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» Quarkonium: qq, the simplest hadronic system 2
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» Quarkonium spectrum is similar to atomic spectra Charmonium
» Below DD/BB thresholds - both charmonium and family
bottomonium are success stories for QCD
» The potential model:
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» But there are many “exotic” states observed in recent

decades that are hard to fit into the two families Eichten et al.,, Rev. Mod. Phys.80,1161(2008)



Particle “Zoo”
Status of the spectra
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Particle “Zoo”
Status of the spectra

2003

X (3872) observed at Belle

X (3872) confirmed at D0, CDF

X (3915) [as Y(3940)] observed at Belle

Y (4260) observed at BaBar

Xe2(2P) [as Z(3930)] observed at Belle

Y (4260) confirmed at CLEO-c

X(3940), Y (4008), Y (4660) observed at Belle

Y (4360) observed at BaBar

Y (4360) confirmed at Belle

X(3915) [as Y(3940)] confirmed at BaBar

X (3940) confirmed at Belle

Z%(4050), X (4160), Z*(4250), Z*(4430), X (4630)
observed at Belle

Y (4140) observed at CDF

X(3915), X(4350), Y»(10888) observed at Belle

Xc2(2P) [as Z(3930)] confirmed at BaBar b e < -

Y (4274) observed at CDF (Y

X (3915) confirmed at BaBar .

Z,,(1061())i observed and confirmed at Belle W~ ‘\ JPC=0-+ 1++ 1——

Z(10650)= observed and confirmed at Belle by ’ ’

X (3823) [likely v2(1D)], Z4(10610)° observed and confirmed at Belle

Z.(3900)*, Z.(4020)* observed at BESIII

Z:(3900)* confirmed at Belle s

Z:(3900)° observed at CLEO-c - iz -

7.(4020)° observed at BESIII a q

Y (4140) confirmed at D0, CMS

Y (4274) confirmed at CMS e

Y (4660) confirmed at BaBar Jhy, y(2S)

Z:(4020)* confirmed at BESIII

Z%(4200) observed at Belle

Z*(4240) observed at LHCb Yy &——— ¢

2%+(4430) confirmed at LHCh y? JPC=Qt+ D%+

2004

2005

2006

2007

2008

olo

2009

2010

2011

2012

2013

2014 X (3823) [likely 12(2D)], Z(3900)°, Z.(4020)° confirmed at BESIIT

Z.(4055)* observed at Belle e
Y (4230) observed at BESIII

P (4380), P (4450) observed at LHCb ccC

Y, (10888) no longer observed at Belle JPC— Ot_,_

X(5568)* observed at DO -

X (5568)* NOT observed at LHCb

Y (4140), Y (4274) confirmed at LHCb Y(4260)

X (4500), X (4700) observed at LHCb

And more ... ‘

e

2015

ol

2016

AN

R. F. Lebed et al., Prog. Part. Nucl. Phys 93, 143(2017)
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The e*e- annihilation

Y.-R. Liu, et al., J.PPNP.04, 003(2019)
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Events / 0.01 GeV/c?

Many charged Z_ particles
BESI

PRL112 132001
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The double charmonium production process

The yy fusion process

Events/10 MeV
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Other processes Y.-R. Liu, et al., J.PPNP.04, 003(2019)
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Events/10 MeV/c?

Some candidates for conventional

quarkonium states SR
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Still many slots
Most of the observed quarkonium-like states remain exotic candidate states!




Theoretical Interpretations of exotic states

» Most models can be classified according @@
to quark clustering and degrees of freedom @ @ @
» Hadroquarkonium: compact @ @
quarkonium-like core surrounded by @

light quarks hadroquarkonium qg-gluon“hybrid”
» Tetraquarks: compact diquark and

anti-diquark substructures 0
» Hadronic molecules: heavy and light

quarks and anti-quarks combine to

form a hadron pair

» Hybrids: both quarks and gluons act D° - D “molecule”
as active degrees of freedom
(contribute to quantum numbers) 0
» Kinematical effects 0
» All of the above... :
diquark-diantiquark conventional

quarkoniuny

More details from M. Voloshin, later this session




Recent results on candidate exotic hadrons

» Belle:
» Y(4260) in B decays
» Search for spin partner state of Y(4630)

» BESIII: (*see review by G. Mezza
> eter = ywl/y

X(3872) — mox_,
» Inclusive B = X_K and absolute production of
X(3872) in B decays

» Search for double Z_ production at Belle

» LHCb:

» N, resonance in B0 = n_m-K* decays

erer = WX

e+e- = DD

vV v v Vv

» Search for beautiful tetraquarks

» Exotic contributions to B0 = J/yn-K+

» DO: Evidence for Z_(3900) in semi-inclusive decays
of b-flavored hadrons



Y states observed in ISR by BaBar, Belle, CLEO
Y (4260) — Y(4220)+Y(4320) in e*e- direct production at BESIII
Y(4008), Y(4260), Y(4360), Y(4660), w(4040), p(4160)

— overpopulation of states!

Y(4260): DD,(2460) molecule? P-wave tetraquark?

Remarkable: decay to D)D) not seen (although the phase space is large)

J/pf,(980) hadrocharmonium?

(ccg) hybrid? (blocked by gluon fluxtube)

Y (4260) — m+my(2S) observed
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Some predictions (e.g. mixed-state model based upon QCD sum
rules), suggest B+ — K+Y(4260) with Y(4260) — m*m-J/@ may have
a branching fraction in the range 3.0 x 108 - 1.8 x 10-¢

Events / 15 MeV

BaBar, Phys. Rev. D73, 011101(2006) 4 4'5/ - 3;/42)
B+ — KY(4260), Y(4260) — tr+1-J/y iy ot

211 fb-1, 128 + 42 signal events (3.10) >
()
Scaling for total Belle luminosity 711 fb-1 would give S/sqrt(S+B) =5.7 = g,
()
LO
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CONTROL SIGNALS

Belle, 711 fb™! (full Belle data)

Decay e (%) Ns B Brpa
BT - ¢(2S)K™ 16.8 3481495 (6.54+0.18)x 10~ *[(6.21£0.23) x 10~ *
B — ¢(28)K° 10.3 | 85674 [(5.254£0.45)x107*| (5.840.5)x10~*
BT — X (3872)K*, X(3872) — J/wnt 7| 22.2 | 185+13 |(9.074+0.64)x10~°%| (8.6+0.8)x107°
B° = X (3872)K°, X (3872) — J/ymtn™ | 13.1 [29.946.2|(4.97+1.03)x 107 %| (4.34+1.3)x107°
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R. Garg, V. Bhardwaj, J. B. Singh, et al. (Belle Collaboration), arXiv:1901.06470 [hep-ex]

Decay

e (%) Ns B

BT = Y(4260)K T, Y (4260) — J /¢
B° — Y (4260)K°, Y (4260) — J/yrt ™

19.8 [179+£61753[(9.843.3755)x107°
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Factor ~3.3 more data than BaBar
Neutral B decays added

No signal observed

Upper limit consistent with BaBar
(branching fraction reaches 107° level)



Discovered in ISR — JPC=1--

Y(4630) = AA.- and Y(4660) — m*my(2S) may be same state

Guo, Haidenbauer, et al., Phys. Rev. D82, 094008(2010)
Highest charmed XYZ stated observed and confirmed so far

— if a ccbar state, radius is about 2.2 fm
(unstable, far beyond string breaking limit)

The only quarkoniumlike state observed decaying into baryons*

PDG2018, only Y(4660)
Belle, Phys. Rev. Lett. 101 (2008) 172001
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Search for spin partner state of Y(4630) in B

» n.(25)f,(980), mass 4613 + 4 MeV, width = 30 MeV [width dominated by n (25)] — calle
» F.K. Guo, J. Haidenbauer, C. Hanhart, U.G. MeiBner, Phys. Rev. D 82, 094008 (2010)

» JPC =0+, cannot be produced in ISR but can be sought in B decays

» Y(4660) and its spin partner are sought in the A_*A_ invariant mass spectrum

Add Y, signal

L W

Sl <o ~ Data

o L BaLE —Total Fit
E 101 8 ~BKG

— - | sideband
g i

..(B -

c 5

Q L

> i

m -

0

465 47
2
M A (GeV/c?)

Events / 10 MeV/c?

Add Y(4660) signal
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1</ >
r BELLE

-
o
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0
T T T

|

--Data
—Total Fit
--BKG
["Isideband

M, x (GeV/c?)

@ No significant signals seen in the AZA; mass spectrum.

o B(B~ — K~ Y(4660))B(Y(4660) — ATA;) < 1.2 x 10~4at90% CL.

o B(B~ — K~ Y,)B(Y, — AfA;) < 2.0 x 10~4 at 90% C.L.

Neutral B decays: Belle EPJC.78.252 (2018)
Neutral B decays: Belle EPJC.78.928 (2018)



BaBar: PRL96, 052002(2006)

300

250

200

Events/10 MeV/c
Events/10 MeV/c

SOOE— I
150 "X(3872)
100f 3

50F

Bf(B_ . XK_)Bf(X . _]/(//71”'7-[') (8 20+0 93))(10—6 Y.S 155 16 165 17 175 18 185 19 195 —2 ?.1 1.15 1.2 1.25 13 1.35 14 1.45 15
= . 4 Y. Kaon momentum (GeV/c) Kaon momentum (GeV/c)

BB B 1 2 (50 ) 1) :

Bf (B~ — XK )Bf (X — J /yy) = (2.840.840.1)x10" Clear signals of J/y , X1, Y(25), €te.

BE B G (o a0 Br(B >X(3872)K) < 3.2 x 10-4 at 90% C.L.
Bf(B- = XK )Bf (X > D’D"” +c.c)=(1.67+£0.36+0.47)x10"
Xc1(3872) PDG2018 6Py =otat)

82+1o

= Bf(X > J/yr'n )< ~6.6% @90%C.L.
82+82+28+95+167-lo Mass m = 3871.69 + 0.17 MeV
mXc1(3872) — mJ/,/, =775 + 4 MeV
2.3%< Bf(X — J/a//zz+7z‘)< 6.6% Full width T < 1.2 MeV, CL = 90%
1.4x% 10_4 < Bf (B_ —> X(3872)K_)< 3.2x% 10_4 at 90% C. L. X c1(3872) DECAY MODES Fraction (;/T) p (MeVjc)
+ = o
Bf (B~ — y(25)K~)=(6.48+£0.35)x10~ ) ¢({§§’(15) 2% "
Bf(B" - 7,K )=(4.9£0.5)x10"* DD Total branching 240 % 100% ?
Bf(B —7,K")=(9.1£13)x10 D**D°  fraction not known  >30 % o

vJ/ >7 x1073
v (2S) >4 %

7t 1 n(1S) not’ seen
ato— Xcl not seen
pPp not seen
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Particular situation at Y(4S): m(Y(4S)) = mg+mg A A A I T
28 285 29 295 3 3.05 3.1 3.15 3.2 3.35 3.4 3.45 3.5 3.55
M, sy (GeV/c?) M sy (GeV/c?)
B mesons at rest in center of mass system ] o]
Kao n r *' =3 4000i BELLE x(3872) M 3
B— ‘;: 2500f ;‘: C  |w(3770)
TAG ; Y(45) I 3 M“M
© 20007 S 300041
315002— g C
~ r ~ 2000—
% 1000 % 7
XCC o 5005— i 1000~
Hierarchical full reconstruction of 1104 hadronic decays o b A R R
3.55 3.6 3.65 3.7 3.75 3.75 3.8 3.85 3.9 3.95
M5y (GEV/C?) Mo (GEV/C?)
NeuroBayes neural-network package
Mode Yield  Significance (o) €(107°) B (107%) World average for B (10~%) [10]
. ne  |2590 + 180 14.2 273£0.02  120+08+0.7 9.6+ 1.1
M. Feindt et al. ’ NIM. A654, 432(201 1) J/p 1860 + 140 13.7 2.65 + 0.02 8.94 0.6 +0.5 10.26 4 0.031
Xeo | 430 & 190 2.2 2.67+0.02 2.0+ 0.9+0.1 (< 3.3) 1.5010:1%
Yer  |1230 + 180 6.8 2.68 + 0.02 58409 +0.5 4.79 +0.23
7e(2S) |1050 + 240 4.1 2.77 £ 0.02 48411403 34418
o * * *\2 $(28) 1410 + 210 6.6 2.79 £ 0.02 6.441.0+0.4 6.26 + 0.24
Mmiss(h) — \/(pe+e— - ptag - ph) /C Y(3770) | —40 + 310 - 2.76 + 0.02 —0.24 1.4 + 0.0 (< 2.3) 49+1.3
X (3872) | 260 + 230 1.1 2794001 1.2+ 1L1£0.1 (<26) (< 3.2)
X(3915)| 80 =+ 350 0.3 2794001 04+ 1.6+0.0 (<28) -

Almost reaching the sensitivity of product branching fraction
Bt K+X(3872), X(3872)—D°D’x0

Y. Kato, T. lijima, et al. (Belle Collaboration), Phys. Rev. D97 (2018) 012005 B—(1.010.4)x10~* (PDG 2018)




e*e- = Z_(3900)+m- observed at BESIII and Belle

e+*e- — [, *m- observed at Belle, near 10.86 GeV

Search for eve- = Z_*Z_ at
10.52, 10.58 and 10.86 GeV

Search also in Y(1S) and Y(2S) decays
(9.46 GeV and 10.02 GeV)

Z. states | Z. labels in Ref. [23] Mass Width
Z7(3900) X 7(3900) 3886.6 £ 2.4[28.1 £ 2.6
ZF(4200) X T (4200) 4196735 | 370719
7 (4050) X *(4050) 4051+2¢ 82150
Z+,(4250) X+(4250) 42487190 [ 1771320
ZF(4050) X T (4055) 4054 +3.2 | 45413
7 (4430) X T(4430) 4478712 | 181 £ 31
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Events / 0.2 GeV*/c*
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+ data
— Fit

37 38 39 4 4.1

M, . (/y) (GeV/cd)

1.0 < M¥(K ) < 1.8 GeV/c?

2001
7.(4200) 1
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LolF24 s °..,
0_ hL*_,.pFFF;Fﬁ‘F.:v __:‘,°;-,,4_, .
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M2(y(2S).t) GeV?/c*

-=« PHSP MC
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n
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10}
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Events/5 MeVi/c? Events/5 MeV/c?

Events/5 MeVi/c? Events/5 MeV/c?

Events/5 MeV/c?

Search for double Z_
production at Belle
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Events/20 MeV/c?
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?LB 38 4 42 44 46 48 5 52 54
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Born cross section in [fb]

Y

Y

Vs fit uL| € | B |osyst o X AR
Mode cev)| N Nl @) 00 | Bt > ntay) Bz >t a/w)
ete — Z(3900)Z_ (3900) 1052 | —4.9+3.6 | 7.2 [41.5] - [10.3 —1.6 £1.2 2.3
ete™ — Z7(4200)Z (4200) 10.52 | —27.5 £ 57.8 | 82.8 [43.7| - | 34.2 —85+ 18.1 26.5
ete” — Z1(3900)Z (4200) + c.c.| 10.52 | —0.5 £15.0 | 28.4 |21.0| - |22.9 —0.34+9.7 18.3
ete™ — Z1(3900)Z7 (3900) 10.58 | 11.8+13.0 | 32.2 |41.5(0.9|12.7 0.5+0.5 1.3
ete” — Z(4200)Z_ (4200) 10.58 |132.1 + 173.0(390.1|43.4|0.8 | 35.4 5.1+ 6.9 15.5
ete™ — ZF(3900)Z (4200) + c.c.| 10.58 | —7.7+39.4 | 63.4 [20.8| - |20.7 —0.6 + 3.2 5.1
ete” — Z+(3900)Z (3900) 10.867| —1.44+4.6 | 9.0 |41.5| - |17.0 —0.3+1.1 2.2
ete™ — Z7(4200)Z (4200) |10.867| —0.24+41.6 | 93.7 [43.7| - | 33.2 —0.1+9.4 21.9
efe” — Z+(3900)Z; (4200) 4 c.c.|[10.867| 30.3 + 16.7 | 53.9 [20.5/1.9| 16.3 14.6 + 8.4 26.6

Row:

Typical cross sections o (e

te™—7(55))=0.3 nb at \/s=10.86 GeV

and o(eTe™—Y(4260))~65 pb at /s=4.26 GeV

V$=9.46 GeV
v/$=10.02 GeV
Vv/$=10.52 GeV
v/$=10.58 GeV
v/5=10.86 GeV
Column'
e — Z+(3900) Z
- — ZF(3900) Z
e+e — Z+(4200)

:F
:F

C
C

7+

C

-

. Nt
(with Y(55)—2,"

Data set, in which
Z,() were observed

7T and Y(4260)— Z=(3900)7T)

>
(3900)
(4200)
(4200)

S. Jia, C. P. Shen, C. Z. Yuan, et al. (Belle Collaboration)
Phys. Rev. D 97 (2018) 112004

Search for Z_pair
in e+e- collision

No obvious signal ob

The ULs of Born cr
are set at the fb

21




Search for beautiful tetraquarks

Motivation

» No hadron containing more than two heavy quarks has been observed so far

» Theoretical predictions for ngbl;

» Mass within [18.4; 18.8] GeV/c?

» Mass typically below ngn, threshold, therefore decay to Y{*(-({ = e, p)

» Cross-section: o(pp — X i

» Lattice QCD calculations do not find any evidence of this state

)*Br(X - - —212) ~ 1fb

+2 .50,
331200
z s=7,8,13 TeV
= 1000 §
& s00 | |~ 10°Y(1S)
% 600
3
S 400 Y(28)
S ; A Y(3S)
= 200
© ‘.Illﬁigtdgx

9000 10000 11000
m(utu) [MeV/c?]

O®
®®

Analysis strategy

2. Normalization decay: Y(1S) — y*u-
3. Data of 6.3fb-' collected in
. 2011@7TeV,
Il. 2012@8TeV,
II. 2015-2017@1/3Tev

1. Search in Y(1S)[— prp-]u+y- spectra/ |




Candidates / (100 MeV/¢?)

¥ | f LHCb
20F | s=7.,8,13 TeV
18E | NN, threshold
12 | i Y(IS)Y(IS) threshold
12 -i : I i Background-only fit
0R ' 3 <—L1m1ts setting region
SHt :
¢ FI il

4 | : | | ; ! I '
2 E } 1 I EII-.' i I [ =
0 M 'I. ' n IJ—I ﬂd'llll HITIITLE H
16000 18000 20000 22000 24000 26000
mQu2u7) [MeV/c?]

o(X, =) ~ 60-70 MeV/c2, multiplied by a
scaling factor taken from simulation
Z1ssE T T T T T T
=~ _E LHCb -
E 1.54 - Simulation E
b>< 1.5%;—
1.52;—
151F
15E
149E oy = k(uy) X oy(is) E
. [~ - 2 -
- k(uy) = py + py(uy — 18690MeV/c?) 3
148 -

1 1 I L L L 1 l 1 L L 1 I 1 1 1 1 I 1
18500 18600 18700 18800
u_ [MeV/e]

JHEP 10(2018)086

Cut-based selection
J/p mass veto: m(ptu-) ¢ [3050; 3150] ' MeV/c?

Search for X o In mass range [17.5; 20] GeV/c2
Fiducial region: p;(p*) < 30 GeV/c, 2.0 <y < 4.5

No significant excess is seen in data,
therefore upper limit is|set:
5=o0o(pp = X) x Br(X = Y(15)u+u~) x Br(Y(15) = prpe

Likelihood profile as a function of S is integrated to
determine upper limits

-1 r 1+ 1 ¢+ T 11 111 1T 1 1 1T

i Obs. 95% CL limit
- LHCb ) o )
| 1?27813 Tev 7 Exp. 95% CL limit, median
B Exp (683%)
10° | Exp. (95.6%) —

10 £

17500 18000 18500 19000 19500 20000
H [MeV/c?]

o(X) x B(X) x B(Y(1S))[fb]




n.m- resonance in B0 — n_m-K+decays

Motivation

» Important input for understanding nature of exotic hadrons, in particular of Z_(3900)-
discovered in J/yn- system from Y(4260) decays

» Z.(3900)- as analogue of quarkonium hybrids = n.m- resonance JP = 0+, 1-, 2+ (based on lattice QC

» E. Braaten, Phys. Rev. Lett. 111(2013)162003

» Z.(3900)- as hadrocharmonium — n.m- resonance m = 3800 MeV/c2?

» M. B. Voloshin, Phys. Rev. D87, 091501(2013)

» Diquark model = n_m- resonance below the open-charm threshold JP = 0+

» L. Maiani et al., Phys. Rev. D71, 014028(2005)

» Therefore, search for an n_m- resonance in B0 = n_n-K+ decays

1e(1S)
—

C c

_ W+ ~
BO {b S}K*O
d d

<

BO

Events / 0.01 GeV/c?

100}

80

60

ol

40f

20

—4- Data
BESII b
=== Background fit

== PHSP MC

3.7 3.8 3.9 4.0

Mpax (@A) (GeV/c?)




n.m- resonance in B0 — n_m-K+decays

>

K*zn~ only contributions Kz and n.t~ contributions
——Daa —TolPDF  — K'4680f| Eyrphys.J. C78,1019(2018)
9 160 ILIH(IjbI e o b .Combi.natorial bkg H\-H-H K‘(892)° % K'(1410)° S i T
o E o LHCb ]
E 140 E_ \/; =7.813TeV i‘#ﬂ B® — ppK*7 (NR) bke EK*r S-wave %‘;KZ(1430)° +’ + + _E
T 120F . '?g © . Z.(4100) 0.“ - "}‘#0 ¢ =
-~ C _ - — » =
9 100¢ . ] R Vs=7,813TeV . #*ﬁ ;+ ]
_cé 30 K + — —g 80 |- &+ ‘+ ’I K ‘+ -
"5 ] "5 - it Te. > = I" - B
2 @ 1 2 b :
O 40 - O 4F 3 L S
20 = 20 =
- I : IIIII
3 35 4 03 35 4

45 5 45 5
m(1 (18)77) [GeV] m(n (18)77) [GeV]

Good description is achieved by adding an exotic Z_.(4100)- = n.m- component
Evidence for exotic Z_(4100)- resonance (3.4¢ significance considering systematics)

Both JP= 0+ and JP= 1- are consistent with the data
M = 4096+20+18_,, MeV/c2, I = 152+58+¢0_,. MeV

Quasi-two-body branching fraction:
B(BY »Z.(4100)-K*, Z.(4100)- —=n_1-) = (1.89£0.64-0.67 ; ..)x10-5



Exotic contributions to BO— J/wm-K+

Motivation
» Z.(4430)- state discovered by Belle in

Z.(4430)- = @(2S)T- (Phys.Rev.Lett.100,142001(2008))

» not confirmed by BaBar (Phys.Rev.D79,112001(2009))
» confirmed by LHCb (Phys.Rev.Lett.112,222002(2014))

» Z.(4430)- = J/yn- not yet confirmed

» Belle finds evidence for Z_(4430)- — J/ym- in

Bo— J/wm-K+, and also observed a new state
Z.(4200)- — J/ym- (Phys.Rev.D90,112009(2014))

T T T

- L L — o T T T T T T T "

g 2000 C LHCh m(K 7)€ [1235,1265] MeV ]

= . Vs =7.8TeV ]

1500 -

§ C ¢ Data

3 1000 777 B~ JJpK "

E - W B - /YKt

8 C Background ]
500 — % Total fit ]

0 \‘\\\“’.’iﬁv’?ﬂmhm.\m‘~-“c.‘ Pesttertyiutetes

5200 5300 5400 5500
m(J/YyK*T7™) [MeV]

» Large statistics of ~5x105 events all

Analysis strateg

independent fits in bins over m(K+-)
Purity > 90% in all m(K+1m-) bins
Poor knowledge of the conventional K

Use a model-independent approach only
requiring knowledge of the J_,,

(highest spin of K0 contributions)

2 K3(1980) ]
S e 50050 T 1
— e MG 10)
™ 2000 ’1—] D i
k i =
J& N : I:I K;(2045)
g | K(5(1430) |_] K3;(1780) ]
1000 [~ — B
i K*(892) i
K (700) ]
| | | | | |
0 1 2 3 4

Spin J of K} resonances



Exotic contributions to BO— J/wm-K+

» Kinematic variables: m(K+*m-), x, 6,, 6,
» 3D angular fits in bins of m(K+m-)
» Fit model includes only K0 contributions with allowed J up to J .,
» Fine m(K+m-) binning: conclusion is independent of K0 line shapes
Region dominated by the K*(892)° Outside K*(892)° region
%\10000_' '(I+I)l [ I I]I . A % : I(KI+I)I '[10;5'12(;5]‘1\4'\/' A
~ m(K*n~) € [880,910] MeV 7] 2000 MK *77) € ; e 2 L _ .
g i § : 1| M2ad unpnysical J o =15 1o dascriga
~ ~ 1500~ LHCb . ef\tz,
L LHCb g F /s =7.8TeV ]
< s000f- Vs=7.8TeV - - 5 ] .
ER "+ Data 7 \ Dus E] ObsErVationofEXot GICoNtIibULIons:
v k= N S e JE =2 E INaimodelfndependentway;
! — Jk. =15 \ - — Jk.=15 ]
TS a0 w00 B 7 R R—

m(J/¢pn~) [MeV] m(J/yr ) [MeV]



The likelihood ratio test demonstrates that data '%1000_ e LHCb - 1

reject K'0only hypothesis with 100 significance ST é ]
™ 800 —
g \ :

Dalitz plot for background-subtracted data £ O0F — Data E

- S 400 T Ao\ Pseudoexperiments ]

% é E — — Gaussian fit E

= I g 200~ 7

= 4500 R J\\\ :

0 " " 1

S

3 : 0 1000 2000 A(_213g0(2())

% 4000 [~

i Some structure at m(J/yn-) = 4600 Me
3500 |- Indications of the Z(4200)- seen by

| L L ' I- f L ' | L L L 1 1
800 1000 1200 1400
m(K*T7™) [MeV]

The nature of the non-K'0 contributions can be investigated
with a future amplitude analysis




The LHCb experiment provides a significant contribution to the knowledge of exotic hadron

spectroscopy:

Search for beautiful tetraquarks Xog — Y(1S)u'u, upper limit is set

Evidence for an n.(1S)m- resonance in BO— n.(1S) m-K+*decays

Model-independent observation of exotic contributions to BO— J/ywm-K+ decays

Analyses in Belle still ongoing:
Searches for partner states

Different production mechanisms (ISR vs. B decays vs. Y decays)

Absolute branching fraction

Searches for Z_ pair production

Belle Il has started taking data!

Huge new data sample will be used to study exotic states

Thank
you!
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JPC = 1++

X(3872) as an example Strong coupling to DD*

No charged or neutral partner observed

CDF PRL 1003 152001 My 3872 is indistinguishable from mp, + mp.o

2e00¢ "B.E"=3 + 193 keV

X(3872) mass measurements

Coupled channel, good description

~6K events

2000
1800
1600

PTEP9, 093D01(2013)

| [ PoG14: 3871.69:0.12 |

most of the time looks
BaBar = Specific model by like a DOD*°molecule
Takizawa & Takeuchi, PTEP 9, 093D01

b =

CDF
Belle i - —m ~5%
LHCb EP) 72 1972
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500J1 .7 Theq...-- awn % X

550
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450 } 3871.95:0.48:0.12 Mev s € Moo —m-m L
=L — Lo X 1 xas) T My =My =gy

: B H H
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t

\ . . . ~5%
3.85 3.86 3.87 3.88 3.89

Mgy = =m0 = 2o |BE| ~8 Mev
d z#: |BE|<0.2 Mev Ay =15 fm
rms no
: . I,=0.1 MeV I (m-m,) \IZND‘BE;L dy,; >10fm
. = ~®ex >
% w 173 events (m—mo)'+(r/2)h 20 d /(;
5. reduce [ Mp+Mpe-Mysg7, |
u mass
i GG 3 F
- ] ., Belle PRD 84 052004 . . .
& £
i - [0=0.6 MeV Sosf T Or QCD diquark-diantiquark , .
» tot % ook . 9‘\‘1 Q q q Spin=1 “bad” d|quark
“ 04f -

YA it bt oah . Maiani et al., PRD71, 014028(200! \ %\\)005
: : il T . .
;. I, =1.2 MeV 0 1 2 \idth (Mev} No 1+ partner state seen v
LI I<1.2 MeV
IR e e Spin=0 “good” diquar %
Rl For comparison: I, , = 0.84+0.04 MeV




@ LHCb observed hidden charm pentaquark state in

O > K P — K (J/¢p).

R. Aaij et al., PRL115, 072002(2015)

S [
gmoo — mdata My, all
';f_) [ @ total fit
= I — background
(72} —
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200]

. Eve.ntsl(go MeIV) X

5
Mo [GeV]

@ Analogue search for hidden-strange pentaquark by switching
b — c(A) = Af), ¢ = s(J/v — ¢): Ne — °Ps — 7%(op).
o Nf — 7%pp decay has not been observed so far.

(v

u
u
d

u

u

s .
{ —\5 PS

u

d

. Pal et al., Phys.Rev.D96, 051102}{)(2017)
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@ Perform 2D fit to My+ k-0 Vs My+x- plane.

- F % E @ No significant A{ signal is
7 of + + T . observed. New upper limits:
5 of N | e BN} — ¢pr®) < 15.3 x 10~°
S T e ® B(A] — ¢pr°)ng < 6.3 x 107°
g F E @ Also perform 2D fit in each

0 | + N(PS) _ 78 j: 28 3 MK+K— bin. No significant PS+

. . signal.
198 2 2.02 204 2.06 708 2.1 N 0Pt N '
m(¢p) (GeV/c?) @ B(N] = 7 P;) x B(P; = ¢p) <

8.3 x 107°.



n.m- resonance in B0 — n_m-K+decays
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n.m- resonance in B0 — n_m-K+decays
2D fit m(ppKn")-m(pp) for Run-I and Run-II
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