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I Background review

« QCD shows non-perturbative behavior at the energy scale of
nuclei and hadrons.

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

« Spectroscopy of conventional hadrons (mesons and baryons)
enriched in the past decades.
» Exotics are predicted since 1960s but first observed until 2003.

* In the last 20 years, many new exotic candidates have been

discovered in et e~ collision and hadron collision experiments.
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I Hadrons discovered by LHCDb
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I LHCb detector

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

LHCb Run 1&2 detector
y 2<1n<5, Lin(pp) =9 fb

Excellent tracking and vertexing
a(P)/p < 1% @ €rrack > 96%
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I New results covered by this talk

« Conventional states and related:
« Observation of the orbitally excited B states
« Observation of a new charmed baryon decaying to 7%
« First determination of the spin-parity of Z.(3055)*° baryons

» Exotic states and related:
- Observation of T/,,(2870)° in the B~ -» D~ D° KJ decay
- Observation and investigation of the Tz, (4430)" structure in B* - y(2S)KJ{m*decays
- Observation of A} — AfD; K™K~ decay and search for pentaquarks

- Observation and branching fractions of A,°(£9) - J/YE~K*(n*) decay
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I Observation of the orbitally excited B states

« The B} 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
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I Observation of the orbitally excited B states

 B.(1P)* -» Bfy, where B} - J/y (- u*tu~)m™ 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
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I Observation of Z.(2923)" decaying to

* Four peaks with high significance
¢ 2.(2923)*
» observed for the first time
« £.(3080)"
» seen in this decay mode for the first time
¢ 2.(2970)* with ~30 MeV width
» confirms different to A K peak

m|[=,(2815)"] = 2816.65 & 0.03 & 0.03 £ 0.23 MeV,
['[Z:(2815)"] = 2.07 4 0.08 & 0.12 MeV,

m[Z.(2923)"] = 2922.8 +£ 0.3 + 0.5 £+ 0.2 MeV,
['[Z£:(2923)1] = 5.3+ 0.9+ 1.4 MeV,
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I First determination of the spin-parity of £.(3055)%°

Sep 16, 2025

Study 2" in the 227 - D@ Ax* processes
« Dominated by 56(3055)“0) — DA contributions

« Using LHCb Run2 dataset of 5.4 fb-*

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

Evidence of £.(3080)*(®) | significance 4.4(3.6)c

Mass, width of £.(3055), relative branching fraction

Rg = Br(E.(3080)) / Br(E.(3055)) measured

Quantity =.(3055)F =.(3055)°

m[MeV/c2]  3054.52+ 0.36 £0.17  3061.00 = 0.80 + 0.23
1244+ 2.0 £1.1
0.14 = 0.06 =+ 0.04

' [MeV/c?] 8.01+ 0.76 +0.34
Rs 0.045 £ 0.023 + 0.006
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I First determination of the spin-parity of £.(3055)%°

0( ) (0) PRL 134 (2025) 081901
- 5, - £ (5 DA(- pr))m~ amplitude analysis

. 4-dimenS|onaI fit to m(DA), helicity angles 6, 8, ¢ / B \f’ Arj<”;' / K -
/'f ” Ba
e JP of £.(3055)*(® determined to be 3/2* for the first time / [ %l / / ﬁL‘ )
* 6.5(3.5)0 significance w.r.t. other hypotheses

. 5/2% of £,(3080)*(® also favored, but not significant
* Decay parameter az, z (30557~ (Up-down asymmetry)

|H,132—+1/2|2 - |H/152——1/2|2

» Consistent with maximal parity violation a= . =
. . o . H)_y=1172" + [Hjy=—12]
 Indicates the light quarks are spectating in b — ¢ transition b b

* |dentified Z.(3055) as the flrst D-wave, A1-mode excitation of the Z_ triplet
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I Exotic
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I Observation of T),(2870)° in B~ - D~ DOKS

- Amplitude analysis of B~ - D~D°K_ found
T:0(2870)°, but no T;;;(2900)° decaying to D°Kg g1

06
00

T50(2870)°

 Significance of 5.3 ¢
« m=2883+11+8 MeV
« ['=87%22 + 17 MeV

* Branching ratio () =g

T;0(2870)°-DOK?

(B~ — D~DYK°)FF (T
B~ — D DVK- HT(T“—+D+R )

T;0(2870)°>DTK~

T;s1(2900)°-DOK0

=3.3+1.1+1.1+1.1(B)

T:1(2900)0>D*T K~

Isospin symmetry: these two ratios should be 1
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I T.-1(4430)* in BY - ¥ (2S)K{nt decays

« About T,z (4430)" O erarmtion
- Discovered by Belle in 2007 in B*? —» K%~ m*1)(2S) = PRL 100 (2008) 142001
 Confirmed by LHCb J¥ = 1% in B® decays. PRL12 (2014) 22, 222002

« 4-dimensional amplitude analysis of Bt*— y(2S)7 " KJ decays

Amplitude fit result with only K* contributions
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| T.:(4430)* in B* - p(2S)Kn* decays

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

4.452 + 0.016+0:923 0.174 + 0.019%3:975 1"

. . . : +
Properties consistent with Tz, (4430)" state w(4260)

J 1y, w(2s)

Furthermore, assuming T,.z;(4430)7 is

D;(2600)°D* hadronic molecule G 500F T Tk sant 3 PRD 100 (2019) 051502
> [ tDaua o ]
F — 1 é) A00F" 15 amplitude E _ o
m2 —m? — i(p1g2 + pag?) § 300 —Breicwigne E Potential description of data,
. s ‘;’:) 2002' 3 <+ More precise measurement
g1 ch‘1(4430)+ - %525)” . A 100k ; needed to determine the nature
g2: Tee1(4430)™ — D1(2600)°D A | | Y of the structure
o= '4"'4.2"'4.4"'4.6"'2
. ™) [GeV/ LHCb-PAPER-2025-039
Result: [g2/91] < 6.81n95% CL Y [Gevie'] in preparation
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I Observation of A}, - AfD;K*K~ decay and search for pentaquarks

PRL 131 (2023) 031901

 P.-; Observed in B~ — J/YAp and evidence in
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I Observation of A}, > AfD; K*K~ decay and search for pentaquarks

« The relative P, contributions (fit fractions) derived from fit to background-subtracted data.

RPO =

B(A— PoyK+K™)

ccs

B(A— AFD-KTK™)

.B(P"

cCs

— ATD7)

- Widths and masses for P)-. states are Gaussian with the means and uncertainties constrained to

their known value.

PRL 131 (2023) 031901

Sci. Bull. 66 (2021) 1278
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I Branching fractions of A, (2)) - J/YE"K*(nh)

* Motivation: P.-(J/yp)|ccuud] = P.;s(J/YA)|[ccsud] » P.z.c(J/PYE")|ccCssd]

- First observation of £) — J /Y&~

« Branching fractions
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I Summary and prospects

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

 Run3: Upgraded detector & Higher statistics further boosts the spectroscopy studies:
« Search for more conventional excited states
« Search for new decay modes of observed exotic hadrons
« Determine J¥ and other properties of multiquark states
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L, arXiv:2504.05063,

I Observation of the decay E}t - Edntnt  dnale

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

[PRL 133 (2024) 131902]

« Using the full LHCb dataset of 9 fb~!: D*~ - D%(-» K™ &K ' m )™
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Bt - D**DTK*: amplitude analysis  rru13s @ozs 131002

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

! z - D**D" system
= allowina determination of C-barities of R resonances
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I B - D**DTK": T¢; states
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I Amplitude analysis of BT - y(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.
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3 known excited p* — y (2S )rmr 1 known excited g* — @ (2S )rrmr 1 known excited g* — y (2S )rrmr
No exotic states 8 “known” — ¢ (28 )mrm, 1 (25 )mor P (25 )K 8 “known” — ¢ (28 ), (28 )mor Y (25 )K

+ 3 new exotic states

T,e514600° = ¥ (2S)Km
JHER 01 (2025) 054 chsi(4900)0 - (2S)Kn

Tozs1(5200)° 25 ) Km(maybe
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I Amplitude analysis of BT - y(2S)K*n "~ decay

* Interpretation of results is not straightforward:

Sep 16, 2025

JHEP 01 (2025) 054

Four X°/x.o = ¥ (2S)n*n~ are identified and the shows some similarities to previously
observed | /1Y ¢ resonances

In Y(2S)* system, T, (4430)* is confirmed, J* of T.-(4200)*is determined to be 1+

Cascade exotics decays X° - T n¥ observed

Hidden-charm exotics with minimal quark content ¢csd : T,z5;(4600/4900)° — p(2S)K+m~
may be the radial excitations of T,z:(4000)° in B® - [J/YK2]¢

Resonance JP mo [MeV] g [MeV] A(=21n L) ANpar Sign. [o] Stat Only
X c0(4475) ot 4475+ 7 +12 231419432 675 6 > 20 (19)
X c1(4650) 1t 4653+14427 227426422 286 6 5 (13)

X c0(4710) ot 4710+ 4 45 644+ 9 +10 255 6 4 (10)
Ne1 (4800) 1~ 4785+37+119  457+93+157 382 8 7 (12)
T ,(4055)T 1~ 4054 (fixed) 45 (fixed) 81 2 8 (7)
Tez1(4200)F 1T 4257411417 308420432 842 16 > 20 (> 20)
Te.z1(4430)7F 1T 4468+21480 251442482 305 10 15 (8)
Tez51(4600)° 1T 4578410418 133+£28+69 287 8 15 (12)
Tez51(4900)° 1T 4925422447 2554554127 177 4 12 (8)
T <1 (5200)° 1~ 5225+86+181  226+76+374 149 6 10 (8)
T.zs1(4000)0t 1t 4003 (fixed) 131 (fixed) 597 4 > 20 (14)
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I Study of exotic J /Y ¢ resonances in CEP process

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

- - X
p
Elastic CEP Inelastic CEP
=0 Yy-pomeron pomeron-pomeron
§ ;

W+
—>
—>

*glueball
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« Low-activity
« Specific kinematics ===) Lower background

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

Hole radius
61mm

Cut-out
~108x230mm
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z=-114.0m Station B1
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z=-7.5m
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z=20.0m
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z=114.0m
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I Study of exotic J /Y ¢ resonances in CEP process

* CleanJ/y and ¢ peaks 2D fit on m(,uu) m(KK)
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I Study of exotic J /Y ¢ resonances in CEP process

+ Significance:

* Mass spectrum PRL 134 (2025) 3, 031902 ¢y (4140): 2.4
Sos0fF T T T T T 'I'Da'ta' T © xc1(4274): 4.7
S 0 1 LHCb o * Xco(4500): 5.5
D 60 | 5t - ¥,,(4140) * x-1(4685)+yx.0(4700):1.6
- 5 * ?‘(ﬁ‘(‘)’) « Mass and width for peaks with a significance>3¢0
% 40 | —iim XZ:(4635) + x_,(4700) are measured:
A 30 Parameter [MeV] Current analysis  Ref. [13]
20 M., (4z72) 4208+6 £9 4294 + 4%
10 Lo (a274) 92122 457 53+ 545
0 M, (4500) 4512575 +3.0 4474+ 3 +3
4000 'y 0 (4500) 65175 +32 77+ 65"

 Cross-sections:
Oy (a140) X B = (0.80£0.15 40.28) pb,

Oon(a271) X BT = (0.7340.08 £0.17) pb,
Oyoo(ason) X B0 = (0.427999 +0.06) pb,

T x1(4685)+x0(4700)
Bxc1(4685)+xc0(4700) (0 14t88§ :|:0.06) D

b
Sep 16, 2025 PRL 127 (2021) 082001 Zan Ren@HQL 2025 onr X Bt = (0.43153% £0.20) pb,
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