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QCD and hadron spectroscopy
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LHCb experiment @ LHC

>The LHCb experiment is one of the four large experiments at the LHC, dedicated to heavy flavor physics

O Largest production cross-sections of b- and c-hadrons
v' o(bb) ~ 500 pb @ 13 TeV & o(cc) ~ 20xa(bb)

® A single-arm forward spectrometerin 2 <n <5
to effectively cover the dominant kinematic region of
heavy quark production
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// LHCb Run1-2
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O Huge background contamination
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& Excellent vertexing, tracking and particle
identification (PID) performance allowing for
effective detection and background suppression
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Recorded integrated luminosity [fb ']

[JINST 3 (2008) S08005]
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Lint = 9 fb~! @ Run1-2

N

Run 3 - 22.56 / fb
ch

2025 (13.6 TeV): 11.81/fb

2024 (13.6 TeV): 9.56 / fb

2023 (13.6 TeV): 0.37/fb

2022 (13.6 TeV): 0.82/fb

Run2-5.90/fb

2018 (13 TeV): 2.19/fb

2017 (13 TeV): 1.71/fb

2016 (13 TeV): 1.67/fb

2015 (13 TeV): 0.33/fb

Run1-3.23/fb

2012 (8 TeV): 2.08/fb

2011 (7 TeV): 1.11/fb

2010 (7 TeV): 0.04/fb -
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New hadrons at LHCb

Radiative Decay

Run 3
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New Upstream Trac
(UT) Silicon stri

et

New RICHI1 optics

New dataset - Run3 of LHCb

Total recorded luminosity — pp — 37.0 fb”!

Muon: removed M1

— 40
New photodetectors and = Run 32790/
W p new readout = s
> 2026 (13.6 TeV): 5.34/fb
= 2025 (13.6 TeV): 11.81/1b
readout fOI' RICHI&Z 8 2024 (13.6 TeV): 9.56/fb
S 30 - 2023 (13.6 TeV): 0.37/fb
é 2022 (13.6 TeV): 0.82/fb
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— 25
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Locator
[JINST 19 (2024) P05065] ‘ -
New SciF1 Tracker
Scintillating fibres Scintillating Pad Detector (SPD), new readout B TR S, FPTE sl
. . _ _ s00F . E
> Luminosity: 9 fb~! @ Run 1-2 —» 37 fb~! by Run 3 : i ;
» Software-only trigger: efficiency of hadronic modes X2 to 4 Y DV L ]
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Calorimeters: removed PreShower (PS) and
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https://doi.org/10.1088/1748-0221/19/05/P05065
https://arxiv.org/abs/2603.28456

Novel final states - neutral modes

» Although challenging, physics modes with neutral particles are accessible at LHCb
B Observation of B.(1P)* - B}y
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v'To probe the properties of known states P
C

e D} (2317)" - DXty observed at Belle&Bellell [prL136 (2026) 241901] o

s0 Y 3

v'To explore new states with neutral modes

* a wide variety of possibilities: b-counterparts of y.;(3872) and D},(2317)7;
lower lying excited hadron states
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Selected recent results
Conventional Hadrons

Meson Baryon

O O
@ .5

pentaquark dibaryon

: — molecule glueball hybrid
v’ Observation of Z.

. > Chasing new exotic states
v’ Observation of 2}, g

v/ Observation of Dy, (2933)*inB® > D*D " K*m~
» Exploring excited hadron states
» Decoding internal configurations

v’ Observation of .1 (3872) - J/yu*u~
v Study of T.z,(4430)T in BT - Y (2S)KIr™*
v Amplitude analysis of BY —» n.(1S)K*n~

(LHCbSRI& FXNREFHHFR) by ZEER (LHCbSEEE FH 458 FSHMARY by EH

2026/7/23 Liupan An 7/29

v Observation of excited 20 in B~ — Afpm™

' > Discovering new hadron species i
' » Measuring hadron properties i



Conventional Hadrons



History of doubly charmed baryops

» Doubly charmed baryons remained a missing piece in baryon sector,

until the firm observation of ZXF in AYK ~n*nt

> Search for £}, and 2}, with LHCb Run1&2 data yields no observation

— larger statistic is essential

O'(Ecc

Observation of =}

Q, Fr— 1 T tor o 1w o 3]
> 180F LHCb 13 Tev ]
2 160F 3
o 40f TP =
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£ 100F ---Background
FO -
S 80F
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O 60F
40 } .
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[PRL 119 (2017) 112001] ™eand
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Search for £}, - ATK ™

[JHEP 12 (2021) 107]
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[SCPMA 64 (2021), 101062]
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https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1007/JHEP12(2021)107
https://link.springer.com/article/10.1007/s11433-021-1742-7

»Decay chain: £},

Observation of £ at LHCb Run3

> Dataset: 6.9 fb~1 LHCb Run3 data collected in 2024
> ATK nt, AY - pK~n?

Zt. is observed with statistical significance > 7 g — First new particle from LHCb Run3,
thanks to the enhanced capabilities of the upgraded LHCb detector and its trigger system

~3000
> - LHCb i +RS 7
> - (s=13.6TeV L WS 1
g - 69 ¥ R
= - byttt qk g b _ﬂym%%*hﬁﬁf
T 2000 fp ™ TERATE -
P o I
Q o _
= I il
=
= i 1
51000~ -
O L -
i 1 I 1 1 [ 1 1 1 1 I 1 l; 1 1 l 1 1 1 I_
3500 3550 3600 3650

m__(Z%) [MeV/c?]

3700

) L DL L L L L L
L 4000 -
8 [ LHCb —+ Data .
o [ V5= 13.6TeV — Total fit j
S L 6.91fb” - - Signal .
D 3000 &}, - AXKnt Background ]
\ - -
T I as SR
5 2000 fppemiiigiea St .
-é‘ i i
S i i
1000 (- N =915 + 120 .
i 4. -l 1 . 1 -l 1 - 1 J I"'I“‘lh 1 L " -l 1 L. ]

3500 3550 3600 3650 3700

Megni(Ete) MeV/c?]

M(EF) = 3619.97 + 0.83(stats) + 0.26(syst) *
M(EYX) — M(EXT) = —1.77 + 0.84(stat) + 0.15(syst) *
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—1.30
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M(EL)-MEL)
MeV

2}

4}

Contributions to M(E},) - M(E+})

[PRL 137 (2026) 021902]

Ma—ny,

StrHF
TH
} T MK&IR
stat
+sys :

+sys Coulomb
+lifetime
err

.
EMHF +
.

M. Karliner & J. Rosner [PRD 96 (2017) 3, 033004]

Mgy — Mzy | M- — Mzy | Mzt — Mz
EM 42+23 | 4015 1.6+1.1
Strong | -27+15 | 23+08 | -25+14
Total 15+£27 | 63+£17 | —09+18
Ref. [31] | 23+17 | 53+11 | —-15+09

[PLB 698 (2011) 251-255]
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https://doi.org/10.1103/PhysRevD.96.033004
https://doi.org/10.1016/j.physletb.2011.03.014
https://doi.org/10.1016/j.physletb.2011.03.014
https://doi.org/10.1016/j.physletb.2011.03.014
https://doi.org/10.1016/j.physletb.2011.03.014
https://doi.org/10.1016/j.physletb.2011.03.014
https://doi.org/10.1016/j.physletb.2011.03.014

Observation of 2. at LHCb Run3

> Dataset: 6.3 fb~! LHCb Run3 data collected in 2024
> Decay chain: 0}, - Q27+, 02 - pK~K~n* to exploit the large T(22)~280 fs

[LHCb-PAPER-2026-022]
in preparation
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M(QE) — M(ELF) = 104.3 £ 1.0(stat) + 0.2(syst)  0.4(7) £ 0.5(ext) MeV/c? L o
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Prospects on =, . and =},

& combination of different modes

~55k 0(100) O0@Q)
with 300 fb~1@14 TeV

€ Promising to observe £, in Run3/4

l _ .

: [arXiv:1808.08865] ::bc : _ 16-_I'-lun1 Run 2 Run 3 Run 4 Run 5

| otk g x 3 3 e

. v'Reference: ~100 Bf - J/YD with3 fb~1@7/8 TeV ' g =p ~ B B B drz

| | BwE TTh | R

: N f— LXO'XB X g : E 8 ;_ =1 m 11 m expected with improved LHC optics at Run 5 \f\ 2005

: : E 6;— J 150§

' v/ Assuming (with sizable uncertainties): L3 aF 7 100 5

: f /f 0.2 8 2F coe  esT 50 &
d — ~VU. I e Lo e P o o o e B B D T

: h"'l-;c+ B 2- s . N : %010 2015 2020 2025 2030 2035 2040

I ) - I Year

: * B(":'bc = J/PE; )/B(Bc — J /Y Dg )~1 .
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2 . spectroscopy ?

» Singly heavy baryons offer
v’ a crucial testbed for Heavy Quark Effective Theory
v verification of diquark model

» Based on heavy quark-light diquark Q[gq] model, for A-mode

v/ Only 3 2, states observed so far ©-MODE A-MODE
v Mass measurement of X.(2800) at BaBar contradicts Belle result [PRD 92 (2015) 114029]
> Amplitude analysis of B~ — Afpm~ with 9 fb~! LHCb Run1+2 data in search for excited X0 — Afm
331 ___ )8 [arXiv: 2607.10595]
329 EI lFi- ‘é 265— .. P055|ble exuted 2'.'0 states _ 410°
! N - 1 3
3.1F — : / -1 1 7
| IF — % 24f '-,..E LHCb 9.0 fb™! 13
3'05- e : —_ 22‘ H 4 ,
29} i - Book 410
[ 1D =— < F 1 3
b  A.(2765) o 4.0 GeV/c
é 27; Ac(2625) : 16-_"'; """"""""""""""" 10
2.6 ' ”1)\;2.5;5) 1 14 = .
25¢ : 12F |
sl i 10E | mu,=25Gevic2  mm
2.3 ol : 5 10 15 20
29 mA+ [GCV /C4]

2026/7/ = [PRD 108 (2023) 3, 034002] Liupan An 13/29



https://doi.org/10.1103/PhysRevD.92.114029
https://doi.org/10.1103/PhysRevD.108.034002

Observation of new excited X' states

> JP of ¥.(2520)° firmly established to be (3/2)*
> X.(2900)° and X,(3200)° newly observed — X.(2800) at BaBar resolved into X.(2800)°&2.(2900)°

:C 900

%800_

S 700

2600}
(=) L

‘\; 500

Group A

1?900
E 800
=700
g 600
> 500
2400
e
5300
5 200
100

Group B
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2400
R-haad !
5 300
[ -
S200¢
100}

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

—— Data
LHCb 9 fb!

—— Total fit
2.(2520)°
2.(2800)° -

. 2((2900)0
z (3200)

- (A ﬂ'_) NR S-wave ]
A(1232)

— A(1600)

—~ A(1700) -

Background i

SOon.,
......

——Data
- Total fit
2.(2520)°
Z.(2800)° -
— z£(2900)°
z (3200)
- (A ”_) ‘wave 7]
A1232)
- A(1600)
— A(1700) " .
—~ Background ]

LHCb9 fb!

[arXiv: 2607.10595]

Parameter

Group A

Group B

M 5.(2800)0 [GeV/CQ]

2.819 = 0.006 = 0.002

2.848 £ 0.004 £ 0.006

T's;, 2800y [GeV] 0.033 + 0.007 & 0.008  0.099 + 0.007 + 0.021
M, o000 [GEV/c?] 2908 +0.005 4 0.009  2.914 + 0.003 % 0.008
I 5. (29000 [Ge\/] 0.175 £ 0.008 £ 0.023 0.092 £ 0.006 £ 0.023
I . (3200)0 [GeV] s s=liie sl 02e 0.100+ 0.015 =0.032
33 —
Ac |F——
32 1 » ».(3200)%: 2P or 3S
3.1 e L
3.0F P=
' N — 2 >.(2900)%:2S or 1P
. 29 C(2.880) _—— C .
% 2.8 e oy > 0
e = 2.(2800)°: 1P or 2S
8 27¢ Ac(2625)
= 26t IP=g=
A(2595) 5(2520)
2.5 i
sl 3.(2455)
23 e,
2.2
[PRD 108 (2023) 3, 034002]
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Exotic Hadrons



Renaissance of hadron spectroscopy

Xc1(3872)

D:,(2317)*
f

450
o 400
%350
= 300
O 250 ++++} éAB&*
2200 E f +**+++++ f

& 150
& 100

$ ' +
N #H' ++*’+++++ ++*

_2.1I - I2,2I - I2.:’»I 2.4 2.5
[PRL 90 (2003) 242001]

Events / (0.005 GeV )
n N w ©
=) A S a
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T T T

-
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L

(4]
TT T T T

M/ y 7)) (GeV)

[PRL 91 (2003) 262001]

n 1 1 1 1 1 1
3.82 3.84 3.86 3.88 3.9 3.92

175 7

- > QQqq
v X:Neutral,
R
e — 4— v Y:Neutral,
" JPC =1
. v’ Z:Charged

[Mod. Phys. Lett. A 40 (2025) 17n18, 2530002]
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D:,(2317)" and D51(246O)Jr

51(2460)+ ; 3400 ¢ | | | | | T |
* + — - 0970503:004 - — -
D50 (2317) ) “ows | Q@ 3200F — ——
450 £ + ool — Fit — __ _—
~<400 ;_ + % 3000 - D, (3040) .
> 350 £ < 10l i S 2800 :— D’ (2860) D ,(2860) —:
,_(E) ;gg ;: ++f++ SAsp® é E 2600 E—— D@0 . =
BQOO ; t +#+++H ¥ o 0+ b | E D,(2590) ) o) E DK
$ 150 E +++++* High X g - (b) 2400 D, ,(2460) — x
¢ 100 Pttty Q20 [PRD 68 (2003) 032002] - = L1 .
50 Wt 2200 | ' —
0 S - D! t Predictions from ]
10f = : —
i;L 90 22623 242331 = = 2000 C D, S. Godfrey & K. Moats .
| (2003) : ot LTt Y R 1800 [PRD 93 (2016) 034035] 3
100 200 300 400 500 600 = —
M(Dgy %) -M(DgY) (MeV/c?) 1600 E— l | I | | I l ! I
%41, =1s, ’s, °p, P, P, °D, D, D, F, F, °F,
D;,(2317)% is a paradigm breaker in hadron spectroscopy ~ jP _ o~ 1- o+ 1t 9+ 1- 9= 3 9+ 3+ 4+

« A 160 MeV mass deficit wrt quark potential model

> Its spin partner D.;(2460)* exhibits a coherent mass anomaly
» m(D;,(2317)%) < m(D§(2300)) i.e. cii/cd heavier than ¢35
* m(Ds;1(2460)%) — m(D:(2317)%) =~ m(D*) — m(D)
50(2317)1r decay ~100% through the isospin breaking mode D "

2026/7/23

v' (DK,D*K) molecules?
v' chiral partners of (DS, D:%)?
v mixture?
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https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035

Search for excited D} in BY = DY D K ™ 0 s00mn

> Search for excited D performed in B > DY¥D~K*m~ with LHCb Run2 data

N - T Tttt r_|16()() L L D
Z "0 1 2 I z 1910
S 700 F . t Data = = - D" (2860 :
& 600 FLHCbS4f67 11 . B — DDk ] 1400~ LHCb 54 fb| 51(2860) ]
= - ----Background . E B : a
7] 500:_ —Fit _: + — .
Q - ] M -
N =3264 1+ 62 S 400F = S i
S 300F = N
< o ] n
© 200 E -
100 £ 3 i
1 e N 1 it ,.\\"'I""I"'I'"'I' ":’T:f,,'“.” N I—'*—.-‘[ " ‘n.*; -_ _
5200 5250 5300 5350 =N
m(D*D"K" ) [MeV] / 2600 2800 [3000 3200 3400
%70? LHCb (@ ] m(D*K* ™) [MeV]
= 60 Dl
Ssof 0 - D(2590)" . A
I | WD, (2536)" ] ) N .
2 i et v" Enhancement in the K*(892) region

v’ Dsy(2590)" observed in previous 4} |
study with restricted phase-space % 0F
region of m(K*tm~™) < 750 MeV S 2°‘é

for new excited DJ ?

11 atm(D*K*mT) ~ 2950 MeV hints |

26 28 3 32 34
My [GEV]
2026/7/23 [PRL 126 (2021) 122002] Liupan An 18/29



https://doi.org/10.1103/PhysRevLett.126.122002
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257
https://arxiv.org/abs/2604.21257

Observation of D.{(2933)™

[arXiv: 2604.21257]

Model W'thOUt Dsl (2933)* > A new D.;(2933)" state is observed with significance > 10 o
> 22064 pua ' LHCb 5.4 fb! 3 e " 5
200 S1(2536) 3 _
Q 160 F o E
2 I E I = 72+18(stat) 17, (syst) MeV
8 120F - p*' NR =
< = 51 =
= 100 F — D;(2860)" = . . .
g 80 - CBackeround E v JP = 1% with other J¥ assignments rejected at > 5 @
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[PRL 91 (2003) 262001]
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Xc1 (3872)

1++ [PRL 126 (2021) 092001]
107]_ ———r——— — LHCb ~ &~
I l ' LH Cb C pp (5=8TeV +Prompt b decays 3
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2020

» Intriguing properties:
v' Measured mass below
prediction for y.;(23P;)

v xc1(3872) = ] /Yp is isospin
violating

v’ Mass extremely close to
D°D*? threshold

3871.70 + 0.11 MeV/c?

2026/7/23

o
>

2013

[PRD 102 (2020) 092005]
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New decay of y.1(3872)

> Observation of the y.;(3872) = J/Yu*u~ decay at LHCb using 9 fb~1 Run1+2 data

v' At low my+ =, the virtual photon pole dominates the decay rate v At higher my+,-, to probe p® & w contribution
— radiative decay [JHEP 11 (2024) 121] 400 S —
o . i ; E LHCh
RS - 4 Data LHCb { % - 4 Data LHCb 1 Bl 20 3 E 9 fb!
= 100F L0 Bt xa(3872K+  9fh~! 4 = 100 EJ B = xa (387Kt 9fp~! Relle DL 300 data
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—~ 25 ——— 40 [PRD 131 (2023) L011103]
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o LT Comb. Bkg. 30k v <i : Er
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§ ] 20F B(x.1(3872)— J _
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T.1(4430)* in Bt - Yp(2S)KJm™

> First four-dimensional amplitude analysis of BT — ¥(2S)K3n* performed using 5.4 fb~! data at /s = 13 TeV

[PRD 113 (2026) L071101]

v related via isospin symmetry to B® - y(2S)K ~nt where the first charged charmonium-like state
T.:1(4430)1(Z,(4430)*,JF = 1) was seen

[PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

> Fits with different parametrisations of (2S)m* amplitudes are performed

450 F
400 _ +Data
O 350 F —Fit (Model ind.)
v

Model independent

LHCb, 5.4 fb "}

E —Fit (K™ only)

L I L 'l L I ] 1 L I 1 L Il I L 'l L
4 42 44 46
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v’ discrepancy resolved by adding
Y(2S)m* component which
shows resonant behavior
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Model dependent

v’ Breit Wigner:
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coupling to D;(2600)°D* (g,) and w(2S)t (g4)

g, = 0.00 + 1.78 + 2.81 GeV/c?,

Liupan An

g2

91

< 6.8 @ 95% CL

€ Triangle singularity mechanism: model incorporating singularity in
Y(4230)K* it triangle diagram gives reasonable description
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Amplitude analysis of BO - nc(lS)K+ o s 2026y 557

» LHCb saw evidence for an n.(1S)m™ resonance in adding Tz = 1 (15)m™

B® > nc(1S)K n~ with 4.7 fb™" dataat 13 TeV g " o™ =71 1 B Tt oo
1S b | iy B | —edimtw ]
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More single-charm tetraquarks

At prod. Charm Beauty
03 €qqq
ccqq ccqqq bbqq
ccqq
QQ +QQ
cccc
* 0 *_ ++
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g 5 40f { { 1 & |
S 20F © i { S * [ © 1 {» P EY
% C 20k “H g — ] 20 ‘,\TJJ fi T ] .
Ss 1op fgi« T W ™ R
Y 3 s o %;Tf;s 28 30 32 34 O e ™ " s
‘ M(D; ) (GeV) M(D; 7) (GeV)

[PRL 125 (2020) 242001] m(D"K") [GeV/c?] _
[PR D102 (2020) 112003] B+ s p+ [D_K+] [PRL 131 (2023) 041902] Bt > D~ [D;-TT-I-]&BO N DO [D;-n—]
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(Events/10 MeV/c?)

Bottomonium-like states

[CMS-BPH-25-009]
in preparation

At prod. Charm Beauty
03 cqqq
ccqq bbqqg
Z,(10610)&Z,(10650) , ,
b Nob : v’ Peakin Y (1S)¢: xp1 (3P) or exotic?
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Pentaquarks

At prod.

Charm

Beauty

ccqqq

A) > [J/PplK-

) ** LHCb

w mﬂ

P;’(4450‘;".“

ﬁ*il
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[PRL 115 (2015) 072001]
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[PRL 122 (2019) 222001]
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[Science Bulletin 66 (2021) 1278]

B~ - [I/!IJM

%\180— LHCb +I]3Iata Iall iE
— INOmin:
= 160F 9 fb! — Baseline
S 140F
% E
& 120F
S 100f
o L
g 80F
O 60F
40F
200, _
b= I
42 425 43 435
m(J/ypA) [GeV]

[PRL 131 (2023) 031901]
26/29



cC

cC and

TCC

+

At prod. Charm Beauty
03 cqqq
ccqq ccqqq bbqq
ccqq
QQ + QQ
ccce
00+
J/Y+]/ [Nature 648 (2025) 58] D"D"rm
[Science Bulletin 65 (2020) 1983] _1 L T ) B S —— ]
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2026/7/23 Liupan An [Nature Comm. 13 (2022) 3351] 27/29



Looking beyond

At prod. Charm Beauty Charm + Beauty
00 cqqq €qqqq/cqqqq bqqq | bdqqq/bqqqq
ccqq ccqqq bbqq bbqqq
ccqq cgcqq bbgq bgbqq bcGg | bcqqq/bcqqq
QQ + QQ cccq cccqq bbbg bbbqq bgcq bgcqq
cccc bbbb | T | .
® cccq?

® Single-b multiquark states: within reach?

® bc-like exotic states: decay modes for some of them are experimentally more friendly than
higher excited states, e.g. B} + p/K*/n®

® Pentaquarks other than ccqqq: single-c/b may be accessible if exist

® Hexaquark states?

® Weakly decaying exotic hadrons: T;; widely recognized, but far from reach; Tj,.?
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Summary

»Hadron spectroscopy is currently experiencing a golden age,
to which LHCb continues making relevant contributions

OExpanding the boundaries
v'Observation of £}. and 2},

OEnriching the spectra

v'Observation of new excited X2
v'Observation of D¢;(2933)%

CODecoding the nature — 3400
O 3200 ——
v'Observation of x4, (3872) = J/yu*u~ | il
VStudy of Teer (4430)* in BY — p@S)Kdm* = 20— """
200
2200;— _
Stay tuned! pl
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Thank you!



