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Hadrons: normal & exotic

* Quark model: hadrons are composed from 2 (meson)
quarks or 3 (baryon) quarks

squid
uds

dibaryon

diquark + di-antiquark

8
ud &%
pentaquark glueball

dimeson molecule q q g hybrid

QCD does not forbid hadrons with N

— Glueball :
— Hybrid :

— Multiquark state :

— Molecule

quarks;tz’ 3

Nquarks =0 (gg’ 999, )

N = 2 (or more) + excited gluon
Nquarks >3

bound state of more than 2 hadrons

quarks



Hadron spectra: normal
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Multiquark states have been discussed since the 15" page of the quark model
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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way' *~°/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical '"bootstrap' model for all the strongly i

teracting particles within whi¢h one may

rive isotopic spin and strangene % and
broken exghtfold symmetry fr Sb istency
alone 4). of cou;‘se with ol interactions,
the orlentatlon of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

*

(A

ber n; - nf would be zero for all known baryons and
mesons. The resting example of such a

model is on ich the triplet has spin 3 and
z =gl Xﬁ& four particles d-, s~, u® and b°
t 1 with the leptons.

A Simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we asmgn to the triplet t the followmg
properties: spin 3, z = -3, and baryon number‘

We then refer to the members u3, d-3 , and s8~73 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
<9992i g%gqqq), etc., while mesons are made out
of (qa), (@qaqq), etc. It is assuming that the lowest
baryon configuration (gqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.




Main Suppliers of Exotics

CLEO-c »
) Solenoid Coll Barrel
Z Calorimeter

B, Ring Imaging Cherenkov
> Detector

Drift
Chamber

.
3 Inner Drift Chamber




: »  Charmonium-like (XYZ) particles
X (4700) \ el E
| — New type of hadron (multi-quark ...)?
Y (46600 = x (4630) \+A-
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3500 -
Xco(1P) nESHL
J
. “ ” A n radial quantum number
Particle “Zoo again : S total spin of ¢ & char
1 J7/0(18) L orbital angular momentum
L=0,1,2..correspondto S,P, D, ...
3000 - nc(ls) J=S+L
P = (-1)-* parity
C = (-1)*S charge conj.
O—I-I— ]—I— 1-|I-— 0-|I-+ ]_-II—+ 2-;--!- 2—I— ?I?

Prog. Part. Nucl. Phys 93 (2017) 143 "



— Theory 1:
— Theory 2:
— Theory 3:
— Theory 4:
— Theory 5:
— Theory 6:

— Theory /:

— Theory 8:
exotics

— Theory 9:

— Theories .

Too many models !

screened potential

hybrids with excited gluons
tetraquark states 1
meson molecules - | I
cusps effect
final state interaction - B :
coupled-channel effect  wbdh

.

mixing of normal quarkonium and

mixture of all these effects



Light hadron spectroscopy

X(18?7?), Y(2175), ...
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X(187?) at BESI|
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Any relations?
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What is the role of the ppbar threshold (and

other thresholds)?

Patterns in the production and decay modes
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PRD 80, 031101 (2009)

| |
iy

T PRD 74, 091103 (2006)
Belle

- BaBar |
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s |

206 -
s | ]
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o($f,(980)) (nb)

> 22 24 26 28

Ecu (GeV)
PRD 91, 052017 (2015)
140 :_ « ==« backgrounds
120 E BESI I I + backgrounds+direct decay

100 |

Belle;: T'=2114+14+19 MeV
BESIII; T=1041+15+15 MeV

Events/(0.02 GeV/c?
3

(o))
o
T T 1

- A strangeonium analogue of the Y (4260)?

a0f -
of - More strangeonium states ?
0 I2I = .2.1| = I2.2| = I2.3' = l2.4l = I2.5l l

M(6 f (980))(GeVic?)
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X States

X(3872), X(5568), X, ..
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2

Number of Candidates/ 5 MeV/c

X(3872)->J)/Pmn-

Belle’s most cited paper: 1200+
first observed by Belle in B->K J/yn*n- PRL91, 262001 (2003)

¢ M, close to D°D™ threshold M = 3871.68 + 0.17 MeV
(not clear below or above: Am =-0.16 £ 0.32 MeV)

¢ surprisingly narrow: I, ,< 1.2 MeV at 90% CL

-
H
o
o

M(rr) > 500 MeV/c 2

o~ ——
RS ; o
25001 3678 + 99 y(25) ( =~ 3B e + B g,
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Events / { 0.005 GeV )
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40
30
20
_ PRD73, 011101 (2006)
38 3.85 39 3.5
m(J/yrr) (GeV/c?)
X(3872)->J)/yy: C-even

Angular analysis:

Belle 2006: JP¢ = 1** or 22
CDF 2008: JP¢=1**or 2+
Belle 2011: JP¢ = 1** or 2-*

LHCb 2013: JPC = 1*
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X(3872)—J/yntn at COMPASS

- various targets, ,exclusive reaction ut N — u" X7t N = uT (Jyrt )t N

- significance > 6 o for large missing masses (Mmiss > 3 GeV/c?) 160 or 200 GeV/c p

- mutspectrum differs from previous observations ' ®LiD or NH, targets
2 2
Mmiss:(PH+PN_PH’_PXO) u
N 13 = 2) 14 pb! —4GeV< AE < 4 GeV u
o} C +
< 12;‘ arXiv:1707.01796 ) n
S 6k | 4.50 %) ({’ \%" Jiy
-.g 42_ 1 J 17 [ [ | |
S 2E L Lyt T T T AT T T T T | | n
Ok il [ i I | R | BN ] , [l IR I R | II T[i
34 36 38 4 42 44 46 48 5
M, - [GeV/c?] \ /
—~ 8¢ N N'
O =
S 75 q) —4GeV< AE < 4 GeV . , , | .
& SF Diagram for exclusive muoproduction of X"7
S 4F £ of
S 3E 2 F }
Q = O 5
= 2E -
3 (};_ ‘% i NI R R i mE s »
486 38 4 42 44 46 48 5 -
MJI\LJ ot [GeVJ{CQ] 35_ T T {*
2
ON—x (3872)aN' X Bx (3872)—spyan = 71 28(stat) £39(syst) pb.  f - ATtas i
N denotes the target nucleon and N’ the unobserved recoil system orooo oo Hab b L L

M. [Gerc2]1 14



Events / 3 MeV/c?

+ X(3872) > DD*

X(3872): Other Decay Modes

¢ T = p means Isospin violation!
¢ X(3872) - J/yw is seen: confirms isospin violation

B(X(3872) = J/yw)/B(X(3872) = J/ynm)=0.8+0.3
¢ Radiative decays: Belle&Babar good agreement for X =J/yy;
LHCb confirms BaBar’s not vanishing X >y(2S)y.

- dominant mode

¢B—>X(3872)Knt non-resonant Kt dominates!

_—
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S E
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-
B e il s i e SO
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PRD 81, 031103 (2010)
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PRD 77, 011102 (2008)

- BESII

-—- Phase Space
%\ --- Linear
/* -

+- data
Y(4260)

iy
3.85 3.9
M(r*r i) (GeV/c?)

3.95 4

PRL 112, 092001 (2014)

] ,// \L i
T ‘ ‘ a4

Ecnm (GeV)

Events / ( 0.004 GeV/c?)

not consistent for X >wy(2S)y.

100

wn
=]

5%, R =

0 bt e b
3.82 3. 84 38 388 39 392
(GeV/c?)

J/\wm

PRD 91, 051101(R) (2015)

»The first observationof ete™ -yX(38 72)—>y1t+ ™ J/U

»Suggestive of Y(4260)—-yX(3872)
2 »>If B(X(3 872)—)1‘[+1[_J/\|J) =

Br(c' ¢ —yX(3872)) _
Br(e+e_—>n+1t_J JA'))

»M =3871.940.7+0.2 MeV/c?, I'<2.4 MeV, consistent with Belle's result
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X(3872) decay channels

- SR I....~15 [(X(3872)>w-1/vy)
strong DD* / 4 . [(X(3872)> 11—/ w) < 80 keV
li . ik mn-l/y) < e
coupling \\006*0, T
: w ol/y
. DOD*°
DO-D*0 molecule? QCD diquark-diantiquark?

Maiani et al.  PRD 71, 014028 (2005)
Lots of literature about this

Impossible to produce such an Predicts partner states (e.g.,

fragile extended object in prompt a nearby state with u—=>d) that

high energy hadron colliders at have yet be seen.

the rates reported by CDF & CMS no charged partners of the X(3872)

no nearby neutral X(3872) partners

16



Probably a mixture of DD* & a c¢ “core”

Specific model by most of the time looks
Takizawa & Takeuchi, PTEP 9, 093D01 like a DOD*2 molecule

/ ~5%

= ~5% _
T Y] f'_c f"’c‘"‘\ Ty
\l‘{ W n
230 Wzﬂ* core
0BV ap®® state 3
Qf \S cO q
x\n l Mmmz} Mo =M =
q B
. My gy =myp =m0 =7, ‘BE‘ =8 MeV
D*'D" _
d = ; |BE|<0.2 Mev dpe =11
rms .
2,15_\3131 477 =10 fin
reduced
mMass | mD+mD*_m}(38?2|
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Search for X, in e*e- — ym*mtm?Y(1S) at 10.867 GeV

Y(28) Y(3S) CMS barrel ]
| b 5=8TeV | C M S
L=20715" 7
p, > 13.5 GeV |
lyl<1.2 7

-| PRI
9.8 10 102 104 106 108

PLB 72757 (2013)

g

Candidates / 6 MeV
o
2
(=]

Events/(10 MeV/c?)

The X(3872) counterpart in the bottomonium
sector X, NOT observed decay channel a*7"Y'(1S).
As X, Is above oY (1S) threshold, this Isospin-
conserving process should be a more
promising decay mode. [PRD88, 054007].
S —— A0Fc v o
—4— Data 118 fb 1 . [ 4 Data
— Total N [ — Tota
40— = ng 120 n § 30:_ gacklground (C) ]
- ;m % [ Tro sidebands
i Bchground 920:— ----- i:? ]
20 0 sidebands E [
I §1o:— ]
L L
e =T E S A ootk M4
9.8 9.85 9.9 9.95 10 65 085 00 9.5
M(yY(18)) (GeV/c?) M(yY(1S)) (GeV/c?)
Large Brs of Y(5S) to m*mtmOx,q 2, crso_iiaj;' .
2 : Background (d)
WX, ,.8re observed for the first Soormesanis .90 -
time and their ratios are measured: 3
hadronic loop effect ? g

arXiv:1406.6763

Q= e A L LRI ;
9.8 9.85 9.9 9 95
M(yY(1S)) (GeV/c?)
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Events/(10 MeV/c?)

25— ———— N

L (D +Data _

20 :_ . ) - __.y)(b MC _:

[ @ — oy, MC ]
BELLE

[J o sideband —

ok i ]
10.2 10.3 10.4 10.5 10.6 10.7
M(oY(1S)) (GeV/c?)

PRL 113, 142001 (2014)
Assuming X, is narrow, the
upper limit on the product

branching fraction was

given. 18



X*(3860) (Xco(2P))

J=0,2 only

Events/10 MeV
\

X(3915)

PRI 104, 092001 (2010)

PRD 95, 112003 (2017)

A 6D amplitude analysis was done to e*e” =J/YDD

b = (*'?\[DB' Hprod.GJzﬂ,.GX*.i;)E—.(;D).

where 6,04 1s the production angle, 6,,, and 6 x- are the
J /1 and X* helicity angles, respectively, and ¢,— and ¢p

S99,

4.05 4.1 4.15 4,25 4.3

M(oJ/y)

Confirmed by BaBar, prefer JP=0*

PDG: Y(3940)=X(3915)=xo(2P)

Theory ®

0 %.o(2P) production in two body B

decays 1s suppressed
o Y¥.0o(2P) — DD should be dominant,

but not seen

are the £/~ and D azimuthal angles, respectively.
L i s 2f S 20F
3 Fit results| < % S
3 1 g 18 & 18-
B 12 / " :2: o
g Without X* =t F
10 -
Tl L1 ¢
2 - ™ =~ PR e T —_—— 2_ 2
Ry M S ¢ s O s 0 05
O++ is favored over the 2+ at 2.5 o
S Lf g 20f g
2 STd =
I g 1o £
e o 14F &
i 12F
; 10F
: F==
: 6F
, %
2 2 3
005 0 cos, i) 0 1 23
X*(3915): 8 50‘ 0*, I\/I 3862+26+40 MeV/C

o a better candidate for y_,(2P) seen in

ee”— J/yDD

PDG 2016: X(3915)%x.0(2P)

=201 +154+88-67-82

MeV
The parameters of X*(3915) are <2.70 difference

from the predicted x.o(2P)




If X(3915) # x.,, what is it?

It remains an intriguing puzzle
X(3915)~> wl/Y violates OZI-rule unless it’s a 4-quark state

Mass is near 2mg, threshold: M(X(3915)) = 2m-18 MeV

X(3915)=> DD decays are suppressed: [(X(3915)=>DD) < 1 MeV

D,-D, molecule? [CS][cs] tetraquark?  cg-gluon hybrid?

Li & Voloshin, PRD 91, 114014 Lebed & Polosa, PRD 93, 094024

Qo

L=0 \ls
\

C

what binds it? why not xer']r']c? too light for 0** cc-hybrid

no plausible nuclear-physics-type
force can bind D_D. into a "molecule”



N events / 8 MeV/c?

Residuals (Data-Fit)

" o
PRLl-;;::iEZCS:j;u;03(2016)
- f o

| + + BeJ/Llea

m (B% t¥)

Statistical significance of signal
(including systematics and LEE)

R=+/Anp?+A¢? <0.3

With AR Cut: 5.1 o, Without AR Cut: 3.9 0
Not seen at LHCb and CMS

=
( X (5568)

My = 5567.8 & 2.9 (stat) 109 (syst) MeV /c?
T'x = 21.9+ 6.4 (stat) F52 (syst) MeV /c”

= [8.6 + 1.9 (stat) + 1.4 (syst)] %

[GeV/c®]

X(5568) at DO

Structure in B_mm spectrum?

o DO collaboration claimed state decaying
to Bert+

o LHCb has large data sample to check it
o 112600 Bs events (LHCb) vs. 5582 (DO)

o No state seen in place of DO state

250

200

150

100

Candidates / (5 MeV)

Pull

PRL117, 152003 (2016)

- Claimed X(5568) state

|:| Combinatorial

LHCb pT(Bg) > 10 GeV

55'50 56'00 56'50 5?00 5?50 5800 5850 5900 5950 6000
m(B2z=) (MeV)

0.07 T
E —— 00% CLUL;T=10MeV sswus 80% CLUL: T=40MeV
0.06F = semwess 90% CLUL; F=20 MeV =risi=: 90% CLUL; =50 MeV  —]
0055 90% CL UL ; T = 30 MeV 3
UE LHCb p_(BY) > 10 GeV E
E . 3
0.04F 3 =
= Y T
0.03 P —
= % |
0.02 B U AC Ll S TP =
iy f '.. ‘“"m."-.._‘ ------------------- =

[ . o e o _
0.01; -7\~A-.'x_f 3
o | L1 I_

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(X) (MeV)
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X(5568) at DO

DO Conference Note 6494

250 - By = D;puv + +
N;,‘f’ 200 [
@ -
s L
P10 Y
e b ¥ DO preliminary, 10.4 &'
2 - ¢ DATA
2100 B — it with background shape fixed
-y | wmwemsm Background
50 '+ Signal
2/ n df 0.7
L al 1 e e e | [
0 555 56 5.65 57 575 5 8 5.85 5.9
m (B%s n*) [GeV/c?]
f X (5568) \
Ny = 139123
v T
My = 5566.7 38 MeV /¢’

6.o+9 > MV W

Lo
—21
\/ . JC111.51;:-{

( Local Signficance \

Statistical Significance 4.50.

klncluding Systematics 3.2 y

il
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Y States

Y(4260), Y(4360), Y(4660)...
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Y(4260) inete 2> )/y
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' e T O N TN T ]
LW 80 _— —
o | ‘ PDG-2016: :
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4 ]
% ||f ;
E : -
: T 20 | ‘| E *HH I
O ’ g }'HHI +++H‘H+ {H + +++++ '41
T i || eI} 1 4 E 5.5
93 i | __e*e” >hadrons | MmﬁT qu:l) [GeV)
m(ﬂ*ﬂﬂ'tl-')(ﬁew 2) @ i

@

diquark-diantiquark

e
@ } ¢y

Hadro-charmonium BESII PRL8S, 101802

*i 1 !
.ﬂ"e T EL (GeY) e
- No Y (4260) to D) D™)

1 qq-gluon“hybrid”

- D, “molecule” - If Y(4260) IS CC, the I" to TC+TE_J/\|I
should be small
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e*e 2>7ntn)/y cross section at BESIII

100
= [ T XYZgata BESTT
e 8Or —Fit|
2 gL --Fitll 8.2 fb?
R I 19 points
% a0
O
D 20
© [

038 a4 a2 a4 46

Vs (GeV)

o(e’e—n*tJhy) (pb)

150

100

PRL118, 092001 (2017)

|+ Scaats 'I BESII
L — Fit |

L - Eit ] [ 0.8 fb‘l.

i ] 103 points

50

I|
by
Lyl

» Most precise cross section measurment to date from BESII|
> Fit|=|BW +BW,*e¥2+BW,*e!?*|2 or Fit Il =|exp+BW,*e¥>+BW,*e!?*|2 (other fits ruled out)

» M =4222.0£3.1+1.4 MeV (lower)
» 1" =44.1+4.3+2.0 MeV (narrower)

» A 2nd resonance Y, with M=4320.01+10.4+7.0 MeV/c?
['=101.4*>>3 ,.1+10.2 MeV
» Observed for the first time, significance > 7.6c
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Updated e*te” & mtrmy(2S)

PRD 91, 112007 (2015)

Unbinned simultaneous maximum likelihnood fit for Y(4360) and Y (4660).
Amp = BW,; + €% . BW,

W(2S) = Jyn'm + :
“ 40 _ W(2S) = I'T 1
> i
m ™ e
= 20} _
9 N BELLE |
S 10 B } .: l g
L i T by H*. o
04 :1.5 5 i 55
M[m ty(2S)] (GeV/c?)
Parameters Solution | Solution I
My 4360y (MeV /c?) 4347 £ 6 + 3
[y (4360) (MeV) 103 +9+5

+ J—

B - TY4360) (€V)
My 4660y (MeV /c?)
[y (a660) (MeV)
+ J—

B - T 4ss0) (€V)
¢ (%)

9.240.64+0.6  10.9+0.6+0.7
4652 + 10 £ 11

68 =11 =5
20403402 81£1.141.0
32 + 18 + 20 272 £ 8+ 7

x?/ndf =18.7/21 .

“

Events /50 MeV/c¢”

Consistent with previous
measurement

No obvious signal above
Y (4660).

Some events accumulate at
Y (4260), especially the
7t~ J /v mode.

If Y(4260) is included in the fit, ...

20 T L L e e
+ w(2S) - JIymtT +
W(2S) = I'T

[ ]packground

()"l"""""""""""""""""‘+""
4 42 44 46 48 5 52 54 56 58

m(y(2S)T ) (GeV/c?)

PRD89, 111103 (2014)
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M(rttre w(2S)) with Y(4260,4360,4660)

Unbinned simultaneous maximum likelihood fit for Y'(4260), Y (4360) _
and Y(4660). Amp — BW, + e/®1 - BW, + e/®2 . BW,.
L
% 20k ! Sol. Il > 20k . i Sol. IV % 20k . 1
= ' = Ll =" i :
N u; B e o N DE '! b st o el : u; Tl AL i DE il e g

M mw(2S)] (GeV/c?)

. _ 5
M T y(2S)] (GeV/c?) M p(2S)] (GeV/c?)

M T w(2S)] (GeV/c?)

Parameters Solution | Solution Il Solution [lI Solution IV
9+9_
B - Ty 4260 (€V) 154+06+04 1.7+£074+05 104+13+08 89412408
My (4360) (MeV /c?) 4365 + 7 + 4
ry(4360) (MeV) /4 +14 + 4

_|_ —
B - T 4360 (€V) 41410406 49+13406 21.1+35+1.4 17.74+2.641.5

My (as50) (MeV /c?) 4660 + 9 + 12
v (4660) (MeV) 74+12+4
B - F‘?,J(;%go) (eV) 22404402 84409+09 93+1.2+1.0  24+05+0.3

¢1 (°)
¢2 (7)

304 £ 24 £+ 21
26 & 19 £+ 10

294 4+ 25 4 23
238 + 14 £ 21

130 4 4+ 2
329 +8+£5

141 £ 5+ 4
117 &2 23 £+ 25

Significance of Y(4260) is 2.40—Iow, but affects Y(4360) and Y (4660) masses and
widths.

FOUR solutions with equally good fit quality, which is x? /ndf = 14.8/19. 27



Comparsion of ete 2T mY(2S) cross section

BESIII (16 energy points; L, ,=5.1fb"!)

W(2S) Reconstructed modes:

Mode I: W(3686)=> 1t/ P, J/W=21F1 (I=e/p)

arXiv:1703.08787
Accepted by PRD

Mode II: W(3686)—=> neutrals+)/\, neutrals=(n°m®, n%, n and yy) J/L21*1 (I=e/u)

P - T | — T T ]
o N ]
C D ]
>200F o 3
G Mode | o
Q150 e D Background
o 'PVE Jiy sideband 1
S : [ sy sideban ]
Si00f -
T— - -
[ 2] N ]
*qn:'; 50| -
= C ]
L N [R— h o lo aln. n
g.54 3.66 3.68 3.70 3.72 3.74
cﬁ;-. - LI LI T LI :
3 :_ —4— Data _:
200 - .
(‘C?.I M (@) d e I ----- Background
C)1 50 o s -
v sideband
S ;
Si00F =
w) -
*q&)' 50 - 3
—
w -
1?.64 3.66 3.68 3.70 3.72

E 3 A e l__
[} 100 E -« BESII| ]
- 80 2 Belle =
2 60F Y(4260) + =BaBar -
» 40F { + E
w  20F oo
O  op||! S
2 0f Y(4360) E
o ;
‘60 C PR R R T N T T N A N T T TN T TN T TN T NN T W W T N TR N I_-

40 41 42 43 44 45 46

\'s (GeV)

The measured Born cross sections of two modes

3_:74 are combined by considering the correlated and
Mt Jiy) (GeV/c?)

uncorrelated uncertainties.
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Updated e*e” —=K*K'J/y PRD 89,072015(2014)
Event selections are almost the same as in Phys. Rev. D 77,

011105(R) (2008) Shaded hist.: J/\yy mass sidebands

A IR L LA B L B L L L L
N§15 C (a) I 8_ N§15:_ (b) i *  +one resonance.
>t e | > [ 980fb Fit with y(4415)
=0} 1210 :
©  [Y(4260)|LH © | ,
a [ 1M 1@ v?Indf=30/11
q§ S5t HLl_I'LI_I'rLL § St J[]UW'Q »M=4747+117MeV
ITH T >I'=671+86 MeV

0- ----- | T T S T O' s e LT, TSR TN S SO R OPUCS SR o |
4 4.5 5 55 6 4 45 5 55 6
M(K*K Jhy) (GeV/c?) M(K*K Jhy) (GeVic?)

7.8% sys. error was
not included.

4-6 GeV: 213 events 8 ok .-
35 bkg, 17816 signal 3 || | =¥
£ 51

| =
= l t :
S e R hu{ .h {+ .*+++++.++.*+.+ X

L e -B(J/— (+0~) ST 55 6

E. (GeV) 29




e*fe">n ' h_ cross section at BESIII

PRL118, 092002 (2017)

* h.—>yn. n. —hadrons [16 exclusive decay modes]

250

[\
=
=

150

100

wn
=]

Dressed Cross section (pb)

—

th
=

-+ BESIII: R-scan data sample ~6 fb1

= BESIII: XYZ data sample
| BESTI

—Fit curve: Total
- Fit curve: Y(4220)

- Fit curve: Y(4390)

\/_ (GeV.)

» M=4218.4*>> , . +0.9 MeV/c?,
I,= 66.023,,+0.4 MeV
- Y(4220)

> M,=4391.5%%3 .. 1+1.0 MeV/c?,
I,=139.5*162_ _+0.6 MeV
- Y(4390)

» First precise cross section measurement from threshold to 4.6 GeV

> Fit with |BW +BW,*ei??|2, two resonant structures are evident
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ete™ - tTDD*~+c.c. cross sections

1000 [T T T T[T T T T [T T T [ LT T T[T T T[] 0 — o+
- ] BESTT « Reconstruct DY - K™n
~ Prelimina h .
800 v 1 ¢ Select events with closest to m(D?)
2 600F- } L ~ + Find an additional ©t*;
Fof T o 1.9 <M(D™) < 2.1 GeVic?
- | } ' 1 * select the candidate closest to
200— il — .
- DA - m(D"")
0_' j 1.:_1'£'T"'i --------- g N R
4.1 42 43 44 45 46
B(GeV)
> Fit with a constant and two BW Parameters Solutionl Solutionll SolutionlIl SolutionIV
_ o c (107%) 5.5£0.6
functions with interference My (MeV/c?) 4224.8+5.6
Ty (MeV) 72.349.1
> Statistical 5|gn|f|cance IS greater M» (MeV/c?) 4400.1+9.3
Ty (MeV) 181.7416.9
than 10G. [ (eV) 6294115 7.241.8 8164159 9.3+2.7
TS (eV)  88.5+15.8 55.3+8.7 551.9+85.3 344.9470.6
> Consistent with those of Y(4220) ¢+ -21HE0.1 28803 -0.940.1 23402
oy 1.940.3  2.3£0.2 2.310.1 -1.9+£0.1
and Y (4390) ineTe™ — T[+T[_hc. The error are statistical only.
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Dressed Cross section (p )

c(e'e—n'mJ/y) (pb)

More precise measurements are helpful |
“Y(4260)” in different channels?

PRL 118, 092002 (2017)

250~ «BESIII R scan data sample @ e
- =BESII datasample
it curve Total

200

150

-- it curve

it curve (4220)
(4390)

ntn~h,

50—
oF
s
~39 40 41 42 43 44 45 46
Vs(e)
PRL118, 092001 (2017)
100
L 4+-xyz efef »nutnT]/Y
80 [- .
- —Fit| BESTI
sob - = Fitll .
a0
20 ” * : 4
¢ . ¢
0 .378. . lli — I4I2. . .414. . .416.
Is (GeV)

()]
o

N
o

s(e+e'%coxco) (pb)
o S

_ PRD 93, 011102(R) (2016)

ete™ > wyco:

BESIL

4.4
/s (GeV)

L ete” > DOD*~

- preliminary

1
-------

o

-ty
="

All above four channels show a structure at around 4.22 GeV/c?.



Combined fit to understand the Y(4220) better

2% - xvZ data gm ~XYZ data qol. 11 2 eof —— XYZ data
E 2 - St S el RD95,092007(2017)
E E-Besth T [ Besti S 4
& 100f & 100F l [ A 40f *
& F w E | o o X.Y.GaO, C.P.Shen,
+g EOF & 50F J i lL o zof
o T e T e s I
B o =] o |1 {] n e’ D:[ T I C.Z.Yuan
L E. A N I; ] PP L R - _2D:_ .....................
50 I -50 F) 1.2 34 a5 43 73
Miz*mhe) (GevicT)
F 140f - XvZ data g 140E - XYZ data Sol. TI g 140E - XYZ data g raop
< 120 —Scan data = 128 ~Scan data = 2% —Scan data = 120
F —Best fit =S 100F—Best fit S 100F—Best fit = 1oof
2 + sof «E s0f + =0
;‘; ﬂ‘ﬂ;_ q-'] a0 '2: &0
» 40E o 40F [ [ ‘w40
£ 20F g e 20F 3 & 20
- -
S | L S E T i oore AL A MEL Sl mers -
iE 4 32 a4 38 ) 33 44 anm 3.8 4 P W R EX 3 7z a4
Min* " Jiy) [GeWcz) Mimt i) (GeVic®) Mir*w Jiy) (GeVic?) Min*mJiyr) [GE.-UJ'CE]I
S1000F ~XYZ data ~0l. 1 S1000F ~XYZ data Sol. 11 S1000f—XYZ data H ¢ ‘01 111 S 1000f —XYZ data ] [ _‘01:'-.; TV
F oo ~Scan data F e~ Scan data F goof ~Svan data :: T ggof ~Scandala |
& = F—Bestfit & = F—Bestfit  —Best fit s F—Bestfit{: !
= C S r r " = r it
1 I{L]kﬂ: & cod- i ] QL J H]}J‘ & soof :
i AV Y S TN
1 .---.___.-- & _ --._...___.- E_, E
L : > 20of
;: 41 FREgE e e T ok

M?gﬂofnnaevfc?) T M{D[;[.) n:l (GevIe) ' M?S”D*m} (Ge‘:’:‘scz] ' M?éo*m@:ﬁiﬁ
M = 4219.6 + 3.3(stat) + 5.1(sys) MeV/c?
I' =56.0 + 3.6(stat) + 6.9(sys) MeV

A combined fit is performed to extract the resonant parameters of the Y (4220) assuming

it decays dominantly to the above four modes and their isospin symmetric modes
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Y(4260): mass = lower & width = narrower

5.5

pre20t7.
8oL :
: m’ Belle |
?Oglwh\l |{ mw | ‘
Soof :
0 UH H |i| | {H{t Hﬂ++|+|#*+***+*+HH+H+H**++i+i++|+H++ﬁ
a5 s
pDG.2016:  en (G&Y)

M (Y (4260)) = 4251 £+ 9 MeV/¢?

100

post-2017

80|
60
af

20F

a)—+— T T

BESII

-31 MeV
—>

Vi

TN
E... (GeV)

42 44 46

M, = 4220 + 4 MeV/c?

(Y (4260)) = 120 + 12 McV. —% 5 =44 +5 MeV

Y(4220) decay modes:
-/

« Z(3900)
+ £,(980) J/U

A
-1t'rh,

- WiXeo

-nJ/g
- yX(3872)

-ntDD

%

10

5

0

Y(4360)??
|~

4

what is the 2" peak?

b) E+E'—)|Ji5r‘.l'l'_*ﬂ'LIJ'l ]
i Belle -
PRL99 142002

s o []
T LT T EEEEr= ey rrrrr
4.5 5 5.5

M, = 4320 + 13 MeV /2 2M=18% 41(y(4360)) = 4346 +6 Mé“v’r’c“"

[y = 10173 MeV  —orom D(Y(4360)) = 102 £ 12 MeV.
J

1

Y(4320) decay modes:

-/

-y’
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What is the Y(4260)?

The Y(4260) mass is lower and width narrower than previously thought

o
=
+D
£

“¥(4260)” > Y(4220)?

2012 LQCD calc. (m_=400 MeV):
“Lowest 1 -cc-gluon hybrid: M=4285 + 14 MeV”

pre-2017: too high by ~35 MeV
post-2017: too high by ~65 MeV

If it is a DD4(2420) molecule:
B.E. =66 MeV <€too large?? .
“affinity” to DD4(2420) should be high /

= - Y(4260)

If it is a cc-gluon hybrid: GZATV ; Had. Spectr. Collab. JHEPO7, 126
its mass is ~65 MeV below current (m =400 MeV) LQCD predictions € not so bad?

“affinity” to DD,(2400) should be high

If it is a QCD diquark—diantiquark tetraquark:  Maiani et al. PRD89,114010

it should have Isospin- & SU.(3)-multiplet partner states <€ not seen
Dubynskiy & Voloshin, PLB 666, 344

If it is hadrocharmonium: Li & Voloshin, Mod. Phys. Lett. A29, 1450060
decays to non-J/{(h_) charmonium states should be suppressed <« they aren't

BESIII is well suited to further investigate this intriguing puzzle<— a "Y(4260)" factory
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Z States

Zc(3900), Zc(4020), Zb(10610), Zb(10650), ...
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The Z(4430)*> 1t |’

“smoking gun” evidence for a 4-quark meson

»decays to y' =& must contain cc pair

»electrically charged & must contain ud pair

S-K Choi etal Belle PRL 100 142001

; »Lgoz)y
! ert
i

B K (1430)y’

— T
M=44331422MeV
[=a575% b ]

-13-13




LHCb 4-dim analysis of B2>K*mty’

B= KT w* 4-dim amplitude analysis

Il_ — r 1 v r Tt 1 1 Tt T 1 T T T T T 71
1000 Z included Z excluded

LHCb , '-, / :

500-— _-: JP :]_+
' T M =4475+ 7% MeV
- [=172+137] MeV
0 -- B q = P Good agreement with Belle,
R. Aaij et al LHCh: PRL 112 222002 My [GeV~] (with smaller errors)

Bf(B" = Z(4430) K) X Bf(Z(4430) 7 )= (3431 x 107
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What is the 7(4430)?

_ tetraquark formed with a
D*(25)D molecule? radially excited diquark

Bingding energy=20+30 MeV

Kinematic effect due
to D*D rescattering?

“bad” diquark
\ \00“5
)

\

C

W

one of the diquarks is
is in an n =2, radially
excited state.

“good” diquark

D,(2420) ;.
"/ ',(2460)

LTy I N = | | L3
5 2.6 2.7 2.8
M(D*n) GeV 39

o PR (R

24 2




M’ (n*) (GeV/c?)?

Events / 0.02 GeV/&

1
1

0.
0.

0
0

100

E)
60
40
20

;

ete” =2 ntrt J/Y “Dalitz plot”

M{zJly) (GeV/c?)

4 — BESIII PRL 100, 252001 120 C
C - 4-data
n b .
21 '-'-':E"i’-l‘.'“"a-u- 1 < 100 " MC H
1: _+ 'E AL g.-'s 8 BO: —Zc(3900) MC .l}H--
— 3. — [ sideband ;
N J# 1 . 1 & r ah :
. .;%ﬁ%ﬁga_ . |
6 :_ : L:'l'- _I' - w .1:-__-!:_ 10 ﬂ 40 B
C q f . = [ - [: - 5 -
-4:—"1-; sy -51".." " 1 20F
- ".- ‘ f-' v - t -?.-rr‘ - L i
2F PR A Rt 2 L '
oFe *'_7“""-*"‘ e 10 92 04 06 08 1.2
10 14 5 16 17 18 M) (GE’WC’?) *
11w (Gev/cfl S Y(4260)— f[QBU]J v ]‘ £ ST
- data ) .
- ﬁm@uc Sf
i —12,3000) MC
:_ { ﬁ W / 4260 T[
| * MW "
f— 4‘* T
7 L4 Y(4260)— 727 (3900)
2133343536373839 4 4142 Tt J YA
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Z.(3900) State

Observed in e*e™ = (y)Y(4260) - J/ymrn

Phys. Rev. Lett 110, 252001 (2013)

| —+- Data
10011 Z,(3900)* — Total f

?I.Q [ -«-« Background fit
> 80 BESTI - PHSP MC
o X [ Sideband
o 60 t
9‘: .
8 40
: -
e [ A
W 20

0 3.7 3.8 3.9 4.0

M pax (7t Jy) (GeV/c?)

»Charged charmonium-like structure (>10 o)
»Decay to JAp (cc) and electric charge (ud or di)
»M=3899.04+3.6+4.9MeV/c2, I'=461+10+20 MeV
»o(eTe —nTn JAY) =62.941.943.7 pb at 4.26 GeV
>c(e+e_—>n$zc(3900)“—’—m"'n_.lhy)
seTe - Iy
»The first Z_ state observed by more than one
experiment (Belle and CLEO-c)!

=21.5433+75%

Belle with ISR data (PRL 110, 252002)

—4- data
— Fit

—— Background
-=-- PHSP MC

Events / 0.02 GeV/c?
H
(@]

3.7 3.8 3.9 4 41 4.2
M, ox(mdly) (GeV/c?)

CLEOc data at 4.17 GeV (PLB 727, 366)

35
% - ¢ Data
= 30 ---- Phase Space
— op— T
% 20 == J/y Sidebands
S 20f
8 -

15F

10}

5[

0
3600 3700 3800 3900 4000
Miax(J/y) (MeV)
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Z.(3900) State

Phys. Rev. Lett 110, 252001 (2013)

| —+- Data
_ 100 Z,(3900)* ~ roait
LQ - --+- Background fit
E 80~ -« PHSP MC
- Sideband
o 60 + -
=] [
- L
8 40
c
2 A
W 20

3.7 3.8 3.9 4.0
Moax( JIy) (GeV/c?)
»Charged charmonium-like structure (>10 o)

»Decay to JAp (cc) and electric charge (ud or di)

»M =3899.01+3.6+4.9MeV/c2, I'=46+101+20 MeV
»o(eTe —nTn I =62.941.9+3.7 pb at 4.26 GeV
_I_

pc(e+e_—>n$zc(3900)i—m T J)
seTe - Iy
»The first Z_ state observed by more than one

experiment (Belle and CLEO-c)!

=21.54+33+75%

Phys. Rev. Lett 115, 112003 (2015)
(a) 4.230 GeV, 1091.7 pb'

Z.(3900)°

-

an ;‘

3.‘8 4t0 4.2
M_.,, (GeV/c?)

Events/(10 MeV/c?) Events/(10 MeV/c?) Events/(10 MeV/c?)
onsomShiomouwsaSREREcS8EE833

» Neutral charmonium-like structure (10.4 o)

» Using 3 data samples (~2.5 fb-!)

»Evidence with 3.70 by using CLEO-c data

»M =3894.842.3+3.2MeV/c2, I'=29.61+8.2+8.2 MeV
» An iso-spin triplet is established!
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counts/0.1 GeV

Search for exclusive photoproduction of

10°

=

Cu*Jhy
O Jhym

ST

Assuming I'ipt

I
16 18 20

/s, n [GeV]

counts/0.02 GeV/c’

=
(5]
TTT

Z.*(3900) at COMPASS

PLB742, 330 (2015)

(%] L o
=] (5] =
TTTTTIT]TTITT] 10T

=]
(5]
TTTTT

Al WM MWmew

in

BR(ZF(3900) — J/bm™) x o ; N—Z%(3900) N

MJ,U [Gewc-’f]

< 32 pb.
'.,I.,J-'S NJ)= 13.8 GeV

— 46 MeV/c?, we obtain an upper limit T Tm < 2.4 MeV/c?.

43



EVENTS/0.02 GeV/c?

EVENTS /0.02 GeV/c?

180 F
160
140
120
100

11092 pb™?

PWA on Zc(3900) state

. T S-wave J/y

:— £,(1270) Ty

C i Z.E".I'E
E total

827 pb!

e TR S-wave Iy
fj(lz?o) Ty

EVENTS /0.015 GeV/C2

EVENTS /0.015 GeV/c?

_ T S-wave Iy I_

%(1 270) Jhy

36 3.8 42

M e (GeV/o )

200
180
160
140
120
100

7T S-wave Jhy
£,(1270) Iy
-

PRL119, 072001 (2017)
«Amplitude analysis with
helicity formalism
Zc line shape parameterized
with Flatte-like formula
ettt Tt™ spectrum is described
by o, f,(980), ,(1270) and
f,(1370)

«JP of Zc favors 1* with
Significance larger than 7.3c
over other quantum numbers

Born cross sections: o (ete">mn*Zc™ + c.c.)=(21.8 =1.0* 4.4) pb @4.23 GeV
(11.0 +1.2+ 5.4) pb @4.26 GeV.
No significant Zc(4020) signals; o (e*fe">n*Zc(4020) + c.c.)<0.9 pb @4.23 GeV

<1.4 pb@4.26 GeV
a4



Events / 4 MeV/c?

Events/(4.0 MeV/c?)

Events/(4.0 MeV/c?)

—_
=

Z.(3900) State

, Double D tag (DT)

Phys. Rev. Lett 112, 022001 (2014) Single D tag (ST)

90} b L -+-Data

0l | BESI | &' ® G wof- BESIT  — ciovaiF
;g: g 80F % - - Signal

50f- 4.26 GeV | 3 60} = 60~ B Incl. Bkg
40F | 8 of | Migddii = I .- PHSP

30F | S F | TASTTR TP > 40}~

20F | RIEIRTL Yt > ook ‘ -

10F |~ 5 20: t § 3

0 AR Y i i L (9] 00 Y " . A L > 20

3.85 3.90 3.95 4.00 405 4.10 415  3.85 3.90 3.95 4.00 4.05 4.10 4.15 TR ”

M(D’D*) (GeV/c?) M(D*D*) (GeV/c?) L . ja.
0385 3.9 3.95 4 4.05

Phys. Rev.D 92, 092006 (2015) Double D tag (DT) M(Dﬁ') (GeV/cz)
60~ : ! . > e . E Y . ]

| BESIT | < | State | Mass (MeV/c?) | Width (MeV)
‘O; §‘° Z.(3885)* (ST)  3883.9+1.5+4.2 24.8+3.3%+11.0
ot 3 Z,(3885)% (DT) 3881.7+1.6+1.6 26.6+2.0+2.1
o A o Weighted average  3882.2+1.1+1.5 26.5+1.7+2.1

3.95 > 4 4.05 4.1 395 B ’4.05
MY il o] Z,(3885)° (DT) 3885.7+%3+84 35+ 415

% BESTI - » Good agreement between ST and DT method
. » Good agreement between charged state and neutral state

0

3.95 4

4.26 GeV -

4.05 4.1

M(D’D") (GeV/c?)

» Another iso-spin triplet is established!
» Z.(3885)=2,(3900)?
» Tetraquark? Molecule state?

Events/(4.0 MeV/c?)

M(DD") (GeV/ich)
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Events/(0.005 GeV/c?)

120 4.23+4.26+4.36 Ge

100

Z_(4020) & Z_(4025) States

Phys. Rev. Lett 111, 242001 (2013)

Phys. Rev. Lett 113, 212002 (2014)

oo
(=]
T

(=)
=}
TTT

E =Y
[(—]
Events/(0.01GeV/c?)

20 -

0
395 400 405 410 415 420 425
M,., (GeV/c?)

Phys. Rev. Lett 112, 132001 (2014)

Events / ( 2.5 MeV/c?)

80  — _comb.BKG —+ data
..... D'D" S— totﬂ '"
60l- 4. — - Z,(4025)
---- PHSP signal
L ws

#

T T L) I T T T I T T T I T T T

4.02 4.04 4.06 4.08
RM(r) (GeV/c?)

»Z.(4025)*/9 observed
» Another iso-spin triplet is established!

.23+4.26+4.36 GeV

39

Events/(5 MeV/c?)

395 4

MEY | (GeV/c)

30

n
(=}

T 1 1 71 I T 1 1 71 I T 1 1 1 I

10

405 4.1

42 425

»Z.(4020)%/° observed

» Another iso-spin triplet is established!
»No significant Z.(3900)* - nth¢ is
observed

| State | Mass (MeVich) | Width (MeV)

Z,(4020)* 4022.9+0.842.7  7.9+2.742.6
Z,(4020)° 4023.9+2.2+3.8 7.9 (fixed)

(a)

Z,(4025)°

Phys. Rev. Lett 115, 182002 (2015)
| LR S S [ B A B L B SN S AL

4.23 GeV +4.26 GeV

)

«

s =423 GeV
3

3

Events/(5 MeV/c’

15 } V5 = 4.26 GeV

402 404 406 408 41
RM(z°)(GeV/c?)

| I l | l ) l

4.04 4.06 4.08
RM(n°)(GeV/c?)
| State | Mass (MeV/}) | Width (MeV) |
Z,(4025)* 4026.342.6+3.7 24.8+5.6+7.7

4025.5%29+3.1  23.0+6.0+1.0
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Summary on Z_ States by BESIII

IT I1I|III|III]HI|III]HI

-

1

IIIII|III‘III|IIIIIII|III

BESI

]
o

1

L

lllllllllllllllll

b

swe | M) | wanon | o[RS
Z,(3900)* 3899.04+3.6+4.9 46410420 ete —nn Iy 8 u:—
Z,(3900)° 3894.842.3+3.2  29.6+8.2+8.2 e e —nlnliny S C
Z.(3885)*(ST)  3883.9+1.5+42  24.843.3+11.0 % e
Z.(3885* (DT)  388L.741.6+1.6  26.6+2.0+2.1 e'e —at(DD%* _‘;
Weighted average 38822411415  26.5+1.7+2.1 -
Z.(3885)°(DT) 3885.77%3 +84 35513415 ee —a’(DD%° 3 i +
Z,(4020)* 4022.940.842.7  7.942.7+2.6 ee o w h. "
Z,(4020)° 4023.942.243.8 7.9 (fixed) ete”—n0n0n, 0:, Ll
Z,(4025)* 4026.342.643.7  24.8+5.6+7.7 ete —at(D*DY)E
Z.(4025)° 40255%29 431  23.046.0+1.0 "¢ —n%(D*D")°

Mass (MeV/c'

3860 3880 3900 3920 3940 3960 3980 4000 4020 4040

»Z.(3885)* mass is about 2.60lower and the width 1.50 lower than Z_.(3900)* value. IfZ_.(3885)

I'(Z.(3885)*— (DD™)*)

=Z.(3900
e( ), I'(z,(3900)t >t J/y)

=6.2+1.1+2.7, coupling to DD* is larger than to TtJ/y;

»Z,.(4020)* and Z,(4025)* mass and width are consistent within 1.50.If Z,(4020) = Z.(4025),

r'(Z.(4025)*— (D*D*%)

T = 1245, coupling toD*D*is larger than to Tth,.

I'(Z.(4020)*—T
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Observed by Belle in ISR
e*te” - Y(4360) - Y(2S)n*n~

Z_(4050) at Belle

: 10
o 15| J/Pprme "
w 10 - ©
& &
g | f:
g 5[ 5
L L
o
3. 4 42 3.8 4 4.2
M[=y(2S)] GeV/c? M[=*p(2S)] (GeV/c?)
20 T, T U
[ Z (4050)? D ]
o ¢ <D
‘Q 15 [ BELLE N
> [ ]
s | :
3.50 T
K 10r -
~ 1 o~
e [ S
= L b=
c 5r . &
(1] [ E
1] . S
0 4 4.1 5 4.2
M. [m(2S)] (GeV/c®)

M =4054 + 3+ 1 MeV/c?

10

D

BELLE

Entries/20 MeV/02
N
o

10}

4.5

)
"

PRD 91, 112007 (2015

5

Mz w(2S)] (GeV/c)

J/ Illm“n'l i

4.75

4 425 45
M[x“y(2S)] (GeVic)

No clear signal found in the Y(4660) region

Entries/20 MeV/c?

B

o
T

4 425 45
M[zp(2S)] (GeVic?)

I' =45+£11+6MeV

Another Z_state? Need confirmation

4.75
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Events / (0.1 (GeV/c?F)

Events / (0.01 (GeWic™))

Search for Z %my(ZS) at BESIII

5 = 4.226 Cev 8 @
8
. B 15
g 4 4 10
] 2 5
GD_...|....|....|....J.._-D Gu_....l.. _U 0
15.0 155 16.0 16.5 15.0 155 16[] 1b5 ITD
M (w(3686)r) (GeVic?Y M (w(3686)T°) (GeVic™Y
3 ”: T T T T ”: ﬁ.;: T T T T
&0 H4 & &
1 2 o e Jr
H ﬂHﬂ h + | 3 S Sof 1 BESII
sl ] C
=L 1 g g & [ :Fﬁ‘+ ]
o 4o 1) s s fet ) -
of [0 :’ \.i'% ; %2 :r"'é: ] EE'”:
o A T I 9 1 8 ¢t
D- +junqu—l 11 “;.-.“u-_u--u | Itu*"..- u::l I'ﬁ I'ﬁ u-u
15.0 15.5 160 16.5
ME(mhw(3686))(GeVIc Y
L L T Li rq:_ rq: F T
ol ER © !
: J( 1 @ ® ?
0F J( JF 1€ Q O 4
SHRALC ST - : =1
i HLJf N1 e S S |
R Y I Mg cg o W 0T s 0. 02 03 w02 M5;3D4,? T X TR N A - R VR T3
(n* I:}Gew )9 M {GeWc‘f () (GeVIicY M (r*m )} (GeVic?P

Not like it J/, the structures in t {(2S) vs. < M = (4032.1 £ 2.4) MeVic?
Ecm are much more complicated ! ° ['= (261 £ S:igMey
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Z.7(4200) in A% —=>J/Ypr at LHCb

Cabibbo suppressed mode (less statistics)

Can be exotic Z contributions in J/{ p

Fit with 2 pentaquarks + Z_(4200) favoured
by 30 compared to no exotic contributions

T T T T T T L T
— 5ata
- LHCb+ —— RM N*+Z +2P, _|
I EM N* ]
’ b b S P (4450)
<on P,(4380)
/I\ h e Z.(4200)
N .
i
...-%..-v.o'--o"" " Q% ]
‘.xﬁ. . e \§| 4
) ) ) ﬁ'\\& N T L N ~\||
1 1.5 2 2.5

M, [GeV] PRL 117, 082003(2016)

S'40F
o _t

= 35
B 30
% 25}

] mpr > 1.8GeV ;TJ 15;_

10 |
5Ef
OF=

——
LHCb ]
-y : l”*:"
5




Search for Z states at Belle /&

3 BELLE

6 22
S~ Jdly
5 0 ook sidebands 2.5
. | B
O 18F " g -
3 = - mi1fl1-5
= 16} [ | -
+ -2 [ I. H N I 1H 1
X 14f e [, < 1afF 0 1Hos
o - o~ - 4 )
= [ = [ ]
12...I...I...I...I... _0 12...I...I...I...I... _0
12 14 16 18 20 22 12 14 16 18 20 22
21, 22 2 /10 2\2
M?(K Jy) (GeV/c?) M?(K'J/y) (GeVIc’)  pRD 89,072015(2014)
_15F 3 . 20
S | @ 3" 1¢ (©
[} (3] L ) L
s 10_ 1= 10k 1= i
g I 13 | Q 10F ]
2 sl 12 1% |
w ol .ﬂ—f—"r:"—l-nl'l .nl'ﬂ..l...._Lu 0:| 1 1 P 1 L LUO_I |—.L|_?J_|Tr|| 1 | TR R T R
1 15 2 25 3 3.5 4 45 5 35 4 4.5 5
M(K'K) (GeVi/c?) M(K™ Jhy) (GeVic?) M(K ™ Jhy) (GeV/c?)

No evident structure in K*J/y mass distribution under

current statistics
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Search for Z, states at BESII|

» |SPE predictstwo Z, structrues nearthe K*K (narrow width)and K*K*
(broad width), respectively, in $(2170) — ¢~ decay.

" The ¢ paired with low-momentum 7 is expected to be sensitive to Z,
around 1.4 GeV/c?.

2]
[=]
(=]

» PWA is applied on ¢rrmr
candidates, no Z; observed.

» The upperlimitof Z;
productionis obtained with
different width hypothesis.

Events/5MeV/c?
'S
3

200

] : \ 1.2 13 14 15 1
\\ (OB NGB M(tlmlo] (Gercz)

Mass (GeV/c?) 3807/ \Y 7 1400 1.420
Width (MeV) [NUBVE)\&5pb) [NV £(%) 07" (pb)[NV" e(%) o;/"(pb)
0 . \%-3 0.90 16,6 46.9 0.68 (444 46.8 1.82
bt 5 {37 5 153 [29.8 469 122 |54.6 472 222
10 MG6 475 201 [402 474 163 |60.8 47.3 247
0 28% 138 3.75 |25.2 137 3.72 27.2 135 4.07
pnOn® 5 28.0 13.8 4.10 |286 13.7 422 [30.2 135 4,52
10 31.2 138 457 |324 13.7 478 [33.6 136 4.99




(oY)

Resonant structure of Y(5S5)-=>(bb)r*r-

Y(5S) = h,(1P)r'rr

Y(5S) = hy(2P) e

Two peaks are observed
in all modes!

Belle: PRL108, 232001 (2012)

Z,(10610) and Z,(10650)

should be multiquark states

Dalitz plot analysis

— T

‘;‘312000 - N§1?500§- B
= 10000} MO NON-TES. =15000F
= contribution = s
Z 8000f T12500F phsp
vy o b A L
S 6000} T10000F T
- = 1
Y 4000} phsp 7500k -
2000 ':" ----------- + }L—--. L 5000 ;‘ ; +
OZITT {. H'}TI [ 2500
T 11 LN L5 L N S A
10.4 105 10.6 10.7 104 105 10.6 10.7
M[ b, (AP)r] .. M[h,Q2P) 7] ..
Y(5S) 2 Y(1S) r're Y(5S) =2 Y(2S)*rr
80— 100 P T T T T
LB SRR w20 S

(Events/10 MeV/c?)

M(Y(18)7) .

0 WP s T T e =% 1
10.1 10.2 103 104 105 108 107 10.8
. (Gev/c?)

(Events/5 Mel

D B 1
10.4 1045 10.5 1055
M(Y(25)7),.,., (GeV/c?)

106 1055 107 10.7¢

Y(5S) 2 Y(3S) r'rv

TTTTTTT

-
B

ol le g be o bewaalegn

1062
M(Y (3S)m)

ol
10.58

10.66

10.70

maxs  (GeV/C?)

10.7¢
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Z; - Open Beauty

. PRL116,212001(2016)
_

. 2

S(m) = ’Azb(loﬁlo) T -AZb(1065O) + Anr|

3000 T T = 100 T r[rrr | rrr|rrrrr 111|111t 111
18 B decay modes combined 1600 [ _ B ]
% 2500 - i Sendi ] 2 v F :*EB: E ~ - <o f [ | Ws data + RS data
Z,zooo 2 1200 | /B§ 1 o 80 Bmg Zb (10610) ———— Model-0 B
< 1500 S100F / E % I I N R Model-1 ]
w w 800 [ 3 L A S T Model-2 ]
;‘::1000 E 600 | E = 60 - Model-3 g
g 3 s00F { b 3 1n E Background E
- : l : Bsndebands : E ""'5 40 —
05 51 52 53 e e s T Tas W C ]
M(B), Gev/c? P(B), GeV/c = - ]
> 20 [ ]
B'*)B'*),t + BBV G _ﬂ> C ]
600 : LI R B N S B B B L B B B Y N B H B B I B | 100 : i | : | . : | : :
E N B Lgy 7 ]
. s00 [ | BBthreshad RSdata - ~ | < WS data | RS data |
8 :i I E “o 80 [ BELLE ]
™ i e [ 3 7] -~ B |
‘g 00 | THITT Y WSdata J ff = | - Model-0 Az, (10650) :
= (85 Fit 7 % 60 - Model-3 .
L 300 = 1n - —— Background \jf+ ]
0 £32 ] < A / + \ * .
'E.: : 0000065056 %% %626 %% %0 %o % . @ 40 — | - RS § =
@ 200 — + - TEE X . 1
> < ] =] B .
o 5555 . O ol i
2 00 i S .
0 C O l' SSROISRIRIK 20 \. Eass £l 0 I BT BT N S S L I S TR ]

5 5.1 5.2 5.3 5.4 5.5 1057 10.59 1061 10.63 10.65 10.67 10.69 10.71

rM(Bm), GeV/c?

2
M,..(T), GeV/c

10.73
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Summary on Z, Decays by Belle

»decays to Y(nS) & h,(nP) & must contain bb pair

»electrically charged & must contain ud pair

Assuming that Z, decays are saturated by the Y(nS)m, h,(mP)rt and B(*)B*
channels, one can calculate a table of relative branching fractions:

Channel Fraction, %
Z,»(10610) Z,»(10650)

T(1S)w™ 0.60 +0.17 £ 0.07 0.17 £ 0.06 £ 0.02
T(2S)wt 4.05 4+ 0.81 £ 0.58 1.38 + 0.45 + 0.21
T(38)r™ 240 £ 0.58 £0.36 1.62 + 0.50 £+ 0.24
hy(1P)7™ 426 +1.284+1.10 9.23+2.88 +2.28
hs(2P) 7t 6.08+2.15+1.63 17.0+3.74 + 4.1
BtB*° + B'B*+ 82.6 £2.9+ 2.3 e
B**tB*° - 70.6 +4.9 + 4.4

+ * + *D*
g:g:ggg;lg;*:t?}% ) =5.93+0.99/-0.59+1.01/-0.73 g::g:ﬂ gggg;,,:gﬁ? ) =2.80+0.69/-0.40+0.54/-0.36

B(*)B* channels dominate the Z, decays
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Charmonium(like) spectroscopy

Mass [MeV]
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arXiv:1708.04012

2 & other
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Bottomonium(like) spectroscopy
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Others ...

Pentaquarks, Glueballs, ...
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Observation of Pc states at LHCb

LHCb: PRL115, 072001 (2015)

(a) c (b) 3K

0 b - +

Ay H_’\\S Ay u————— E ke
—b_\g} A* d > - d_

FIG. 1 (color online). Feynman diagrams for (a) A) = Ty
and (b) A) — PFK~ decay.

; A(1520) > pK~

wf () LHCb

S
IIIIIIIIIIIIlIIIlIIIlI

—_
o

ro
w
>
w
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Search for Pc states at GlueX

J/i) cross section as function of E,

beam

ppso) |

e

| w ComeN75 .o
- ® SLAC 75 5 5 1
- O SLAC 76 unpubllshe

-
o

o(yN — Jhy elastic) nb

1 E
10 L . “{‘ - —gluon exchange

__arbitrary normal;zanon =

S Brodsky etal. PL2001

P 2—gluon e_xchaiénge
% || <— normalized to data
i Brodsky et al. PL 2001 |

o(yp — Jiy elastic) ARBITRARY UNITS

T L1 T T [ [ Ll I Ll L Ll Ll Ll
10 8 0 12 14 16 18 20 22 8 10 12 14 16 18 20 22
E, GeV E, GeV

Spring 2016: 12 GeV Engineering run

e Electron Beam Energy: 12.05 GeV
e Commissioning complete: Detector, Beamline, DAQ
e Data taken for early physics results:

~26 billion events, ~7 billion with good quality
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Events / (0.01 GeV/c”)

.
=

~20F

—40 |

Search for Ps states at Belle

Belle: arXiv: 1707.00089, PRD (in press) 915 fb-! data

{ % Mz}ﬂ
S )

FIG. 1. Feynman diagram for the decay (a) Al — ¢pr® and
(b) AF — PFr°,

[
=
T LI

2*=->pn vetoed

=
T LI

- No significant Ps signal

* Best fit yields a peak at M=(2025%5) MeV/c?
and I'=(22+12) MeV

L L L A A A A 'l I A L 'l I L L L I L L L I 'l A A ]
1.98 2 202 204 206 208 2.1
m(pp) (GeV/c?)

Number of candidate A, 2P %2> ¢pn® events: 77.6+28.1
B(A, 2P m)xB(P.,~>¢p)<8.3x10-> @90% C.L.
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Events/30 MeV/c?

Exotic Glueball

g

n

o

o
|

n
||8||||| TT

150
100F

50F

q.S 2 4 45 5 55 6
MM(f (1285)) (GeV/c?)

» Glueballs are allowed by QCD

» The predicted 0--glueballs masses are
2.80, 3.81 and 4.33GeV/c?. [PRL113,
221601 (2014)]. [JHEP 1510 (2015)
137]

» No signals in Y(1S,2S) and y,,, decays:
o1 —J/w+Glueball, Y(1S,2S) —y +
Gy, Y(18,2S) — £,(1285)+ G, and
11— 0+ G, at Belle [PRD 95, 012001
(2017)]

» Some multi-quark states with exotic
quantum numbers are predicted in low
mass region, for example, 0~
tetraguark with m=1.66 + 0.14 GeV/c?
and 1" with m=[1.18, 1.43] GeV/c?
[PRD 95, 076017 (2017)].
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http://inspirehep.net/record/1490658
http://inspirehep.net/record/1490658
http://inspirehep.net/record/1490658
http://inspirehep.net/record/1490658
http://inspirehep.net/record/1490658

Summary

m A hole new field of exotic physics was discovered in last decade; new
Information is still coming from both completed (Belle & BaBar) and
currently ongoing (BESIII, DO, LHCb, CMS, ...) experiments

m However (much) more data is required for a better understanding (Bellell,
BESIII, LHCD, ...)

m BESIII, LHCDb ...are getting more data; start of the Belle Il is approaching.
Inputs from them are important to understand quarkonium(-like) spectra

m Common features between charmonium and bottomonium sectors Is
gradually emerging. No direct identity however.

m Bottomonium spectra are less well studied compared to charmoniua. Input
from Belle Il is crucial to push exotic studies into bottomonium sector.

m No clear understanding of the nature of new states yet. Let’s work harder.

B 2017
) 154246 %

2 ey F
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N/20 MeV/c?

X(3940) and X(4160) (Exotic ? Standard ?)

PRL 98, 082001 (2007)

_ ) X(3940)
1901 E ete )/ /y+X ”f‘s" / * '
- N, Keo Iy \l
100 - Y " L

50
D -

JFC=0—
X(3940) = 31S, =1.(39)
X(4160) =4S, =1_(4S)
Decays to open charm like standard

charmonium

Mass of X(3940) &X(4160) are ~100-150

(250-300) MeV lower than the masses

predicted by the potential models for 1 (3S)

and 1_.(4S)

Theory probably needs more elaborate models to take

into account charmonia couplings to meson pairs

PRL 100, 202001 (2008)

Belle only!

Nu F
> 20} . D 10 DD
3 HL I AL A i
= 4 5
~ 0 s &
S X(3940)
E 20} 31S¢=1.(3S) |
> | '
- O __  Shiete B RV e R RN R Lo b o
> T X(4160) ‘ D'D’
= [ : . PC—()—
B 5[ 4'S;=1.(4S) J5=0 E
Z I +
: | . I 1 _|_+_
0 4 ] B 5
m(p'? by GeV/c’

o Search for new states in e*'e—J/yDODOn
and in e*e——y,; DD

o Production: reconstruction of the exclusive
final states

o Production studies with other charmonium

states (e.g2. W(2S), %c1)
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olete™ — ata= /) (pb)

Not all Y states are new ?

— Opinion: Y(4320) and Y (4390) are not needed, not genuine resonances
— Fit method: y(4160), y(4415), Y(4220) with interference

— Conclusions: y(4160) and y(4415) can replace Y(4320) and Y (4390) ;
Y (4220) is possible y(4S) state

Dian-Yong Chen, Xia

150 L 250 , , ,
e BES XYZ Data o BESXYZ Dats
s g [ B entw
100 L —— 3R Fit Curve = | =3RFit Curve
2oasof
T 100 -
£ 1
T R i ]
U0 pmm—— Fime
+§'..'
L ! 1 L ! \Eﬂ .50 L
4.0 41 42 43 4.4 45 4.6 , , , , ‘
V5 (GeV) 4.0 4.1 4.2 43 4.4 4.5
V5 (Gev)
ete” st Jiy ete” > h,
Parameters 2R Fit 3R Fit 2R Fit 3R Fit
g (GeV™") 49.93 +6.51 49.86 +5.89|78.02 + 1.90 64.84 +4.75
a(GeV'3) 200+0.17 2.11+0.16 | 3.91 £0.83 3.41+0.21
Ryateny (€V) 559 +025 238+ 1.37]3.62+0.29 1.32+1.01
¢y (rad) 570+ 023 1.59+0.76 | 5.59+0.40 5.31+0.35
Ryars) €V) 514 +1.82 5.05+254 | 1.54+0.15 2,11 +0.54
¢, (rad) 441 +021 462+046|293+0.62 3.11+0.15
My (4220) — 4207 + 12 — 4211 £ 6
ry(422m — 58 + 38 — 47+ 13
Rymggm - 6.59 + 4.88 - 0.51+0.33
b3 - 5.75+0.93 - 0.15+0.84
v /nd.f 205/157 118/153 20/73 18/69

4.6

o(etem — D'D*m) (pb)

ng Liu, Takayuki Matsuki, arXiv:1708.01954

1000 - e BES XYZ Data

BES Scan Data
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800 [ s IR Fit Curve

600
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200 -

0 il

1 I 1
4.0 4.1 4.2

1 1 1
43 4.4 4.5

V5 (Gev)

4.6

The authors’ suggestion: In study of XYZ,
we should also focus on on-resonance
mechanism, which may provide a
unigue perspective beyond XYZ
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Z(4430) = radial excitation of Z_(3900)?

B(Z:(4430) — y(25)7")

10
B(Z:(4430)+t — J/i¢mT)

Radial Wave Functions

Tli ‘Ph
w(1S) y(2S)
node
!
¢
0 0
| i | \-/ﬁ_;

The c¢ part of the wave function of the Z(4430) likely has a
node =» a radial excitation of the ground state: the Z(3900)?

M(Z_(4430))-M(Z(3900)) = 589 + 30 MeV
M) - M(J/vy) = 589 MeV
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Charm vs. Beauty: |

What is in common?

* Y(10860)/Y(4260) demonstrates anomalously large coupling to Ym'nt~/ymin-

and h, it~ /h_t*nt” final states.

(2 (3900) is produced in Y(4260)->Z > Yrn- Y - Z.n-> DD* )
1
B I . ] ag T T
o 1200+ BESII + ! s, 1oo:~ Z, signal 4w 60f
s 100-_ e '{ ! ; 80; r’o:
(6] L — Z,(3900) MC B 1 (0] L = -
S gof [ sideband HI+ ! o L ™ 40
N - - + : I o > IR §
o Ir ! . ' 1 o 60 o
S eof ﬁ*i P S s |
T g 2
L "1 o {
o 20f f*"'} I*ﬂ,{ " _ﬂ-"ﬂ J: @ 20:
8.2 0.4 0.6 0.8 1 I1 2 14 3.2 3334 3536373839 4 4142 ’ 3.9 3-950 = 4 24-05 4.1
| M(w'n) (GeV/c®) M(xJhyp) (GeV/c?) MD’D") (GeV/c?)
Z,(10610) is produced in Y 10860)=>Z, n-> Y(nS)m*r~ - Z, n-> BB*
b b b
120:'"‘||""I""I""I"'il""l""_ 100_-\-\\--\- L B B BN AL RN
—~ 100 :_ | _: sk @ { + [7] ws data + RS data
B 1 1 v ---- Model-
Q r 1 + i % EEEEE + ------- Mogei-g
5 s o : : e | L EEL
C 1 d ] n £z S Background
2 - : 5 W 40 j 7N R .
% 60 : E E 40 ?-"' 5 -ﬁ ;-"-“ +
g - | E 1 R SRR ]
5 20 :_ : = 10.57 10.59 1061 10.63 10.65 10.67 10.69 10.71 10.73
———1 ! ) M (%), Gev/c’
%2 0k o6 o8 1 nH2 1.4 16
\_ I Mttt , (Gev/d?) AN 8‘7/




Charm vs. Beauty: Il

What is difference?

*Both Z7,(10610) and Z,(10650)
isotriplets are observed in the Y(nS)m,
(n=1,2,3) and h, it final states.

* Y(10860)->h,t*n” is saturated by the
intermediate two-body Z,n produc-
tion.

* Only Z(3900) is observed in the J/{mt
while both Z(3900) and Z_(4020) are
observed in the h_rt final state. None
of them is observed in the Y(2S)m final
state (instead, another Z(4430) is
found).

*Large non Zm component is
observed in the Y(4260)->h_'n"
amplitude.
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Exotic mesons

Masses (lattice QCD) Decay widths (from Models)
e 177 ~20-24GeV e [ ~01-05GeV
e 07T ~23-25GeV
e 27 ~24-26GeV

JPC Quantum Numbers

1= m —prm, by, i, n'w, a1n o Parity = (—1)L+
m —hm, am, fim, n'n, 7(1300)7, ay7 e Charge Conjugation = (—1)t+S
ny —K*K, K1(1270)K, K*(1410)K, n'n e Spin=J=|L—S|.L.L+S
_r b2 —WT, doT, P1), f1 P, T e Vacuum =3P050++
ho —pm, by, wn, flw Quark Degrees of Freedom ONLY
h, —K;(1270)K, K*(1410)K, KzK, ¢n) 0— 0+t 0+ 0t
0+t= b, —»w(1300)7, hym, fip, bin 1= 17 1=+ 1+
ho —bym, hyn 27 270 27t 2
, = = i i
h, —-K{(1270)K, K*(1410)K, hyn 4—— a4+t 4+ g+-
5 5tt 5t 5i-

JPC Exotic quantum numbers
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X(3872)-J/ relative sizes

E. Braaten, J. Stapleton PRD81, 0140189

(°4Zn nucleus)=8 fm i l

s~ DUBE

rms

X(3872)

(X3572) ~ 10 fm

rms

(1/w) = 0.4 fm

rms

Iy

Volume(/y) /Volume(X,g,,) =10

*How can such a fragile object be produced in H.E. pp collisions?

C. Bignamini et al, PRL 103, 162001: = O j(meas)>3.1+0.7nb vs (molecule)<0.11nb

theory

after 14 years, we still don't know
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Anomalous line shape of n'mt*rt near pp mass threshold:
connection between X(1835) and X(pp)

X(1835) observed in J/Y—yn'n X(pp) observed in J/W—ypp
Phys. Rev. Lett. 106, 072002 (2011) PRL 108, 112003 (2012)
AL bt et PRL 115, 091803 (2015)
_s00F () E : .
RS a00 b :
z 3 ] X(1835) JFc=0-+ X(pp) JFe=0-+ L
S 300f
S : " M= 1844 + 9% 18 MeV/c? M= 18327118 + 19 MeV/c?
S 200F . :
g Y S e —— [= 13+ 19 MeV/c?
o E _ +20+62 2 )
a 100p § 1 T=192207 45 MeV/c (< 76 MeV/c? @ 90% C.L)
04 16 18 20 22 24 26 28

M W GeVic?) 0.0 0.1 0.2 ) 0.3
MPF—Zmp[Ge Wie®)

2500 TTT T[T T T[T T T[T [T I [T [T IT T[T T[T [TT 2500 TTTT T T I T TIT T TIT I T I T IT T I TIT T T T ITT T ITT T

[ + Dutn | Connection is emerging LT o _

i —hme ] . - ﬁﬁftlnm -
Nl i PRL 117, 042002 (2016) GO L | e
S N _ Mon-Resanant = - +. ] — Non-Resonant |
O r : B Background | o) St“f'#iih -chlrlﬂnll:’ i
= js00— PP threshold ] = 1500 : PP o .
2 - Model 1: Model 2: 2 SR :
= 00| . Flatte lineshape Coherent sum of X(1835), 10| :
s | | with strong coupling to pp Breit-Wignerandone 5 |
AT mi 1 and one additional, additional, narrow Breit- & _ I

B narrow Breit-Wignerat ~ Wigner at ~1870 MeV/c?

- ~1920 MeV/c?
Ei.ﬂ 14 145 16 17 18 1% 2 21 22 I?‘.ﬂ 14 15 16 17 18 19 2 21 22
M[n'm*r] (GeVic?) M[nT*n] (Gevic)

* Suggest the existence of a state, either a broad one with strong
couplings to pp, or a narrow state just below the pp mass thresh.
* Support the existence of a pp molecule-like state or bound state71



