.07 £ 0.08 = 0.12 MeV, i ot 07 L e =02 ]
m[Z.(2923)1] = 2922.8 + 0.3 £ 0.5 + 0.2 MeV, ~ + Background ZA2IT0)"

Q L
I'[Z.(2923)%] = 5.3+ 0.9 + 1.4 MeV, S0
-U =
m[Z.(2970)"] = 2968.6 £ 0.5 £ 0.5 £ 0.2 MeV, §
= gy i g E
I'[=,(2970)%] = 31.7 + 1.7 + 1.9 MeV, ; ‘ 26 L = (2645)00" |
m[Z.(3080)"] = 3076.8 + 0.7 & 1.3 + 0.2 MeV, . “ .-
— 0 100 200 300 400 500
I'[Z.(3080)"] = 6.8 2.3 0.9 MeV, m(E 1) — m(EF) — 2m°6 [MeV]
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I First determination of the spin-parity of Z.(3055)*°

Study 2579 in the 2207 5 D+*@Ax* processes
 Dominated by 56(3055)“0) — D+ contributions

« Using LHCb Run2 dataset of 5.4 fb"

2.(3055)" and £.(3055)° observed, first time in Z, decays

Evidence of £.(3080)*(%) | significance 4.4(3.6)c
Mass, width of Z.(3055), relative branching fraction

Ry = Br(E.(3080)) / Br(£.(3055)) measured

Quantity =.(3055)* =.(3055)°

m [MeV/c¢?]  3054.52 4+ 0.36 £0.17  3061.00 & 0.80 +0.23
I [MeV/c?] 8.01+ 0.76 +0.34 124+ 2.0 £1.1
Rp 0.045 £ 0.023 % 0.006 0.14 £ 0.06 & 0.04

Zan REN

Weighted candidates / (5

Weighted candidates / (5 MeV/c?)

PRL 134 (2025) 081901

I L B A A B B
180 =
160 — Data -
140 — Total fit E
et S I Z,(3055)" E
100 3
20 e 5,(3080)° 3
60 -~ Nonresonant =
40 E
20 3
0 r‘. P S T N TR T SR S NN T S S S SR S
3000 3050 3100 3150
mp,. , [MeV/c?]
Fr "~ T "~ "~ "~ T "~ " 1 " "7
0F LHCb. 3
sof 4T — Data s
sk — Total fit
S Z,(3055)°
3 - 5,(3080) :
20;— -- Nonresonant —;

H KT -
HR P,
ar ---""‘-~~£_...‘.+;M [IXARR, o7 EFERHH B A 8- 4
L

l 5 o PR L
3000 3050 3100 3150
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First determination of the spin-parity of Z.(3055)*°

,_,O(—) ,_,**+(O) PRL 134 (2025) 081901
¢ 5, (= DA(— pm))m~ amplitude analysis
. 4-dimenS|onaI fit to m(DA), helicity angles 6, 3, ¢
« JP of £.(3055)*(® determined to be 3/2* for the first time
* 6.5(3.5)0 significance w.r.t. other hypotheses
. 5/2% of £,(3080)*(® also favored, but not significant

* Decay parameter az, ,z_(3055)7~ (Up-down asymmetry)

|H,152:+1/2|2 - |H/152:-1/2|2
H)y—s12* + [Hoy—12*
b b

+ Consistent with maximal parity violation a=
 Indicates the light quarks are spectating in b — c transition

|dentified Z,.(3055) as the first D-wave, A-mode excitation of the =, triplet

S Fr— T T T T T T 3 < ~ = F
L o1s0b E U 140 ' 100 g f
= 180¢ ]5‘12%3_1 i = ¢t e I 2 120F
5 160F > —+ Data 4 5 120t P S oo
] C (7)) ' o
= 140F — Total fit E :“é 100 :jg - e 100¢
= 120 = : ! = eof
N ot T || I— E,(3055)" 1 - g ;
@ 100 F _C( )+ 1 8 %0 g 60F B 80f
5 sof " E(3080) 3 3 4 S I B gof
= 60F -+~ Nonresonant = E 3 401 -g ;
§ 40F 4 = 40 s | S 40
o E ‘S = 20k | o =
E 20F + . e+ d B 20 § i % 20 - 3
:@) 0 ||||||||||||||||||||| 0 I ] ! 4 S m;""":“"“— O g T ey '6 0 """""""
& 3000 3050 3100 3150 -1 -0.5 0 0.5 1 L1 05 0 05 1 =2 i) 0 2
= mpy. . [MeV/c?] cost, cosﬁA ¢  [rad]



I Observation of T/,,(2870)° in B~ - D™D°K¢

~240 —

» Amplitude analysis of B~ — D~DK? found %338 LHCb +((ﬁ‘)
T:.0(2870)°, but no T/;(2900)° decaying to DK égg o ()”

* T50(2870)° 06 . L
+ Significance of 5.3 ¢ OO0 g 0 Ry

+ m =2883+ 11+ 8 MeV 6’23;2_:5 e ]

« ' =87%32 4+ 17 MeV My o [GEV/C?]

. . cwon  B(BT— DD°K°)FF(T;0 — DKY) 120 1 &40 ' '
* Branching ratio &)= g5 5 pigyrrae - bk ) S ol LHCb (b)| 1 S0
) ST 9! T350(2870)° 1 &

* 0_, 00 v gof |, 1 w100f
Tes0(2870) 2D K- _ 3 34 1.1+1.1 +1.1(B) g 2 ol
T:s0(2870)0>DH K- - - - S S I
* 0_. 030 £ wl E 605
T.1(2900)°->D°K g 3 40}
=0.15+0.15+0.05 +0.05(B 5 5 |
T:1(2900)0>D+K~ - - - (B) § 20 g

. ) 0 . 3 0™ m4 = \“—f4lt5¥“:7ﬁ

Isospin symmetry: these two ratios should be 1 Mgy [GeV/e?] myy o [GeVie?]

PRL 134 (2025) 101901
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    10  − 18


    10  − 15


   e +  e −


  𝑿 ( 𝟑 𝟖 𝟕 𝟐 )


   𝑷  𝒄  𝒄 -     (  𝟒 𝟒 𝟓 𝟎 ) +


   ℒ  i n t


   𝜒  c 1  (  3872 ) → J / 𝜓  𝜇 +  𝜇 −


   B 0 →  𝜂 c  (  1 S )  K +  𝜋 −


   T  c  c - 1    (  4430 ) +


   B + → 𝜓  (  2 S )  K S 0  𝜋 +


   Λ b 0 →  Λ c +    D s − K +  K −


   Λ b 0    (   Ξ b 0 ) → J / 𝜓  Ξ −  K + (  𝜋 + )


   𝜒  c 1  (  3872 ) → J / 𝜓  𝜇 +  𝜇 −


   𝜒  c 1 ( 3872 )


   𝜒  c 1 ( 3872 )


   𝜒  c 1  (  3872 ) → J / 𝜓  𝜇 +  𝜇 −


   m  𝜇 𝜇


   𝜒  c 1 ( 3872 )


   m  𝜇 𝜇


  𝜌


  𝜔


   𝜒  c 0 ( 3915 )


  J / 𝜓


  60 ± 11


   𝜒  c 1 ( 3872 )


  > 6 𝜎


  14 ± 14


   𝜒  c 0 ( 3915 )


  ℬ  (   𝜒  c 1  (  3872 ) → J / 𝜓  𝜋 +  𝜋 − )


  ℬ  (   𝜒  c 1  (  3872 ) → J / 𝜓  𝜇 +  𝜇 − ) =  (  7 . 2 ± 2 . 7 ) ×   10  − 5


  𝜌


  𝜔


   𝜒  c 1  (  3872 ) → J / 𝜓  𝜇 +  𝜇 −


   B 0 →  𝜂 c  (  1 S )  K +  𝜋 −


   T  c  c - ( 4100 )


   𝜂 c  𝜋 −


  m  (  p  p -  K +  𝜋 − ) , m ( p  p - )


   B 0 /    B - 0


   K +  𝜋 −


   K ∗


   B 0 →  𝜂 c  (  1 S )  K +  𝜋 −


   T  c  c - ( 4100 )


   𝜂 c  𝜋 −


  𝜎


   T  c  c -  (  4100 )


   T  c  c - 1    (  4430 ) +  


   B + → 𝜓  (  2 S )  K S 0  𝜋 +


   T  c  c - 1    (  4430 ) +


   B  + , 0 →    K  0 , −  𝜋 + 𝜓 ( 2 S )


   J P   =    1 +


   B 0


      B + → 𝜓  (  2 S )  𝜋 +  K S 0


   K ∗


   m  𝜓  𝜋 +


   m  𝜓 𝜋


   T  c  c - 1    (  4430 ) +  


   B + → 𝜓  (  2 S )  K S 0  𝜋 +


  𝒎 ( 𝐆 𝐞 𝐕 /  𝐜 𝟐 )


  𝜞 ( 𝐆 𝐞 𝐕 )


   𝑱 𝑷


  4 . 452 ±   0 . 016  − 0 . 033  + 0 . 055


  0 . 174 ±   0 . 019  − 0 . 020  + 0 . 083


   1 +


      T  c  c - 1    (  4430 ) +


   T  c  c - 1    (  4430 ) +


     D - 1 ∗    (  2600 ) 0  D +


   g 1


   T  c  c - 1    (  4430 ) + → 𝜓  (  2 S )  𝜋 +


   g 2


   T  c  c - 1    (  4430 ) + →    D - 1 ∗    (  2600 ) 0  D +


  |  g 2 /  g 1 |


  < 6 . 8


  95 %


   Λ b 0 →  Λ c +    D s − K +  K −


   P  c  c - s


   B − → J / 𝜓 Λ  p -


   Ξ b − → J / 𝜓 Λ  K −


  61 ± 8


   Λ b 0


  𝜙 →  K +  K −


   Λ b 0 →  Λ c +    D s − K +  K −


   P  c  c - s


   P  c  c - s 0


   ℛ   P  c  c - s    (  4338 ) 0 < 0 . 12   ( 0 . 10 )


   ℛ   P  c  c - s    (  4459 ) 0 < 0 . 20   ( 0 . 17 )


   Λ b 0    (   Ξ b 0 ) → J / 𝜓  Ξ −  K + (  𝜋 + )


   P  c  c -  (  J / 𝜓 p )  [  c  c - u u d ] →


   P  c  c - s  (  J / 𝜓 Λ )  [  c  c - s u d ] →  P  c  c - s s  (  J / 𝜓  Ξ − )  [  c  c - s s d ]


   Ξ b 0 → J / 𝜓  Ξ −  𝜋 +


   Λ b 0 →  Σ c   ( ∗ ) + +  D   ( ∗ ) −  K −


   Λ b 0 →  Λ c +  D  ∗ 0  K −


   D ∗


     Λ b 0 →  Σ c +    D - 0  K −


   Σ c  + +  D −


   Σ c 0    D - 0


   P  c  c -


   Λ b 0 → J / 𝜓 p  K −


  J / 𝜓 p


   Σ c +    D - 0


   B − → J / 𝜓    p - Λ


   Ξ b − → J / 𝜓 Λ  K −


   J P


   B 0 →  D +  D −  K +  𝜋 −


   m R = 2591 ± 6 ± 7


   Γ R = 89 ± 16 ± 12


   J P =  0 −


   1 +


   2 −


  𝜎


   Ξ  c c  + + →  Ξ c 0  𝜋 +  𝜋 +


   Ξ  c c  + +  


   𝑩 + →  𝑫  ∗ ±  𝑫 ∓  𝑲 +


  9   f  b  − 1


   D  ∗ − →    D - 0  (  →  𝑲 +  𝝅 − &  𝑲 +  𝝅 −  𝝅 −  𝝅 + )  𝜋 −


   B + →  D  ∗ +  D −  K + : 𝟗 𝟔 𝟔


   B + →  D +  D  ∗ −  K + : 𝟏 𝟎 𝟔 𝟖


   𝑩 + →  𝑫  ∗ ±  𝑫 ∓  𝑲 +


  R →  D  ∗ +  D −


  R →  D  ∗ −  D +


  𝑪


  ⇒


  R


   D ∗  D -


   𝑫  ∗ ±  𝑫 ∓


   𝑩 + →  𝑫  ∗ ±  𝑫 ∓  𝑲 +


   𝑻   𝒄 -  𝒔 - ∗


   B + →  D  ∗ +  D −  K +


   B + →  D  ∗ −  D +  K +


  𝟏 𝟏 𝝈  


  𝟗 . 𝟐 𝝈


  𝟐 𝝈


   T   c -  s - 0 ∗    (  2870 ) 0 →  D  ∗ −  K +


  ℬ  (   T   c -  s - 1 ∗    (  2900 ) 0 →  D  ∗ −  K + ) / ℬ  (   T   c -  s - 1 ∗    (  2900 ) 0 →  D −  K + ) < 0 . 21   @   95 %   C L


   B + → 𝜓  (  2 S )    K + 𝜋 +  𝜋 −


   B + → 𝜓  (  2 S )  K +  𝜋 +  𝜋 −


  𝜓   ( 2 S   ) 𝜋 𝜋 ,   𝜓   ( 2 S   ) 𝜋  


  𝜓   ( 2 S   ) K


  𝜓   ( 2 S   ) 𝜋 𝜋 ,   𝜓   ( 2 S   ) 𝜋  


  𝜓   ( 2 S   ) K


     T  c  c -  s - 1  (  4600 ) 0 → 𝜓    (  2 S   ) K 𝜋


     T  c  c -  s - 1  (  4900 ) 0 → 𝜓    (  2 S   ) K 𝜋


   T  c  c -  s - 1 ∗  (  5200 ) 0   → 𝜓    (  2 S   ) K 𝜋


   B + → 𝜓  (  2 S )    K + 𝜋 +  𝜋 −


   X 0 /  𝜒  c 0 → 𝜓  (  2 S )  𝜋 +  𝜋 −


  J / 𝜓 𝜙


  𝜓  (  2 S )  𝜋 ±


   T  c  c - 1    (  4430 ) ±


   J P


   T  c  c - 1    (  4200 ) ±


   1 +


   X 0 →  T  c  c - 1 ±  𝜋 ∓


  c  c -  s - d


   T  c  c -  s - 1    (  4600 / 4900 ) 0 → 𝜓  (  2 S )  K +  𝜋 −


   T  c  c -  s -    (  4000 ) 0


   B 0 →  [  J / 𝜓  K s 0 ] 𝜙  


  J / 𝜓 𝜙


  p p → p + X + p


  5 <  | 𝜂 | < 10


  J / 𝜓 𝜙


  J / 𝜓


  𝜙


  m  (  𝜇 𝜇 ) ,   m ( K K )


  J / 𝜓 𝜙


   𝜒  c 1


   𝜒  c 1  (  4274 ) :


   𝜒  c 0


   𝜒  c 1


   𝜒  c 0


  𝜎


   B c +


   B c +


  (  b - c )


   (  340 ,   520 )   MeV


   B c ∗


   (  L = 1 ) ⊗  (  S = 0 ,   1 )


  S = 0     →    


  S = 1     →      1 3  P 0 ,       1 3  P 1 ,       1 3  P 2


   1 1  P 1


   1 3  P 0 ,     1 3  P 2


   B c +


   B c    (  1 P ) + →  B c + 𝛾


   B c + → J / 𝜓   ( →  𝜇 +  𝜇 − )  𝜋 +


  > 7 𝜎


  ⇒


  ⇒


   B c +


   B c    (  1 P ) +


   Ξ c    (  2923 ) +


   Ξ c +    𝜋 −    𝜋 +


   Ξ c    (  2923 ) +  


   Ξ c    (  3080 ) +


   Ξ c    (  2970 ) +


   Λ c K 𝜋


   𝚵 𝒄  ∗ ∗ + →  𝚵 𝒄    (  𝟐 𝟔 𝟒 𝟓 ) 𝟎  𝝅 +


   Ξ c    (  3055 )  + , 0


   Ξ c  ∗ ∗ +  ( 0 )


   Ξ b  0  ( − ) →  D  +  ( 0 ) Λ  𝜋 +


   Ξ c    (  3055 )  +  ( 0 ) →  D  +  ( 0 ) Λ


   Ξ c    (  3055 ) +


   Ξ c    (  3055 ) 0


   Ξ b


   Ξ c    (  3080 )  +  ( 0 )


  4 . 4  (  3 . 6 ) 𝜎


   Ξ c  (  3055 )


   R 𝔅 = B r  (   Ξ c  (  3080 ) )   /   B r  (   Ξ c  (  3055 ) )


   Ξ b  0  ( − ) →  Ξ c  ∗ ∗ +  ( 0 ) ( → D Λ ( → p 𝜋 ) )  𝜋 −


  m  (  D Λ ) ,  


  𝜃 , 𝛽 , 𝜙


   J P


   𝛯 c    (  3055 )  +  ( 0 )


  𝟑 /  𝟐 +


  6 . 5  (  3 . 5 ) 𝜎


  5 /  2 +


   𝛯 c    (  3080 )  +  ( 0 )


   𝛼   Ξ b →  Ξ c  (  3055 )  𝜋 −


  b → c


   Ξ c  (  3055 )


  D


  𝜆


   Ξ c


   Ξ c    (  3055 )  + , 0


   T  c s 0 ∗    (  2870 ) 0


   B − →  D −  D 0  K S 0


   B − →  D −  D 0  K S 0


   T  c s 0 ∗    (  2870 ) 0


   T  c s 1 ∗    (  2900 ) 0


   D 0  K S 0


   T  c s 0 ∗    (  2870 ) 0


  𝜎


  m = 2883 ± 11 ± 8


  Γ =   87  − 47  + 22 ± 17


   𝑻   𝒄 -  𝒔 - 𝟎 ∗    (  𝟐 𝟖 𝟕 𝟎 ) 𝟎


     𝑻  𝒄 𝒔 𝟎 ∗    (  𝟐 𝟖 𝟕 𝟎 ) 𝟎 →  𝑫 𝟎    𝑲 - 𝟎   𝑻  𝒄 𝒔 𝟎 ∗    (  𝟐 𝟖 𝟕 𝟎 ) 𝟎 →  𝑫 +  𝑲 − = 𝟑 . 𝟑 ± 𝟏 . 𝟏 ± 𝟏 . 𝟏


  ± 𝟏 . 𝟏 ( ℬ )


     𝑻  𝒄 𝒔 𝟏 ∗    (  𝟐 𝟗 𝟎 𝟎 ) 𝟎 →  𝑫 𝟎    𝑲 - 𝟎   𝑻  𝒄 𝒔 𝟏 ∗    (  𝟐 𝟗 𝟎 𝟎 ) 𝟎 →  𝑫 +  𝑲 − = 𝟎 . 𝟏 𝟓 ± 𝟎 . 𝟏 𝟓 ± 𝟎 . 𝟎 𝟓


  ± 𝟎 . 𝟎 𝟓 ( ℬ )

