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Exotic hadrons Oy e 5N S
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More complex inner structure
Less studied
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Conventional hadrons Exotic hadrons
= Since discovery of y.,(3872) aka X(3872) in 2003, dozens of more exotic

candidate observed

Compact tetraquark Hadrcn molecular Hadroquarkonium Kinematic effect

= Exotic hadrons studies help to further understand non-perturbative
QCD at low energies 5

» Hadrons

S]]

= Theoretic explanations



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001

The LHCb detector

= A single-arm forward spectrometer covering 2<n<5
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= Designed for heavy flavour physics

Vertex Locator ~ Tracking system RICHs Muon system
oip~20 pm €tracking~96% e(K - K) ~95% e(u - w) ~97%
0.~45 fs 0,/P~0.5% — 1% (5 — 200 GeV) mis-ID e(r = K) ~ 5% mis-ID e(t - ) ~1 — 3%
HCAL
SPDIPS M4 M3

LHC: heavy hadron states factory

LHCDb: « precise vertex resolution

J ¢ good momentum resolution
- « powerful particle identification

‘| /IRICH1 A
A e s, 'l-‘l“ =M

\ 4

Competitive in heavy hadron
spectroscopy studies



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352
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https://www.nikhef.nl/~pkoppenb/hadrons/Masses_LHCb.pdf

Weighted candidates / (28 MeV/c?)

Results not detailed in this talk .. but important

Fully-charmed tetraquark Candidate for [ccs5] xc1(3872) properties
cccc(6900) In J /4y pair = X(3960) in Bt » DiD;K* = w contribution in
mass spectrum Xc1(3872) » ] /4
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Results shown in this talk
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* Hidden exotics:
Minimal quark content “mimics” regular hadronic structure

 Radiative decay of y.,(3872)

= Manifestly exotics
Minimal quark content shows up as explicitly exotic

-(Hidden-charm tetraquarks with strangeness )

o Charged: T,.;1(4000)" and T, ;,(4220)"
o Neutral: T.;,(4000)°

-[Doubly—charmed tetraquarks )

o T..(3875)*

- (Open-charmed tetraquarks )
o T.s0(2900)° and T.4,(2900)°

o Te50(2900)*+ and T,5,(2900)° 6




PART 01

Hidden exotics



Radiative decays of x ,(3872)

= First observation of y.,(3872) — y(2S)y, 60

B™ > x1(3872)K™, x1(3872) — ¢(25)y

R o 120
TE-J-. r -+— Data LHCb 1 T":)‘ 5 -+- Data LHCb ]
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https://arxiv.org/abs/2103.01803
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Radiative decays of x.(3872)

= First observation of y.,(3872) — y(2S)y, 60

B™ > x1(3872)K™, x1(3872) — ¢(25)y
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https://arxiv.org/abs/2406.17006

PART 02

Manifestly exotics

Hidden-charm tetraquarks with strangeness
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Observation of T.:,1(4000)* and T {(4220)*

= Amplitude analysis on B* - J /YK *¢ decays

%700 ;——' )((4It530)I L i
é 600 E_— X (4500) i
= F — X(4700) :
2500 — xNR |
§ 400F— X@140) i
g E — X(4274) |
O300F— xuess) |
200 z_— X(4150) i
100F 7 2 o
VT A .
Tecs1(4000)* Tezgy(4220)*
States Contents Mass [MeV] Width [MeV] Significance [o] JFP
¥.1(4685) ¢Cs5? 468470 126 + 151 15 1+
X (4630) céss 4626+ 167 174 +277° 5.5 1~
Tces1 (40000  cous 4003 +677, 131+15+26 15 1
Tzs1(4220)7  cus 4216 £24%5 233 +£52%77 59 1+/1-

Two hidden-charm tetraquark with strangeness

40

30}
20}

10}

ete” — K*D;D*° and K*D!~D°

Obvious T}, contributions

- " T T T

>300¢ m,, , €(4.25,4.35)GeV

[ e

=250

— LHCb

‘5200 C 4 Data 9 fb"
4% - - Total fit

=] E -4 No Teestfit

'U B A
g 100 — Tczs1(4000)
S X

50F

3.8 4 4.2
e [GeV]

s - 2681 Gev | SiMilar results
L (a) by BESIII

4.05 41 415
RM(K") (GeV/c?)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.102001
https://arxiv.org/abs/2103.01803

Isospin partner of T (4000)": T, (4000)°

= Search for T.z5;(4000)° in B® = J /YKo ¢
= Simultaneous amplitude analysis of B* - J/yK*¢ and B° — J /YK ¢

= Evidence for T.;,(4000)°
with a significance of 4.0 ¢

= Mass, width of 72

ccsl

State Mass (MeV) Width (MeV)
[€CdS] Toes1 (4000)° 309171272 10573 73]
[ccuS] T,zs1(4000)* 4003 +67F,7 131+15426

AM = My (40000° ~— M7, (a000)+ = —12735 1§ MeV

Consistent with T.z;(4000)° and
T.:51(4000)* being isospin partners

TcEsl(4‘OOO) *

> 700
= 600
=

Candidates / (10 MeV|

LHCb
9 fb!

.....

B* - J/YK*¢ decays

:::::
o

-+- Data

== Total fit

++++ Background

“~=All K and X
- T, (4220)

A Tees (4000)
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https://arxiv.org/abs/2301.04899

Isospin partner of T (4000)": T, (4000)°

= Search for chs1(4000)0 in B > J /YK ¢
= Sjps ysis of B* - J/yK*¢ and B° - J /YK

Similar results by BESIII
+
E - — - cEsl(4‘OOO)
[ | B i
407 (s = 4.699 GeV 5™ Lucy B* - ] /PK* ¢ decays
< 500 o b * ~4- Data
. 30¢ g 400 A — Total fit
. 2 W it "
20F . 5200 ¥ v RE +++ Background
. 1] -y 100 e Sk
, Sk s = : SE S SIS A == AllK and X
[ccds] 0 : 2 — T, (4220)
L P, S S . i % \‘chs(zw(}())
[ccus] ?.95 4 4.05 4.1 415 42 S i
RM(Kg)(GeV/cz) S
AM = eTe” —» KODID*" and ete™ — KYDiT D~

Co

CCSI(ALOOO)Jr being isospin partners
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https://arxiv.org/abs/2301.04899
https://arxiv.org/abs/2204.13703

PART 03

Manifestly exotics

Doubly-charmed tetraquarks
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Doubly-charmed tetraquarks: T..(3875)"

= Frist observation of 7..(3875)* - DD x*

- Exotic quark content [ccid] < 7 I S s S ————
= f ~ LHCb =33 |
et MO L 60 ! i g“ 30
= Close to D**D° mass threshold, narrow 3 ¢ * g2
£ 501 S
5mBW mpw — (mD s+ mDO) % n § 10%_
= —273 + 61(stat) + 5(syst)*1i(model) KeV 5 40 i o
B \ 4+ Data 3.874 3.876 .
[ = 410 + 65(stat) + 43(syst)*33(model) KeV 30 == oo mpopns [GeV/e?]
. . . - D*D® threshold -
= Consistent with isoscalar, J¥ = 17 : [ D heshold + + + + ]
» First representative of QQ'gg’ -\ Hﬁt #HHH + Hﬂw it i
@ - ' | .
« Almost stable against @‘ e 388 389 —
strong interaction 7~1072% s D0t [GeV/¢?]

- Support existence of T;,, [bbiid] and T;. [bctid]
might be found in the future
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https://doi.org/10.1038/s41567-022-01614-y
https://arxiv.org/abs/2109.01056

PART 04

Manifestly exotics

Open-charmed tetraquarks
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Open-charm tetraquarks: T.,(2870)° and T:,,(2900)°

= Amplitude analysis on B* - D*D~K* decay

* 0
Without T/, (2870)° and Tcsl(2900)0 o Tes0 (2870)°
: Lok L ogf
— 22 R S
. 5 T0E 2 F
> 20 E 60 & m 60F
S I = soF = SO
RF = 40F S 40F
Q[ R 3 o
Q 16f S g
Tt = 20F 5 Wf
“E S 10f S 10F
0— L L | O
2D K+ 2/ .4 ; 3
m* D" K™) [GeV7/c?] m(D K+) [GGV/C2] m(D‘K*) [GCV/CZ]

= Model with only charmonia cannot describe data well
» Two new states needed to describe data

Resonance Mass (GeV/c?) Width (MeV) Strong candidate for tetraquark

T/,(2900)% 2.904 + 0.005 =+ 0.001 110+ 11 =+4

stat syst 17



https://arxiv.org/abs/2009.00026

Amplitude analysis of Bt - D*tDTK*

: : B* - D*"D*K? B* - D**D"K*
m 8 0
anflrmat(l)q nof T/(2870)°and e e e e -
T:,(2900)° in B* > D*D K* L kil

— T T T T T T T T T T [ T T T

— 1 T T T [ T T T [ T T T [ T T T 13

>0 T
() LHCb 9 fb-! [ N LHCb 9 fb-!
Property This work Previous work E 100 + ‘ (a) 100 (b)
T%,(2870)° mass [MeV]| 2914 £ 11+15 2866 = 7 = 0
T%,(2870)° width [MeV] 128 + 22 + 23 57+ 13 §50_ ]
= L
T7,(2900)° mass [MeV] 2887+ 8 +6 2904 + 5 g |
3k 0 . [ .- . ,-;.-.ﬂ_:._-saa.‘ T e T b * o I i
T%,(2900)° width [MeV] 92 £ 16 £ 16 110 £ 12 O 0 00 5 = 4 6 3 o e

. M(D -D*) [GeV] M(D +*D7) [GeV]
= No structure found in D*~ K+ Sl | 9 'Lﬁc'b'g'ﬂ,;; T T (2870)
spectrum = gso_ | ST
» Three new states in D**D+ f gttt Y E -----------
spectrum observed Moo B Dk iGev)

Unit: MeV > 100 100F | HCb - ]
he(4000) JPC = 1= he(2P) 2 =
=4000 17712 Ty =184 11 17 ¢ ' : 50 _
Xe1(4010) JPC = 1++ < :
ma = 4012.5 36 +41 p — g9 7+7 .0 +6.4 Xel (ZP) 7 5 0 o Ly sl
0 — —-39-37 10— 6.4 —6.6 . . . 3. 3. 2.6 2.8 3.0 3.2 3.4
he(4300 JFC = 11— M(D*-K*) [GeV] M(D"*K*) [GeV]
(4300) h.(3P)?

mo = 4307.3 55 T4 Ty =58711 5 ' 18



https://arxiv.org/abs/2406.03156

Amplitude analysis of B - DD«

= Joint amplitude analysis linked

through isospin symmetry
« B°-D°Dim-
« B* > D Din*

» Two exotic states observed

T} (2900)° : M = 2.892 +0.014 + 0.015GeV,
I'=0.119 & 0.026 £ 0.013 GeV,

T%0(2900)"* : M = 2.921 4 0.017 £ 0.020 GeV,
I'= 0.137 £ 0.032 £ 0.017 GeV,

Not the same as T/,,(2870)° [¢5du]
observed in Bt - DD K*

= |sospin triplet?
T':,(2900)° - DFn™
? T,(2900)* - Di7® to be searched
T'-0(2900)** —» Din™*

]P:()+

P20+

B

0 L DODFr-

B* > D Dirm*

R \ W . WANN | R - _ —— M\t AT
> WITNQUT 1 5 e WITAOUL [ 75
& '%F LHCH || G LHCb
T | o ) !
S 80 S
~ — 60
g oor | g
] <
: | =P E T
B 40 i ks A
= [=} )
S | %”UW%““«W ﬁ S LU :
r 20 T [
20 ., i -
o et I T T it || e e Tl
2.2 2.4 2.6 2.8 3.0 3.2 3.4 2.2 2.4 2.6 2.8 3.0 3.2 3.4

M(D} ) (GeV)

M(D x%) (GeV)

%100 IIIIIIIIIIIIIIIIIIIIIII % IIIIIIIIIIIIIIIIIIIIIII

: 1 8l

5_ 80 - I 5

=} ! =}

g Z60r

& 60 &

- 20+ Uzo— Ty

M(Dg 7~) (GeV) MDD} 7*) (GeV)

sdi]| T 0| | T220(2900)** [[c5ud]

[c5dtu]| Tes0(2900) T;s0(2900 csud
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https://arxiv.org/abs/2212.02716
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012017

Summary and outlook &y e i xy
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024

= Some recent results on tetraquark states presente

— [ ] 2024 (6.8 TB"-I'}f 7.93 /b
« Hidden exotics: radiative decay of y.,(3872) 85 o zmesTevomm
_ L ] 2018 (8.5 TeV): 2.19 /b
- Manifestly exotics: CE|r milesas e mimeomm
14 = 2015 (6.5 TeV): 0.33 /ib
o [cCq3]: Tees1(4000)", Tegs1(4220)F, Tegs1(4000)° 1260+ 2o @sTevy i
o [ccqql: T..(3875)* PPN S — CALLRIUHE Y B 2

Integrated Recorded Luminosity (1/fb

o [¢5qq]: T¢50(2900)°, Tp51(2900)°, T.5,(2900)**, T.5,(2900)° ai_
S R PR SO S S
[} L H C b u pg ra d e 4 ;_ ................................................
. 2 __ ............. ......... ............ ......... : : : : : : : : :
 Larger data sample will help tetraquark NS 10V N N U N I O B
Studies 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023\!260;?
o Properties of observed tetraquarks e R e ou e

2022 2025 2027 2031 2032

o Likely to observe more tetraquarks

O mnmnm .
Z =4x%x102cm?s™! P =2x108cm?s! F=15x%x lO“cmzs"l

9fb~! 50 fb~! 300 fb~!

Thanks for your attention!
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ECb dataset

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024

2024 (6.8 Tev): 1.13 /b
2023 (6.8 TeV): 0.37 /b
2022 (6.8 TeV): 0.82 /b
2018 (6.5 TeV): 2.19 /b
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /ib
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

12

10

= Run 1:
3fb~! pp collision @ 7,8 TeV

= Run 2:
6 fb~! pp collision @ 13 TeV

lllllllllll]lll[lll[lll”

Integrated Recorded Luminosity (1/fb)
(o]

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023Y2024
ear
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Details of B® — J/PpKJ¢

X chain [ccs5]
B-X K

I ¢

SutuT OKYK-

ez ¥

PEKING UNIVERSITY

T, chain: L€€ds]
B - & Tys |[ccus]|
SKYK™ o]k

ot

. e . . . K* chain
= Relativistic Breit-Wigner to 5ol K
describe lineshape ST K
_ :
Floating parameters 2P ka5
« Mass, width, helicity couplings 2'PP K'(1Y)
: : 1°P,  K,(1400)
= Parameters configuration T
1'D, K,(1770)
 |sospin symmetry for all resonances 13D, K,(1820)
except for 7,7, (4000) in B* and B® decay |3y, K*(1680)
1
o Corresponding parameters shared 2%S,  K*(1410)
+ Not assuming isospin symmetry for 2°P,  K;(1980)
Ts1(4000) © and T,5, (4000)* 2!S,  K(1460)

1e2(4150)
T, (4630)
XCU(4500)
X.0(4700)

NR;j,,e
Xc 1 (4140)
Zc 1 (4274)
X1(4685)

T ,(4000)

T, 1(4220)

o Corresponding parameters vary independently
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Details of T..(3872)"

P Reflections from T2 in m(D°D°)

ez ¥

PEKING UNIVERSITY

_.
o
=)

%E‘lzo:— I;i?_tf— % o0 . Lgi?f: and m(D* D°) spectra consistent
S 100 + e e ] 2 70 T.»pp2 3 with isoscalar hypothesis
g 80 ‘{ - b;;kground ] g 60; ) gi;ri):lﬁuy E
& 60:— total 1< 50; t(;talg E 0
! + |~ bt | | F Isovector components T.. and
] " Hadd 2o HilE  TET would sh in m(D* D)
I . I G cc" would show up i
b e ARG i HHW | i and m(D* D7) spectra
3.73 3.74 3.75 3.75
R (Gev/e?] o mowe I{GcV/;Q] — not observed
gmoé + data LHCbé ib/: st LHCb 1
%1002— N gf?l— %:z - %EEZ; if:_l Unitar.isedl3-b8dy C?VJVPmoilil'
= | S total i assuming [ =0 an =1":
;"'_J' 602_ + H»Hk +HTH+*+‘HL ﬂ% ;‘ 40? }[ﬁ ﬁHJﬁJ& HJ{# tﬂ ﬂH»
] H 1 1w HLWHH i I 1751 Characteristic size estimates
N S | Rap=7.49+0.42fm

e GV 03 sdie Re =7.16+0.51fm
(molecular-like)

Unlike x.1(3872), no T suppression for high multiplicity (wrt. D°D°)
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https://arxiv.org/abs/2109.01056

Amplitude analysis of B* —

» T+ (2900)** has been searched
In DSt spectrum

= No strong evidence of tetraquarks
contributing to the total decay
amplitude

= Fit fraction of T);,(2900)** - D n*
Is found to be less than 2.3% at
90% CL

Entries / (0.03 GeV)

Entries / (0.06 GeV)

Entries / 0.314

] oo
=] =]

[y
(=]
T T T T TT ™TTT

=]
™TT

20 |

Entries / (0.06 GeV)
o~}
=]

0f

— = Fit with NR D} n+ and T%,(2900)*+
~= NR Diat(L=0)
—= NRDrt(L=1)
NR DFn+(L = 2)
— T%5(2900)
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https://link.springer.com/article/10.1007/JHEP08(2024)165
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