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QCD and hadron spectroscopy
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» QCD dilemma: understanding the non-perturbative S | " confinement
property of QCD at low-energy scale 04 -
v'There are no rigorous, first-principle treatments Pl

except Lattice QCD, whose application is yet limited
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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
o(bb) ~ 500 ub @ 13 TeV & a(cc) ~ 20xa(bb)

® A single-arm forward spectrometerin 2 <n <5
to effectively cover the dominant kinematic region of
heavy quark production

» // LHCb Runl-2 ECAL
/ /

SPD/PS

bb production

n,

O Huge background contamination

£

& Excellent vertexing, tracking and particle
identification (PID) performance allowing for

effective detection

& & IS [ o N IS o) ©
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and background suppression

v

Lii = 9 fb~! @ Runl-2

— 2024 (13.6 TeV): 9.56 fb™'
— 2023 (13.6 TeV): 0.37 fb™!
— 2022 (13.6 TeV): 0.82 o™
£ —2018 (13 TeV): 219fb‘
— 2017 (13 TeV): 1.71 fo'
— 2016 (13 TeV): 1.67 fb™!
2015 (13 TeV): 0.33 fo™'
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Candidates per 5 MeV/c?
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Hadron spectroscopy study
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Hadron spectroscopy study

Mass spectrum
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B spectroscopy

» B. meson is a unique and ideal tool to study QCD
— the only meson consisting of heavy quarks of different flavors
— intermediate of the charmonium and bottomonium systems

» Experimental results on B, spectroscopy are limited
— production challenging compared to quarkonium systems

Mass (MeV)

> Excited B states below BD threshold can only undergo radiative
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or pionic transitions to the ground state Bf = I'~0(100 keV)
[PRL 113 (2014) 12004] [PRL 122 (2019) 132001]
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B.(1P)™ states

B. F. prediction

B.(1P)* states | Decay mode (%)
13P, Bt (— BXy)y 100
B}y 17.8

1P Bt (> Bry)y 82.2

, Bfy 87.9

th B:t (- BXy)y 12.1

1°P, B (= BEy)y 100

Liupan An
Yuhao Wang
oM | M(13R)) M@P) MQAP) M13BR) | 6]
Lattice QCD | 41 6727 6743 6765 6783 33.4
GKLT 64 6683 6717 6729 6743 17.1
GJ 61 6689 6738 6757 6773 25.6
FUII 95 6701 6737 6760 6772 28.5
EFG 62 6699 6734 6749 6762 20.4
GI 67 6706 6741 6750 6768 22.4
EQ 54 6693 6731 6739 6759 18.7
LLLLGZ 55 6714 6757 6776 6787 35.5
WWLC 95 6705 6739 6748 6762 32.2
LTFWP 53 6712 6770 6761 6783 —24.3
LLWL 67 6701 6745 6754 6773 35.2
HZ 63 6707 6751 6786 6802 55.0

[PRD 70 (2004) 054017]

— Bfy: peak in B}y mass spectrum
— Bt (= BFX)y: peak in Bfy mass spectrum but shifted downwards by M = M(B:*) — M(BF)

four B.(1P)™" states — six peaks in By

»B.(1P)" states are searched for in B}y mass spectrum in 340 < M(Bf¥)rec — M(BF) < 520 MeV

2025/5/27
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Study of By mass spectrum

> Dataset: Runl & 2 data at LHCb corresponding to 9 fb™!
»Decay chain: B.(1P)" - BXy,B} — J/yn*,] /Y — u*tu~ (charge conjugation implied)

» Candidate reconstruction and selection — photons reconstructed from calo clusters are used

v'BDT classifier on B} to maximize the B} signal significance

v Cut-based selections on B.(1P)™* to maximize Punzi figure-of-merit -

[arXiv: 2507.02149]
accepted by PRL

2025/5/27

Candidates / (5 MeV/c?)
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[arXiv: 2507.02142]
accepted by PRD

1000 | 1500
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v" A pronounced wide peaking structure is evident within

the predicted mass range for B.(1P)*

Liupan An
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Observation of B.(1P)™ states e

» Photon energy correction is applied to the simulation to eliminate the mismatch to data

€ Theory-independent fit I € Theory-constrained fit

140 F

wf N=182+25  Fr 1
wof- f1=(56+11)%
80 F
602— II 0'
of | o(B.(1P)*)
0 :é(')(‘) a0 e 6(%0 M‘(B )I[M IV/ 85)0 :| o (Bc+ )

cY) - M(B?) [MeV/c?
. , |: for pr(B}) < 20 GeV/c,2.0 < y(BF) < 4.5 at+/s = 13 TeV

6704.8 + 5.5(stat.) + 2.8(syst.) + 0.3(B}) MeV/c l [Comput. Phys. Commun. 197 (2015) 335]

] M, = 6752.4 + 9.5(stat.) + 3.1(syst.) £ 0.3(B;) MeV/c? J'| v’ consistent with BcVegPy calculations
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v' The visible width is ~37 MeV/c? :, v' masses and relative yields of six peaks fixed
v' Width of a single peak is ~20 MeV/c? |: according to predictions
= a minimal effective two-peak model :| = verification of various QCD models
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(3]
S

600 ‘ 800
[arXiv: 2507.02149] M(Bty) - M(B]) [MeV/c?]

accepted by PRL

= 0.20 £+ 0.03(stat.) + 0.02(syst.) + 0.03(theo.)




> Z2* baryons offer ‘[

[PRL 124 (2020) 222001]
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O T spectroscopy

a crucial testbed for Heavy Quark Effective Theory

€ A K~ mass spectrum

Resonance Mass [MeV] [ [MeV]

Z.(2923)Y 2923.044+0.254+0.20+0.14 7.1+0.8+1.8
Z.(2939)° 2938.55+0.21+0.17+0.14 10.2+0.8+1.1
EZ.(2965)" 2964.884+0.264+-0.144+0.14 14.14+0.9+1.3

v E.(2965)? inconsistent with the known £,(2970)°:

M = 2967.81%9 MeV,T" = 28.113¢ MeV
®AfK inB™ - AFACK™
State Mass (MeV) Width (MeV)  Significance
Z.(2880)° 2881.84+3.14+85 124+52+5.8 3.80
Z.(2923)° 29245+04+1.1 48+09+1.5 >100
£.,(2939)° 2938.5+09+23 11.0+19+75  >100

verification of diquark model with profound implications also for exotic hadrons

first observation

confirmation

v Isospin partners =t can help elucidate their properties

Liupan An
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Observation of £X*t - Efn*n~

[PRL 132 (2025) 161901]

— VamnN 104 T 1 T 1 1 T 1 T T T 1 T
> Dataset: 5.4 fb~! Run2 data from LHCb > ' ' ' '
= LHClb -+ Data =.(2815)*
» Decay chain: = 10° L 47— Total fit E(2923)*
kb _ 0 N4 ot - =  FE @ e Background =.(2970)*
ET > E(2645)° (- EnT)nT,Er - pK™n 3 2.(3080)*
. . e . . = 100 1 1 'I"'1 . ) A T PR PP RTTRPINIL WO
»>Selection: three- staged MVA classifiers to optimize 5 "F | Wi "
significance of £ = £.(2645)° = Z2** succesively S [ | 1
x10* E |
38_'|"'|"'|"'_ ....I.. ITEEr T
St 4 Daa LHgb : Yo 100 200 300 400 500
R b ] m(EFa=m+) — m(EY) — 2m*PC [MeV]
S I £,(2815)° bkg.
P £.(2790)° bkg m[=.(2815)"] = 2816.65 + 0.03 & 0.03 + 0.23 MeV,
24 _ -
% [ j 1 v ALK~ @ LHCb IS ['[Z:(2815)"] = 2.07 + 0.08 & 0.12 MeV, f
e ] 1 _ [ | = S i
Sy | :'c(2923)0 pinp > m[=,(2923)1] = 2922.8 £ 0.3 £ 0.5 £ 0.2 MeV, irst .
S —— B 0 I'[=,.(2923)%] = 5.3+ 0.9 &+ 1.4 MéV, observation
| Z.(2939)" ====9 not seen N
A N - 0 N m[=.(2970)*] = 2968.6 + 0.5 + 0.5 = 0.2 MeV
2620 2640 2660 2680 Zc(2965)°- : X g T[5,(2970)*] = 31.7 4 1.7 & 1.9 MéV,
m(E¢n) = mES + mEDe [MevV) inconsistent width
m[=(3080)*] = 3076.8 + 0.7 + 1.3 £ 0.2 MeV
N(E.(2645)°)~56.5x10*, purity ~52% T[Z.(3080)"] = 6.8 + 2.3 + 0.9 MeV
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Hadron spectroscopy study

Decay

> Observation of X - E0ntrt

> Observation of BY - Dh*h~



o ~ -|— -|— ~ O -|— -|— Ao Xu, Xingyu Tong
Observatlon of = ESTMTT Vanxi Zhang
> Motivation: only three decay modes of ZX.* are observed while more are predicted [JHEP 10 (2025) 136]
v E}* decays can probe nonperturbatlve interactions in weak decays of doubly heavy baryons

> Dataset: 5.4 fb~! Run2 data from LHCb

»>Decay chain: 51t - Entnt, 50 » pK~ Kt (signal) vs. EXT - ATK~wtnt (normalisation)

» Selection: preselection, BDT classifiers to optimize punzi FoM, veto of physics background
N(sig) =83 + 11 N(norm) = 1740 +£ 65

~ 35 e ~
u o u a - 3 N
bt =2 30 .+ Data LHCb 3 § 900E 4 Data
J % f  — Total fit 54 ! ] o S800F — Total fit
o __—++ —-() g S T
S a > 20F Comb. bkg >100 3 < 600 '
” > @ HE0 3 - = 1 % 500 "
e S I5F ' 1 S 400 i
o - . o et
¢ > > S £ 10 A = £ 300 A
@) v 3 O 200 P
d 5 l . | -
WHlL «—% . EpL- {1 L ] 100 P
T OJ‘AL.T +_.._p'...r.u . ) S SRS L/ PN PR R
U 3550 3600 3650 3700 3550 3600 3650 3700
Land(u tat) [MeV/ce?] m_ (AK mtm*) [MeV/c?]

B(Z++— =0rtnt)

=+t -+ ++
B(Zit— ATK—ntnt)
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= 1.37 £ 0.18(stat) & 0.09(syst) =+ 0.35(ext)




[arXiv: 2509.15873]
submitted to PRL

Observation of B = Dh*h~

Zeqing Mu, Tianke Wu

Yanxi Zhang
> Motivation: B weak decays provide an ideal platform 1 b jw
. . . K+ U
to probe nonperturbative QCD and CP-violating effects W}#u - '
— oy . . . b < < ul| B+ u -
v'B}Y —» Dh*h~ exhibit rich dynamic structures & - Cd)ﬂ <d
interfering amplitudes—observable CPV effects | . f}pw c ‘jJDM*
> Dataset: Run1 & 2 data at LHCb corresponding to 9 fb™1 b E}m
T 2l Ve A -3 Bt BO + u
R(BI — DYK*7™) = (1.96 £ 0.23 + 0.08 4 0.10) x 10 vs. B, = Bgm - I ;_
* = -3 . . . . ‘ u]”
R(B = D*"K¥r™) = (3.67+0.55 £ 0.24 +:0.20) x 10™°| v proceed primarily via excited I
R(BFY - DFYKtK~) = (1.614+0.35+0.13 4 0.07) x 1073 K° or D? or ¢ mesons c . ?}D‘*”
N(B+ DJ’K+ ") = 230 + 23 N(B+ D**’K+ _) = 87 + 12 N(B+ D+K+K ) = 68 + 13
N ] o o
2 — LHCb 9fb_ - L 22 LHCb 9fb_ E 2 — LHCb 9fb_ 3
> o @ + Data I 4 Data I © + Data all>10¢
] 18 3 25 v
= a0f — Total fit = = 16 — Total fit 3 b= : — Total fit ]
° By - B—D'K'zm 1 e up Wl - B—D"K'm~3 e 20f | E first
> 30F - Background 4 S 12 - Background = > 155_ E .
2 ok : 2 10f ; = 1 observation
10 P . ; i = J IRV SR AN T
B i TR R ITUTRTILY, I L
50 6300 . 6400 6500 500 6300 6400 6500 6200 6300 6400 6500
My [MeV/c?] Moy [MeV/c?] Mgk [MeV/c?]
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Hadron spectroscopy study

h
Mass spectrum intermediate

systems

Decay

> Search for BYf - x.1(3872)n*

> Observation of A), > A¥D; K*K ™~ and search for P.zg & A¥ DS
> Amplitude analysis of B® - n (1)K~

> Study of T.z1(4430)* in BT - Y(2S)KJmt



SearCh fOr BC+ — XCl (3872)7-[-'_ [JHEP 06 (2025) 13]

> The compact-tetraquark interpretation of y.,(3872) predicts enhancement of B(B} — y.1(3872)n™)
[PR D71 (2005) 014028]

> ATLAS reported significant enhancement of y.;(3872) production from BZ, assuming short-lived

contribution of non-prompt x.;(3872) to arise from B decays [JHEP 01 (2017) 117]
~ S0~ 30 . —
LT Y Deta LHCb] % | tacb! > No signal observed from 9 fb~! LHCb Run1+2 data
= IEI : + 9fb~1] = | 9fb! |
) r B — ¥(29)w s L o
= 40: NN B - (Jntn )yrmt 1 = | II}(ZS) T T T T
0O r — — |
sl ‘ggfg“;kgkg SR B — Xt UL @90% CL
£ Total 1 £ BY— Xt [86]
o — g o L
._g 20: ] _g Lok } ‘u\ | B2—> X [41] HH
S 1o 138 | Jf ] i:%;((CEK}; {i;} "
1 i T — XeePK (S
b uj’* RNy Lt 1L e kl A BO s XK [30)
6.15 6.25 6.35 6.45 3.66 3.68 3.69 3.71 _
Mmoo [GeV)e?] My [Gev/e] BY— XecK*m™  [30] e
ST 4 Dot LHG| % " 'LHCb | BY— XK [30] e
= | COBroxa@2)nt 91| 2 X cl (3872) 9fb~ 1t | Bt — XK't [30] ——a—
= | N Bf - (Jmta)ngat = Bt — X K* [30] e
S Xe1 (3872)ct bkg. o | |
2 -« Comb. bkg. 2 Xoe = Ye1(3872 28 Y Y
5 50 Tow : 157 - Xa(3872) o b(28) T 0 004 006 008 01
'—g | —g I B,y (3872)x y B, (38720 3pp et m-
’ e | T : B+ B _
AR O 1 e s = B SABLSSESS S SRR Sy ISR LS -1(3872 B —xc1(3872)mt c1(3872)>Jp
615 625 635 385 386 387 388 389 RE(IQ(S) ) = TDOXaBITINT  TXaBSRINTIRT 05 (0.06) at 90 (95)% CL
Myt )mt [GeV/cQ] Mpprtn- [GeV/cz] BB;"_HI)(zS)T[-!- Btb(ZS)—)J/tbn"'n—
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[PRD112 (2025) 052013]

>Dataset: 6 fb~1 R

un2 data from L

6 fb™!

———
—4 Data
— Fit
— A= A'D;K'K"

Combinatorial

> ][44

Observation of A} - AT Dy KtK™
> Motivation: search for pentaquark candidates P.;; = Af D

HCb

Jinlin Fu, Zan Ren
Kunpeng Yu
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s Amplitude analysis of B0 - r}C(lS)K+

submitted to EPJC

adding T,z = n.(18)m~

» LHCb saw evidence for an nc(lS)n_ resonance in

i% 3 U OLHCbO BT py i i% o0oE TTLHCO O b~ o ] i

B° - n.(1S)K*m~ with 4.7 fb~1 data (2011-2016) 2wt [ﬁ —rn 3 sk [ﬁ LT R
1= 400f —B"e»;IEIS:K'EMJZ»”—f 1T a0k —denaskan’ 3

—_ — ; . — — — . 1o E — By 9K, ] For, a i BT, g !
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e 60F 17 gof Licbo ! T i 1% 160 i
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20E {5 ook |13 ;

0% 45 5 o | iZ o i

m(1 (15)77) [GeV] 10 wf 119w !

L owf Lol !

» Update with 9 fb™! Run1&2 data i o |
! m, asr I m, apa 19€ !

v" inclusion of T,.:(4100)™ - n.(1S)m~ improves 2 o0 e | § o | e |
L L L 12 of P2 ok 1

the description, but it is not significant enough iz ot P12 ok ;

i3 100F i iy 100F ]

after considering systematic uncertainties S wE |15 e g

12 60 1 g 60 I

ES 40 i ES 40 i

BB’ = n.(18)K*n™) = (5.824£0.20 £ 0.23 £0.55) x 107% | ™% T |
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[LHCb-PAPER-2025-039]
in preparation

00 _ +Data
O 350 E —Fit (Model ind.)
S 300 _ —Fit (K™ only)

Model independent

-1 rrr+ [ ¢+ ¢ T [ T 11

LHCb, 5.4 fb ",

+

preliminary
P ISR T TN [T SR TR TN AT SO ST TN N S T
4 42 44 46
My, [GeV/c2]

v’ discrepancy resolved by adding
Y(28)m* component which
shows resonant behavior

2025/5/27

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

T.z1(4430)" in BT - Y (2S)KJ{n™

> First four-dimensional amplitude analysis of BY - ¥(2S)K{n* is performed using 5.4 fb~1 Run2 data

v'related via isospin symmetry to B® — y(2S)K ~nt where the first charged charmonium-like state
T.:1(4430)*(Z.(4430)*,JF = 11) was seen

Model dependent

v’ Breit Wigner:

M = 4452 4+ 0.01642393>

'=0.174 + 0.0197

0.083
0.020

GeV
GeV

f=037+0.6759%

]P=1+

consistent with T,z1(4430)"

€ Molecular scenario: Flatté model with

o

[\l
Q

-~

Yield/(0.024 GeV

Shuang Zheng
Yanxi Zhang

AL B A LR R LR g
00E LHCb, 5.4 fb™' ‘;
- -|-Data ]
00T _rg F
300 —Breit—Wigner ]
200 F ]
[ + ]
100 F " Baseline fit 1
" preliminary .
0 [, | IR R ) )

coupling to D;(2600)°D* (g,) and Yy (2S)wt (g4)

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

92

91

< 6.8 @ 95% CL

4 42 44

76
my,. [GeV/c?]

€ Triangle singularity mechanism: model incorporating singularity in

Y(4230)K**m™ triangle diagram gives reasonable description

Liupan An



Software-only trigger

New Upstream Tra
(UT) Silicon stri

New VELO /- |
Pixel detect: r/ NAT

Vertex)
Locator

LHCb detector in Run3

Total Recorded Luminosity — pp —31.4 fb™

New RICH1 optics
New photodetectors and
readout for RICH1&2
Side View ECAL HCAL
et SciFi  RICY2 1‘12
Tracker
i

[JINST 19 (2024) P05065]

New SciFi Tracker
Scintillating fibres

Calorimeters: removed PreShower (PS) and
Scintillating Pad Detector (SPD), new readout

Muon: removed M1
and new readout

9fb!@Run1-2—- >30fb ! byRun3

2025/5/27
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Integrated Recorded Luminosity [fb |

30

25

20

15

10

%]

i

Run 3-2231/fb

2025 (13.6 TeV): 11.56 /b
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/fo
2015 (13 TeV) 0.33/fb
Run1-3.23/fb

2012 (8 TeV) 2.08/fo

2011 (7 TeV) 1.11/fb
2010 (7 TeV) 0.04/fo

/ LSt

S

rHCD

/ LS2

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Candidates / ( 23 MeV/c?)

x10>
E T — T T T T T 1 T T ]
450 . Data [LHCb-FIGURE-2024-025] 5
400FE-  — Fit Model LHCb Preliminary 2024 —
g N Y(1S N 3
350 3 > Ygzs; § 0<p,<14GeVle
300 #zyEs) § 2<y<45 ]
250 ;— = = Background § _;
200F- § =
| -;
100[- § =
S0E- \ 3
0 = " . =



http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Conclusion

»The LHCb experiment maintains a strong momentum in hadron spectroscopy

CINew states T rorermseeamgml | (e B e <@ = o

11.04 [70 new hadrons at LHCb | e B
: ® bg @® cccé cqq
. i . . . ® ccC ® g m ccq
\/Observat|on Of BC(1P)+ StateS 1053  https://www.nikhef.nl/~pkoppenb/particles.html célqd) ® cdgd W céqqq "
7.5 -
v'Observation of "7 - 7™t oo |
¢ ¢ 6.5 A (5152)“3"52345181: ®5.6700
=2 5,(6227)=  A(e146)° W -6(6227)° | 36327 .
cof  wymm gl LTI M
D N eW d ecays e fo(3912) s93s) O8O £(6097)" B (6063)°
55
O
=~
> i
v'Observation of £¥* —» E0p*tgt & P
il OF ¢ ~=C w451 PU"MﬁO) ;322;32; IP:(4440)* Tunta220¢ 4338’ he(4300)
8 40 Peti3s0r ol Ten 40007 o g Tea(40001° @ X (AOR0)
v'Observation of Bf - Dh*h~ - B 0
C a ! Q(3119)° (332700
3.0 Dimooe s ncasor JEERSS  mmseme. rassor  OUETspsr
oerso e bt .. @ W 030500 3833 @7z,c8700 502900
CdDecays for exotic hadron stud s g
Yy Yy | ’

2.0 T T T T T T T T T T T T T T
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

v'Search for B} — y.,(3872)n? oo of s spmisr
v'Observation of A - AFD;KTK™ and search for P,z = AL D
v’ Amplitude analysis of B® - n.(1S)K*tn~
v'Study of T.z1(4430)t in Bt - v (2S)KJnt
Stay tuned!


https://www.nikhef.nl/~pkoppenb/particles.html

Thank you!



Events / 10 MeV

Observation of B.(2S)™ states

[PRL 113 (2014) 12004]

> 40_'"'|""|""|""|""|""|""_ —_— k _
S gsf ATLAS Q. =288+5MeV ] B.(2'So)" » Bim'm B.(2°S))" - BiF (- Bc-l-\)ﬂ-l-ﬂ
& _F ; Gy =18:4MeV 3 n '
R e "
:>j 25F o \E/)Vata ) B_|_ +
soF. " combiations. pp C U B
15F = H
ATLAS of ,_ 3 Tt
sE | s Bl g -
O: .I....*1|||||||||||||||||||I||||_ 7-[
0 100 200 300 400 500 600 700
m(B gum)-m(B,)-2m(x) [MeV]
[Ii’RL 122 (2019) 132001] _ [PITLlllZZl (,2019) .23.2?0.1]. N M(zlso) CMS
of Lvew O~6MeV/e? trmma |2 U HchRun eRin2  hene 3 | T 68710 La(stat) +0.8(syst)
o By K) 7o § 355_ o~2.5 MeV/c? Y B.(2°S )" 3| £08(B}) MeV/c?
- + Comb. backg. = ' B3 Bc(21S0)+ 3
- B 235 C 30F + | --=--- Combinatorial M 215 - M 235
o Bel2751) B(2"So) 3 sb Be(2°S1) STt —(29 001 1 5((t t)l?l-re(g 7(syst) MeV/c?
N 3 “ BC(ZlS) 3 | =29.0 % 1.5(stat) £ 0.7(sys eV/c
- 5= 3 \ =
s bbb L s, i
- = ] - N3 " 3 0
3 O 10 HRIHE Nghi Iy | = 6872.1 + 1.3(stat) + 0.1(syst
j: . . . . E i , t 4 \ {}l { }"'f + 0.8(B+)_MeV§cz O
° 67 '+'6-+8'_' 69 70 71 077750 50 600 60 70| | ‘ 3
I\/I(Bc T )— M(Bc)+ mB: (GeV) AM [MCV/CZ] M(z SO) —_ M(Z Sl)rec
2351:66 + 10; 2'S:51 + 10 235,:51 £ 10;2'5,:24 +9 | = 31.0 £ L4(stat) MeV/c*

2025/5/27 Liupan An 23/21



L=1®S={

0

1 = 13p;,13

B.(1P)™ states

— BFy: peakin B}y mass spectrum

— B*(—= BFX)y: peakin By mass spectrum
but shifted downwards by

mixing oM = M(B;*) — M(BY)
( cos @ sin 9) 1'P;\ (1P _[ - By
—sinfcos8/\13P,] \1P4 - Bt (- B:\()V

four states

¥

six peaks

2025/5/27

States 13P, 1P, 1P; 13P,
Bly Bl'y
Decays | B:t(— Biy)y - - B:* (= BSv)y
B (= Bly)y | B2 (= Bdy)y
#peaks 1 2 2 1

Liupan An 24/21



Theoretical predictions for B.(1P)™

& more on predictions of *6M = M(B;*) — M(B}) *citations not repeated hereafter

subsets of the parameters SM M(13P0) M(1P,) M(1P)) M(13p2) 6 [°]
[PL B382 (1996) 131] Lattice QCD | 41 6727 6743 6765 6783 33.4
[PR D51 (1995) 3613] GKLT 64 6683 6717 6729 6743 17.1
[PR D53 (1996) 312] GJ 61 6689 6738 6757 6773 25.6
[PR D60 (1999) 074006] FUII 55 6701 6737 6760 6772 28.5
[PR D67 (2003) 014027] EFG 62 6699 6734 6749 6762 20.4
[PR D70 (2004) 054017] GI 67 6706 6741 6750 6768 22.4
[PR D99 (2019) 054025] EQ 54 6693 6731 6739 6759 18.7
[PR D99 (2019) 096020] LLLLGZ 55 6714 6757 6776 6787 395.5
[JHEP 05 (2022) 006] WWLC 55 6705 6739 6748 6762 32.2
[PR D108 (2023) 034019] LTFWP 53 6712 6770 6761 6783 —24.3
[EPJ €83 (2023) 1080] LLWL 67 6701 6745 6754 6773 35.2
[CP c48 (2024) 123101] HZ 63 6707 6751 6786 6802 55.0

»AMoc = M(BFY)rec — M(BZ) is predicted to be in 340 < AM,o. < 520 MeV/c?

2025/5/27 Liupan An 25/21


https://www.sciencedirect.com/science/article/pii/0370269396006508?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.3613
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.53.312
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.60.074006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.014027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.054025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.096020
https://link.springer.com/article/10.1007/JHEP05(2022)006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.034019
https://link.springer.com/article/10.1140/epjc/s10052-023-12237-9
https://iopscience.iop.org/article/10.1088/1674-1137/ad75f5

Credit: Yuhao Wang
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reconstructed as
calorimeter clusters
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Xc=>1/Yy
______ e T T 1
| % [iHo ' ' ' I
l g I !
| &1000_— |
| 3 |
| 5 [JHEP 10 (2013) 115] |
I g 500 I
| © Y I
E 1 -1
: T @1 fb I
M (urwy)-M(uw) [MeV/c?] |
|

. X Around one order of magnitude smaller :
: statistics, especially at low pt :
. ¥ Better mass resolution :
I__ _________________________ |
2 6000 LHCb LHCb |

s Vs=7TeV (s=7TeV
N 5000 converted photons non-converted photons I
%4000 I
N S s ez |
3 < p/¥ < 15GeV/c 7 |
] I
|
|

M(pt py) -

v" Much larger statistics
X Worse mass resolution
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Photon energy correction in simulation

mass measurement resolution of multiple peaks

» Knowledge on and is required to interpret the structure

» They can be obtained from simulation, but photon energy correction needs to be applied to the
simulation to eliminate mismatch between simulation and data

® Reference mode: y.1 — J /Yy
v’ similar photon energy spectrum to signal decay
v'identical photon selections are applied

® Extraction of correction parameters:
v’ separately for converted and non-converted photons
v’ independently for each data-taking period

v'in bins of E,, and Ny4cks
(prominent variables that corrections are dependent on)

v key linear relation (well established by simulation):

photon energy bias ~ M(x.1) — Mppc(Xc1)
photon energy resolution ~ a(M(x.1))

J—
[N}
(=)
S

1400

1200

1000

Candidates / (5 MeV/c2)

800 [
600 [
400 |

200 F

0 anSSe
200 0!

T LHCb 1.6fb"! —+ Data
C — Total

[ converted photons
---- Background

M,
T
ch

600 800
MU/ wy)- M(J/ y) [MeV/c?]

v’ Resonances: non-relativistic Breit Wigner
(width fixed) ® double-sided Crystal Ball
(DSCB, Gaussian kernel with tails)

v'Background: third-order polynomial



Check of photon energy correction

» The corrections are applied to simulated samples on a per-event basis, taking the photon energy
bias and resolution extracted for the corresponding E,, and N4k bin

»The correction parameters and the method are validated before application to By

® Self-consistency check: good agreement (e.g. converted photons @2016)
V' Xe1 = J/Yy: AM: 2.0 > 0.3 MeV/c?; Ao: 0.3 - 0.1 MeV/c?
VX2 = J/Wy: AM: 2.0 - 0.4 MeV/c?%; Ao: 0.7 > 0.4 MeV/c?

3
24 X10

® Independent validation: D,{(2460)" - D}y
v'similar photon energy spectrum and decay topology

v'the largest remaining difference among all categories is
AM:3.6 > 2.9 MeV/c? °F -
Ao: 4.6 - 2.6 MeV/c? : ‘

= scaled to B.(1P)* — B[y according to energy release TS S
as systematic uncertainty on peak location measurement

23F LHCb 1.6fb" —t— Data
22 E_ converted photons — Total
21 E_ -----" Background

wE XX D,(2460)"

Candidates / (5 MeV/c?)

15 R

: 1 1 I 1 1 1 1 | 1 1 1 1 I 1 [l 1 1
14 550 600
M(D}y) - M(D}) [MeV/c?]

*Measurement on Dy, (2460)" — Dy is by itself an interesting topic given Dy;(2460)" is a D*K molecule candidate
2025/5/27 Liupan An 28/21



Theory-independent mass fit

»The corrections are applied to simulated samples of B.(1P)* — B}y

_, |t =—0.006XAMrye — 0.340 MeV/c?
0 = 0.041XAMrye + 1.640 MeV/c?  *T'(B.(1P)*)~0(100 keV) negligible

—~ 240
2 F e LHCb 9 b
» A theory-independent fit on By mass spectrum is performed 2 ¢ Significance:
______________________________________________________ 8 b local>8ao — Total
'V The visible width of the peaking structure is ~37 MeV/c i gwp global>7 g bl
: v' Width of a single peak is determined to be ~20 MeV/c? ! ?; o ] peak 2
1 O
|

i = a minimal two-peak model is used to describe the structure

=
=)
T T T T T T T

N=182+25 M;=6704.8+5.5MeV/c? ) +56% correlation
fi=(56+11)% Mz=6752.4%9.5MeV/c?

N L | L L L
200 400 600 800
M(B!Y) - M(B?) [MeV/c?]

v'Peaks: DSCB with tails fixed to
simulation of B.(1P)* —» B}y

The two-peak model is effective, expected to be composed of

contributions from multiple B.(1P)* — B}y decays, the

distinction of which requires larger dataset and better resolution \/Background: monotonically

increasing third-order polynomial
2025/5/27 Liupan An 29/21



B.(1P)™ production measurement

> The production cross-section of B.(1P)™" is measured relative to B in the fiducial region
pr(BY) <20GeV/c,2.0 < y(B}) < 4.5at+/s = 13 TeV using 6 fb~! data

_ N(B.(1P)* > B{y)

*e(B.(1P)* > BIy)

. . . N(B}Y) = (18.70 + 0.21)x103
. estimated with simulation (Bf) = ( )

. . . + %350()% LHCb 6 b’
: determined from fit on M(J /Ymc™) i .
®:(B.(1P)* - BFy): estimated with simulation, i ke
differs in B.,(1P)* - Bfy and B.(1P)* - B}*(— B y)y o] e
= theory-constrained six-peak models are used e
® N(B.(1P)" - BZy): determined from theory-constrained fit N

M(B]) [MeV/c?]

on M(B}y) — M(BY)

= provides verification of various QCD models vB{ - J/ynt & Bl - J/PK™:

DSCB with tails fixed to simulation

v'Background: exponential function
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Theory-constrained mass fits (l)

| 6M | M(13P)) M(1Py) M(1P)) M(1*P,) | 0[]

For a given theoretical model,
» masses fixed to prediction

» relative yields of six peaks fixed as N; = 0pr04,; * B; - &

‘ 115’0 1351 11P1 13P0 13P1 13P2 ISOQ 3519 2150 2351

Opod 0b] | 188 487 35 11 27 72 04 155 45 111

v/ calculated using BcVegPy [Comput. Phys. Commun. 197 (2015) 335]
v B.(25)* -» B.(1P)™* feeddown is considered

v'B;: obtained from GI model with masses and mixing angle

modified for each specific model [PrD 70 (2004) 054017]

v &;: estimated with simulation
@ All considered models provide a generally good description,
with p-values ranging from 15% to 90%

@ Lattice QCD calculation by Davies et al. is taken as baseline,
as it is first-principle & provides highest p-value

2025/5/27 Liupan An

Candidates / (20 MeV/c?)

Lattice QCD | 41 | 6727 6743 6765 6783 33.4
CGKLT 64 | 6683 6717 6729 6743 17.1
GJ 61 | 6689 6738 6757 6773 25.6
FUII 55 | 6701 6737 6760 6772 28.5
EFG 62 | 6699 6734 6749 6762 20.4
Gl 67 | 6706 6741 6750 6768 22.4
EQ 54 | 6693 6731 6739 6759 18.7
LLLLGZ 55 | 6714 6757 6776 6787 35.5
WWLC 55 | 6705 6739 6748 6762 32.2
LTFWP 53 | 6712 6770 6761 6783 | —24.3
LLWL 67 | 6701 6745 6754 6773 35.2
HZ 63 | 6707 6751 6786 6802 55.0
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Candidates / (20 MeV/c?)

Theory-constrained mass fits (Il)
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Candidates / (20 MeV/c?)

Candidates / (20 MeV/c?)
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— o o 180 T
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r — Tota C — Total M M M

B 2 L

g g = o The fit quality is not solely due to

C = B.(’P,)* g I B.(I’P)* d' : b | ff d

= 5 % 120 - mass predictions, but also atfecte

- ZEXN E ZEX Ny P ’

__ ‘ . + = - ‘ | + o [ [

: : EP) g 100f Na.P) by the relative yields of six peaks,
S + < +

- [ B1Py) + S eof 1] B1°Py) +

[ 400 500 600 [ . . .

C Lics o' C Lics o' according to predictions on

- 60

- af production, branching fractions and

- 20} mixing angle
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600
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[arXiv: 2509.03133]
submitted to EPJC

Amplitude analysis of BY — 1.

Yields
Component Run 1 Run 2
BY = n.K*tm— T2 =10 4266 =+ 139
B® — ppK+7w~ 168 + 69 823 + 139

Combinatorial background 361 + 34 1665 + 68
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v Tor (4430)7 in BT > (2S)Kgm™ il

in preparation
> First four-dimensional amplitude analysis of BY - ¥(2S)K{n* is performed using 5.4 fb~1 Run2 data
v'related via isospin symmetry to B® — y(2S)K ~nt where the first charged charmonium-like state

v discrepancy resolved by adding ¥ (2S5)7* component
showing resonant behavior

N =9600 £+ 100

Tee (443 0)+ (Z, (443 O)"',]P = 1+) was seen [PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

Q. 1400 h l LI_'IC'b S;fb | i Model Independent i
= - e L B L e s e T T B B B
2 1200 ' T 12450 LHCb, 5.4 fb| 1 < 03f 1!
O + Data = 400 | TData 1 S o2F 6  LHCb,54fb"3 |
g 1000 —Fit EO 350 E —Fit (Model ind.) 3 1
< 800 ---- Signal i§ 300 f —Fit (K™ only) _ 0.1 ] E i
= ----Background IS 250 B 3 OF 7
§ 400 i 150 1 _o2f i
m preliminary ‘ i 100¢ I R I
200 i s0f/  preliminary {07 preliminary !

o . ! Fic s o 0 & w5 04 o o 0 5 w0 2 9 7 iy /) S S R R

07755 55 5 3 5 35 PO 4 42 44 46 04 0.2 0 02 :
S el | iy GV Redy |

yKsm* : i

2025/5/27 Liupan An 35/21



v Torq (4430)7 in BT > (2S)Kgm™ il

in preparation

Model dependent

&s0f . T T 3 4 Molecular scenario
S i LHCb, 54 fb ] , ) . N * On+
> | tData : Flatté model to take into account opening of D;(2600)”D™ decay
G400F _ i
5 | ] . - +
S 200k ~Breit_Wigaer _: F=—, 1 : : g1 coupllmg to %(2.252750 opt
=) [ ] 2 . . . *
S ool R m} —m? — i(p1gi + pag3) 92: couplingto D1(2600)
Chad’ preliminary |
> 00F ™ Baseline fi ] g, = 0.00 + 1.78 + 2.81 GeV/c?, ‘z—z < 6.8 @ 95% CL
E ] 1
O'. M R B P B . . . .
4 42 %tw [éé6V/c2] € Triangle singularity mechanism

v’ Breit Wigner: e

K*(892)*

v" Amplitude obtained through
integration over the triangle diagram,
leaving no free parameter other than
an overall complex coupling

v A reasonable description is achieved

M = 4.452 + 0.0163992° GeV
['=0.174 + 0.01919:983 GeV
f=03710.6759%

]P — 1+

consistent with T,z;(4430)"

¥ (4230)
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