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Conventional and exotic hadrons

. A SCHEMATIC MODEL OF BARYONS AND MESONS
= In 1964, Gell-Mann and G. Zweig proposed the .
. . . . o ; ) . (1964) 214-215
quark model, which revolutionized our understanding e
Of the structure Of matter constructed from quarks by using the combinations
. ] _ (qaq), |( etc., while mesons are made out
= The quark model predicted the existence of exotic of (a4, [(qaqd)] etc.
hadrons
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Status and challenges in hadron spectroscopy

]jl Exotic Hadronic States ﬁ Theoretical Challenges ‘ Broad Implications
= ' PRL 91 (2003) 262001 1
- 300 = h
I X (3872): ‘
e =
i/ <%
I O, S P e
0.40 0.80 1.20
m(J/ypr*n™) —m(J/¢P) GeV
Numerous new hadronic states No single theoretical model can As the least-understood sector
have been discovered, many accommodate all new states. of SM, it impacts BSM
exhibiting "exotic" features Multiple binding mechanisms or searches, neutron star
incompatible with conventional mixtures of different modeling, and understanding
meson or baryon interpretations. configurations are likely at play. strongly coupled theories.

m Key References

o Seminal works include Guo et al. (2025), Husken et al. (2024), Chen (2022), Lebed (2022), Bicudo (2022)
and Dong et al. (2021)



https://arxiv.org/abs/2508.20667
https://arxiv.org/abs/2410.06923
https://arxiv.org/abs/2204.02649
https://arxiv.org/abs/2207.14594
https://arxiv.org/abs/2212.07793
https://arxiv.org/abs/2101.01021

Wishes from experimentalists
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'LHC-B

Detector

The LHC is one of the most important facilities

| for hadron spectroscopy, thanks to its high

collision energy, large strong-production cross
sections, and high luminosity.

LHC: 27%kn-




Exotic hadrons @ LHC
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Two methods for spectroscopy

Production by a B or D decays Direct production in pp collisions
m Clean environment, suitable for JP m Could generate all possible states, no
determination, precise measurement mass limitations but large background
m But limited by mass of Bor D m Great potential to explore
0 x01(3872), x.1(4140).... a TE
A Tesy Tes a Teeee

a Peg, Pegs

Tz I/

+
N P 4><
rirfiary vertex y J/p



Open flavour tetraquarks

=R

30 Tc*sl(2900)0 T (2900)++
T 50(2870)° .7323(2900)0
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Why B - DDh(h’) decays

= Rich opportunities for spectroscopy studies T 1 ADYtDUO DAL
a Charmonium(-like) states in DD®™, AF D™ AT AL ... | /
o Excited charm states from D™h, Afh ...

» D7, D™0 Dy A ..

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

K(‘)+‘ K“\'o,ﬂ'*.,(ﬁ,A

= Summaryofresults e

Quark Content Candidates Modes
T0(2870)°, T.1(2900)° Bt - DtD K*
L . . BO - EOD+T[_
Q cqqq T} +0(2900)°, T}, (2900)** B+ > D'DSS+7T+
T’ <0(2300)%/++? B - DWDIntm
_ X(3960) BT - DID;K*
QQ | ccqg -
Xc1(4010) BT - D*:D*K*
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Observation of T,, > D" K™

= Amplitude analysis of B* - DTD~K™* decays
0 ~1300 signals with purity 99.5%  ° )

s Enhancement in m?(D~K*)~8.5GeV 2

m Described by 77,,(2900) and T;,,(2870)

= First discovery of open-charm tetraquarks
with four different flavors [csud]!

Resonance Mass (GeV/c?) Width (MeV)
X0(3930)  3.9238 £ 0.0015 + 0.0004 174 £+ 5.1 £ 0.8
X2(3930)  3.9268 + 0.0024 + 0.0008 34.2 + 6.6 £ 1.1
T),(2870)  2.866 = 0.007 =+ 0.002 5= 12 £+
Tes1(2900)  2.904 £ 0.005 =+ 0.001 10+ I =4

mX(D*D") [GeV?/c*]

Candidates / (17.3 MeV/c?)

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003]
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w(3770) — D* D"
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Z2.(3930) > D" D"
w(4040) — D* D
w(4160) — D* D
v (4415) —» D* D~
X,(2900) — DK*

" LHCb
(b)

T;1(2900)

e X ((2900) — DK*
------ Nonresonant

T:40(2870) } ﬁ‘lH
Lt T

‘ ”A..T.l+--7'"“’-';::5.$'§f~i'“-
25 3 35
m(DK*) [GeV/c?]
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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
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Observation of T:,(2900)%/** —» D} r?

= Decays from from B® - D’DJn~

©0

—
(=
(=)
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M = 2908 + 0.011 + 0.020 GeV
['=0.136 £ 0.023 + 0.011 GeV

[PRL 131 (2023) 041902]

,,,,,,,,,,

Total fit

D, (2460) D,
Dy (2600) D
D5 (2750) D
D/ (2760) D
D(3000) D
D*(2010)~ D
T%,(2900) D
D S-wave D

Data
Background

»T0(2900)° - Dfn~ & T}, (2900)** —» DFnt significance > 90
v'Asecond 1~ DJ  state yields significance of only 1.30
v'Additional Drt, Df , DDJ resonances disfavored

> J¥ = 0" favored over other spin-parity by more than 7.5¢
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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 DK~ + second state of DK 14


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

n f,(500) + TE" + T2 (new exotics)

©0
©0

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]

Resonance | Mass (MeV) Width (MeV) | FF (%)

fo(500) | 474+30+18 |224+23+16 | 248%%9 + 39

Tes 2327+ 13+ 13| 96+ 16 + 23 | 156%2] + 25
2 Lhoe | gy -
Siof 9! Tl (a) 73
S i 1 8 | O T e Y ] /o(500)
= 80 - . Background
:’ = Total fit
w 60 TE{ T Data
§ 40?— el + ''''
§ 20;— _J'_' i i ¥
825 030 035 040 045

0.40 0.45 0.‘50
m(n7~) [GeV]

9.10 2.15 2.20 225 2.30
mDin") [GeV]
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Hidden(doubly)-charm tetraquarks

~ 5.5 1
O
>
o 5.0
O Xco(4700) Xc1(4685)
— 45 Xco(4500) X(4630)
o Xc1(4140) Xa(4274) Tecs1(4220)*
S 4.0 Tees1(4000)* Tee1(4000)° _ Xc1(4010)
. ch%875)+ X(3960)
3.5 1
3.0 A
2.5 1
2.0

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
patrick.koppenburg@cern.ch 2025-07-04 Date of arXiv submission



Exotic states in B" - J/Y¢dK™ decays

m BT - J/YpK™ decays initially used for study of J /y¢ structures

0 X(4140) first observed by CDF and confirmed by CMS
[arXiv:1101.6058] [PLB 734 (2014) 261]

o With run-1 data, LHCb observed X(4140), X(4274), X(4500) and X(4700) [PRL 118 (2017) 022003]

s With run-1 and 2 data, 6 x signal decays obtained

il : : +
o Clearly visible: 4 structures in J /1¢p mass and an obvious J/YK™ band [PRL 127 (2021) 082001]

— g 22
s ' T ' LHCb {20
S LHCb 1 Data op! 118
SEOE g — Total fit 1o
2 ] 1 14
30 200000y e Background ] = I
= N "
E 10
© 200E 24k signal : e ] "2
- : 0 § - =L e =4 7
1000 - Purity 36% = - | Zs state? e 1
- ] 13 1 72
4~ gy Rt rrririr e b e g e b i - 1 1 | 1 1 1 ] 1 1 1 | L I _0
5250 5300 5350 18 20 22
My ok [MeV] m.ZI/t,t/qb [GCVZ] 18



Observation of new resonances —J/YK* and J/Y¢ on 157 2021) 082001]

. , S oof
= Run-1 fit model doesn’t work well 2
—t -
= Fit needs more states, in which — Totalfit < soof
4 new exotic-like states are observed - Backeround - 2 4o0f
o ﬁ(:_' 5 300F
k1 b O 200f
= New states: e KR 100F .
+ P _ 1+ — K2 - Uy
ch(4000)+ J - 1 e —— X(4630) .
ch(4220) ,] =1 —— X(4500) = - T T - T T
X(4685),X(4630) —— X(4700) < 700F + LHCb -
—— XNR S 600F 9fb!
i . . —— X(4140) = 500 & : X(4700j::
s Confirmed previous observed states: — X@274) g  xasts) 2
X(4140), X(4274), —— X(4685) % 00§ |
300
X(4500), X(4700) — X(4150) LN
S5 Z,,(4000) o
..... ?amzzo) 100¢




Comparison with BESIII

m BESIIl observed a narrow Z,..(3985)" with different final states Dy D* + DD}™
m Two states have similar masses, but different widths

m No evidence Z.;(4000)" is the same as Z.;(3985)" seen by BESIII O 6
o Fix Z.,(4000)* to BESIII's result; 2InL is worse by 160 e Q
o Adding on top of the default model almost doesn’t improve the fit likelihood

/ il [PRL 127 (2021) 082001] [PRL 126 (2021) 102001] BESII \
%\300:_' - é(4|.25,'4.3'5)c;'e\/I E 40
=250k e E ©35F Vs =4.681 GeV —+— Data
S LHCb 1% Aol ] S Total fit
<200 4 paaon!  [EHUTY = — — = Z.(3985)
%1 So;jizta;fitﬁ t h' _ S 5*1(2600)00*0
glooéé zcx(iaoo) L A Ay a1 UR S non-Res.
O f ' ] % D, DY
505— E 3 » : | comb. BKG
R 42 S R R
My - [GEV] RM(K*) (GeV/c?)
m(Z,.s(4000)*) = (4003 + 61,%) MeV Mpole(Zc5(3985) ™) = (3982.57 56 + 2.1) MeV /c?,
I'(Z.,(4000)") = (131 + 15 + 26) MeV Tpole(Zes(3985)7) = (12.815:3 4+ 3.0) MeV. j
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Evidence of T ;,,(4000)% in B® 5 J/PPK . ... oz ssroon

s BY > J/YpKd and BT > J/y¢pK™ are related by isospin symmetry

= Joint amplitude fit assumes isospin symmetry except for Tz, (4000)°
m Its significance is 40 (5.40 under isospin assumption)

s T,.-1(4000)° and T,z;(4000)* = Z..(4000)* are likely to be isospin partners e K
T.5(4000)° <

%\ 700E 4-paa LHCb =+ —+ - 3 I

E 600;——Totalfit 9 b —;— BT —)]/1/)¢K+ —

Z  500F -+ Background ) =+ - 3

P 400E- = = All K" and X ' =3 E

g 3005_—32“(4220) = = 3 M(ch‘sl (4000)0) = 3991t%(2)t27 MeV

T 200F N0 E3 E s

© 100E =3 E 0} — +29+

. B ER 25 AN\Nh—-— | I'(Tces1(4000)7) = 105755753 MeV

>

=

% 0 + — +11 +6

g AM(ch‘s1 - TcEsl) = —12755°, MeV

g
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B* - D**D*K*: amplitude analysis .. i eom 131902

= Amplitudes of R - D**D~and R —» D*~ D" linked by C-parity

= allowing determination of C-parities of R resonances = Four charmonium(-like)

+ Data £aB900)  — nGOHS) ) o Tip(2870)0 == T5,(2900)° states are observed
otal fit ~  ---——- L+ NN 4.(4000) [T ye1(4010) 727 he(4300) . NR++ . =S
Bkl MR MR MR e Refereneel Component D decaymg to D*D for

%1002 e 'é”’o/ T : EFF,++ 1+ >6.10
% Dl 7 sih Dl ] 1.(3945) o-+ " At least the three of
s \ 5 \ Yo (3030) 1 2+ them are new
Q Q .
h(4000) 1t = JPC for each state is
’;.:75: T ”;;75 Xe1(4010) 1+ determined for >5.7c
L © ) 12 ¢ ] =
550; TR 1 Ssof ' ¢(404O) i 1
Sosf 1 Sast ] h.(4300) =
§ o B S R e § of 550(2870)0T 0+ .
Mooz ?\Z%D*K*f .[2GeV] ' ' ' M(D=K*) [GeV] Gl (2900)01‘ T = ng states, seen In
gloo - éloo-' LHCbO® 7 NR,__(D**D¥) 1— B* > DTDTK™, are
= | = [ O ; 3 e confirmed in BT -
g o g of ] NEg=(PeD®) D**D~K™* decays
=i | NRy++(D*FD*¥) 1++
8 0 o 26 2|8 31‘(‘)”““ :..1._,.__.4 8 0 4 ,2..'.46..‘;‘.:_._-,-,.5 ..... 28 ................ 310 ............ ,A,3,2 ! NRO B (D*:FD:t) O_+

M(D*-K*) [GeV] M(D**K*) [GeV]
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X(3960) in B+ D+D K+ decays [PRL 131 (2023) 071901]

= Strong threshold enhancement found in DS D; system 3 :;— - e )
= Amplitude analysis is performed é @;;E‘E‘ﬁ
m X(3960): threshold enhancement ~36081grj'§{ it {*f ;
a JP¢ = 0** preferred over 17~ and 2** by 9.3¢0 and 12.3¢ or _ | ,j?<??%’??22.[2?ev,2]. -
wb B oon Total i E

o Could be a ccss tetraquark predicted by Lattice QCD
[JHEP 06 (2021) 035]
o Resonance parameters are consistent with y.0(3915) within 3c

o If X(3960) = y-0(3915), B(X - D*D")

— X(3960)

Xo(4140) ]
——— (4260) ]
Y(A4660)

Non-resonant Df Dy 1

Candidates / (20 MeV)
8
I

Ot Dips) = 029 £ 009£ 010+ 0.08 .
Component J©¢ My (MeV 'y (MeV F (%) S (o)
X (3960) 07" 3956 +5+10 43+13+8 |2544+7.7+5.0 12.6 (14.6)
Xo(4140) 077  4133£6+6 67+17+7 167+47439 3.8 (4.1)
4 (4260) == 4230 [62] 55 [62) 36404432 3.2 (3.6)
b (4660) 1=~ 4633 [32] 64 [32] 22+02+08 3.0 (3.2)
NR ot+ i i 46141324113 3.1 (3.4)
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T.-1(4430)" in Bt = y(25) Kgn'+ jarkiv: 251120425

"w First four-dimensional amplitude analysis of B* — (25 YKJmt is performed using 5.4 fb~! Run2 data '

o related via isospin symmetry to B® — 1 (2S)K ~m* where the first charged charmonium-like state
T.c1(4430)*(Z.(4430)*,JF = 1) was seen [PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

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

N =9600 £+ 100

I . ':

& i Model independent ;
~ -1 i —r —r —r —r —r —T1— —T —T — |
LHCb, 54 tb RPN ' ' ' ' 1 n2E ' ' I

> 12450 F LHCb, 5.4 fb) 1 < 03¢ ] |
O + Data i 400 TData 1 5 o0af 6 ~ LHCD.54f3 .
~ : ' 2 E —Fit (Model ind.) E F 1
S — Fit 12350 I 11
< ---- Signal :S 300 —Fit (K" only) F 1 ] i
=2 ---- Background - OF 1 i
- S o0 E E : ER
2 19200 i -0.1f el
5 i 150 1 ook i

> i 3 I - 11

i L 100 : : 3 ]!
L 50E 1 —03f 1

1 - 4 - 1 1

: 'l S T T [N T TR T NN TN ST T T T TR T NN S T T _04 [ L | 1 L 1 | L 1 1 | M. :

5 35 P 0 4 42 44 46 0.2 0 02 ]

. : ) ]

mo. [GeV/e?] m,, [GeViel] Re Ay |

S 1 1



T.-1(4430)" in Bt = y(25) K211'+ jarkiv: 251120425

Model dependent

v" Breit Wigner: € Molecular scenario

_ 0.055 _
M = 4.452 £ 0.016 o33~ GeV Flatté model to take into account opening of D;(2600)°D™ decay
I'=0.174 4+ 0.01913:983 GeV

= (B7106%D%  p_ ! g1+ coupling to Y (2S)m ™ |
: P_ 1+ T m2 _m2 _ 2 2 : coupling to D (2600)°D*+
i consistent with T,.z;(4430)" %
| g, = 0.00 + 1.78 + 2.81 GeV/c?, || < 6.8 @ 95% CL ;
! ! i
| @ Triangle singularity mechanism %5005' Dt LHCP 54 ! ]
- v Amplitude obtained through S40F _1g ]
integration over the triangle § 300F —Breit-Wigner ;
i diagram, leaving no free % : ]
parameter other than an EZOO:' ;
overall complex coupling 100 F * Baseline fit ]
v' A reasonable description is N AR,
| - 4 42 44 46 i
i eved T m GV |
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Doubly charmed tetraquark

[Nature Physics 18 (2022) 751]
[Nature Comm. 13 (2022) 3351]

= A narrow resonance T.% (cctid) discovered in prompt D°D°r*
spectrum, just below the D** DY

/N

70_ T T L] T |

E : O ——
- - LHCbh =3
T, EE
@t o4
E i - 10;‘ ++ + 3 "E
40t | . | unnE
- .+ Data MY 3.876 ]
301 O ™ Mmoo [GeV/e?]
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20- ﬁ el ke -
or M o pdid
ot %ﬂ*ﬂ et ++| i lH i f
C | | , | | | , | | L4
3.87 3.;38 3.89 3.9
Mpop0+ [GQV/CQ]
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FBW 9279 4+ 59
FY  —361+40
9 LHCh
EIZO— 0fb-!
583/100_ 1[ Iﬁl dTTZ DODOT+
E 80 J[ - t)atcklground —
S 601 o -
] ot
. '3.‘73 : '3.|74' 4 '3.[]75'\/'/ '2]

o [keV/c?]

409 £+ 163

478+ 1.9

1 & 100————

120 LD,
1% 80 + data 9fb™" 3
43 705 [ T/-DDA° 3
12 60E 1 11 -DtD%y 2
1 E 50E ---- background 3
) 2 total E
o 405— + + E
30 =
205 JH.H% + J[ -
10 H %
== 3.74 3.75 |
Mp+Dpo [GeV/c?

26



Hidden-charm pentaquarks

Pce(4450)* Pc:(4457)* ,
51 P.:(4440)* g ees(4338) -

P.:(4380)* Pce(4312)*

Mass [GeV/c?]

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

patrick.koppenburg@cern.ch 2025-07-04 Date of arXiv submission



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



Evidence of a J/Wp structure [PRL 128 (2022) 062001]

800 B — | /ypp decays e
S

Mp, = 43377 (stat) 2 (syst) MeV, s
[p, = 29775 (stat) 15 (syst) MeV, 3520;

8

Can’t distinguish J¥ due to limited sample size

o T
o 60 ]
s : : O I
Other contributions are tested, no evidence is seen: 3t s
- L
*  P.(4312)" seenin A} - J/gpK ~[PRL 122 (2019) 222001] ! =
~ 5 20F
* Predicted glueball state f;(2220)(— pp)[EPJC 75, 101 (2015)] =
§ =S
O VYT a2

4.3 4.4
m(J/y p) [GeV]
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PcZ's _)]/¢A

P ¢5(4459)°

P.;s(4338)°

60

N
()

[\
-

Yield / (20 MeV)

4458.8 + 2.9177

17.3+6.572)

4338.2+0.7+0.4 7.0+1.2+1.3

1 1 | 1 1

LHCb proton-proton collision
L, =9fb" @s=7,8and 13 TeV
P, significance >3 ¢

Ep = JJWAK™

Z9D*0 threshold

+ 1.9 GCV</77“K<2.8 GeV
:1|
4.5

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

Science Bulletin

E.D" 66 (2021) 1278
= E PRL 131 (2023)
=c 031901
T T T T ] | ]
- LHCb - Data 7]
-9 ! — Nominal fit 0 a
LB~ — ]/1'0 ﬁ — Baseline fit 3
B NRU/y p) - e
- — NR(A P) .
3 + — Py E
- Background -
ol H + XD
threshold
— ¢ -]

4.25

e
m(J/wA) [GeV]
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prompt production
[PR D110 (2024) 032001]

AY S ATDOK-
[EPIJC 84 (2024) 575]

A) - EE,*)"""D(*)—K—
[PR D110 (2024) L031104]

Hadron 1 Hadron 2 Charge I3 Yy ¢C Lg:tlt - 1000 T r r ' r §200;_ 1 e § oow _' " 3 LECb
—= @) [ 2 sk 6’ _T;:I f?’” K E I ]

A D’ 1 10 v = r LHCb 5.4fb" = i neos ] g o ]
2 LN 0 - 1 0 ¢ <800 | = R B
Aj Q** 0 . 1/2 1 0 v § : —— Full model % E 1 S 100f ]
D DO +2 3/2 1 0 v 3 00 b - 1-*“” v S sof . [ ]
I D A 1 10 £ 00 ¢ et = o it | T
Dot D +1 1/ 1 0 X 8 i e, 0 2500 2550, 2600 0 0 o T
ZS Do 0 _ 1/2 1 0 v 400 o D m(Afzt) [MeV] m(A,) [MeV]
29 D_ —1 - 3/2 1 0 \/ : % LHCb I I Data %
ES D*~ —1 - 3/2 1 0 X 200 '_ _- E 100 [ 6yl — Toulfi SE"_,
T D’ +2 31 0V ! ] = 3w ]
b3 el iy +1 1 1 0 Vv . ] N 5 0t
Z:++ D*= +1 1/2 1 0 v 1 . 2 s} S sof .
%0 o 0 -1 1 0 5 5400 5500 5600 5700 5800 8 i

c 2 + 0 -
2 D~ -1 ~3f 1 0 Vv m (AC DK ) [MeV] T P T T R ol S e i

*0 *— — 2450 2500 2550 2600
) D —1 3/2 L0 v m(Atz*) [MeV] 0 o 5653;(/12) MeV]

Afn*D~

Candidates / (6.5 MeV/c?)

90
80
70
60
50
40
30
20

10E

0

>Nocsignificant signals
» Largest deviation from bkg. shown in
(ccuud) @ M~4520.69 MeV

—Data
— Total fit
- - Signal

J
bl

0

I 4(I)0 — 600
m(A;w*D") = m(A*) = m(x*) - m(D") [MeV/c?]

B(A)— JpK™)
B (A)— AFDK-)
B (A — JipK™)
B (A)— AFD*K-)

= 0.15210032

= 0.049 700,

» Essential input for extraction of
B(P = A;DWO)/B(PF — ] /1p)
in the future

B(A— S+ DK-)
B (A)— AFfD°K~-)
B(A = Z*++D-K-)
B(A— S++D-K-)
B(A)— SHDK-)
B(A— S++D-K-)
B(AO s S*++DK-)
B(A'— S++D-K-)

=0.282+£0.016 £ 0.016 £ 0.005,

= 0.460 £ 0.052 £ 0.028,

= 2.261 £ 0.202 £ 0.129 £ 0.046,

= 0.896 £ 0.137 £ 0.066 £ 0.018,

»Study of resonant structures calls
for larger dataset



Observation of A} —» A7 D;K*K~ decays

B(A)— AFDIK+K™)

s Can P,;, decay into A D

a0 614 8 A} decays

o Dominated by ¢ - K¥K~

B(A)— AF D7)

= 0.0141 £ 0.0019 £ 0.0012

Y VY

d
A
b

(a) The nonresonant K+ K~ process

s Cut & MVA based selectlon

=
|

A

S »w » &8 O » oF I8 1Y

—_— —— ——

Candidates / (2 MeV)

LA B B B B B RN B L B I R R R B

—4 Data
— Fit
— A—AD KK

Combinatorial

IIIllIllllIlllllllllllllllllllll-

LEAL "lll”l *l1

i il lll l.lll l.ll

5580 5600

5620 5640 5660 5680
m(A;D;KK™) [MeV]

e
o+

TN

N
+

(=

Yield / (5 MeV)
[e)

— — 3] ] w
[«] (o] (9]

(=] W

[PRD112 (2025) 052013]

d > d

A S u > up AF
b > > C
2 s

W _}D;
¢
s

e )

3

(b) The ¢-dominated process

1000

——r —r—t
LHCb -+ Data
6fb! —Fit
— A—AD :
A—ADKK)
non-¢

1050 1100 1150
m(KK™) [MeV]
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Search for pentaquarks in A7 D; mass

[PRD112 (2025) 052013

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

B(A)— PzKYK™)

K= B(A— AXD;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 510? 6™ o .
S | —P. (338 1 & ¢ — P (4459) ]
= B Phase space 7] = & - Phase space ]
) C o L h
=~ or 7 = 6F -
4F ] 4 ’
2 :_ _‘ —: t AN —:
0 " N | . — 0 L L iy fn_h rn
4300 4400 4500 4600 4300 4400 4500 4600
m(AID;) [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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11.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1

11.0 - 24 new exotic hadrons at the LHC cclqq) @ cccc W ccqqq
' ® ccqq ® cqqq

10.5 4

- »(6900) ‘Tctcf(_/loo)
' céct

‘TCECE(6600)

o o N N
o ()] o U
1 1 1 \

2

U

w1
1

Mass [GeV/c“]

All-charm tetraquarks

Nowo kRl
(O] o (S, ] o (921 o
1 1 1 1 1 1

2.0

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
patrick.koppenburg@cern.ch 2025-07-04 Date of arXiv submission



Status of of all-charm tetraquark before 2025
T S S cuis

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023 Phys. Rev. Lett., 132(11):111901, 2024
(? 220 L L) L4 I L) L] L) » I L: L : ¥ > 400'_ v | L I el SRS F=tushal | EI=E I ¥ Taei=h | I_ > SOL Al ' AL I AL B I L5 2 I ) ] LA L I LA L 180 LA T T T T T T T T T T T T T T T T T T T T T |135fb.|‘ ‘3T9—
S 200 LHCb il & Famas — Sig. + Bkg. 1 & “Famnas ——ELARE 1BE- e =
§ 180 = g 3000 Vg =13TeV, 140%" —_ Background J e - s =13 TeV, 140 fb' — Background ] 3 4 Data —Fit é
w© 160 s Tt o [diy ---- Bkg. wlo Feed-down 1 © gof-Jiy+y(2S) ks Sigrial ] s E —BW, ---BW, =
) {. I [ Interference BW ; C Sig. wlo Int. ] 3 i 1 9 120 = BW, ---Background ]
~ “-:'200__ Sig. It 1 o - ™3 ~ 100F == Interfering BWs 3
] o e 1 € .k 1 @ 5 3
E & 100f Bl 13°%% 1 E
S C i 1 5
o e N i i ] =
8 o R e {20 - 8 e
3 g i i } @ . i
= B 1 ] - C ] Sri R See E
) -100F . T~ ] A it T S e - .
g - C ] 10 + : ‘} 7 = g ; —¢ — ) : i
$00 7000 8000 %00 | 20 Ao ISR s j &8 i&{ﬂﬁ{ ﬁﬁ%%%ﬁ%}%ﬁ ﬁﬁkp}l Wﬁhﬂ'
L1 T I I L1111 [ 1 T N W W . R S B L ~ ": T ¥ H Y I
Mgy, MeV/c?) 65 7 75 8 85 9 7 75 8 85 9 R o : S !
m,, [GeV] m,, [GeV] my, y, [GeV]
( N

 All exp observe X(6900)
« CMS first observed X(6600) & evidence of X(7100)
 All exp use interference, but in different ways

 All exp see a threshold excess, NOT explained! Classified as background

 Many open questions
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What is their nature?

Idealized models of potential all-charm structures

Standard
Mesons

Exotic Mesons: Tetracham

Threshold
Effects

cc

Molecule

\

Diquark

—

& -

Compact
(Amorphous)

% B

Hybrid

e.g. Triangle
Singularity

w30) {

o\/o

Jhy Jhv

w(3770)

o Found repulsive between two
charmoniums in Lattice QCD:
2411.11533 [hep-lat]

Models of potential quark configurations for J/wJ/y mesons

Meson-meson “molecule” (cc- cc)

Pair of diquarks (cc-c¢)

Hybrid with a valence gluon

Peaks as artifact of di-charmonia production thresholds

Properties such as JPC, cross section, new decay channels if resonance?
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J/¥] /¥ updated result

i \
- Data samples [315 fb']

Run Il: 135 fb-! data taken in 2016, 2017 and 2018.

NE, Run [II;: 180 fb-! data taken in 2022, 2023 and 2024.

o

g  Luminosit

= y New triggers in parked data

g Run 2: 135 fb-’

?é; Run 3: 180 b « J/W]/ ¥ yield per unit luminosity
© « J/W]/¢ yield Run 2 ~93 events / fb"

Run 2 ~12622 + 165 Run 3 ~177 events / fb’

Run 3 ~31802 + 476 http://cds.cern.ch/record/2929472

N\

> Run 2+3 J/y]/¢ yield is 3.6X of Run 2

» Run 2+3 luminosity is 2.3X of Run 2
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http://cds.cern.ch/record/2929472

Run 2+3 interference fit result

135fb" (13 TeV) + 180 fb™' (13.6 TeV)

C CMS 135b™ (13 TeV) + 180 b (13.6 TeV)
600 - CMS Preliminary g { _— Params [MeV] Run l1&IIl Interf. Run Il Interf.
L C Data == X(6600
- 5005 $pata  —Fit gy T ' . M(BW1) 6593*15 + 25 6638+43+16
C -<B . £, e
% - - 'BW] _"BWQ = 500: . s a X(6900) r(BWI) +66 + 440+230+110
ﬁ 400 . —BW, Interfering BWSs. g 4005 -~ Background === X(7100) 44‘6—54 +87 —200-240
R ¢ ~Background g M(BW2) 6847 +10 + 15 6847153158
— te © H
T 300 B ' o 3001
o = r(sw2) 135X + 14 1913553
o .e = : 14 =~ —49-17
c S 200f
O 1 = b
8 200 i iANo : M(BWS3) 7173%5, £ 13 7134%38+1
oo i % | S
L7 >/ Jngterference rew3) 738410 7
__________ =6 | T TR ]
€2 :
. : 5o oRR R AR B Vs Runll resul
e L T e LRI 1 PRI o _
& = _ it L L2 v/ Statistical uncertainty reduced by a factor of 3
alz : ; : _ 6.5 7 75 8 85 9 ] .
2 “ ‘ ................. ........................ ....................... .................... m iy [GeV] / SyStematIC Uncertalnty reduced by abOUt a faCtOI’ of 2
4 i ) 1 1 I
6.5 7 7.5 8 8.5 9 v o .
M [GEV] Statistics & model improvement
( )

> All states and dips well above 50!
» Quantum interference among structures strengthen!

» With improved precision, large mass splittings persist
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J/Yy(2S) Run Il & lll interference fit result

CMS Run 2+3

25

20

15

10

Candidates / 40 MeV

Data-Fit
Stat. unc.
-L ||\> o N O (4]

ATLAS only claim X(6900) 4.70 in J[Yy(2S) channel

135 fb™ (13 TeV) + 180 fb™' (13.6 TeV)

CMS Preliminary

g_ . +Data — Fit
;‘{» ______ e
;fft“i,if‘}:i?f?ﬁ#f?;ii%iﬁﬁf?ﬁﬁﬁ?ﬁ*ﬁﬁ?.%,.?fffifi

M yes) [GEV]

» Significance of X(6900) = 7.90
» Significance of X(7100) = 4.0c

Dominant sources Mx900) TI'x(e900) Mx(7100) I'x(7100)
Signal shape +29 +79 +22 +131
NRSPS shape +14 +54 +14 +29
Combinatorial background shape +15 +51 +15 +20
Mass resolution +5 +7 +5 +9
Efficiency +7 +27 +7 +10
Add X(6600) peak +104 +14 +61 +31
Fitter bias f?l té% J_F%Z 0—80
Total +110 +120 +74 +140
—-110 —120 —70 —160
Params JPP(2S) [MeV] JpJhp [MeV]
M(BW2) 68767351119 6847 + 10 + 15
r'(BW2) 2SS uE ou 135115 + 14
M(BW3) 7169+25*7¢ 7173%3, + 13
[(BW3) 154+53%446° 73118 £10

http://cds.cern.ch/record/2929529
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Update of J /Yy (2S) from ATLAS

Simultaneous fit of 3 channels: arXiv:2509.13101
Jiydhy, Jhyy(2S) [4u], Jhyw(2S) [4ut+2r]

Model C: Simultaneous fit for J/yy(2S) [4u and 4u+2n]

2 50r 2
3 ATLAS _S,g Bkg I 35-ATLA5 —Slg Bkg =
w0 [ {s=13TeV, 140 0" 0 C Ys=13TeV, 140 b
S 4nfwsw(2S)—s4y Sy g T O |
o 40y - Signal o g M Bkg. wio Feed-up
P { Data w 25H] - Signal —:
OCJ n:) - Data B
o @ 20H .
15HF =
100 N :
5/ =
0995885 9 95 10 105 0958 85 9 95 10 105
mqp [GeV] mlprn [GeV]

ATLAS 2023 paper

Phys. Rev. Lett., 131(15):151902, 2023

FTA X I S B Ll vy ] T ] LY 13

> A
8 S0 ATLAS —— Sig. + Bkg.

0 {s=13TeV, 140 fb" —— Background

(=) Jhp+yp(28) miains G .
& 40 Signal i
~

2

c

(]

>

Ll

« X(6900) 8.90 from model C
« Set a upper limit of 0.41 @95%CL for X(7200)

* In ATLAS 2023 paper, X(7200) 3o in J/yy(2S) [4u]
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https://arxiv.org/abs/2509.13101

4c States Spin Parity

® Fundamental study of matter at quark level...

M — unique all-heavy tetraquark states
, 0.

E 3 e Quantum numbers J7¢ = ?

—
v@ directly related to structure:

e Tightly-bound tetraquark:
(cc) or (CC) identical = color anti-triplet (bg-gb,..) L = 0, axial vector S , = 1

-----------

P (cc) +(C€) > L=0@S): §=0,2 =>'JF = 0, 2+_ et most likely for
'''''''' a tetragquark

L=1@P): S=1 = JP =012 ... d

.......... less likely

n=1,2734,. _ . P _ ~+
L - 2 (HD) . S - O = J 2 "_\4 ____________ unIiker
§=2 = JF=0%1"2*3 4%

e Molecular: less restrictions (e.g. meson S; , = 0,1): recall J© = 1*

41



CMS Angular Analysis
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~Decay Angles

Nature volume 648, pages58—63 (2025)

decay angles (consistency check): distinguish models

135 fb" (13 TeV)
L L I U ) IR B

1

0
N N
o O
o O

—

a

o

TT A3 0 R R BUF UL B

—
o
T TT

Candidates /

)]
o

L L B L L L B L B L

----------------------------------------------

mix
| | |

o

0.8-06 -0
coso,
background-subtracted

TSI AU ISP ST AP NS A
4-02 0 02 04 06 038

135 fb™ (13 TeV)
L BUELS PLE L R

IIIT1IVVIITT'YIIIII['

signal g " g COS 6,

| .| | | | |

1 -08-06-04-02 0 02 04 06 08 1

cos9,

135fb™ (13 TeV)

1D projections from 4D
= limited information


https://www.nature.com/

CMS Statistical Analysis of JPC

Nature volume 648, pages58—63 (2025)

TN
| CMS Preliminary X=Jly]ly 135fb~1 (13 TeV)
90
CMS Preliminary 135 b (13 TeV) i !
- —Ob d
0.08 ¥ serve - I 50 I 1
£ 007} @ W | = ' , .— .I l.l_l,,}
c F 2, +£ | . g
5 ot . ERS e W] M e T
go.osj— I = -0 ! B [ ('] = = N =
c | i - i 1 i ¢
S o.0df served | il Al = .- . 111
3 - =501 . —— Observed -- Expected !
§ 0.03_ qobs | o 1 il fen :o ijt <! 1L
o 0.02f o 24 20 JP+20
0.01F | N ] 2+ +30 JP+30
obs r = -110
-100 -50 0 50 100 _ _ _ = _
2 |n(LOJL2:n) I 0 I 0;‘7 OITniX O;I- 1 1+ 2m 2mix 2h
. — - - 4 r'
———————— I"
4
: -t
e Scan mixture of two 0

amplitudes (11 steps) .-~
— constructive interference most conservative

e’
L4

e Scan mixture of two 2~ amplitudes (11 steps)
— no interference (different spin projections)

e Data are consistent with a 27" model, inconsistent with others
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Correlation function



Two-body femtoscopy

Ann. Rev. NucI Part Sci. 71 (2021) 377

- - -
Ve -y N - -

RO 3 E |
11 \ \ . = 200F- Repulsive L : ]
R SR 2 — e : :
\ / * / S 100E —— with a bound state = =im .

7 \ / = a L "~ " (PHPhH) e =4 f B

A / - N o ] - ) m -

NN w(k* ) B : E O\ 5
— o . . C ] - \*\ .
\ two-particle wave function —-10017 = e i .
. . . C 2 :' A ] - ~ ~ :
2, contains the interaction part 2 -~ — WK -4nPs(r) Fo4 £ 1:_“_“_“_“_“_“_‘51_‘“‘““;~ . ::_._ - _____:_:___‘_:
< 15F Jo3Z - o :
X i = OBl o S B
S(r™) the source emitting particles £ - J020 = ]
E 4 = [l 1 [ 1 I S I
05/ 7 NG e =401 0 20 40 60 80 100 120 140 160 180 200
* * * T RS 3
= -Pp1/242 F,<2 7~ e 3 k* (MeV/

Ip2 — p1l/2 N st LY N (MeVic)

0 1 2 3 5 6

r (fm)

Theo. description Exp. measurement coincidence measurement?
Koonin-Pratt formula mixed-event technique
—  >1if the interaction is attractive
2 13 Nsg ( k™ )
* * * * * =il i i i
C(k ) — S(I‘ ) |w(r ) | d°r — 5(’6 ) N k* i =1 if there is no interaction
ME ) <1 if the interaction is repulsive
arXiv: 2506.23476 \ final-state interactions
_ the same and mixed event distributions
spacial structure quantum statistics effects
coupled-channel effects the corrections for experimental effects 46



https://arxiv.org/abs/2506.23476

Proton-hyperon interactions

EE-0)

'8 ALICE data

- Coulomb

Coulomb + p-E~ HAL QCD
Coulomb + p-Q~ HAL QCD elastic

- Coulomb + p-Q~ HAL QCD elastic + inelastic -

k* (MeV/c)

300

10 TS
0 s T T LT ——— —
S p-Q"HALQCD /=1/2,S=2
D 10 . . :
= 200} [ | I
S I p-= HALQCD /=0,5=0 |
= I p-=- HAL QCD ]
> _300}F = k p-@ HALQCD /= 1/2, § = 2; —
< 5} -
~400 [ | —
0 L L L
/ 0 50 100 150 200 _
~500 . . . . | k' (Mev) . .
0 1 2
r (fm)

ALICE Nature Physics 588 (2020) 232

e p—(Q)- correlation signal is around two time larger
than p—=-, large difference in strong interaction

e p—() bound-state is not yet observed in data
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A resonance in mtd

i. Coulomb
[ A ALICE Nature 648 (2025) 306

. | AT .20 —
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LHCb Run3 performance LHCB-FIGURE-2024-021
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https://cds.cern.ch/record/2909712
http://cds.cern.ch/record/2909650

Summary

m Major Discoveries

o Tetraquarks: confirmed open-flavor states (e.g., T;,(2870)°), full-charm structures
X(6600,6900,7100), and the doubly-charmed Tz

o Pentaquarks: Narrow P. states (4312, 4440, 4457) and P.,(4338)
a Quantum numbers: Spin-parity of X(6600,6900,7100) determined as J7¢ = 2t
s Advanced Techniques
o Precision studies rely on amplitude analysis of B hadron decays and direct pp production.
o Femtoscopy (correlation functions) probes strong interactions between hadrons.
s Future Outlook
o LHCb Run 3 data enable more discoveries and precise measurements

s More observables?

o production CPV and asymmetry decay parameters (a, 3,y)
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Exotic production topology from B decays

= Exotics generated from b — ccs transition

.@

Tc§

Cp

gﬁ {m QE [ v
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Concept of Analysis: All Input

Nature volume 648, pages58—63 (2025)

J Framework
" My, spectrum X — 4u — identical to Phys. Rev. Lett. 132 (2024) 111901
" Dr and D7 of X = 4u — match MCto data
= Polarization of X  — assume unpolarized

= Production angles [for data test]
9" :angle between beam line and J /Y momentum in X rest frame

* &;:azimuthal angle between production plane and decay plane in X rest frame

= Decay angles [for data analysis]
e @ :azimuthal angle between two 7]~ decay planes defined in X rest frame
* 91 : helicity angle between opposite of / /1), momentum and [ momentum defined in J /14 rest frame

* 9, : helicity angle between opposite of / /)1 momentum and [ momentum defined in J /1, rest frame

53
Spin-parity measurement


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://www.nature.com/

Study of B’ - D°D}!n~ and Bt - D D! nt

= Full 9 b~ Run1+Run2 LHCb data
= 4420 BY - D°D}n~ and
3940 B* - D~Dfn* candidates
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= Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry
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AY - 20 pO-K-: intermediate states

110 (2024) L.031104]

m Larger dataset needed to draw a definitive conclusion
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https://link.aps.org/doi/10.1103/PhysRevD.110.L031104

Central exclusive production (CEP)

v’ Experimentally clean even @LHC

v’ Spin-parity option narrowed down

inelastic

r
’ ‘ single diffraction

X Much smaller rate
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X in Bt - J/YpK*

[PRL 127 (2021) 082001]
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X = J/¥¢in CEP s o
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First exotic hadron measurement in CEP!

[LHCb-PAPER-2023-043] in preparation [PRL 127 (2021) 082001]
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Study of x.,(3872)/X(3872)

Candidates / 0.2 Candidates / 0.2 Candidates / 0.2  Candidates / 0.2

Candidates / 0.2

v JPC=1++

[PRD 92 (2015) 011102 (R)]
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Amplitude analysis of B - n K*m™

= An evidence of T.z(4100)~ — n.m~ was reported

by LHCb with 4.7 fb~! data (3.40)
= Update with full 9 fb~! data

= 5000 signal yields ( ~2.5 of previous publication)

» Amplitude results:

3.60 (2.50) significance without (with)
systematic uncertainties

JP=0+disfavoured by 3.20 compared
to 1- (stat. only)

m(T,.z) = 4106 + 23 MeV
[(T.;) =514 + 166 MeV

m T.:(4100)" is not confirmed
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Study of B’ - D°D}!n~ and Bt - D D! nt

[PRL 131 (2023) 041902]

s Full 9 fb~1 Run1+Run2 LHCD date
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= Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry
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Summary and prospects

s LHCDb keeps making important contributions to heavy hadron
spectroscopy, both for conventional or exotic hadrons

s In Run 3, the upgraded LHCb detector and an improved software-
only trigger system will be implemented
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More exciting results are to come!
More data, more chances & challenges! 63



Radiative decays of y.,;(3872)

[JHEP 11 (2024) 121]

o Nature of y.1(3872) still under debate, while study of radiative decays provides a way to probe it
s y.1(3872) - ¥ (25)y observed for the first time using Bt - y.;1(3872)K* decay with 9 fb~! data
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as a Beauty and Charm factory

proton - (anti)proton cross sections
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+c (Ccud) Nature Comm. 13 (2022) 3351  Nature Physics 18 (2022) 751

d Consist with J¥ = 11 isoscalar L M 10—
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Answer: To find the predicted deep-bounded bbud ?
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— BW1

® Full model possible, but very complex — o

JHUGen —™

BW1/BW2 Interference

(1) Same properties of 3 resonances:

P(my,, @) = P(my,) - T(Q | my,) S T—

empirical angular mg, (GeV)

100 A

(2) Pairwise tests of J)’; hypotheses i and J: _ arXiv:1208.4018
P |m4”)

MELA 2,(Q|my,) =

PAQ | my,) + P(Q | my,)

1 optimal observable

® Final 2D model:




CMS, |

] /Y polarizations

® Symmetries:

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

.............
------------------
.

— angular momentum: [4; — 4, | < J

— identical J/y bosons Aﬂl 1= (— 1)JA,12,11

— P & C conserved

in QCD: X with definite J©'¢

C =+1
A =PEDA, L,

Test 8+ J;, models:

0~+ 0° A, =—A__
0t 0fand0f A, , =A__andAy, <« note2d.o.f.
-t 1- Ag=—Ay, =A_g=—Ay_
1++ 1+ A+0 — —A0+ — _A—O — Ao_
2=t 2,and2; A, =-A__andA = Ay, =—-A_o=—A,_< note 2d.o.f.
27T 2 A=A A Ag=Agp =A g=Ag,andA, =A_ |
A

\_ note 4 d.o.f. for 2*7, test one model 68



