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Hadron spectroscopy at LHCb
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Conventional hadrons

s Observation of orbitally excited B} states [arXiv:2507.02149]
s Observation of a new charmed baryon decaying to Ef7*m~ [PRL 135 (2025) 161901]

s Study of light-meson resonances decaying to K{Km in the B - (KJKn)K
channels [PRD 111 (2025) 092009]

Exotic hadrons
= Observation of the open-charm tetraquark candidate T/,(2870)° in the B~

— D~D°KJ decay [PRL 134 (2025) 101901]
s Study D,;(2460)" - Din*tn~in B - D®DFntn~ decays  [Sci. Bull. 70 (2025) 1432]
= Amplitude analysis of B - n.(1S)K*m~ decays [arXiv:2509.03133]

m First observation of the A}, - A¥ D7 K*K~ decay and search for pentaquarks in
the AZD; system [arXiv:2507.10713]
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Introduction

s QCD describing strong interaction between quarks and gluons is not well
understood due to its non-perturbative nature at low energy scale

s Hadron spectroscopy provides opportunities to test QCD and its effective

models

o e.qg. lattice QCD, diquark model, potential model ...
meson

s Exotic hadrons provide unique probe to QCD

o Predicted in quark model baryon
o Recent results show strong evidence for their existence

EXOTIC

mesonic
molecule tetraquark pentaquark hybrid

—t

e.g. deuteron
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" The LHC as ¢ a Beauty and Charm factory
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The LHCb Experiment

s LHCD is a dedicated flavour physics experiment at the LHC
o >10% X larger b production rate than the B factories @ Y(4S)
a Access to all b-hadrons: B*, B°, BY, B}, b-baryons

> All results based on full or part of run-1 and
s Can also study hadron spectroscopy and exotic states run-2 datasets

= Acceptance optimised for forward bb production
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New hadrons at LHCDb

https://www.nikhef.nl/~pkoppenb/particles.html
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https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-naming-scheme-hadrons.pdf
https://www.nikhef.nl/~pkoppenb/particles.html

Orbitally excited B/ states

s B* spectroscopy a useful tool to tune QCD models

m So far, only two radial excitations have been
discovered (Atlas, CMS & LHCDb)

Expect four L=1 (P) states (2S+1L,):
» Spinsinglet 1P = By . .
« Spin triplet 3Pg, 3P4, 3P2 = B (351)y with Bc= Beysort

DD

BUT: Two axial-vector stat§s P41 & 3P4 can mix
& both decay to Bcand B

= Expect up to 6 peaks, with some shifted by missing mass
OM from ysort

Lots of unknowns, lots of predictions under different QCD
approaches

= Experimental input needed!
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B, Mass Spectrum

's, ’s, ', P, P, D, D, 'D,’F, F, °F,

| 6M | M(1*P) M(1P) M(1P)) M(1*P) | 0[]
Lattice QCD [1] | 41 | 6727 6743 6765 6783 33.4
GKLT [5] 64 | 6683 6717 6729 6743 17.1
GJ [6] 61 | 6689 6738 6757 6773 25.6
FUII [7] 55 | 6701 6737 6760 6772 28.5
EFG [8] 62 | 6699 6734 6749 6762 20.4
GI[9] 67 | 6706 6741 6750 6768 22.4
EQ [10] 54 | 6693 6731 6739 6759 18.7
LLLLGZ [11] | 55 | 6714 6757 6776 6787 35.5
WWLC [12] 99 6705 6739 6748 6762 32.2
LTFWP [13] 53 | 6712 6770 6761 6783 | —24.3
LLWL [14] 67 | 6701 6745 6754 6773 35.2
HZ [15] 63 | 6707 6751 6786 6802 55.0

See arXiv: 2507.02142 for references
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Orbital Iy eXCited B;I; States arXiv: 2507.02149 (submitted to PRL)

o~ 240 —
m By spectrum shows broad excess consistent with § Zz o LHCb 9 15
multiple overlapping peaks S 1o 3 /\ ]:gr e
= Good fit with two peaks, with free masses & widths § iizgw ..... S e
dictated by resolution g of larigp e

100

M; =6704.8 £+5.5 + 2.8 + 0.3 MeV/c? 3
M, =6752.4 + 9.5 + 3.1 £ 0.3 MeV/c? 43? T N=182225
20 F 7 ,
= Model-dependent analysis: fit data with inputs from various 0 botme 460“*‘“ 270 J
o . M(B!y) - M(B)) [MeV/c2
theory predictions, all give good fit agreement (p-values
o 0
15% —90%) arXiv: 2507.02142 (submitted to PRD)
N +Dan / Measure relative production cross-section
S ol ....Bicggriund of B¢(1P) states compared to ground-state:
g o i)
3 00 Sl R=0.20+0.03 £ 0.02 + 0.03 (model)
60;: =13 Tev (pr<20 GeV/icand 2<n <4.5)
40 f Lattice QCD

& J
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Charmed baryons

» Charmed baryons exhibit rich spectrum of excited states
s Over 100 =Z.(csu, csd) states expected in mass range

2.8 -3.8 GeV

o Many experimental results, many puzzles remain

o eqg.

o = Need more measurements, more decay modes, more precision

Events/(5 MeV/c?)

“2.(2970)*” could be multiple different states
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Events/(2 MeV/c?)

2.86 2.88
M(E.m ") GeV/c?

“=c(2970)*" = =Jomrrand =gtrTT

m =2966.0 + 0.9 MeV
=28.1%3.8 MeV

Belle, 2016, PRD 94, 052011
(arXiv:1607.07123)
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“=(2970)*" = AKTT
m =2974.9 + 2.6 MeV
r=14.8+4.8 MeV

Belle, 2013, PRD 89. 052003
(arXiv:1312.1026)
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"'**+ States at 2 9 3 1 Gev [PRL 132 (2025) 161901]

Search with £,(2645)°z™ - Efn~n? aw

< — T T T T T T T] 38 1'04| — T 1 T
: : D g ‘”4‘LHCb { Dau 18 [t LHCb ]
= Four peaks with high significance S [ s =D R gy SR
=3 E-T G e Background — g - E:)(‘;lsg%t%ﬁ; J
s Z.(2923)" observed for 15t time £ B[ K
. . B2r | 1% I
(isospin partner known) ER: | N
1 i ©
= Z.(3080)" seen in this decay mode for 15t time Y NN . P
0 e =L 2620 2640 2660 2680
= Z.(2970)" with ~30 MeV width — confirms R M) m(Et) = m(E0) + mE2 [MeV]
different to A.Km peak S 10"
() - -
- ) LHCb -+ Data E.(2815)*
u PFGClSG meaSU rements. E 10° L 5.4fb~1! —— Total fit Ec(2923)+
- E ¥ e Background E.(2970)*
m[Z,(2815)*] = 2816.65 = 0.03 = 0.03 £ 0.23 MeV, 2 | E&t - ac(2645)° E.(3080)*
[Z,(2815)"] = 2.07 4 0.08  0.12 MéV,, é 100 e :
m[Z,(2923)1] = 2922.8 + 0.3 + 0.5 + 0.2 MeV, ?g §
I[Z,(2923)"] = 5.3+ 0.9 + 1.4 MeV, © ok
m[Z.(2970)%] = 2968.6 £ 0.5 £ 0.5 + 0.2 MeV, F
['[5,(2970)%] = 31.7+ 1.7+ 1.9 MeV, 10— s —L - o - it
m[Z(3080)"] = 3076.8 £+ 0.7 £ 1.3 + 0.2 MeV, m(Efn~ %) — m(EF) — 2m.2° [MeV]

I'[Z.(3080) "] = 6.8 + 2.3 + 0.9 MeV, 10/30


https://doi.org/10.1103/gghl-m6fm

Non-Strange Mesons



O pe n q u esltl 0 n s [PDG review “Spectroscopy of Light Meson Resonances’]

Mass spectrum of gg mesons

s Pseudoscalar n(1440) D

a,(1970)
o Possibly two states n(1405) & n(1475) e e
27%p,) 17 371D, 27(1%D,) | 142300)
) _ a,(1700) | [a,(1640) | [p,(1690) 47713
S . . 07*@3'sy) 17@%,) K,’(1980) K.'(1780) | | K,(1820) .
s Difficulty accommodating known light - ) o e
scalars in lower gg nonets 2 o 0 e | i || e
fo(gogo) m,(1645) ®(1650)
2 ag(980), K3(700), fo(500), £o(980) | | | S

07 2%,) 1*2'P) 21Dy 17(1°%D)

- 3 “~[a(1820) |(a(1260) |
. 07Q'sy) 17@%S) & |KCiaas0) | Koy s
m Three observed isoscalars 2 sy [+ (e | (il |
K(460) | | keaato) | © [B01525) | |1,(1420) 4| *_
o f,(1370/1500/1700) (e oo | £ Rt | =
o The latter two proposed as glueball candidates o a0 ol Inai9 -
g{i's x4 u's) ’
K . PC (,,25+1
. i i=1/2 .
= The axial-vector meson f;(1420) has 0 lema J7F (™74 nonets

another candidate f;(1510) ¥ o 1 2 3

Orbital excitation 6
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R? - KIK*n™ system in B* - R°K* decays

m The process b — s gluon has been suggested as possible source
of gluonium states [H. Fritzsch, PLB 415, 83-89 (1997)]

m However contributions from ss and uu

resonances are expected.
P s Pseudoscalar glueball:

@ @ o Phenomenological models: = 1.4 GeV

)
Bt % f@ o Lattice QCD: =~ 2.5 GeV
" %@< [J Phys G40 (2013) 043001]
. R K s Mass region (<1.6 GeV) can study:

o Two overlapping 1** states: f;(1420) and
T i W ; f1(1510)

u K" K*
. %%< . M @ o Two states n(1405) & n(1475)

Ss resonance

NN

<
ISR
&)
o]
<
<

uu resonance
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Ampitude analysis

[PRD 111 (2025) 092009]

= Yields for m(KJK*rnt) < 1.85
GeV (purity ~85%)

Final state Signal Events

Bt - KAKtK— 7+
BT = K3KYK*xn—

10430
12320

m Decay chains via ay(980)m,
K*(892)K and direct K°Kn

s Resonant parameters are
fixed to those from PDG

= 19 contributions include JF¢

=0"%,1%", 1% and n,(1645)

Candidates / (6.5 MeV)
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Fit results

[PRD 111 (2025) 092009]

B+ — KK~ m* K+ |

B+ — KK+~ K+

Contribution Decay | Fraction [%)] Phase [rad] | Fraction [%)] Phase [rad]
1(1475) K*K 107311+ 110 0 103+11+14 0
aom 14+04+04 318+0.19+0.15| 1.8+04+04 2.92+0.14+0.13
PS 152421421 333401032012 89114497 367 1011+013
Total | 27.4+24+24 - | 121.0+1.84+3.1 -
n(1760) K*K 19+04+03 -153+0.16+028| 31+04+05 —1.16+0.13+0.20
aom 20+04+03 211+0.15+020| 1.7+04+03 3.06+0.12+0.24
PS 11.9+18+27 160+0.10+019| 232+24+51 1.92+0.07+0.22
Total | 15.8+1.9+27 - | 27.9+25+5.1 -
1(1405) K'K 35+06+19 —010+£0.10+£0.20| 23+05+07 —0.01+0.11+0.18
PS 52+05+08 1.77+0.11+028| 64+05+09 196+0.13+0.20
Total | 8.7+0.8+2.0 - | 8.6+0.7+1.1 -
f1(1285) aom 20+0.2+02 —035+0.13+026| 20+02+0.2 —047+0.11+0.12
f1(1420) K*K 114+0.7+21 425+0.08+023| 66+05+17 467+0.10+0.27
hy(1415) K*K[S] | 100+09+20  459+0.08+020| 18.6+12+35 | 1.57+0.08+0.55
K*K[D]| 33+03+0.2 -013+008+0.16| 24+03+02 -—2.57+0.08%0.42
Total | 13.3+1.0+2.0 - 21.0:4124.88 -
f1(1510) K*K 29+04+1.2 —323+£0.09+047 | 26+03+27 —288+0.09+0.23
h1(1595) K*K[S] | 53+08+14 | 144+008+019| 148+14+28 | 420%0.06+0.48
12(1645) K*K 16+02+08 228+0.10+0.09| 08+02+0.2 2.15+0.12+0.09
PS 182+24+29 313+£009+0.15| 25.1+26+50 2.85+0.07+0.16
el 32+04+03 —087+0.08+022| 20+03+03 —1.36+0.08+0.16
& 84+0.7+09 —0.86+007+0.19| 28+04+1.0 —0.82=+0.07+0.10
Sum 118.0 £4.3 £6.2 - 135.5 + 4.6 £9.7 -

For the two channels

m JPC=0"" 1" K*K
contributions are in
similar phase.

m JPC =17 K*K
contributions are shifted
by = m

s [hese phase
differences are
responsible for the

observed “inversion” of
the Dalitz plots
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Partial waves contributions [PRD 111 (2025) 092005]

Candidates / (6.5 MeV)

» Significant 0% signal has been established, comprising n(1405), n(1475) and n(1760).

s The concurrent observation of these states in both J /vy radiative decays [BESIII, JHEP 03
(2023) 121] and B* decays implies potential commonalities in their production
mechanisms.

s Presence of f;(1420) and f;(1510), both with I = 0, J°¢ = 1** challenges their physical
interpretation, as they both compete for identification as the ss member of the axial-vector
nonet
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— ¢ data w = 200 — y1415) HW TT. T D # #‘W F## S L =) t m} +#+ ### +j
- 2 L } 1200 — (1473 = 0| == £1255) 1t N
[ — n(1475) Mfﬁ + 8 [ /(1285 ##w + 17 e p(1405) . i (e f(]420) } H#*
- 1(1405) + W E e f (1420 ¢ } [ (1760 ﬁ+ S ffJ 510) # l
: -1(1760) # + 'E;J : " f 5 :)\' +& | # ........ _c% i (1595) i
g 1S 1 ! 7 100 #{__ —_ “ 1001 & .
+:;.-.:'.:- = | & i E: :L'_‘ 's’é’_,-— i I , “ o
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N
. T T T T
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Normal and exotic hadrons In
B - DDh(h'")



Why B - DDh(h’) decays

..........................

= Rich opportunities for spectroscopy studies

b : ¢ D™*,D™0,DF, Af ..
. . . — — — : \‘3;, ——fdfs E
o Charmonium(-like) states in D®D™, AFD™ A AL ... — W /
B*, B, Bg ' : e >l (- PO p- 7-
o Excited charm states from D™h, Afh ... Q_‘ P b Belen

o Open-flavour exotic states from D™h, A h ... o \

. q q ! K(’)+,K'3'”°,1r+,¢,A...
s LHCDb previous results

B* > D*"D"K™

~ 5 T —
o = = —~ <
Q 80 :_ _: o 12 — > Q e
; SR w(3770) — D* D LHCb 3 > B 8
O TOE e y,,(3930) - D' D b = e 5
2 E o £.(3930) - D" D" ( ) = Q e @) - —
= 60F ———- v(4040) > D' D — ~ 10+ =)
2 E  — — - y@160) DD * ()} 3 0
~ 50 E v(4415) — D* D Tcsl (2900) = l§ = Z
= 0F X,(2900) > D'K* E S n 3
= gof o nemm ok I = Sl ol i =
2 = x o | E C ; g
5 30F T50(2870)° | : = g
g F g : i ':'ﬁg‘ ©
o — 20 :_ _: [ . A
2 E 3 T¢50(2900)° - Dim~ 64 ‘%
< - = ¢
o HBF E Ti50(2900)** — Dt -
25 3 35 4 L e L .
m(D™K*) [GeV/c?] 4 6 8 10

M*(D %) (GeV?)
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B~ - D D°K": T;.,(2870)° new decay mode

[PRL 134 (2025) 101901]

= Amplitude analysis of B~ —» D~ D°K? finding

T*.0(2870)°, but not T%,(2900)° to D°K}

s T:0(2870)° O
a Significance of 5.3 o (d]
o m=2883+11+ 8 MeV

o I'=87%35+17 MeV

= Branching fraction ratio

* 0_, 070
5;’888333%},’& =33+1.1+1.1+1.1
T:.Sl(2900)0—>D01_{0
T: (2900)0-DVK- 0.15+0.15+ 0.05 +0.05

Isospin symmetry: two ratio should be 1

S
)

Candidates / (0.035 GeV/c?)
[\ D
(e} (e}

S

80f

N
(=]

~240 —
2220
2 200
© 180
2 160
< 140
%120
wn 100
80F14
60K
40
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9fb!

T T T T T T T

Candidate

—— Data

— Fit w/ T, ,(2870)°

------ Fit w/o

—  Background

- D,(2573)

D,,(2700)"

-~ D.,(2860)
""" NR (S-wave)
— - NR (P-wave)
N T, ,(2870)

@

T.(2870)°

3
M o0 [GeV/c?]

N
S

[\
oS O

> 80
60}

4 45

m, . [GeV/c?]
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D.,(2460)" -» D" m~ decays

= D,,(2317) and D(2460) are very special

o Masses ~100 MeV below expectation

o Isospin-violating decay D" *n® dominate

= Propose to study of D,{(2460)* - Dfnmtm~

o Double-bump lineshape in m(nrm) if

D.,(2460)" is a D*K hadronic molecule

Mass [MeV]

_|_
[Tang et. al. T
Commun. Theor. Phys. 75 055203] KO(K+) ;
—>— / P
e N . P
Djl / ) /- i D+
> l > 1 >
D*—|— (D*O)

= |=1 partners of D;,(2317) are proposed

o Inspired by observation of 1=1 tetraquark
T .(2900)*+/0 - D mrt

[PRL 131 (2023) 041902]

3400
3200
3000
2800
2600 —

b o\ P2V . o B {2586)D = (2573) =+ =+ =t == immm i m oo e DK
2400 } D, ,(2460) —_ DK
2200 D (2317
2000
1800

1600 | ] ] ] ] | ] ] ] |
's, ’s, *°p, P, P, D, D, D, °F, F, F,

JP= 0-1— 0ot 1t 2t 1= 2= 3~ 2+ 3t 4+

D ;(3040)

D ,(2860) D 4(2860)

D’ (2700)

S33(2335 4+ 100) — D°KO, K+ K%~ (weak decay)

[L. Maiani et. al.
Phys. Rev. D 110, 034014]

S5, T @romem e ® So3, 7"

$11(2367+£10) » Dy~ Diy(2817)  Sx(2367+10) - Dot
or D”K~ + second state of BOUEC 20/30


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034014
https://iopscience.iop.org/article/10.1088/1572-9494/accc1f

+ + ot
DS1(246O) — DSn- n decays [Sci. Bull. 70 (2025) 1432-1444]

~800 D,,(2460)" — DX n*n~ from three B — Dy,(2460)*D™ decays

1 . I

< 160 =T S ~ [T
g ] I e L T T WS T
- Data i —— Data
trz 1 e ‘1 140 — Fit g - t —
T 0F@ 1 gn 2460 T oE () 1 0515246% T F(c) R f)“ 2460)°
oS0 71 ] SRR & I — §2536§ @ + e D _(2536)* = R M D §2536)" n
_§ %0 == Background 2 100 = Background _.3 60 - = Background -
= 80 - -
S 5 4 R
@ g 60 B 40f .
O 40 - O O [ i ]
: 2017 2 p
g, SO P . Y R T ST Y i ey i i e ST 3-F: S Mk i sl SR Tha TG E + i
02450 2500 2550 0™ 2450 2500 2550 0
m(D; * ) [MeV] m(D;n*7’) [MeV]

Double-bump structure in m(mm)

Amplitude analysis performed Z0f ey @

2 [ ofby! :

2 £,(500) + £,(980) and mr K-matrix SO 4 ]

cannot describe the data well PRI Hy ‘;

a  The model in paper also cannot g2 +++++++++++++++ .

. Q L f ..... e ———— .*."t'
describe the data well 8557030 035 040 045 050

m(nt~) [GeV]

m(DF 7+ [GeV]

[Tang et. al.
Commun. Theor. Phys. 75 055203]
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https://iopscience.iop.org/article/10.1088/1572-9494/accc1f

Two resonance models can fit the data well

[Sci. Bull. 70 (2025) 1432-1444]

= £,(500) + £,(980) + £,(1270)

o Large contribution from f,(980) and

f>(1270) above PHSP of m(nm)
o This model cannot rejected, but implausible

fo(500) + TA* + T2 (new exotics)

Resonance Mass (MeV) | Width (MeV) FF (%)
f0(500) 376 +9+16 | 175+23+16 | 197 + 35+ 23
f0(980) 945.5 167 187 + 38 + 43
f2(1270) 1275.4 186.6 294241
%120-_ vvvvvvvv idaaaatanans %100:
...... ;28283 2 100;— (a)—: Ooo 80:
------ g S w -
+ g;t;lﬁt 8 605_ + — g a0f
g 40:— b g :
5 »f s N - iy
8257030 035 040 045 050 810 215 225 230

m(nT ") [GeV]

m(D; ") [GeV]

O
Resonance | Mass (MeV) Width (MeV) | FF (%)
fo(500) | 474+30+18 |224+23+ 16| 248720 + 39
T.s 2327+ 134+ 13| 96+ 16 + 23 | 156%3 + 25
2 taee 00 1 ST L
Ciof 9! ™ (a) S
S s T e A0 T e Y /o(500)
S 80 - o~ Background
:/ o Total fit
wn 60 1B i Data
£ [T
§ 20;— | +F Py + i _‘ d
825 030 035 040 045 050 00 2l5 2 3 230

m(ntn7) [GeV] m(Dint) [GeV]
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One charmonium(like) study



Amplitude analysis of B - n K*m™

= An evidence of T.z(4100)" - n.m~ was reported R :

by LHCb with 4.7 fb~! data (3.4c) 2 471 e
= Update with full 9 fb~ data e }g ﬁf#}
= 5000 signal yields ( ~2.5 of previous publication) - 2;: it !
= Amplitude results: ) ;Eo. . N

4.5 5
m(1 (1S)77) [GeV]

» 3.60 (2.50) significance without (with)
systematic uncertainties

« JP=0+disfavoured by 3.20 compared % 160f LHCbO M |
to 1- (stat. only) = 140k
g 120 K* + TCE fit
« M(T.z)=4106 £ 23 MeV S
« [(T,z)=514 £ 166 MeV : zg;:
S 405— :
m T_.:(4100)" is not confirmed ¥ 4 =
my sy 1GeV]



Pentaquark-related studies



Pentaquark study

[PRL 122 (2019) 222001]

Proximity of 27 D® and 2} D*Y thresholds to the peaks
suggests they play an important role in the dynamics

Pentaquark candidates are first observed
in 2015, a refined result is presented

A) > [J/PplK-

Three narrow structures observed in m(J /yp)

—
N
o
(@)

—
o
o
o

800

Weighted candidates/(2 MeV)

600

400

200

85

| — data :
- — total fit
L — background

—0 _
stD >tD*?

|

State M [MeV ] I' [MeV ] (95% CL) R [%]
P.(4312)* | 43119+ 0.7788 | 98+27F 3T (< 27) |0.30+0.0713%
P.(4440)* | 4440.3 £1.3741 | 206 £4.95,57  (<49) | 1.1140.331022
P.(4457)% | 4457.3 £ 0.6741 | 6.4+2.0% 37 (< 20) |0.53+0.167915

hat i
F
- P_(4312)
44L> — AA&\‘
00 4250 4300 4350 4400 4450 4500 4550 4600

m.» (MeV]

o Mass proximity to
threshold natural

o Fall-apart decay
dominant

o Mass proximity to
threshold accidental
oNo (strong) hierarchy

of couplings



PcZ's _)]/11)/1

P.s(4459)° 4458.84+2.9*1] 17.3+6.5%29
P.;(4338)° 4338.2+0.7+0.4 7.0+1.2+1.3
60

N
()

[\
-

Yield / (20 MeV)

1 1 | 1 . 1
LHCDb proton-proton collision

L, =9fb" @s=7,8and 13 TeV

P, significance >3 ¢

EID™

threshold

Ey = J/WAK™

Z9D*0 threshold

{ 1.9 GeV<m , <2.8 GeV
:1|
4.5

=== Data
l:]P
- =(1690)"
-a- 5(1820)
—— Z(1950)”
=(2030)”
—-— NR

Science Bulletin

E.D" 66 (2021) 1278
- PRL 131 (2023)
150 EcD 031901
% 180;_ LHCb o +D|ata -
o -1 — Nominal fit
2 1605 g_fb_) ]/1'0 p — Baseline fit ] 00
140 +A NR(J/y 7)) e
3 —NR(AP)
120 + PA p
100 + + Background 3
— EiD~
8; ++ + + threshold
20F .
4.2 4.25 4.3 4.35

m(J/wA) [GeV]



Observation of A} — A7 D; KTK~ decays wxw.ssoroms

. _|_ — d > d
s Can P.;, decay into A} D, o , e
b > > c d > d
A S u > ut AF
W= Z}-D; b > > c
ﬂ}K— L& f} Dy
{ S C
<3»K+ il
(a) The nonresonant KK~ process (b) The ¢-dominated process
m Cut & MVA based selection
o 61 £ 8 4 decays : T Fow ] 30F ﬂ I AR
— Fit —: 25 6fb! —Fit ]
+ 1 — < —A-apxx  TF — AADY ]
o Dominated by (P - K'K 8 et j =z2op A§—>A:D;(K+K-)m_¢ g
: IR
= 4 -3 ]
B(A)— ATD;KTK™) < l : E 1 E
= (0.0141 £ 0.0019 £ 0.0012 E 3 - j
B(Ag_) A:Ds_) hd H"ll””*l —: 55 + + E
5580 5600 5620 5640 Lsuslslom L5“6185“ *™To00 1050 1100 7150
m(A;D;K"K") [MeV] m(K"'K™) [MeV]
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Search for pentaquarks in A7 D; mass o ssooms

s P.z contributions (fit fractions) derived from fit to background-subtracted data

B(A)— PzKYK™)

Rpo =
Poe ™ B(AY— ATD;KTK™)

-B(PY,— AT D7)

CCS

s Widths and masses are Gaussian constrained to their known values

‘LI S B L S S S B R S S S S BN S B L R B F<u P AL NN B R S B B B S S S N S S R R BRI E

% 12F rHCH —+ Data ] % 2F rHCH —+ Data
EIOT 6o =il E 210? 6™ o v
g " g PcEs(4338)o : g r B Pc55(4459)0 N
= 8 3 Phase space 7] = & - Phase space 7]
< [ 9 g
=~ or 7 = 6F -
4F ] 4 ’
: :_ _‘ —: t AM —:
0 " N | N — 0 L L iy fn_h rn
4300 4400 4500 4600 4300 4400 4500 4600
m(AZD;) [MeV] m(AZD;) [MeV]

m Upper limits on 90% (95%) CLs:
RPCZ‘S(4338)O < 0.10 (0.12) and RPCZ‘S(4459)O < 0.17 (0.20)
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Summary

s LHCDb keeps making important contributions to heavy hadron spectroscopy with
run1 and run2 data

= Run 3 has taken 20 fb-' data with upgraded new detector, about doubled the
luminosity of run1&2

m Stay tuned for more exciting results JINST 19 (2024) P05065

Side View ECAL HCAL Wi M5

M3

Fi  RICH2 M2

Magnet

Sci
Tracker
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Radiative decays of y.;(3872)

[arXiv: 2406.17006]

= Nature of y.1(3872) still under debate, while study of radiative decays provides a way to probe it

= Only evidence of y.1(3872) — y¥(2S)y was seen experimentally before
Iy (3872)5p(28)y

Ry =
Reference s Ijxc1(3872)—>lﬁbw

T. Barnes and S. Godfrey @ 5.8 Ge
T. Barnes, S. Godfrey and S. Swanson @ 256 ¢
F. De Fazio 84 (1.64 + 0.25) e
B.-Q. Li and K. T. Chao 35 1.3 c
Y. Dong et al. > 1 @ 1.3-5.8 75
A. M. Badalian et al. ~ 87 (0.8 4£0.2) cc
J. Ferretti, G. Galata and E. Santopinto @ 6.4 cc
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89 2.4 cE
W. J. Deng et al. 90 o e
F. Giacosa, M. Piotrowska and S. Goito ﬁ 5.4 cc/ve
E. S. Swanson 81 0.38% D
Y. Dong et al. @ 337 B0
D. P. Rathaud and A. K. Rai < < 1 g 0.25 DD*
R. F. Lebed and S. R. Martinez 92 0.33% DD*
B. Grinstein, L. Maiani and A. D. Polosa g 3.6 % DD*
F.-K. Guo et al. 82] < 0.21(gb/g2)>  _DD*>
D. A.-S. Molnar, R. F. Luiz and R. Higa @ 2—10 B
E. Cincioglu et al. mixed [94 =4 (B
S. Takeuchi, M. Takizawa and K. Shimizu 95 1.1-34 DIF
B. Grinstein, L. Maiani and A. D. Polosa 93] > (0.952 05 ccqq

B decay
; — . .
/ Babar 2008
@
Belle 2011
LHCb 2014
H—'—H
BESIII 2020

0 1 2 3 4 5

% FXcl (3872)—>1(2S)y
A= i
Xc1(3872) = Iy
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Radiative decays of Xc1 (3872) [arXiv: 2406.17006]

= Update at LHCb using Bt — x.,(3872)K* decay with 9 fb~! Run1+Run2 data

LHCb meets theory workshop

120 120
N& r <+ Data LHCb ] N& r <+ Data LHCb ]
= 100~ [ B* — X1 (3872)K ™ 9fb~' o = 100 B0 Bt — i (3872)K* 9fb~! (3872) - l/)(ZS)
r 0 B w(29)KTX ; - 0 B w(29)KTX ] Xc1 Y
é 80 __ Comklzgatlrial E é 80 __ Comll)piflatz)rial E
% 60| Total # . % 601 Total + . Runl: N = 40 i 8, 5 30
= 40 ﬂ ¢ 12 40 I ﬁ E
=R o W, 1% | Run2: N =63+ 10;6.70
5 20 H+ + E 8 20; 3 ‘ N ]
] ESSRSISHINRS RSN RS A 77—'—+ 0* SOBRINTIVE LU S S
5 5.1 52 53 54 3.75 3.84 3.93 4.02
s myesyr+ [GeV/¢?] X My (28)y [GeV/?
X0 &_\1'2?10 e —— H——*——| BaBar 2008
% F 4 Data LHCb§ & [ 4 Data LHCb 1
= o = B+ — X1 (3872)K+ 9fh! E - % Bt — X1 (3872)K+ 9fh~! - | Belle 2011
= . B— JAX ] - B— JAX ]
0 1.6F X (3872)KF 4 S 08F = xa(3872)KH . g LHCb/Run1 2014
% [ —— Combinatorial ] E I —— Combinatorial ]
< 12F Total E: 0.6~ Total b, | 7 i BESIII 2020
g 0.8?‘”“”"‘»“%‘“ s A é E 0.4 : X .
= C T et 1= r J + ]
O ;\\\\ .o. - - b a8 “ -
0.4t nnnnn e © 0'2;“*““* R e ] o LHCb/Run1 2024
0 ————————— R N S ~= Sescs 0 e R ‘.r’r R ‘I\Q.‘ = _ .—.t":"t'tft&*
5.1 52 53 4 3.7 3.8 39 4 4.1 | 1
— [GeV/cZ? My Gev/c?] LHCb/Run2 2024
o O 1 2 3 4 5
%ﬂ)'}/ — 1.67 :I: 0.21 :I: 012 :I: 0.04 (15 A)) By = Ly (3872)sp(28)y

FXc1(3872)—>J/¢Y 33/30


https://indico.cern.ch/event/1423946/

Bt - D**D*K*: amplitude analysis

= Amplitudes of BY - R(D**D™)K* and B* - R(D*D*")K™ linked by C-parity
= allowing determination of C-parities of R resonances

Aw) = 5T aa@+ Y cmm} B” > D™D K"

2
| JER(D*:DF) k€R(D*~ K+, DTK)

L4y > @x ¢ A;(z) + > clAl(as)} B* - D**D K*

z | JER(D*DF) leR(D*+ K+, D—K+)
v d=1forBt* > D*D*K*;d =—1forB* > D**D"K*

OR resonances with J° = 1*: S-wave & D-wave

Frsyp(m) = LS
R.S/D m2 — m? — imo[y2Ls(m) + 3T (m)]

OOther resonances: Breit-Wigner

OONonresonant contributions to D*tD 7 :
4 2
fr(m) = g@+BD(M*—mg) for NR,-+; otherwise frp(m) = 1
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BT — D*iD$K+: fit results [PRL 133 (2024) 131902]

s All components in baseline fit have significance > 50

4+ Data ——  72(3930) N:(3945)  —— (4040) T2,(2870)° == T21(2900)° P(C)
Total fit - EFF - N 2,4000) WL 41 (4010) 227 h(4300) i NRypes
Bazzkground ----------- NR;-- \ ------- NRy-+ e j\(/RO” """" Reference fit Component J
~ T T AU S 7 T LU
o LHCb9fb! 1% r LHCbO fb-! ] xseg
—
:’ ] :’ I nc B
85 8 50
3 “( 157 X2(3930) 1 D
BT OONE M ST T 18 [ A
RN N T BN he(4000) 1
++
Xe1(4010) 1
< < "L N L B L BRI e
E 75 E 25k IE(Ii{)Cb 9 fb-! Bt E 1(4040) T 1
r 4 . ] +-
= o = f [T h.(4300) 1
PR PR 0 il
g 2 L 250(2870) I 0
<257 S 257 . 0+ _
© 04 26 28 30 32 <0 NRy—(D*FD=) 1~
M(D*K*) [GeV] e =l __
>100 o 15100 NRo-- (D D ) 0
E i OEO + NRi++ (D*:FDi) 1+
E 50[ ? 50 - . NRo-+ (D*q:Di) 0~
% E c:;s ; N R T et 1 £ 1| *F4 1 1
S o C ot Fit fractions in paper
M(D*-K*) [GeV] M(D**K*) [GeV]
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Prospects

[arXiv:1808.08865]

LHC ERA > HL-LHC ERA e
3fb? +6 fb? 23 fb? 50 fb? 300 fb? ]
2011-2012 2015-2018 2022-2026 2030-2033 2036-2041
Run1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade ?
P - —— ————————
LHCDb
Decay mode 93ih+ B0t S0

[*] updated according to the latest result

LHCb is now boosting the
data to a new level

o Expect to 3x data (5x hadronic
events) by 2026

o Opportunity for decays with
hadronic final state, such as

A9 - AFDHIOKH

Xc1(3872) lineshape from multi-channels

Z.(4430)
Doubly-charmed tetraquark 7} — D D°

More information for pentaquarks
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Light-hardon spectroscopy at LHCb

Strange production

s Amplitude analysis

o Direct production of light hadrons obviously happens but the 7
N . D-K'n u
multiplicity of tracks is so large that they are covered by =
large background - % d’”
o Rather study resonances in heavy flavored particle decays S
(D, Bs-hadrons) :_i Ik

=
: o

o Bs-decays select pure quark-contents of the light hardon

Non-Strange production

B° - yo/p/f

¢ BY - ¢f
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Non-Strange Mesons



Early works on non-strange light mesons

Q

U 0O 0 O

LHCDb, "Resonances and CP violation in B? and BY — J/{K" K~ decays in the mass region above the
¢(1020)", JHEP 08 (2017) 037.

LHCDb, "Measurement of the resonant and CP components in B’ — J /Yt~ decays", PRD 90 (2014) 012003.
LHCDb, "Measurement of resonant and CP components in BY — J/ym*n~ decays", PRD 89 (2014) 092006.
LHCDb, "Observation of B?S) - J/Yf1(1285) decays and measurement of the f;(1285) mixing angle",

PRL 112 (2014) 091802.

Sheldon Stone and Liming Zhang, "Use of B — J /Y f, decays to discern the gq or tetraquark nature of scalar
mesons'', PRL 111 (2013) 062001.

LHCb, "Amplitude analysis and branching fraction measurement of BY — J/1K*K~", PRD 87 (2013) 072004.
LHCDb, " Analysis of the resonant components in B® — J/yr*m~", PRD 87 (2013) 052001.

Liming Zhang and Sheldon Stone, “Time-dependent Dalitz-plot formalism for Bg = J/Yh*h™",
PLB 719 (2013) 383-387.

LHCb, "Analysis of the resonant components in B? — J/yr*n~", PRD 86 (2012) 052006.
LHCb, "Observation of BY — J/if5(1525) in J/PK* K~ final states", PRL 108 (2012)151801.
LHCD, "First observation of BY — J /1 f,(980) decays", PLB 698 (2011) 115-122.

S. Stone and L. Zhang '"S-waves and the measurement of CP violating phases in B decays',
PRD 79 (2009) 074024.
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012003
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.092006
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http://prd.aps.org/abstract/PRD/v79/i7/e074024

[PRD 111 (2025) 092009]

K)K*n™ mass spectra

= Selection re-optimized in the K2K*n* threshold region
= Event yields for m(K{K*n) < 1.85 GeV

Final state Signal Events  Background Purity
Bt - KOKTK— T 10430 1454 87.8+ 0.3
S
Bt - K2KtK*Tn~ 12320 2180 85.0 0.3
S f | ' R - AL ' I _
§ sl LHCb t (a) K Tl'+: 21500_ LHC})1 o) K +Tl'
< - 9fb! ¢ data = 9 fb
:V: i ++++ mem= B sidebands | E
o t — DR %1000_— h
g B thht
S 400 t ' “H# H++++++++ *+H+++ Hﬂ#ﬂ' 5 . ¢ hm”uﬁ 04 Mum by gttt iy
i ] 500 L '
200i, ! _ i
0 b 0-

15 ? 25 15 2 25
m(KSK 7+) [GeV] m(KeK*m) [GeV]
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[PRD 111 (2025) 092009]

Comparison of two decay modes

Dalitz plot for the two different B* decays for 1.3 < m(KJK*nt) < 1.85 GeV

B* - (KdK*m™)K*

B* - (K{K m*)K*

LT T T 1 o 1 | T
> >
D) L
<) o
"N N
K**K~ vs K*°K°® % H ~K+ vs K*ORO
S . K*"K" vs K™K
; : 33
P S T T S S S ST R E SO S P | P I TR
0.5 1 L5 0.5 i 13

m(K~1+) [GeV?] m(K*7) [GeV?]

s Asymmetric K**/K*0 distributions
s The Dalitz plots for BY - (KJK " n*)K* and B* - (KJK*n~)K* are different
= Neutral K*¥ and charged K** bands are somewhat inverted
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H
e

2 > J/YE wt and A) > J/PEK?

[EPJC 85 (2025) 812]

Candidates / (10.8 MeV/c?)

Candidates / (206 MeV/c?)

] /1/Jp — ccuud

Ol

40+

20

N=107+t12 |

l —I— Data
— Total
—— Signal
------ Comb. bkg

LHCb |
54fbt 7

S0 800

FEe ol LN SIS | T LA &'
5900 6000 6100
m(J/yp E ) [MeV/c?]

- I T
[ 29— J/1,U._
30F

T

J'L'+ o
5.4 fb!

'LHCb

+

o |
Y —

5000 5500
m(JY=E") [MeV/c?]

—

Candidates / (13.5 MeV/c?)

Candidates / (141 MeV/c?)

J/YA = ccsud

. 'LHCb
- 541b!

601

80

40k

20~

i + +
Pt bttt

—4 Data I
— Total
—— Signal
------ Comb. bkg

(N =84 4+10

5600 5800
m(J/pEK*) [MeV/c2]

0 A)— I EK?

b

10~

LHCb
5.4 fb!

+y

1 | L L
4600

R0 3000
m(Jhp ) [MeV/c?]

%QI,DE - cc‘ssu/D
- J/YERY

= (11.9+£1.440.6) x 1072

= First observation of =}

B(E0— JWE-7+)
B(=, — JWE")

= Most precise measurement of

B(A} > J/E~KY)

B(A)— JW="KT)

= (1.17+0.14 +0.08) x 1072
B(A)— JhpA) ( )

B — JpE~K+)
B(A)— ¢(25)4)

B(AY = JpE-K+)
B(A)— ¢(25)4)

=(3.44+1.2) x 1072
[EPJC 84 (2024) 1062]

=(2.34+0.3) x 1072

CMS

LHCb

= Larger statistics needed for amp. study
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