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Introduction

» Hadrons exhibit a rich spectrum of quark flavours, inner structures and excitation
patterns

> A key probe of strong interactions in the nonperturbative regime

Nonperturbative QCD
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[Rev. Mod. Phys. 90 (2018) 1, 015003]

Mass, Width, Quantum numbers, Decay rate ...
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The LHCb detector @ Run1+2

» A single-arm forward spectrometer covering 2 <n <5
Designed for heavy flavour physics expanded to spectroscopy

Vertex Locator Tracking system RICHs Muon system
op~15+ 29/pr pm Etracking™~96% (K = K) ~95% e(u-u) ~97%
0, ~45 fs 0,/p~0.5% — 1% (5 — 200 GeV) mis-ID e(w - K) ~ 5% mis-ID e(m = p) ~1 —3%
JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022  pear HOAL i M3
SPD/PS M3 ~250mrad

Hage  RICH2 My e LHC: heavy hadron factory
= 11 i \ LHCDb: - precise vertex resolution
» good momentum and mass resolution
» powerful particle identification

2 4

LHCDb is highly competitive in
heavy flavour spectroscopy

Powerful experiment for studying conventional and exotic hadrons
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The upgraded LHCb detector in Run 3

[L HCb-DP’2022'002] Total recorded luminosity —pp — 37.0 fb-l

40

35 Run 3 - 27.90 / fb C
e 2026 (13.6 TeV): 5.34/fb
— 2025 (13.6 TeV): 11.81/fb
— 2024 (13.6 TeV): 9.56/fb
30 ——

2023 (13.6 TeV): 0.37/fb
2022 (13.6 TeV): 0.82/fb

Run 2 - 5.90/fb
25
2018 (13 TeV): 2.19/fb

— 2017 (13 TeV): 1.71/fb
20 2016 (13 TeV): 1.67 /fb

2015 (13 TeV): 0.33/fb
Run1-3.23/fb
15
— 2012 (8 TeV): 2.08/fb
———— 2011 (7TeV): 1.11/fb

2010 (7 TeV): 0.04/fb

Recorded integrated luminosity [fb
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e 28fb 1inRun 3

Running at 5 % higher luminosity, with great potential in spectroscopy



New hadrons observed at LHCb
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Beyond discovering, properties measurements
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Candidates / (20 MeV)

Six hadrons discoveries reported in 2026

arXiv:2604.21257
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Selected topics

Single charmed baryons
> 2.(2900)° and £.(3200)°

Doubly charmed baryons

> EX and N},

Charm-strange meson

> Dg(2460)*, Ds;(2536)* and Ds;(2933)*
Charm-beauty meson

> By (5700)°

Hidden-charm tetraquark

> T.:1(4430)"

[arXiv:2607.10595]

[PRL 137 (2026) 021902] [arXiv:2609.21921]

[arXiv: 2604.21257] [arXiv:2609.25178]

[arXiv: 2608.10826]

[arXiv: 2610.35239]


https://arxiv.org/abs/2609.25178
https://arxiv.org/abs/2609.25178
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2608.10826
https://arxiv.org/abs/2608.10826
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Other talks on spectroscopy

Studies of charmed baryon spectroscopy and decays at LHCb
Studies of doubly charmed baryons at LHCDb

Spectroscopy studies with B - DDX at LHCDb

Observation of BY*(5700) at LHCb

Recent progress on baryonic decays of beauty hadrons at LHCb

Zeqing Mu

Xingyu Tong

Haoran Bao

Yuhao Wang & Zifan Li
Zan Ren



Charmed baryon mass (GeV)
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Mass above baseline (GeV)

N/10 MeV/e?

2.(2800) spectroscopy

> Belle and Babar report different mass of X.(2800)?

[PRL 94 (2005) 122002]

[PRD 78 (2008) 112003]
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m(Z.(2800)°) = 2846 + 8 + 10 MeV
) m(2,.(2800)°) = 280214 Mev

The same states or not?



New charmed baryons: X.(2900)° and X.(3200)°

« Amplitude analysis of

—_
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Candidates / (0.18 Gev4/c8)
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20

M 1|5 M N M
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o Candidates within the red
box are considered for the

amplitude fit
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« The six panels show two equally good solutions: Group A (top)

has a narrow 23(2800) and broad 23(2900), while Group B (bottom)

gives them similar widths.



Doubly charmed baryon
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2010
Year

2020

» A Z.. 1so-doublet (ccu; ccd) and an £, iso-singlet (ccs)

> A unique system to test QCD calculations

+ First doubly charmed baryon z..** observed at LHCb in 2017

LHCb Run 3 ;

« 5xL(t) with the upgraded

detector
* Yield per fb~! improved factor ~4

thanks to improved fully-software
trigger

> Observation of Z..* and Q_.*

10



Observation of =.. " via=. - AFKrnt
[PRL 137 (2026) 021902]
> Dataset: A subset collected in 2024 (~ 6.9 fb™1)

> Mass difference between £+ and 1t :
AM = M(E}T) — M(EX) = 1.77 + 0.84(stat) + 0.15(syst) 130 (lifetime) MeV/c?

v" Consistent with predicted isospin splitting [PRD96(2017)033004]
» No structure at SELEX-claimed 3520 MeV
-+t —_
30 OELEX e ‘u_:’s) R L e e - 1o 4 4000 LHCH I I D tl -
[ - : ™ e 26 ~ B ata T
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.033004

Observation of 2. via 2/, - Q%" . .cvorioon

> Global significance <3¢ in LHCb Run 2 data [SCPMA64(2021)10.1062

Taffe ctal, 1975

Bjorken, 1985

> Search for 27, via 2}, - 227z in LHCb 2024 data o

Kerbikov et al., 1990 -

Bagan etal , 1994 ——

> 7. mass:

M(02}.) = 3725.9 + 1.0(stat) + 0.2(syst) + 0.4(lifetime) + 0.6(ext) MeV/c?
« Compatible with theoretical predictions
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https://arxiv.org/abs/2609.21921
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7
https://link.springer.com/article/10.1007/s11433-021-1742-7

Low mass puzzles in D] spectrum

» D;,(2317)* and D,,(2460)" observed by

Babar and CELO in 2003
« Masses significantly

Tetraquark?

[arXiv:2602.11744]

Couple channel effect? [PRD 106 (2022) 074014]

> D(2590)" observed in 2021

Coupled-channel effect? jprp 106 (2022) 074014]

Mass [MeV]
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Black: Theory (Phys. Rev. D 93, 034035)
====Colored: Experiment (PDG 2025.

l l l ] l ] ] ] l l

'S, s, °p, P, P, D, D, D, F, F, F,
0 1~ 0" 1* 2 1- 20 3 2 3 4

Need to investigate more decay modes
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https://arxiv.org/abs/2602.11744
https://arxiv.org/abs/2602.11744
https://doi.org/10.1103/PhysRevD.106.074014
https://doi.org/10.1103/PhysRevD.106.074014
https://doi.org/10.1103/PhysRevD.106.074014
https://doi.org/10.1103/PhysRevD.106.074014

New excited state: D.4(2933)"

[arXiv:2604.21257]
1 1 0 +N—1t— |
» Amplitude analysis of B® - D*D~K*x~ in the full phase space
> 100
;1600 | LA L | ':' AL DL L | F 1 T T T T T T T T T T 3 [ 3400 C T 1 1 I I I I I I I -
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800 - - — Total Fit E 22l F = .
i E E 2000 e— =

L = = C b, Black:  Theory (Phys. Rev. D 93, 034035) 3
GQGF = = 3 1800 E ===~ Colored: Experiment (PDG 2025, arXiv:2604.21257) ]
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2600 2800 3000 3200 3400 2500 3000 3500 1608 s, s, %, P, %, D, D, D, F, F,

JP= 00 17 0" 1* 2* 10 20 3 2t 3 o4

- Mass and width: M = 2933*8(stat.)*3(syst.) MeV; I = 72*15(stat.)*7,(syst.) MeV
« Spin-parity: /¥ = 17, other J¥ hypotheses rejected at > 50
 Mass also lower than quark-model prediction

Couple channel effect?  [arXiv.2605.17832]
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https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2605.17832
https://arxiv.org/abs/2605.17832

Muon-tagged D.{(2460)" /D 1(2536)" » D{m mr~

DS+7T+T[_,U_ " [arXiv:2608.10826]
Double charm enhanced sample: Semileptonic enhanced sample:
B-Din"n DX,D - u X' B-Dintn—u X

& LN L L L L DL L L L DL AL DL L IS — e Tt ettt t
> ® Data > B ® Data -
2 250k IR LHCb { S 10p mHcp T
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Parameter DD selection SL selection
D;1(2460)* yield 1360 & 70 376 + 25

2026/10124 Ds1(2536) " yield 1180 £ 60 980 £ 40
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https://arxiv.org/abs/2608.10826
https://arxiv.org/abs/2608.10826

D.,(2460)"/D.,(2536)" —» DIn*w~ Dalitz analysis

[arXiv:2608.10826]

» Several models tested:
. f states + T2/ (best fit)

csO

. TCJ;Z)’/ ° modelled with relativistic Breit-Wigner function (parameters poorly determined)

+ T*/° modelled with K-matrix considering DK — D;m rescattering (most reasonable)

@
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Significant contribution of T,5,
in Ds,(2460)* decay

Exotic nature of D.,(2460)*?

0.3 04 '5 o5 03 o4 o o
. : : . v
m(ntn) (GeV] m(rtw~) [GeV]

2026/10/24 Tiso In Ds1(2536)" decay: 40 e
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https://arxiv.org/abs/2608.10826
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From D! to B? spectrum
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- Where are the missing states?
5 B.:D Black: Theory (Phys. Rev. D 93, 034035) :
s ===~ (Colored: Experiment (PDG 2025)
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New state in the BYn? final state

> B) > Dgn™,] /¢, Ds3m;

g
3

>
§ — —
@ ]
L T N A (11155 ) S : (. 1 £ ) M
> 6000 —— -
L B (5850) B,,(5830)"
S800F S E,;K
B _(5840) 1
N B.,(5700)" 1
5600¢ ' Mass significantly lower than the
I quark-model prediction
5400
: Py B, Black: Theory (Phys. Rev. D 93, 034035)
L : == Colored: Experiment (PDG 2025, arXiv:2609.25178)
5200 l 1 1 1 1 1 1 1
Se S P, P, P, D, D, Dy

JS=0 1 o 1" 20 1 2 3

Similar pattern to that of D ;(2460)* under
the J¥ = 1% interpretation

* Two interpretations:

m = 5698.9 £ 1.5 (stat) £ 0.6 (syst) MeV
B;o — Bdm®
s0 J I' < 11.8 MeV (95% CL)
m = 5748.3 + 1.5 (stat) & 0.6 (syst) MeV

*0 -0
Bg; = Bs'm [ <11.8 MeV (95% CL)
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* Similar mass splitting as D2, (2317)*
* the same heavy-flavour
independent mechanism?

m(D}(2317)) — m(Ds) = 349.5 MeV

m(B?,(5700)) — m(B,) = 332.0 MeV

Exotic nature?

18



ch'l (443 O) - Formerly Z,(4430)

> First observed in B® - ¢(25)n~K* by Belle in 2008
Spin-parity later determined as j© = 17
» Confirmed by LHCb in ¥(25)n~ of several decays
B° > y(2S)n~K*; Bt - yQS)n ntK*nt; B~ » Y(2S)n KJ
[PRL 112 (2014) 222002], [JHEP 01 (2025) 054], [PRD 113 (2026) L071101]

« Discussions about T,z (4430)"

« Manifestly exotic states of four quarks

W @

e Structure remains unknown

« D*D; molecular? [PRD 77 (2008) 094015]

 Compact tetraquark? [PRD 89 (2014) 114010] D K

« Triangle singularity involving open-charm final states? B* D’ o
[PLB 702 (2011) 139] D" v

Search for T.;1(4430)" in open-charm final state?

2026/10/24 19
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Summary and prospects
» Also a hadron factory at LHC: 6 new hadrons observed in 2026
> Results presented in this talk:
 New single and doubly charmed baryons £2(2900), £2(3000), £, 27,
« New Charm/beauty-strange mesons D,,(2933)*, B%*(5700)°

« Hidden-charm tetraquark T.z(4430)"
» Run3 opportunities (x8 statistics for hadronic modes) Upgrade 1 Upgrade 2
— Run 1 Run 2 Run 3 Run 4 Run 5 Run6_
* Known hadrons in different final states ¥ N ¥
* Many unobserved hadrons come within reach, i 1f | Z Zz
in particular in the beauty and baryon sector g 1‘8’ 5200
§ 6 ] 150
.o € 3 100
» U2: x5 larger statistics than Upgrade | . : 350
. = ———— | |,y 3
=> fruitful spectroscopy %010 2020 2030 2040
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Thank you for your attention!
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