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Exotic hadrons at LHC
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EXOtiC ha(ir()ns at LHC I’d like to cover all the 14 states,

which this talk is too short to contain
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LHCDb results in this talk

New exotic hadrons

arXiv:2210.10346 P).(4338)°
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arXiv:2301.04899
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arXiv:2211.05034

@ 75,(2900)*F

T&0(2900)° /' 5 )iv:2212.02717

arXiv:2212.02716

Observations of new decays
Bt - J/Yn' K+ [arXiv:2303.09443]
BY — x,1(3872)m Y™ [arXiv:2302.10629]
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2 JINST 3 (2008) S08005, Int.J.Mod.Phys. A30 (2015) 1530022
LHCb experiment ML P A0 (2015

= Dedicated for precise and efficient heavy-hadron reconstruction
= Single-arm and forward design
2 < 1n < 5range: ~25% bb pairs in LHCb acceptance

b

ol

= Powerful particle identification
mtaTey « (K - K) ~95% with e(m = K) ~ 5%
= e(u—-opu) ~97% withe(m - u) ~1—-3%

= High momentum resolution
= Ap/p =04 ~ 0.6% (5 —100GeV/c)

ECAL HCAL

SPD/PS vy poe = O'mB~10MeV for B - DEK

RICH2 M1

r \

& High spatial resolution

= oip~20um; opy x/y~10um; opy ,~60um
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

LHCDb dataset

*Run1: 3fb™" pp collision @7, 8 TeV analyses in this talk used
« Run2: 6 tb~! pp collision @ 13 Tev ~ the Runl + RunZ dataset
= Run3: started in 2022

23— - 2022 (6.8 TeV): 0.82 /b :
s 2018(6.5TeV): 2.19 /fb 5 2_01 8 2012
2.1t - 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /D focofvcrr g L
. 2016 (6.5 TeV): 1.67 /b : :
1.8 ;| 2015 (6.5 TeV): 0.33 /b 7
: - 2012 (4.0 TeV): 2.08 /b
. 2011 (3.5 TeV): 1.11 /b
1.6/ 2010 (3.5 TeV): 0.04 /b
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Observation of pentaquark
P3s(4338)in B~ — ] /(AP

arXiv:2210.10346



http://arxiv.org/abs/2210.10346

arXiv:2210.10346

B~ - J/YAp dataset

J/W - utum, A—pn~
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http://arxiv.org/abs/2210.10346

Observation of P (4338)°

Pps(4338)%: > 100
My = 4338.2 £ 0.7 £ 0.4 MeV
I[b,=7.0%£12+ 1.3 MeV

1
J=3
P = —1is favored
(+1 excluded at 90% CL)

Interesting facts:

Mass closeto 2D~
threshold and in S-wave

Mass similar to P (4337)

Same pattern as P;,;(4459) &
P, (4457)
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http://arxiv.org/abs/2210.10346

Evidence of tetraquark T, (4000)°
in B® > J /K¢

arxiv:2301.04899

Isospin extention of B* — J /YK ™ ¢ analysis
where ccus tetraquarks Tjsl (4000)* and
Tys1(4220)™ were observed

Phys. Rev. Lett. 127 (2021) 082001



http://arxiv.org/abs/2301.04899
https://doi.org/10.1103/PhysRevLett.127.082001
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arXiv:2301.04899

- J/YK2¢p dataset
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arXiv:2301.04899

Amplitude analysis

B° - J/YKdp & Bt — ] /YK * ¢ connected by isospin symmetry

Combined fit to B* & B? decays

Candidates / (10 MeV)

Candidates / (10 MeV)

All components except T£51(4000)0 in B® decay are constrained by those
in B decay
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Significance: 4o
(would be 5.4¢ if assuming isospin
symmetry for T,);;(4000)° )
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Observation of tetraquarks
TEaE ) B

arXiv:2212.02717
arXiv:2212.02716
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—_ arXiv:2212.02717
B — D DS"'T["“/ ~ dataset arxivi2212.02716

-D” > Ktn -D° 5 Ktn~, Ktn ntn~; - D > K*Knt

o Signal yields:
- Bt > D™ DIm* : ~-3751
- B% 5> DD}~ : ~4008
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o Clear vertical band at M2(Dn)~6 GeV? : D;(2460)
o Faint horizonal band at M?(D,m)~8.5 GeV?: new tetraquark candidates
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(2900)++/0 in

B - DD+ +/-

arXiv:2212.02717
arXiv:2212.02716
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h ® arXiv:2212.02717
Discussions on T%;(2900)**/° arXiv:2212.02716

T%,(2900)* & T%,(2900)° in isospin triplet
Where is T%,(2900)*? -> be searched for in Df "

T..0(2900) = X,(2900)
T5%0(2900) & T.50(2900) have similar masses

Are they SU(3) flavor partners?
Where are other states in the SU(3) multiplets?

Remain to be revealed in future studies
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A near-threshold D D structure
Hh = D K

arXiv:2210.15153

arxiv:2211.05034
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Observation of B* —» D}
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arXiv:2210.15153

Observation of X(3960) in D] D;  axiv2211.0503

o Two new states with JF¢ = 0+ :
- X(3960) : to describe the near-threshold peak > 120
- X7(4140): to account for the dip at ~4.14 GeV via interference > 3o
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RBW mass lineshape for all resonances
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arXiv:2210.15153

X(3960) VS X co (3930) arXiv:2211.05034
e X(3960): M, =3955+6+11MeV; T, =48+ 17+ 10 MeV; JPC =0**
e ¥.0(3930): M, = 3924 + 2 MeV; I, =17 + 5 MeV; JPC = o+

Phys.Rev.D102(2020) 112003, Phys. Rev. Lett. 125 (2020) 242001

o Are they the same particle? If yes
I'(X - D*D™) B(B*>D'D K")FF
(X > D;D;) B(B* DI D;K")FFY _ o o

= 0.29 + 0.09 (stat) + 0.10 (syst) + 0.08 (ext)

—-D*D K*

f
e (X >D*D™) <T(X > DID;) -> exotic T g0 (39xX)
o Conventional charmonium predominantly decays into D)D) .
- It is harder to excite an ss pair from vacuum compared with uu(dd)

o What can we do in the future?
- Precision measurements of X(3960)/x.,(3930) properties

- X(3960)/x.0(3930)/x.0(3915) = J/Yw -> more input to help reveal the
nature of this state

“E.g. B = J /YK @
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
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Look again at X;,(4140)

§5O [ A L ' §50 L T L B
e [ LHCb + Data o LHCb + Data
240 i 9 fb-! — Total fit 240 : 9 fb-! —— Total fit ]
S — X(3960) S F ‘ K-matrix |
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S RV LS Nonresonant DDy { > [ L ]
20 F ] 20f L{ :
10 + ’ 10F
[ ﬁ {' ....... s : :i’l
0 4.0 4.2 4.4 4.6 4.8 0 e ’Lﬁ — v ; e

m(DJ D) [GeV] m(D; D) [GeV]

The default model:
dip@4.14GeV modelled

by a hew resonance,
X,(4140)

No definitive conclusion on existence of X,(4140)

Can also be described by
considering J/y¢ — DI D
rescattering in the K-matrix
formula

()
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Opportunity to investigate exotic resonances in
J/yn'" and J/WK* systems
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Observation of B™ - J/Yyn'K™

BY = J/Yn'K™, J/p - utu”
n' = p’(= )y
n' - n(=2y)ntn-
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arXiv:2303.09443
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B(B*— JAM'K*) = (3.06 & 0.29 4 0.18 £ 0.04) x 107°
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Investigation of phase space

arXiv:2303.09443
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But let’s wait for more data !!
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Probing y.,(3872) nature via production

Prompt: multiplicity dependence

) E o4 = LHCb =
Compact scheme is favored by the  y[¢ oo S8t - Fhome Fhdeys o 3
N ES o omover Interaction Model, Esposito et al.
(xc1(3872))/a(¥(25)) trend N ) Commovet oetion Model Egggg o a3
<) 1 E it (coalescence) tetraquark (geometric) -
% [« 0.08— —
Phys. Rev. Lett. 126 (2021) 092001 < R :
Nlg o00s — —Ht .* -
& C _#_ ' ;
S| - 0041 —
zl¢ Ok —— ® .
b>< e} 0.02 — T
00— 5I0 l(I)O 1;0 2—00
Nifacks
B decays:
Puzzling difference in B(B* - x.,(3872)K™*) and B(B® - x.,(3872)K?)
PDG2022

But similar B(B® - x.,(3872)K") and B(B? - x.,(3872)¢)

The above two phenomena could be explained by a compact-tetraquark
interpretation Phys. Rev. D102 (2020) 034017
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https://doi.org/10.1103/PhysRevLett.126.092001
https://pdglive.lbl.gov/Viewer.action
https://doi.org/10.1103/PhysRevD.102.034017

arXiv:2302.10629

B! - y¥..(3872) (= J/Yymtn )t w™
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Xc1(3872)¢
R@s)s

= (6.84+1.14+0.2) x 1072

Three times of the ratio: (2.42 +0.23 £ 0.07) x 1072

JHEP 02 (2021) 024
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The recoiled w7~ mass

& 250 L B I &> 50 L L —

g . 4+ data i { _ 4 data ]
G S e ofp | S wf T Boxa@mh o gao
8 B total i g - total ]
S i 1S -
=L f = T | ]
B L | ]
S 1001 +4 5 201 -
; | 1 f 5
50 f iy o 10[- -

wH L
B ittt B 3 - J.:LM M ]
ol Haf { L +l b +|Hm++_ ol H’ H; 1 —+— } = it . Hﬂl .ﬁjf_

0.5 1 15 05 1
g — [GeV/c?] Myt [GeV/E?]

F(m) o< mqp® | f Agy(os0)(m) + € Ag, (1500) (m) \2+ Phase space contribution

Similar to B —» J/yrntn~ and B - ¢y (2S)ntn™

Observation of B? — x.,(3872)f,(980): > 7¢

Amplitude measurement urges for more data !!
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Summary and prospects

Recent exotic candidates at LHCb

P).(4338)°
m”

.Tgsl
X(3960)

(4000)°

Observations of new B decays show potential for
future exotic studies

BT - J/yn'K™

Bd - x.,(3872)ntm™

@ 72:0(2900)*
T2.,(2900)°

More LHCb data will provide new opportunities
— 18 350
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Thank you for your attention! @
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New exotic naming scheme

T for tetraquark
P for pentaquark

superscript: based on existing
symbols, to indicate isospin,
parity and G-parity

subscript: heavy quark content

T states T states
zero net S, C, B non-zero net S, C, B

arXiv:2206.15233

Minimal quark

(PG) I=0 I=1 (P) I=0 I=1 I=1
(=) w ™ =) n T ™
(_’+) (+) f 0 a

(+:+)
(‘hf)

& sh Sy

p
b
a

P states

Current name WS, el Proposed name Reference
content
cc xa(3872) IC =0, JFC =11+ Xe1(3872) 24, 25]
ceud Z.(3900)* I“=1%, J% =] T},(3900)* [26-28]
ceud X (4100)* IS =1~ T, (4100)* 29]
ceud Z,(4430)* I8 =1+, J& =1+ TS, (4430)* 30,31]
ce(s3) ¥i(4140) J® =0T, JEO =1 Xe1(4140) [32-35]
ceus Z.(4000)* I=1%,JP=1% T),,(4000)* 7]
ccus Z.(4220)* I=3J°P=1 Tys1(4220) 7]
cece X (6900) IG = Qt, JFC =7+ Ty4(6900) [4]
csud X(2900) JE =0 T..50(2900)° [5,6]
csid X1(2900) JP=1- T.1(2900)° [5,6]
ccud T..(3875)* T..(3875)* [8,9]
bbud Z(10610)* I =1%, JP =1+ T%,(10610)* [36]
ccuud P.(4312)* =1 P} (4312)* 3]
ceuds P.,(4459)° I=0 Py (4459)° 20]
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T,50,1(2900) — D™K ' first csuid tetraquarks

o Some models predict its SU(3) flavour partners, e.g. T.; —» D,m?
Xc0(3930) > D*D~:

o It is suggested to be the same particle as y.,(3915) - J/Yw

o Some theories suggest that it is a ccss tetraquark candidate


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://arxiv.org/abs/2204.02649
https://link.springer.com/content/pdf/10.1007/JHEP06(2021)035.pdf
https://www.sciencedirect.com/science/article/abs/pii/S2095927321002358?via%3Dihub
https://pdg.lbl.gov/rpp-archive/index-2022.html

0(2900) Argand plot

e
~

<
Y

Imaginary part of amplitude

o
o

[ LHCb

9 fb!

Breit-Wigner of T5,(2900) ]
Start point (m=2.708 GeV) —
Spline lineshape

0.0

0.2 0.4
Real part of amplitude

arXiv:2212.02717
arXiv:2212.02716

Spline and BW models both go anticlockwise
->

Support the resonant nature of TS,(2900)
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Other projections
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Other projections
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Xiv:2210.15153
Bt — D;." D; K™ fit results Z;x:'z:2211.05o34

o F: fit fraction
e § : significance
(numbers in brackets don not include systematic effect)

Component JFC M, (MeV) [y (MeV) F (%) S (o)
X (3960) 0ft 3956 +£5+10 43+13+8 254+£7.7+50 12.6 (14.6)
X (4140) 0tt 4133+6+6 67177 16.7+4.7+3.9 3.8 (4.1)

(4260) 1= 4230 55 36+04+32  3.2(3.6)
1(4660) 1-— 4633 64 22+02+08 3.0 (3.2)
NR 0t+ - - 46.1+132+11.3 3.1 (3.4)

Fixed parameters taken from PDG 2018/2020
(¥ (4260) is Y (4230) in PDG2022)

e Spin-parity tests:
- X(3960): 0** favored; 17~ and 2** rejected by at least 90
- Xo(4140): 0** favored; 17~ and 2** rejected by at least 3.5¢0


http://arxiv.org/abs/2210.15153
http://arxiv.org/abs/2211.05034
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K-matrix model for X(3960) arXiv:2211.05034
g5 g
(MD;"DS_—)D;"DS_ MD;"DS_—U/?MB) — (’Cu IClZ) ]Cab(m) = Z ﬁ + fab
MJ/¢¢—>DJ Dy Mppg—appe Ko Ko 7 MR M
Py(m) Onh 4 g, Ma= S = ipk) 2P,
M2 — m? @ b
R R b
Contribution JF¢ Mg (MeV) g (MeV) Ty (MeV) F (%)
| M, |? 0t 3957 + 14 1350 4 344 94.7 £ 0.4
¥(4260) 1-- 4230 [59] 55[59]  3.2+05
(4660) 1—- 4633 [31] 64[31]  2.1+0.2
Br (1,04) B (—1.2,2.5i) & (4.5, 3.14) Large
B, (—137.2, —1.51) =+ (2.7, 218.67) fin 0.8+1.2 oo
fi2 = fan 0.1£0.1 for 8.0+ 5.1 uncertainties.
Larger data
sample is

needed @
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N, N

366 367 368 369 37 371
Mypprctn= [GeV/c?]

= (4.91 £0.47 £ 0.29 4+ 0.07) x 1072

B(BT— P(2S)K™)
Source Value [%)]
B* kinematics 0.1
B* decay model 1.1
Tracking efficiency correction 0.7
Photon reconstruction correction 3.6
Kaon identification 2.8
Trigger efficiency 1.1
Data-simulation agreement 3.0
Fit model 1.6
Simulation sample size 0.9

Total

6.0 @
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