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Hadrons: normal & exotic

* Quark model: hadrons are composed from 2 (meson)
quarks or 3 (baryon) quarks
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diquark + di-antiquark ~ dimeson molecule qq g hybrid

» QCD does not forbid hadrons with N ,s%2, 3
— Glueball : Nouarks = 0 (99, 999; -..)
— Hybrid : N = 2 (or more) + excited gluon
— Multiquark state : Ny, > 3
— Molecule : bound state of more than 2 hadrons

quarks
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Multiquark states have been discussed since the 15" page of the quark model

A SCHEMATIC MODEL OF BARYONS AND MESONS
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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

*
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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
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Possible non qq

Tetraquark mesons

tightly bound

C
. o “lu
diquark-diantiquark

loosely bound &
meson-antimeson
“molecule”

State M, MeV I, MeV Jre Process (mode) Experiment (#o) Year Status
Y(3015) 30184+1.0 2045 0/2"F B — K(wl/y) Belle [753] (8), BaBar [? 7] 2004 Ok
ete™ = ete (wl/y) Belle [754] (7.7), BaBar [755] 2009 Ok
756] (5.3), BaBar [757] 2005 Ok
" - n . H . Belle [7587 ] (6) 2005  NC!
white  combinations of quarks: — rcw o7 ox
1L [?7 ] (>10), Belle [7 ] (6.0) 2012 NC!
o . o o [7] (5.0), BaBar [? ] (1.1) 2008 NC!
Y(4140) 41465703 83730 17+ BT = KH(eJ/y) CDF [759, 760] (5.0), Belle [761] (1.8) 2009 Ok
LHCb [762] (1.4), CMS [763] (>5)
DO [764] (3.1), BaBar [765] (1.6)
LHCb [766, T67] (8.4)
1(1160) 415343 10348 17~  ete” — (hadrons) PDG [61] 1978 Ok
ete™ — (ndjv) Belle [? ] (6.5), BESIII [? ] (>5) 2013 NC!
X (4160) 1156122 130+ll3 9T ete™ = J/w (D" D) Belle [7 | (5.5) 2007 NC!
Z(42000T 4196733 370%39, 1= B = K (atJ/v) Belle [? ] (6.2) 2014  NC!
- 5 7 I -— = v v
Z(4250)7 424872 177 et 77+ BY - K (ntx.) Belle [7 ] (5.0), BaBar [? | (2.0) 2008  NC!
Y(4260) 42211425 47.7+£40 17~ etem = (nTaJ/Y) BaBar [768, 769] (8), CLEO [7707 ] (11) 2005 Ok
Belle [741, 771] (15), BESIII [7407 | (np)
ete™ — (x"xJ/¥) CLEO [?] (5.1), BESIII [7 ] (np) 2006 Ok
ete™ - (KTK~J/4) CLEO [?] (3.7) 2006 NC!
ete™ = (f0(980)J/v) BaBar [769] (np), Belle [T41] (np) 2012 Ok
ete”™ = (nFrm~h.) BESIII [742, 772] (10) 2013 NC!
H o V24 H +.— 0_o "
Pa rtlcle ZOO agaln ete~ — (7%7°h.) BESIII [744] (np) 2014 NC!
‘ete™ = (wxwo) BESIII [773] (>9) 2014  NC!
ete™ — (v X(3872)) BESIII [774] (6.3) 2013 NC!
ete™ = (7~ Z.(3900)T) BESIII [7407 | (>8), Belle [T41] (5.2) 2013 Ok
ete™ — (7Y 2.(3900)%) BESIII [? 7] (10.4) 2015 Ok
ete” = (02, (1020)*0) BESIII [742, 7447 , 745] (>10) 2013 Ok
Y(4274) 42733700 s6.2tiE 1ttt BT = Kt(eJd/w) CDF [760] (3.1), LHCb [762] (1.0), 2011  NC!
CMS [763] (>3), DO [764] (np)
LHCb [766, T6T] (6.0)
X(4350) 4350613 13715 0/2°F ete™ — ete (o)) Belle [775] (3.2) 2009 NC!
Y(4360) 43412454 101.9+93 17~  eTe™ - (nTa(28)) Belle [746, 776] (8), BaBar [777] (np) 2007 Ok
ete™ — (mrm—Jd/4) BESIII [? ] (7.6) 2016  NC!
ete™ = (mta—0(3823)) BESIII [778] (np) 2015  NC!
ete™ — (7Z.(3900)") BESIII [? ] (np) 2015  NC!
ete™ — (77 Z.(4055)7) Belle [746] (3.5) 2014 NC!
Y(4300) 43016464 1305+16.1 17~  eTe” — (rT7 h.) BESIII [772] (10) 2016  NC!
ete™ = (79 Z.(4020)F:0) BESIII [742, 744] (np) 2013 NC!
1(4415) 4421+ 4 62 £ 20 17~  ete” — (hadrons) PDG [61] 1976 Ok
ete™ — (nd/y) Belle [7 | (np), BESIII [7 ] (>5) 2013 NC!
ete™ — (wxea) BESIII [7 ] (10.4) 2015 NC!
ete™ — (DD3(2460)) Belle [7 ] (10) 2007 NC!
Z(4430)t  44787F1% 181+31 17 BY = K (atw(29) Belle [7797 |, 780] (6.4), BaBar [7 ] (2.4), 2007 Ok
LHCD [7817 | (13.9)
BY = K—(xtJ/v) Belle [7 | (4.0) 2014  NC!
Y (4500) 1506115 02430 ot BT = Kt (eJ/uw) LHCb [766, 767] (6.1) 2016 NC!
Y (4660) 4643 £ 9 72+ 11 17— etem — (nta—¢(29)) Belle [746, 776] (5.8), BaBar [7T77] (5) 2007 Ok
ete™ = (AFTAD) Belle [T82] (8.2) 2007  NC!
Y (4700) 4704 F17 120752 ot BT o Kt (aJ/u) LHCb [766, T67] (5.6) 2016 NC!mp




X(3823)GeV  A> New type of hadron (multi-quark .

. n@s+)|_
XYZ partICIGS N radial quantum number J

» Charmonium-like (XYZ) particles iz S O G L G

)? L orbital angular momentum
"7 L=0,1,2..correspondto S, P, D, ...

X(3872) » Too many vector states! Exotics? =S4
X(3915) 4.80}- |
| P = (-1)“*! parity
X(4350) \
Y(4008) o8 C = (-1)%*> charge conj.
W4-"s,(4.45)
Y(4260) 4.40F ’ S
30,(4.19) 2'D,(4.21) 23Dy(4.21) 2°D3(4.
¥E2é4618§ 3"&{4.06}_%55”{’&;'] ’3:2‘4-093 IFs409) PF3(4.10) 1%
Y(4660) 400F 7 ncen pepemthomBEE
1®p,(3.82) D,(3.84) 13D,(3.84) 1D,(3.85)
Y(463(pn - I T T
( D+ < 362) Eo1E0)
XYZ(3940)3-60p777 e | e S0 Hybrids ~ 4.2-4.5 GeV
Z (3900) | l K Tetraquarks ~ 3.9-4.7 GeV
C

Z.(4020) 3.20—1- s h (1P,) DD*/D*D*/D* ,D* /DD, molecule
Z(4430) | Sel257) ~ 3.9-4.4 GeV
Z(4250) | 1 | | | 1 l 1 | | |
Z(4050) 280 o—+ |~~ |+- O-l-+ l++ 2++ . 2-—+ o== 37" 34--- 3-» :

Godfrey & Isgur, PRD32, 189 (1985)



Too many models !

— Theory 1: screened potential

— Theory 2: hybrids with excited gluons

— Theory 3: tetraquark states

— Theory 4: meson molecules

— Theory 5: cusps effect

— Theory 6: final state interaction

— Theory 7: coupled-channel effect

— Theory 8: mixing of normal quarkonium and exotics
— Theory 9: mixture of all these effects

— Theories ...

QCD is another least understood part of the SM.

“The absence of exotics is one of the most obvious
features of QCD” - R. L. Jaffe, 2005

“The story of pentaquark shows how poorly we
understand QCD” - F. Wilczek, 2005



BESIT BESIII data samples

— Note that luminosity is lower at J/v,
and machine is optimal near y” peak

4000000 r

Int. lum.: Jan. 2009— Mar. 2017

=000 - gbout 17 fb-! @ different energies
Note increase in slopes!
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E | | | | | | | | | | | | | | | | | ,..1-1..—-'5-:..‘:‘?“'“ | L | | | "?.:-":"‘I""" -
= PDG 2015 @ u d s -
- 3 loop pQCD .
- N fF 0 mmmmmmm=ad Naive quark model _
- p i | 2175 .
¥ i" o’ 0.1 fb~! ]
i v g T PN L : S A —
I i o RS S -
3 R Energy Scan 526 pb~! E
— 1% & = =
B o ° Sum of exclusive ) , Inclusive i
- g measurements measurements .
3 ] | ] ] | ] | ] ] ] ] | ] ] ] ] | ] | ] ] | ] ] ] ]
0.5 1 1.5 2 N 2.5 3
SRR T T T P R B R [ R R ”'l"d‘s. ;‘;DI T T ]
- T/ »(25) 4040 b ag20 || C .
(3w A Mark-1 0.5 fb—! 4230+4260 (1.0 b1, -]
B ' Tarlk- VAT -1 i
C 13%10° Mark-1 + LGW 2.0fb /L _ i
- m Mark-II o ” Wi + . | ~2e00 E
- ® PLUTO |gg5x109] ™ % [ | | 0.6 fb! 1
: x gf;zfa] Ball “ { ! ) | -
_— b | | 1 __
B | % BES " %l' Jﬁ e ar i %"h.’[' 1 " | I
B — | 14! ki ]
[ | | = g fb u 4180 | T 4360 | - — — — — =
- Co ﬂHu 30 -1~ — 0.5 bl i
AL A A } 4,14 | -
; - _

mm— - = 1‘|— - | ::an 1.3 fb 1 (130 pomts | ]

=== ! ! ! ! ! ! | ! ! d | I

3 4.5 5

\/7 [GEV] O 5
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Integrated luminosity of B factories

- 10.865

| 10.63-
800 - 11.02

- 10.75-

| 11.05
600 -
- 10.52

400

6+1

61

Ecm (GeV) W Phy5|cs analyses
point (fb1)
1 ODD

121.4  Ynum, hyrer, BOBU)n

6 ~1 Ry, Ynrt, hyw
~0.05 R,

1.03 Continuum bkg. est.

s ———— s e s s s s [ ———————————

200 |

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

>1ab!
On resonance:
Y(5S): 121 !
Y(4S): 711 !
Y(3S): 3!
Y(2S): 25 b
Y(1S): 6 tb?
Off reson./scan:

~100 b}

~ 550 fb™!
On resonance:
Y (4S): 433 b
Y(3S): 30 fb*
Y (2S): 14 b !
Off resonance:
~ 54 fh!
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e*te annihilation to vector bottomonia

- S ! | | | B
- T(15) T(3S) b -
= Y(25) -
— T(4S) .
- n {J}—v—d‘;‘-—e{"— R _*_—'b'tl- — L v Ax - * e ]
: ————— v T o em e mm Ew Ew Ew Ew Ew Ew e ew e R P e e e e o W e = = mm m = = — = :
- X A \ 4 e =
- * MD.1 ARGUS CLEO CUSB DHHM -
:— | ¢ Crystal Ball A|~ CLEO II [ DA|SP O LENA | —:
9.5 10 10.5 11
V5 [GeV] _
- (e) 1
L= :3 14 |- .
®
PC = 1-- "
.-:rlf A J 1 Eﬁﬂz L |
_,-"'lr __,-"'l- - Y(nS) y Yb oo o NE it ‘_ '.'::‘.-' )
E_ 1080_ — 0|.2 — 0I4 — 0.|6 — 0.8

M ('), Gevi/c?



ISR production of vector charmonia
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X States

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

Observed in B decays and (suggestively) in decays of Y type states

15



2

Number of Candidates/ 5 MeV/c

X(3872)->J/ Pt

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

M(rr) > 500 MeV/c 2

2500 3678 £ 99 y(2S) \
Mass: 3685.67 +0.08 (stat)2 MeVic
0:3.41 +£0.09 (stat) MeVic
20007 704 + 67 Candidates )
Mass: 3871.4 +0.7 (stat) MeV/c
1500- o (Fixed): 43 MeVic’
LR
1000+
500 J
R PRL93, 072001 (2004)
085 37 375 38 38 39 3% 4
Mass of J/ yn ‘1" Candidates [GeV/c 2]
~ CI\4§/’;:-‘ N i X -
© | ] 1
W = v
="l | JHEP 04, 154 (2013) -
% 80— i *
g | i
5 60
c L P 4
@

375 38 385 39 395 4

m(Jhy 1) (GeV)

T R
8.6 365 3.7

~ 1400 — = ~
L | D@Runll i * o~
2 1200f P(2S) X(3872 & ‘“2
o >
g 1000 | é)
£
? 800? m
© S
O 00| —
5 N
é 400 E
= =
200+
. PRL93, 162002 (2004) [
o O.LS OI.G OI.7 OIAB OI.9 1.0
M(Jhp wo) — M(Jhp) [GeV/c?]
_S: | L LI T T
3 l{lC{? ook ¥(28) 70 X(3872)
o n 100of 160
= 1000 — 50
8 C soof ]
] - 40,
2 °F S00F 130
g 600 400r 120
& C 200F 110
é 400 - h o L
3 - ] B0 4
200f EPJ C72 1972 (2012) 3
C Jk N T B

800

1000 1200 1400
Mzt diy) - M{J/y) [MeV]

[
L4

Events / { 0.005 GeV )
N (7]
(4] o

M(J/aiTnm)392

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*

16



Events / 3 MeV/c?

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; not consistent for X =>y/(2S)y.
LHCb confirms BaBar’s not vanishing X >y(2S)y.
¢ X(3872) - DD* - dominant mode
¢B—>X(3872)Knt non-resonant Kt dominates!

- F L WD 1 A B IO BN B = ~ r
b b ) = E_(e) l VGS?’”}_ < 100
i 125 o % ME AlD 'D° modes % ] s I
o~ 10F BELLE 2 12E e _: 3 |
é of 7 10p E §
& 63— § 8 3 S 50
48] 5:_ : L

2= =1 -l £ L + > I

S R T T HJT " é L [ R ] l , = 0 bt e b
3869.8 13873.8 33??8 38318 3885.8 3889.8 38938 388 39 392 394 396 398 3.82 384 3.86 383 39 392

MD'D) (MeVic’) D D° Invariant Mass fGewc"') My (GeVie?)
PRD 81, 031103 (2010) PRD 77, 011102 (2008) PRD 91, 051101(R) (2015)
T o 06

157 o ‘; ost BESII +§leb0} » The first observationof et e~ —yX(3872)-»yntn™]/y

[ === Background ?: : :_ ___Lm(:}: e
“F 1 ?»_ Zj H\ ' »>M = 3871.94£0.7+0.2 MeV/c?, I'<2.4 MeV, consistent with Belle's result
ot 1 8% > Suggestive of Y(4260)—yX(3872)

b L;---l} lﬂl i R >1E BX(3872)—nn Iy) = 5%, R = € 1X(872)

1 R — = = =
ey T T YIRS = R e )

PRL 112, 092001 (2014)
17



X(3872) decay channels

>
§‘ < V\\Q
strong DD* / o
coupling ; -l [(X(3872)> T+ -J/y) < 80 keV
' w 0y
- Doﬁ*o

QCD diquark-diantiquark?

Maiani et al.  PRD 71, 014028 (2005)

DO-D*% molecule?

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

18



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

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

k///// ~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, ‘BELJSMEV
D*'D" _
d = ; |BE|<0.2 Mev dpe =11
rms .
2,15_\3131 477 =10 fin
reduced
mMass | mD+mD*_m}(38?2|

19



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

20



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?)

10

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. 21



N/20 MeV/c?

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

PRL 98, 082001 (2007)

_ ) X(3940)
1901 E ete 2> J/y+X ”f‘s” / * '
B T]r xrﬂ ! \l
100 - Y \Y i

50
D -

X(3940) = 31S,=1.(39)

X(4160) = 41S,=1_(49)
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

Belle only! PRL 100, 202001 (2008)

Nu F
= 201 - ZP ? T 10 DD
= | %eo(2E) m+.+... 3
3 HL I AL A i
= 4 5
~ 0
S : X(3940)
E 20
z |
o 0 __ LS, LT T e T b e B s e 2 i R
E; B T * %
g | ?‘(416[}} | JPC—(—+ DD
= 5[ 4°5,=n.(45)
i [ =
: a ; =y ] ] _|_+_
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. Y(2S), %)

22



X*(3860) (xco(2P))

PRD 95, 112003 (2017)

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

b = (*'?\[DB' Hprod.ejzﬂ,.GXs.QE—.gD).

J=0,2 only

PRI 104, 092001 (2010)

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

Events/10 MeV
\

X(3915)

S99,

4.05 4.1

4.15

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

4,25 4.3

Events / 50 MeV/c?

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

ee”— J/yDD

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

14
12
10

Fit results

Without

X*

1 -0.5

X+(3915): 854, 0, M=38622540 _,

0
cos 6,

Events /0.2

=201 +154+88-67-82

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

50
<
-1 0 1 2 3

from the predicted x.o(2P)

Events /0.2

6 } 8
4 * 8
ot - 4
R R 6 ¢ O s 0 05
M Ge\//c cose
+4 3 ++
O is favored over the 2** at 2.5 o
a = qaf =
c ®n 16i 2
3 12
: 10F
L 8;—--
8 6F
g i
2 2
o of&

MeV/c




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)

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

| + + BeJ/Llea

m (B% %) [GeV/c®]

Statistical significance of signal
(including systematics and LEE)

R=+VAR22+A¢? <03

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

~

My =5567.8 + 2.9 (mt)*l 0 (syst) MeV /c?
[y = 21.9 + 6.4 (stat) 52 (syst) MeV /c?

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

X(5568)

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

PRL117, 152003 (2016)

- Claimed X(5568) state
% ,..L LHCb p (B)>10 GeV [l cieimea xseo stte
E 250:_ I:ICombinalorial _:
O 0 I
~ = O
% 150
— [
© =
S 100
'D -
c C
© 50—
$) E
0
= 4
= 2
o 0
2
A . . . -
5550 5600 5650 5?00 5?50 5800 5850 5900 5950 6000
m(B2z=) (MeV)
a 0.07
0 = —— 0% CLUL; T=10MeV svwrms 90%CLUL; T=40MeV o
ax 006 0 sewees 90% CLUL; F=20 MeV =risi=: 90% CLUL; =50 MeV  —]
S E 90% CL UL ; T =30 MeV 3
0.05F 3
= LHCb p( )>1OGeV 3
0.04F kY -
0.03F 7.5 =
= ‘)' |
0.02 . - i, =
o | |||I_

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

m(X) (MeV) 25



X(5568)

DO Conference Note 6494

250 - By = D;puv + +
N;,‘f’ 200 [
@ L
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 a1 e e | Lttt
0 555 56 5.65 57 575 5 8 5.85 5.9
m (B% m %) [GeV/c®]
f X (5568) \
Ny = 139123
1 +
My = 5566.7" 35 Me \//c

6.o+951\1 Vit )

Lo
—21
\/ . JC111.51;:-{

( Local Signficance \

Statistical Significance 4.50.

klncludiug Systematics 3.2 G‘j

il
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Y States

Y(4260), Y(4360), Y(4660)...

Observed in the e+e- annihilation (with ISR)

e 4 G
1--
Cbar
e+

27



ete 2>t n‘J/\p cross section

JPC— —
2‘"< .
X(4260) 16(JPCy = 27(1— )

X(4260) MASS 4251 + 9 PDGAVERAGE

Events / 20 l'n.-![v.e“«'.-"lr:2
&

IIEIIII

11"1\‘|l"' ’#I'H" ”r iy m’pii‘

15855 1 as 444.&4:-:5

X(4260) WIDTH 120 +12 PDGAVERAGE e S S Y I

a;

diquark-diantiquark Hadro-charmonium

o

qq-gluon“hybrid”

D°-D, “molecule”




Y(4260) 9 T TrJ/Lp confirmed by Belle

— T e'e 9*;!|SRII:+ Iy

sign of Y{azsn} = Di }D{ ) EH'H{

Belle PRL‘F}E! 182004

PDG-2016:

MY (4260)) = 4251+ 9 Mpa';f:_'
(Y (4260)) = 120 + 12 MeV. ]

} _
hh i, it HH iy hHH} +H * ﬁ* # w

—

Y(4260) peak in ¢ (T /) 4
occurs at a dip in (D)D) e*e- Shadrons

MhT"TrquJl fGe‘u’}

should be OZI suppressed if cT

i
() /) is large, but o ﬁ %“ﬂ

BESII PRLEE, 101802

9.9
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e*e 2>7ntn)/y cross section at BESIII
PRL118, 092001 (2017)

100 150
5 [ 1t X data BESIT | = | +Saa |  BESI
o 80 . ¥ - .
£ P —Fitl S f —Fitl I[ 1
2 gf - -Fitll 8.2 fb S Y lj, 0-8fb™
R I 19 points B [ f41] 103 points
= i 2 L Fe
T or T sof
eb] - o) L
© ok \l, ; I 4 © [
© i © N

I T B P S or

Y 4 4.2 4.4 4.6

Vs (GeV)

» 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"253 . 410.2 MeV

» Observed for the first time, significance > 7.6c
30



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) 31




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. 32



Comparsion of ete 2T Y(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)

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

M (e Jy) (GeV/cgj

uncorrelated uncertainties.

o - —— E 3 L L L L L L l__
2 + Data ] £ 1005 «BESI 3
&”F Model || —* 1 5 80 Belle 3
150 moesmms 1 T 6O0F Y(4260) oapar
< - ] ) 40 - =
=21 4 W - : .
2 1 @  20F ,—:
CICJ — ] O [ " -
> F - . 0 ':“L E
Y e T e O 20k Y(4360) =
%2005— + Dem E 40 3
S iFncmun ] B0 e e 1
qisof  Model ) i 40 41 42 43 44 45 46
=100 E \'s (GeV)
‘% 50F 1 The measured Born cross sections of two modes
> ] . . .

W plrmeeteoatoatlie 0 st eeeeeeend. | are combined by considering the correlated and
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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) 34




S e*e— n*nh,(1P) at BESIII

* h.—yn., n. —hadrons [16 exclusive decay modes]
¢ pp, ttTK*K-, ntnpp, 2(K*K"), (nTc)3(Tc7t)
« 2(n*n)K*K:, KLK*n+c.c., KK nn*rn+c.c., KK O
« ppr?, K*Km, n*nn, TC+7I'TCO7IO, 2(nttr)n, 2(TC+1I'TCO)

3.2 50 160
o E__=4.415 GeV1 : E . =4.415 GeV
3.1 0 g F
' =
N§ 30 g
& 3.0 =
g —20 %
2.9 I10 z
2$48 350 352 3.54 356 358 3.60 £;8| 350 352 354 356 358 360
Mghc(GeV/cZ) My, (GeV/c?)
Method same as in PRL111, 242001 (2013) s a5



e*fe">n ' h_ cross section at BESIII
PRL118, 092002 (2017)

250 o BESIII: R-scan data sample BGS]]I
_ - = BESIII: XYZ data sample 6 -1
f.;. 200:_ — Fit curve: Total
= —  -- Fit curve: Y(4220)
S 150 :
§ — - Fit curve: Y(4390)
w —
2 100
E n
& n L
= S0 '
5] T ' ?
2 e
L y - | | Sk
8 1
- 3!
50
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||I||

3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
Vs (GeV)

» First precise cross section measurement from threshold to 4.6 GeV

> Fit with |BW,+BW,*e??|2, two resonant structures are evident
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e*fe">n ' h_ cross section at BESIII
PRL118, 092002 (2017)

250 o BESIII: R-scan data sample BGS]]I
_ - = BESIII: XYZ data sample 6 -1
f.;. 200:_ — Fit curve: Total
= —  -- Fit curve: Y(4220)

S 150 :
§ — - Fit curve: Y(4390)
wn Z
2 100
E u
= S0 l 1) '
5] T ; 1 AT *
% : A _": .\'--.
o oF - e | e T
s Y@
-501— o
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||I||

3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
Vs (GeV)

» M,=4218.4*55, . +0.9 MeV/c?, I',= 66.0*123,.40.4 MeV - Y(4220)
» M,=4391.5*3 . +1.0 MeV/c?, [,=139.5*162_, . +0.6 MeV - Y(4390)
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ete™ » DYD* +c.c.

Reconstruct D? - K—nt

Select the combination closest to D® mass (m(D?))

Find an additional nt*;
1.9 <M(D*) (RM(D’rtt) + M(D?) — m(D%)) < 2.1 GeV/c?
select the candidate closest to D*~ mass
BESII Preliminary

An un-binned maximum likelihood fit
Signal shape: MC convoluted with a
Gaussian;

The isospin partner background (dotted
line) is parameterized with MC;

A linear function for other bkg

Events/(1 MeV/c?)

W

S

O
T

200F

[E—
-
=]

=2 | I

i

A
..............

.
11 1

9 1.95

2

2.05

2.1

| RM(D°n+)+M(D°)—m(D°)(GeV/cz)3;



Fit to the dressed cross section of
ete™ > tDYD* +c.c.

— NP YT P(m) ig P(m) o
Odress = L(l + 67«-)B(D0 = K_7T+)8 Odress(M) = |c- v/ P(m) + €'** B1(m) P(M)) + €*?2 By (m) |
1000 _I | | | | | | | | | | | | | | | | | | | | | | | | | | | i
- BGS]]I N
800 — ]
—. [ BESI Preliminary k N
B, 600 L s
400 — T —
200— g _ k —
B TLITE, | | =
O-..l om0 L ke o el Y } 1 -l i ] -1 1 ] L1 1
4.1 4.2 4.3 4.4 4.5 4.6
E-\(GeV)
Fit with a constant ( ) and two constant width relativistic
BW functions ( and ).
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Resonant parameters

Parameters Solutionl Solutionll Solutionlll SolutionIV

¢ (]‘[:]_4) GG:':“G The error are statistical only.
My (MeV/c?) A224.845.6

Iy (MeV) 72.349.1 reliminary
Mo (MeV/c?) 4400.1£9.3 BESII

Iy (MeV) 181.7£16.9

s (eV)  629+11.5 7.24£1.8 81.6+15.9 9.3+2.7
s (eV)  88.5+15.8 55.348.7 551.9485.3 344.9470.6
b1 22.140.1  2.840.3  -0.940.1 -2.3+0.2
b9 1.940.3 2.3+0.2  2.3+0.1  -1.940.1

» Statistical significance is greater than 10c.
> Consistent with those of Y(4220) and Y(4390) ine*e™ - nw*n~h,.
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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
S S - st o S el pRD95,092007(2017)
E E-Besth T [ Besti S 4
& 100f & 100F l [ & aof *
& 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
E + sof «; s0f © sof
,‘;?) aaf o 8 '2: aof
‘o 40E o 40E [ I T 40F
& 20F g € 20F 3 & 20f
— e =
S | L S E T il oore AL A MEL Sk -
iE 4 33 33 38 ) 33 44 anm 3.8 4 3z 33 Y] EX 3 7z a4
Min* " Jiy) [GEN."CE) Mimt i) (GeVic®) Mir*w Jiy) (GeVic?) M Jfy) [GE'.'VJ'EE:I
ﬁmoné--}{‘fz data ~0]. 1 amung--)(‘f?_' data Sol. 11 a u-uu;—--)(‘r’z data .:;" ¢ ‘01 111 ﬁmnn?-—?ﬁ‘z data i [ _‘01:'-; TV
F ook ~3Scan data F sodf ~3Scan data F a0k ~3can data F aoof ~Scan data i
& = 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_, 3
L © z00f
;: 41 FREgE e e T ok

ey 'z Rl o . - - _ = g
M(D"D*x) (GeVic?) M{D“D *x) {Ge‘-."fcz} M(D°D*r) (GeVic?) M(D"D*x) (GeVIE)

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
42



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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Charmonium(like) spectroscopy

B
o0

Mass (GeV)
e
D

3.2

2.8

made it

» Instead of clarify the situation, we

messier :(

2'D,(4.21) 2°D,(4.21) 2°D5(4.22)

1°F,,(4.09) 1'F(4.09) LF5(4.10) £°F (4.09)
(4040) N
— 2P,3.99) 5, 5 o2 3951 Ke22P) 2015 BESIII —
p (3. 3D.)|°D,(3.85)
S3770) 1'D,(3.84) [y(13D,)
y(2S)
[1.(25) 2005 _
h_(1P) )| LA
Xco(lp)
- O |unpredicted, discovered
A"
(M (19) | predicted, discovered
| | | |

O-+ 1“ 1 - O++ 1++ 2++

Godfrey & Isgur, PRD32, 189 (1985)

2-+ 2 3 3+- 3++ 4++

charged
2.(3900)
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Z States

Zc(3900), Zc(4020), Zb(10610), Zb(10650), ...

Observed in B decays and in decays of Y states
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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

“good” diquark

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

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

abased o | P | N Y

5 2.6 2.7 2.8
M(D*n) GeV

o PR (R

24 2
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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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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
_ 100 Z,(3900)* ~ roait
§ 80 - -+-+ Background fit
8 - B€S]]I - PHSP MC

L [ sideband
o 60 - +
9_' i
82 40
: =
Q [ A
Ww 20

0

3.7 3.8 3.9 4.0
M Jly) (GeV/cd)
»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'=46+10+20 MeV

»o(eTe —nTn JAY) =62.941.943.7 pb at 4.26 GeV

>c(e+e_—>n$zc(39oo)“—’—m"'n_.]/w)
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
3 - ¢ Data
= 30 ---- Phase Space
— op— T
% 20 == J/y Sidebands
S 20f
8 -
15F
10}
5(4 44
ok
3600 3700 3800 3900 4000

Mumax(*J/y) (MeV)
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Z.(3900) State

Phys. Rev. Lett 110, 252001 (2013)
—- Data

100 Z.(3900)* A
_ ---- Background fit
80~ -= PHSP MC
[ ]l [ Sideband
o \

Events / 0.01 GeV/c?
=9 (o)]
o (-]

no
o

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 =3899.04+3.6+4.9MeV/c2, I'=46+10+20 MeV
»o(eTe —nTn I =62.941.9+3.7 pb at 4.26 GeV
+

c(c+e~—m$zc(3900)”-’—m

seTe - Iy
»The first Z_ state observed by more than one
experiment (Belle and CLEO-c)!

> T J)

=21.54+33+75%

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

Z.(3900)°

-

XX TER-R-E-R-R-K-

1o H+,' *

3?8 4t0 42
M_.,, (GeV/c?)

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

» 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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Z.(3900) State

T

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

90} t e -+ Data
= «_ 100k b s
& %r 1 BESIT | %™ ) G o BESIT —aGiovalFi
2 qo, $ w0 B S
+ 50F 4.26 GeV T 60} (o ';‘ 60~ ¥ Incl. Bkg
£ a0 £ a0 | Negaihal S S
S| fu| | 2l

0 b s N s . ot L ) L : 2 20 [

3.85 3.90 3.95 4.00 4.05 4.10 4.15 3.85 3.90 3.95 4.00 4.05 4.10 4.15 TR

M(D°D*) (GeV/cd) M(D*D*) (GeV/c?) [ i
0385 3.9 3.95 4 4.05

60

60

| State | Mas (MeV/e) | Width (MeV)

Z.(3885)* (ST)  3883.9+1.5+42 24.843.3+11.0

Z.(3885)* (DT) 3881.7+1.6+1.6  26.6+2.0+2.1

Weighted average ~ 3882.2+1.1+1.5 26.5+1.7+2.1

BESII

_
=
&
v —rr

w
=
v v

Events/(4.0 MeV/c?)
1]
o

Events/(4.0 MeV/c?)

=
—r

395 4 4.05 4.1 395 - 4.05

MO __MoDYGewe) Z,(3885)° (DT) 3885.7722484  35H1 115
BEST - » Good agreement between ST and DT method

426 GeV » Good agreement between charged state and neutral state
] » Another iso-spin triplet is established!

» Z.(3885)=2,(3900)?
» Tetraquark? Molecule state?

Events/(4.0 MeV/c?)
[ 5] w
(=] (=3

Events/(4.0 MeV/c?)

—_
=

o

395 4 A0S, &1
M(D’D") (GeVic) M(DD") (GeV/ic)
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100

Events/(0.005 GeV/c?)

Z.(4020) & Z (4025) States

Phys. Rev. Lett 111, 242001 (2013)

Phys. Rev. Lett 113, 212002 (2014)

oo
(=]
T

(=)
=}
TTT

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
..... DQD" C— 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!

39

Events/(5 MeV/c?)

3.95

30

n
(=}

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

-
o

1201~ 4.23+4.26+4.36 Ge $E1.23+4.26+4.36 GeV

4

41 415 42 425

MEY | (GeV/c)

»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)

Phys. Rev. Lett 115, 182002 (2015)
| BRI A I A L A A A A

(a)

4.23 GeV +4.26 GeV

4.04 4.06
RM(n°%)(GeV/c?)

| State | Mass (MeV/ch) | Width (MeV)

Z,(4025)* 4026.
Z,(4025)°

4025.

402 404 406 408 41
RM(z°)(GeV/c?)

-
’g (s=423Gev] |
z 204 4

=
o -
% 10 _'
@ -
15 (5=426Gev{
10 -
. -
-

0

—
N

4.08

3+2.613.7 24.845.617.7

5¥204+31  23.046.0+1.0
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Summary on Z_States by BESIII

s | wmeonve) | wanown | e I
Z.(3900)* 3899.0+3.6+4.9 46410420 e e —nn Iy 3{}:— BESIT h
Z,(3900)° 3894.842.343.2  29.6+8.2+8.2 e e —nlnliny ; C ’

Z.(3885)*(ST)  3883.9+1.5+42  24.8+3.3+11.0 % e _

Z.(3885* (DT)  388L.741.6+1.6  26.6+2.0+2.1 e'e —at(DD%* _‘; n

Weighted average  3882.2+1.1415  26.5+1.7+2.1 - -

Z.(3885)° (DT) 3885.7143 +84 35211415 ee —a’(DD%° 3 _ +# :L ]
Z,(4020)* 40229408427  7.942.7+2.6 ete o he ar Hl p
Z,(4020)° 4023.942.243.8 7.9 (fixed) ete”—n0n0n, N I I Y R e T, .11
Z,(4025)* 4026.342.643.7  24.8+5.6+7.7 ete —at(D*DY)E 0 30 30 3920M§::2M?‘?’?03)Mﬂ 0 a0 4
Z,.(4025)° 40255%29 431  23.046.0+1.0 "¢ —n%(D*D")°

»Z.(3885)* mass is about 2.60lower and the width 1.50 lower than Z_.(3900)* value. IfZ_.(3885)
= Z.(3900) (Z(3885)" = OD)) _ ¢ 511 14+2.7, coupling to D D" is larger than to /y:

¢ Tz 3900 oty T pimng g v
»Z,.(4020)* and Z,(4025)* mass and width are consistent within 1.50.If Z,(4020) = Z.(4025),
r'(Z.(4025)*— (D*D*%)
he)

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

I'(Z.(4020)*—T
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Observed by Belle in ISR

Z.(4050)

— 9 ¥ T F &% & 2 F & F % k3
; L :
o 15} UL L E I
> >
[ [} 20
5 10} : o i
o o o
g | f: )
E 5¢ £ ) i
w L - —
i -E 10
0 =
3 M[n*1;(2S)] <3u=,v;c"’4'2 38 M[n’tp?ES)] (GeVIc2)4 2 L -
0————T1 I ] [
L 2,(4050)? iy-3 e
C:i(e 15'_ BELLE _' 4 4.? 4 5 2 5-5
>t - Mz " y(2S)] (GeV/c?)
= 3.50 ] — ‘ . .
& 1of ] o e | B Tyl
8 | I 13
E _f = | 5
c 5r = bS] I S
w r F 8
i s 91 =
1] . — & i
0 4 a1 42 o : ]
M. [mp(2S)] (GeV/c®) Meyen Geviey My @evict)

M =4054 + 3+ 1 MeV/c?
I' =45+11 6 MeV

No clear signal found in the Y(4660) region

Another Z_state? Need confirmation
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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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(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

. pd . PRL116,212001(2016)
e

B*/—\ S(m) = | Az,0610) + Az, (10650) + Ane|*
3000 ([ 100

LI T SN [N IO ) 'j | BELRL I S 1800 (SLIL N L L L DV L L L B LN L | T T | I T I | T I T I I I 1 | I 1 I | T I I I I T 1 | 1 I I i
+ 18 B decay modes combined 1 1600 _ _ _ B i
W B Signal | 21400 [ g signal ‘/EE—: 1wl & it [] WS data + RS data ]
g 2000 £ 1200 |- / BB ¢ S 80 - aelle | |3y AZb(l(]ﬁl[]) ————— Model-0 B
* {566 S 1000 |- / EREES B \\\{» ....... Model-1 .
0 k 800 = —: Q '_ .‘. ------- Model-z _-
;‘::1000 g 600 |- = S . b\' 5 e Model=3 1
2 o 8 so0t T 12 Background |
B sidebands A 1 5 40 - -
0 & e R e Beoate oAt e a e e o . L _
15 2 25 3 35 4 L |
P(B), GeV/c = - .
Q - i
» 20 ]
. LR 100 | 1 | ! 1 |
B RSdata - i D ]
“ P . - ~ - 'QD [ | WS data + RS data
& :} . : o 80 BELLE ]
T ] -~ n i
"> 400 f— WS data ] > o Model-0 AZb(10650) ]
= R Fit ] % 60 - - Model-3 ]
2 300 ] w [ —— Background 4:++ ]
) %% 7l | i A .
4&: RIS : "‘;E 40 $ § ]
@ 200 — + - TS . 1
> e ] =] B .
Q <. 7 ] - i
2 00 i S .
0 C ORI P s = o £l 0 I BT BT I B SN L (T H S W R A . -

5 5.1 5.2 53 5.4 5.5 10.57 10.59 1061 1063 10.65 10.67 10.69 10.71 10.73

rM(Bm), GeV/c? M, (7), Gev/c?
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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)7™ 0.60 £ 0.17 £ 0.07  0.17 &+ 0.06 £ 0.02
T(2S)wt 4.05+0.81 £ 0.58 1.38 & 0.45 + 0.21
T(3S)7™ 240 +0.58 £ 0.36 1.62 + 0.50 + 0.24
hy(1P)7™ 426+128+1.10 9.2312.8812.28
hs(2P) 7™ 6.08+2.15+1.63 17.0+3.74 +4.1
BtB*° + B'B*+ 82.6 £2.9+ 2.3 =
B**tB*° - 70.6 4.9+ 4.4

+ * + *D*
g:g:ggg}g;:g; ) =5.93+0.99/-0.59+1.01/-0.73 g:g’i:: 8228;:55? ) =2.80+0.69/-0.40+0.54/-0.36

B(*)B* channels dominate the Z, decays
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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‘2/




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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The plan for BESIII

— a fine scan with large statistics —

* Ecm=4.0 up to 4.6+ GeV

10 MeV step (slight adjust ~ thresholds, skip those points we have
already collected large samples)

e 500 pb1/point
=>» total luminosity ~ 25 fb!

« With peak luminosity of 1033/cm?/s
* Top-up injection at BEPCII !
« This plan can be finished in about 5 years!

2016-17 running year: Ecm=4.19, 4.20, 4.21, ..., 4.30 GeV
2017-18 running year: Ecm=4.31, 4.32, 4.33, ..., 4.40 GeV?
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Bellell Status

BellellI Roll-In
completed April 11,
. 2017

Inner BEAST Phase Il
VXD Cartridge



€ SuperKEKB / Belle Il schedule( )~

Calendar year 2016 2017 2018 2019
Japan FY JFY2016 JFY2017 JFY2018 JFY2019
Summer shutdown Summer shutdown Power saving Summer shutdown
(power saving) (power saving) after mid July 20018 (power saving)
/ (mid Feb. —mid Jul. 2018)  /sulielle
phase 1 Weooch phase 2 (MR) phase 3
— - - -
w/ QCs
w/ Belle Il {(no VXD)

MR renovation for phase 2, including

installation of QCS and Belle I Al EE

LER start VXD installation

MR startup
[

phase 3 operation

DR installation & startup DR commissioning 9 months / year




ISR at Belle Il vs. BESII|I

ISR produces events at all CM energies BESIII can reach

3000 T T T TTIITIIIIITIINITITTY . Direct scan
E At 4.26 GeV for iy | ; _ o
om0k feesw=46% ... o E m (very) high luminosity at a few selected
% ; €Relle = 100./0 _ ?EQ‘ZA' € ﬁ
E : : 0, “ 3 . .
E 2000 o R fB'é'\'\'é'\\?%Q/Q """" S E m Dbetter resolution in /s — relevant for
-~ 1500 direct production of 17~ states
o) e e S E
= | ISR
g 1000 fro R —— E m ISR: many +/s simultaneously
3 g Gelle Il, 10/ab, 2020
500 —-—e—— : m reduced point-to-point systematics
0 i o EBE','Ev 1/ab, 20'50 I m mass resolution limited by detector
3 3.5 4 4.5 5 res.
Ecm (GeV)

m boost of hadronic system vs. 71ggr may
actually help efficiency

With > 5(10) ab! data sample, ISR ete=>a charmonium+light
hadrons[n*n)/y, Tt y(2S), KTK-J/y, KTK~y(2S), yX(3872), mtn~
X(3872), n*nhc, m*nhc(2P), wX,,, ¢ X, nd/w, n'J/y, ny(2S), n hcl;
and charm meson pair+light hadrons [DD, DD*, DD*m, . . .]



Status of BelleII Physics Book

Belle Il physics book (630p), to be printed by PTEP / Oxford University Press
https://confluence.desy.de/display/Bl/B2TiP+ReportStatus

A few small unfinished areas, but otherwise close to complete and ready for review to
commence.

Await formation of Belle Il publication committee to conduct collaboration wide review
and form full collaboration author list ASAP.

Recent highlight Scp(B — nin?) & @.: F. Abudinen




Summary

® Ahole new field of exotic physics discovered in last decade; new information is still coming
from both completed (Belle & BaBar) and currently ongoing (BESIII, DO, LHCb, CMS, ...)

experiments
= However (much) more data required for a better understanding (Bellell, BESIII, LHCb, ...)

w BESIIl is getting more data; start of the Belle Il is approaching

® Input from Belle Il is crucial to push exotic studies into bottomonium sector. Energy scan
up to 11.24 GeV is accessible by the SuperKEKB.

m Commaon features between charmonium and bottomonium sectors is gradually emerging.
No direct identity however.

® No clear understanding of the nature of new states yet. Theory needs to catch up with a
flow of new data/puzzles from experiments.




What is the X(3872)7

. ——— Belle, 2003
Mass: Very close to D°D™ threshold ~t 140/fb
Width: Very narrow, < 1.2 MeV ot / '
JPe=1++ wf
Production gt S T

. . - . Mlami/y) -MU/y) [GeV]
— In pp/pp collison — rate similar to charmonia

— In B decays — KX similar to cc, K*X smaller than cc
— Y(4260)>y+X(3872) (?)
Decay BR: open charm ~ 50%, charmonium~O(%)

Nature (very likely exotic)

— Loosely DOD*® bound state (like deuteron?)?

— Mixture of excited ., and DD bound state?

— Many other possibilities (if it is not y'.,, where is y'.(?)



Candidates / 4 MeV

X(4140) and

X(4270)
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—Fit 7

- Gignal E

---- Background {f} ]

. mDDF Run Il Preliminary- L=6.0 fb™
o
b) 3 °r CDF 2010 gmm
CDF 2008 o 7+ @ 1000
g o[ 800
o ap 600
[x] 3
% 2 ~ r—H'IJ-‘H 400
8 e el
12 13 14 1.52 1}1 ' 14 =
. __AM (Gevic) I'I1{|.l. WKK)-miutu) GeVic? 0
- LHCb
B Jlyo K* o

20 o .

2T ® !

< 6 =

E g 4

g 4

:g -

2 2 i Wl‘ | I“lﬁi;

IS

8 t

0 . :
1000 1100 1200 1300 1400
M/ yo)-M(J/y) [MeV]
>MCMSnS TTQVLSEID . S
g Data
= Global fit

o 25°‘C MS 2013 Three-body PS (global fit] ]
N +1g uncertainty band J
rzco— i — — Event -mixing (J/y, ¢, K*) 7
m Ny Event-mixing (J/y, ¢ K"}
> EH 7 e 1D fit

g8 g
TITTTTT

w
(=]
TTTTT

=]
FTTS

Ll
Am [GeV]

Belle 2009

Tk TR T R
k=" LI e -

EE] 4l ad

M(Jhy §) (GeVic?)

5
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o Seen by some

experiments, but not
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effects in 1D fits

o Need 4 exotic contributions to % 0f-
describe data % 10oF-
o X(4140) possibly DsDs" cusp E 305_
o Some disagreement in parameters - 605_
compared to previous experiments ok
o Possibly due to missing interference :DE_

X(4140) at LH

Cb

PRD95, 012002(2017)

Contri- sign. Fit results
bution or Ref. My [MeV ] [y [MeV ] FF %
All X(17) 16+3 9
X (4140) 840  4146.5+4.573%  83+217+2 13.0+3.2718
ave. Tablel 4147.14+24 15.74+6.3
X(4274)  6.00 427334831172 56+11+8 7.142.5+35
CDF [29] 42744751419 3277 +8
CMS [25]  4313.8+5.3£7.3 38790416
All X(0F) 28+ 5+ 7
NRyye 640 4611 1))
X(4500)  6.1c  4506+11+12 92421 +2 6.6+2.4735
X (4700)  5.60  4704+107F1 120+31+32 124 5 £ ¢

Candidates/( 10 MeV )

[
o
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0 of By o b ¥ u
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Is X(3915) = x_,?

PDG ascribe Y(3915) to vacant x,’ state, based on BaBar’s o

measurement of J=0 in yy = Y(3940) - wl/Y

strongly criticized by theoreticians

@ X production in two body B decays
suppressed

® X — DD should be dominant, but not
seen in B decays and yy

¢ thereis a better candidate for x,"!

NQ Belle e*e>J/y DD ™
s | ) 220 + +
- <> $ i
3 : ;
% 2 . | 4
=
2 oY . i B R R s
g 0
S /XCO : 4 -
M(DD) GeV/c?
Theory does not like conventional interpretation, but

Panda meeting, ITEP, 19 May, 2015

e
(=]

N W
o [==]
T T

Signal yield /20 MeV/c

=4 B->KD°D°

o

BELLE

Tt

o

3.8

3.9
M(D°D°) (GeV/c?)

4

P. Pakhlov

wiheae  suggests no good explanation for X(3915)...




Yo~ DD should be huge & y /2> wl/ tiny

Fall-apart mode, no

"OZI" suppression

"OZI" suppressed

But: Bf(Xy; J”DUF}) <L2XBf(Xs5 mal ly)

J. Brodzicka et al. (Belle) PRD 100, 092001
This strongly suggests that the X(3915) is a 4-quark state



Y(4220) leptonic width

Considering the isospin symmetry, we estimate the lower limit on the
[,+,-(Y(4220)). For an isospin-zero charmoniumlike state, we expect

Taking Solutions with the smallest B X I',+,-, ([ = ZB’f N
[+o- > (29.1 £ 2.5(stat) +7.0(sys)) + - eV :

Taking Solutions with the largest B X I',+,-, 3

'1] Brrrrh.c — §XBW+ﬂ_h-C.-
e

[+,- > (202.2 + 12.9(stat) + 23.4(sys)) + - ;
erj/-l_j: = !E X BT.'"‘T(‘J/%;%
For the most interesting mode Y (4220) — nrt] /Y ~Bpper = 3 X Bpoperttee.

For the case of highest B X T[',+,-
Brnyp = (129 £1.3 £3.9)%
For the case of smallest B X I, +,-
For the most extreme case, taking smallest B X I',+,- for ] /1 while

largest B x I',+,- for other mode
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M (MeV)

I, (MeV)

Y or vy structures

4218.4+4.0+0.9

66.0+9.010.4

425119

120+12

4191+5

701+10

42261816

M (MeV) 4391.6+6.3%+1.0 4362+13 442114
T, (MeV) 139.5+16.1£0.6 74418 62420
0.25———— ] 025
3 30 contour A 3 30 contour -
I M 26 contour I B 26 contour
0.20- M 16 contour ] 0.20- M 16 contour |
i — Y (4220) : —~— Y(4390)
- 0.15 1 = 0.151- .
=%} L [<P] L
¢ + 1g
~ 0.10F vazors 1 = oo+ .
i ] T Y (4360)
L ] {» W (4415)
0.05:— Y(4260)" Y(4230) —: 0.05+ .
i 1 1 1 1 | 1 1 1 1 I 1 1 1 1 ] _l 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1
0'%15 4.20 4.25 4.30 0'91930 435 440 445 4.50

M (GeV/c?) M (GeV/c?)



Search for Z_ > KJ/y states =

3 BELLE

6 22+ R
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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Z, Productionat Y

o’(h,(1P)x't) (pb)

h,(1P) yield, 10° / 40 MeV/c?
N

\V]

o°(h,(2P)r’m) (pb)

i

(@)

(6S)

PRL117.142001(2016)
- L i I h,(1P)n*n~
T e ]
T + T
T L

10.5

PR SR TR I TR T SN SR N SRR ST ST SN s TN SN ST TR NN S
10.8 10.85 10.9 10.95 11

E,., (GeV) 5 fb!

——/| | Y(6S) Data:

& 1stobs. of Y(6S)>ntnh,(nP) ‘ I
3.50 for 1P, 5.30 for 2P.

The two Z, states can not be separated with
current statistics

Y(6S) = h,(mP)r*rt transition is dominated
(saturated) by the intermediate Z,* production.
Two Z, can be separated at Belle Il !

1 I L 1 I L 1 L
106 107 10.8
M. (1), GeV/c?

o =

Q L

2150 B

E EEEEE

2 Il

T1o0H | n,P)rtae

%5 :

s 5

> 0 S

o T -

%0— """"" '_‘Hl—ﬂ—i :
'5—_ 1

1 1 l 1 1 1 l 1

107 10.8
M . (%), GeV/c?
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Higher energy run

from K Akai,
BPAC Feb 2012

> Design: original design maximum energy is 11.05 GeV at Y(6S)

> Possible higher energy run (11.5 GeV — 12 GeV ) ?

— If any, higher energy run will be after several years running at Y(4S)~Y(6S)

— present max E__ is 11.24 GeV, limited by e Linac and e" BT magnets

— In order to inject the electron beam to HER at the required energy for 12 GeV
operation, there must be huge reinforcement of Linac (replacement of S-band

with C-band, 7.571 » 8.6 GeV

e” Linac (present limit)

e BT magnets

ST T T

440
% : : 1 i :
.. 0 o 116.1 118 12GeV|. .-
3 F : : ‘E\\\ 5
e [ E={Z 32 . 18F N NG o
54'2':1:05 GeV; origina:ul E... ma
14
ﬂ - E 11.24?(59\!; | \

1 preseft attainable E__, max .

| P S 1 A ] I - i i 1

7.4 786 78 8 8.2 8.4

HER Energy (GeV)

11.24 GeV region: A, A, threshold

1 4.364 GeV @ 860A
- Power supply of LER

main dipoles

e* BT magnets

] (with replacing power

1 supplies) e.g. [arXiv:1211.0103]

on- going discussion with SuperKEKB people
about beam energy measurement using
backscattered photons produced by laser
radiation scattered head-on the beams




Belle II's T(6S) measurements in Phase I

a May take ~ 20 — 40 fb~" during the Phase Il data taking and ~ 10fb~" at
T(6S) resonance energy
m Using the Golden Modes:
m T (6S) = wZy(mhp(nP))
m T(6S) = wZ(n T (pS)(I"17))
m Monte-Carlo studies show that a good separation is possible with 10fb~" of
data

wr 10.50<mm(m)<10.51 GeV o 10.65<mm(n)<10.66 GeV o

P T 1
9.84 986

mm(nr) (GeV) mm(nn) (GeV) mm(n) (GeV)
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S)

Production rate normalized to y(2

Y(1S) to inclusive XYZ

35 : : : : : : : :
- PRD 93, 112013 (2016) : : : : : L = Y(1S) > y(28) + X
30 :_ e : ........... : ........... : ............ ............ ........... ........... ........... ............ ....... o Y(1S) - xc1(1 P)+X -
- : : : : : : : : . ——— Y(1S) - exotica + X
25— : .: .
20— 5
15— Z
10 _— N \\ \ NN 5\ \
=
0: * | | | i ’ | e | e | | * | | | | [

Jr(3879) (4960) (‘:960) (4360) (4560) (4960)3;‘“(‘”40)& (4350) %(3900)3 4(42% %(4430) . ‘5(‘1050) ‘5(4430)w3¢~s Sy,
Tryy TRy, ””wasu Tag TTwag [ u TR T T ey g

1.6 - : : : ooy ofpp - X(3872) + X ]

, 4. Comparison with CMS L T Tolp S wEs) e X o7 TeV. 10Gevie <p, <50 Gevie
- productlon measurement . BFIY(1S) - exotica +X ] o0, ;|

7 e T BFIY(1S) — y(25) + X]' -

1:_ ......................... T S N O P L P S S PP SPP S STSPP
0.8:— .............................................................................................................. SRSV F P Y
0.6:— ............................................................................................................................ S S TN PP
I T e e e e o s s o
0.2 F—reeivemeeenn. - I S S A A S S S T S T

N= i i i ] T B E— i | i i —

y X
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PWA on Zc(3900) state s

In the processe’e” >y > n'n J/y preliminary
® The helicity value of y" is taken as A, = +1
due to from e+e- annihination
®y > Z ", Z - J/yr*, wetry J° for X:
0, 1,17,27,2°, and 0" is not allowed
® Z. and Z_ states are assumed as isospin partner,
share the same mass and coupling constants
® Six resonances are inclued in fitting to data:

c,,,(980),f,(1270),f,(1370),Z;,and n'n I/ y
7. is taken as 1.

Resonance o [o(980) fo(1270) fo(1370) Z+ Z-
Significanco 13 25 5 11 22 22
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300

EVENTS / 0.02 GeV/c?

160
140
120
100

EVENTS/0.02 GeV/c?

PWA on

180 F

____. T S-wave Iy

- £,(1270) Iy

400¢ . T S-wave Jy
@ | 3wlol TR
300 7 ol

EVENTS /0.015 GeV/c?

34

36

= £,(1270) Iy
E e 22T
— total

0.8

e T S-wave Ty +

1.0

m.... (GeV/c?)

200 F
150 F
160
140

E e T S-wave Jhy
120

L(1270) Ty
briod

100F

EVENTS /0.015 GeV/c?

12 3.2 36 38

el d | - —

4.0 4.2

M)yt (GeV/ch)

Zc(3900) state

« Zc line shape

parameterized with
Flatte-like formula
gh/gy =27.1+13.1

[(ZFf - (DD*)*)/
[(ZF — J/pr™)
= 06.2+£29

The signal yields corresponding for each mode with the ZCjE assignment J¥ — 1t [@T@mnaw

s o J5(980) F2(1270) RA370)  Z +Z, «'w JJ¢
123 GeV 1576914312 1050.2+157.8 4356.21540.4 273.2485.1 87521848  6.217.6
426 GeV  1121.5+112.0  465.1 £53.2  2236.8+157.6 308.8+108.2 314.2421.2 159+39.3
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Comparison of fit results
« Mass, g,' and Log-likelihood

preliminary

Z..JY M (MeV) g1 (GeV?) 95/ 91 —InL

0~ 3906.3 £2.3 0.079 =0.007 258+£29 —1528.8
1~ 3903.1 =£1.9 0.063 +=0.005 26.5+2.6 —1457.7
11 3900.2 £1.5 0.075 +0.006 21.8 1.7 —1569.8
27 3905.2 2.1 0.060 +=0.004 28.7+2.7 —1516.5
2t 3894.3 £1.9 0.051 £0.006 23.4+3.3 —1316.2

« Zc favors the quantum number J°=1*

Significance to distinguish the quantum number 17

over other quantum numbers.

Hypothesis A(—1InL) A(ndf) significance
17 over 0~ 445 4x2+5 7.30
11 over 1~ 107.0  4x2+5 > 8.00
1T over 2~ 51.8 4x2+5 > &.00
1T over 27T 1935 4x2+5 > 8.0c
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