@EJIEPAJIBHOE I'OCY BEHE

DYBIIECKITT

OF PHYSICS AND TECHNOLOGE s - UMEHU o~
§5 11 H.Jlevedesa

Poccuiickoii akajeMun HayK

=

F- S

%

N = N . 2 g m)»«
Exotic quarkonium in e*e™ collisions
Galina Pakhlova

The XXIV International Baldin Seminar on High Energy Physics Problems
"Relativistic Nuclear Physics and Quantum Chromodynamics"

September 17 - 22, 2018, Dubna



(fb !
2000

1500 |
1000 |

500 -

199871 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

e*te~ collisions at B factories

)

</ > = 2 - HFREKPR T2

BEEYL /1 FEHA
FRETF

—PEP-II

—KEKB ——World

ol K - ‘L
e il > _,
—

L ab-! U2 =
>1a

| On resonance:
Y(55): 121 b

4 Y(4S): 711 tb!
/—’_F 1 Y(3S): 3"
Y(2S): 24 !

11\ N

\\EW?JEIU:‘- 5 -

| - 2 - \ N\
E_ Y(1S): 6 th™! % } p*-r
g

. T q Y .
Off reson./scan: RALEUZF - ROBREAHOI S —
~100 fb * Froit= SYUNTPOT )
Frlvaihbve—
~550fb!

-

‘-é

L @@ _ On resonance:
| v(4s): 433 !

Y(3S): 30 fb™
Y(2S): 14 fb!
1 Off resonance:

1.5 T solenoid

Cerenkov Detector
(DIRC)

e (9 GeV)

Instrumented Flux Return

~aat 8GeV (e7) x 3.5 GeV (e*)
designed luminosity: 10.0x1033cm—2s1
achieved 21.2x10%3cm-2s1

>2 times larger!

ElectroMagnetic
Calorimeter

Belle
completed data taking on June, 2010
to start SuperKEKB/Belle Il upgrade

Silicon Vertex Tracker



Charmonium (+like) production at B factories

B decays
A - -
B b W C J/‘l’
B
_ S =
JK q (Jk

Any quantum numbers are possible,
can be measured in angular analysis

ete”annihilation with ISR

JPC=1--
Study of charmonium(+like) final states
from threshold in wide energy region

vy fusion

JPC: O+t ’ 2 ++

double charmonium production

In association with J/y
only J°C¢ = 0** seen ;



e*e” collisions at Charm factory BESIII

BESIT

2009: 106M Y(2S)

225M I/ E ® BESII98
2010: 975 pb~! at w(3770) e [ % oroNPrelminam)
2011: 2.9 b1 at Y(3770) (total) 5F O Gamma2
482 pb-! at 4.01 GeV L o o
2012: 0.45B y(28) (total) 4T rXiv:0809.1869
1.3B JA (total) [
2013: 1092 pb-! at 4.23 GeV al

826 pb-! at 4.26 GeV

540 pb-! at 4.36 GeV . }
~50 pb-! at 3.81, 390, 4.09, 4.19, 421, | D{ % 7

422, 4.245, 431, 4.39, 4.42 GeV . L
2014: 1029 pb~! at 442 GeV — Thresholc
110 pb-! at 447 GeV ol .
110 pb-! at 4.53 GeV BESIIIZ[ISR]
48 pb-! at 4.575 GeV G—
567 pb-! at 4.6 GeV .
0.8 fb-! R-scan from 3.85 to 4.59 GeV (104 points)
2015: R-scan from 2-3 GeV + 2.175 GeV data BESIII sym metric ete— collider
2016: ~3fb! at4.18 GeV (for Ds) scan 2 O _ 4 6 Gev I_ —_ 1033/CIT]2/S
2017: 500/pb each for 7 energy points between 4.19~4.28 GeV ' ' ’
400/pb around chic_cl ete” —J/ Y, \V(ZS), \|’(3770)a etc...

200/pb around X(3872)
+ Initial State Radiation (ISR)



Belle citesummary 2018
Top 10

D%-D%a
mixing

X(3872)
1509

Y (3940)
452
- Z(3900)* | Z(4430)*
506 567






Charmonium in the standard quark model

4,75
4,50
4,25
4,00
3,75
3,50
3,25

3,00

1974-1980 Discovery of 10 standard charmonium states
1980-2002

4415
) )

E—
(4180
::j&lmozm) —

| X(3940)

Co
W(4160)
v,(3823)

Xe0 Below open charm threshold
all states are measured

S=0. S=1

~

0+

1

= ott 1+t 2+t 2+ 1— 22— 3-JFC

nothing

(n + 1)(28+1) I—J

n radial quantum number

S total spin of quark-

antiquark

L relative orbital ang. mom.
L=0,1, 2... corresponds

to S,P,D..

J=S+L

P= (-1 parity

C = (-1)'*S charge conj.

2002-2013 Discovery of 6 new states that can fit into charmonium table

Below open charm threshold a good agreement between theory and experiment
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Events / { 0.005 )

PRL 111,032001 (2013)

B B* —Ac1 Y K* =
20 ‘5 X(3823) HLLL
m—i I ’ 4.2c

- 711 fbl
e WL - A WL }L
S WL L

G Tt S SRS AU ot LA N T . &

R \\‘- ‘ ;‘----:;'I‘“-“-I-"-”""‘-'.-.'_; _______________________ | »L i-l-fHH
%7 yeosran T 375 T P 3—3-—5—-1:4: T - (Gewgl

M (%e1 7), GeV

M = 3823.5+ 2.8 MeV
I' <14 MeV @ 90%CL

M, (") (GeV/c?)

N, ete” »wtaX(3823)—»atnTyy,,
% 40:‘ B | PRL115,011803 (2015)
= 3oL N M =3821.7 £1.3£0.7 MeV
0o I'<16 MeV @ 90%CL
@ 20F
S | X(3823)
i 101

X(3823) = y,(13D,) Ppc2018

X(3823)—y Yy ——— C=-

-
Y,

o decay to DD is forbidden due to
unnatural spin-parity - small I

o decay to y.,y should be prominent (E1)
o I'(x. v) ~ O(10KeV) is typical for
charmonium

ISy s, p ’’y Py Py Dy Dy CDa
4,75 I I T I I T I I I

1-- 1+~
¥(3770) h.(2P)

3--
y; —DD

(4415)

)

(4040) ¢

0-+ 1— 1+ ot 1+t

o+ 1 22—




N/20 MeV/c?

PRL 100, 202001(2008)

2

N/25 MeV/d’

20

10

M =3942"/ +6 MeV
T =375 #12 MeV

X(3940) — DD"

22
Mrecoil("lh'; D( ])

N/STTEVTE]

M= 41565, +15 MeV

To= 1397 +21 MeV

X(AFGO) — D*D”
M(D'D) | GeV/c?

o Both observed states decay in open charm final states like standard charmonium

o Possible assignments are n.(3S) and n(4S) , but X(3940)&X(4160) PDG2018

o The masses predicted by the potential models are ~100-250 MeV higher than observed
Theory probably needs more elaborated model to take into account charmonium coupling to

charmed meson pairs
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M(GeV/c?)

Vector charmonium states

Direct measurements at charm factories

4501 s
== . vy states: JPC =1--
4.25- 4160
%Dﬁ 5 PLB 660,315(2008)
4.00— DD (2p) X1 (2P) &% =0 L
== @) T i} 45|
3.75} e S T o - !
28). ... |- ) a5
| f l‘x a0 |
3.50 hadtons hadrons o5 [
f:'l ¥ hadrons hadrons hadrons o 20
3.25F hadrons 1.5 -—
2% 10|
3.00 % os |
drons  radiative oo
hadrons L
| \ \ -0.5
0_+ 1-- 1+_ 0++ 1++ 2++ 1_|:|- . |
Jre 37 38 39 10 41 42 43 4,-1 45 It'e: 47 48 48 50
s Resonance shapes Ecm(GsV) Interference term
ﬁc(e‘+e-—‘>ha(5lror{s/(e*e——'m*;'r)E ____ _
sof Crystal Ball 1986 ¥(@3770) = DDy _
s m+ BESII 2005 1(4040) = DD, D*D* . DD*. DD* D.D,;
F ﬂ*# ﬁ CLEO 2009 ¥(4160) = DD,D*D*,DD*, DD* D.D,, D.D*:
a: # ! H ] W(4415) = DD,D*D*,DD*,DD*,D.D, D.D*.D'D:.
3.5? TYTTY T E
s-of ﬁl ' ;Ezsgllaan fﬁ“i 1 Model dependent results
zsj The interference is large & the total contribution differs
R ey T from the simple sum of the Breit -Wigner resonances
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. oo| [ tii | ool ete—s open charm
1.0 |- .H Jﬁ E Belle 1.OJlr +L\J m i BaBar
0 1*'*l M’ Mﬂhﬂ ol #4 #4- H'ﬁ**nu ISR measurements at B factories
50| "’(4040). ' 50| : Fixed quantum numbers
| # Be"e : BABAR of final state JPC = 1--
2.5 ; ; 25 él; m+
0 : L %MHRH 0 #an;
-~ | ! DD | 10|
Eg_o s iﬁﬁ . Belle 5_02_ "Hﬂ} . BABAH y(4040) is seen in DD*, D*D”, D,*D,
O o | ve0) S Nhome | mmmo y(4160) is seen in D'D*, Dy"D,"
1.0 |- Belle "’(;f) obr > \/(4415) is seen in DD, DD
0.5 | :
- ”H- 4 J‘ﬂm*:#*' e*e"—>DD peak at 3.9 GeV
0 - 1 I =
1.0 _Be"e + H : oo | | Belle ﬁ& A | Y (4260) is seen as a dip
05 F # i i
3..|1|H“|'l+ +‘H’ ++++“| 0....|+M.
4.0 4.5 5.0 4.0 5 5.0
I —— :
Vs (GeV) B e e
0.2;— v (4040) ‘i‘ +
i ve oo > + fri ﬁ++++ R
0 —t---Feee. - ......................................
L 38 4 a2 a4 a6 as ;
M(D_*+D _(*)-) GeV/c™
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New measurements of 6(ete"—D*D™) via ISR =

-7 "
o . 2 s
E_PRD97,012002(2018) D*D % 6— ]_ DD* BaBar
3 Belle 2007 sk 2-D*D*~ Belle 2017
- Belle 2017 g
7 3k
A il
;_ ? ':'_'\: ";'::k;i:1.':2'—.'.‘.':_31_0;1‘4_‘..:'7 _§ _EY - 1 ;_ §%
A P I T R . . e, ol i - o1 90l
.8 4 4.2 4.4 4.6 4.8 5 3.8 4 4.2

[ —

Vs, GeV
Ideal agreement with previous Belle and BaBar measurements
The accuracy is increased by a factor of two over the first Belle study

3 PRD 97, 012002 (2018) D*D* % ’ 3 ' D*D*BaBar

] Belle 2007 : 2:D*D* Belle 2017

= Belle 2017 8¢

- o o g,

;_ é Y 951fb~1 4 ;— 5 5

- i) 2f %0“"%

B % B

B e (,:i,,..iw%;L.Tf%%méﬁm
4 4.2 4.4 4.6 4.8 5 4 4.2 4.4 4.6 4.8 5

\s, GeV \s, GeV
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The first angular analysis of
the ete—D™ D™ process

o Study of the D** helicity angle distribution in each
bin of M(D**D*")
o Decomposition of the exclusive cross section into
three components :

D™D D™ D"t and D™ D™

o D"+ transversely polarized D™ meson

o D”, longitudinally polarized D" meson

COS; VS. COS,,
M(D**D*) :

a) 4.0-4.1GeV/c?
b) 4.1-4.25GeV/c?
c) 4.25-4.6GeV/c?
d) > 4.6GeV/c?

measured exclusive cross-sections simultaneously in
the framework of the coupled channel model
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JETP L 105, 3 (2017) Exclusive open-charm near-threshold cross sections in a coupled-channel approach
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0 2o "
38 4 42 44 4.6 438 5

\s, GeV

DD"x
f

Hﬂﬂhﬂ;@%

- 38 4 4.2 44 4.6 4.8

s
\s, GeV

38 4 4.2 44 46 4.8 5

\s, GeV

D*D*

oL - oL

|| DS(*)+DS(*)_

} %}M

~

-
g
-

D

BT 05 ) S SO A TP RS, B Py B
38 4 42 44 4.6 48 5 38 4 4.2 44 4.6 4.8 5
\s, GeV \s, GeV

Sum of all measured exclusive
cross-sections to open charm

3_
i Belle
i BES(2002)
i CLEOc(2008)
2
' g it
g t]
H, -
Oll:h".lll'llI:llll|:l\I|||I|II|
3.8 4 4.2 4.4 4.6 4.8 5

\/s, GeV

Contributions of D*D*, D*D*, D°D «n* and D°D*x*
are scaled following isospin symmetry
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PRD87,051101R(2013) e+e_ — J/ \lln

+

Belle

1:; W(@)‘ W(4160) iEESIII{EME]
_ - BESIII scan o Peaks of y(4040) and y(4160)
= °0p H\; o No sign of any Y state
1—’? 40F o } ; o I' (y(4040,4160) — J/yn) ~ 1 MeV
o 20F J’ H $ 9\ 980 fbl o Anomalous transitions: common
o Df W J[ #% feature of all 1-—states above
© - threshold ?

o0L PRD91 112005(2015) BESII

3830 4 41424544 454647 'S 'S ' ' 'h k 'D, ‘D D, Dy

Js (GeV) 5 — T T T T T T T ]
4,50

BESIII scan is in agreement with 425
Belle y(4160) — J/yn structure

4,00

3,75

Do we understand conventional
charmonium above DD threshold, in
particular y states? 3,25

3,50

In fact, we even have not measured their 3,00
parameters reliably ...

15 0-F 17 It O [+ 2FF 2F 1 2 3






Charmoniumlike states (before PDG2018 naming scheme)

1SO 3S1 IP1 lPO 3P1 3P2 lDz 3'Dl 3D2 3D3
4,75
T T @ 4700y ! Y (4660)
4,50 £ @ X(4500) X(4630) Z(4430)
4415 .\
425 (186" @ X(4274) 24520}
@ X(4140)
4.00 X(3915)X (387 Z(4050)*
’ (4040) —— . Z.(4020)*
| X(3940) Te2 Z.(3900)*
375 B — 4 L _X{L3860) — - - - - — 9 _ _ _ __] ¢
o T.% ) V3770~ pp
3,50 bn2s) o .=.=|il
hC :': Xel K2 .
3.5 b Koo 2002-2016 Discovery of two dozens
—— exotic charmonium states
3,00 =.=n W s=0 ST S=0 571 All of them above open charm threshold
) l ] ( ] l \I ( l A
0 1 1+ 0+ 1+t 2t 2+ 1 2 3

Multiguark states

Charmonium hybrids

Tetraquark )
tightly bound four- quark state .. {

Molecular state ;
two loosely bound charm mesons

Rescattering

Two D-mesons, produced closely,

exchange quarks

States with excited gluonic

degrees of freedom

Hadrocharmonium

Specific charmonium state “coated”
by excited light-hadron matter

Threshold effects
Virtual states at thresholds

Charmonium states with masses shifted bM
nearby DD, thresholds




¥

Exotic vector states



PRL101,172001(2008)

e 30 DS >y e LN
15 o T PREHOIE00ACHD <L e'e” »nny(25) Z 40f et —ATAS
o s S, X
8100 =._ 967 fb! B Q‘_ L
é 80 % 20:_ \ ; i
§ 60 FY(4008) 8 [ 20
2 i 8 1o [ Y260 ;
G £ [ 100
20 e’ " =1 L L
-"#7‘."‘/"'-'----'.ﬁfi.":':":"'":':‘ ----------------- - s ok N P O T e |
?3.8 4 42 44 46 48 5 52 54 04 . 45 5 55 91.5 46 47 48 49 L5 51 52 53 34
M(n*mJ/y) (GeV/c?) MIT T w(2S)] (GeV 2 M(AL A) GeV/c
M(MeV) | I'(MeV) | decay mode experiment Y StateS at B faCtOrIeS
Y(4260) | 42638, | 95+14 Jynn BaBar, Belle -
9 via IS
Y(4360) | 4361+13 | 74+18 y(2S)nw BaBar, Belle
X(4630) | 4634%_, |92, | AcAS Belle S S P 'Ry ‘P R, Dy Dy "Dy D
— 4,75
Y(4660) | 4664£12 | 4815 | w(2S)an BaBar, Belle L Y Y )
50 L X(4630)
’ L85 . Y (4360)
. . . 7T
Unlike conventional charmonium 425 ) Y(4260)
o No room for Y states among 1-— charmonium 100 :I
333, = y(4040): 23D, = y(4160) ; 43S, = y(4415); masses of W(4040)
predicted 33D, (4520);53S, (4760); 43D,(4810) are higher 35k - e —
(lower) )
o Absence of open charm production 3,50 F(28)
o Anomalous large partial width 195 1
(Y - Jynn) > 1 MeV .
o Only one decay channel per one Y state: 3,00 == IV
I|ght Chal‘monlum + TTTT e [ I I [ I I [ [ I
19
0t 1 1t~ 0fF It 2t 2t 1 2 3



New precise measurements of ee” »a*ta~ J/y

100

—4— XYZ
— Fit |
- = Fitll

80

60

40

20

o(e’e —mtmd/y) (pb)

PRL118 092001 (2017)

BESI

38 4

22 44 4.6
s (GeV)

150

—— Scan

100

50

c(e’e —mtwl/y) (pb)

BESIT

e*e” —atn~ J/y cross section is inconsistent with a single pick of Y (4260)
Two peaks are favored over one peak by 7.6 6

M, GeV/c? I, MeV Decay mode
X (4260), PDG 423048 55+19 atn vy
Y (4220), BESIII 4222.0£3.1+1.4 44.1+4.3+£2.0 atn Iy
X(4360), PDG 434148 10249 e w(2S)
Y (4360), BESIII 4320.0+10.4+7.0 Ao, Alees o A2 atn” Jy

20




New precise measurements of e*e™ —»a*n™ y(2S), a*ta~h,

f-\120.é T
-8_ - PRD96 032004 (2017) - BESII 2501~ o BESII R scan data sample PRL118 092002 (2017)
~ 100 Belle ~ - =BESIII data sample o h
c L 1 T 200 . nn l;
o) L TTT 28 ] = - — itcurve Total
"'8 80._ BGS\Il[I[( ) +BaBar—_ S L ak it curve  (4220) L] BGSI[[
)] N ] k> 130:_ -« itcurve (4390)
n 60 2 F
0 . é 100
c F 2 s
O 20f ;I F
K ] 2 0% -
0 e -
50
_2 N R R R S R :|||||||||||
g.O 41 42 43 44 45 46 39 40
Is(GeV)
BESIII confirms lineshape in e*te"—a*a y(2S)
M, GeV/c2 I, MeV Decay mode
Y (4220) 4209.5+7.4+1.4 | 80.1+24.6+2.9 atn y(2S)
Y (4220) 4218.4%55_, £0.9 | 66.07123 .+0.4 atn h,
Y (4390) 4383.844.2+0.8 | 84.2412.5+2.1 atr yw(29)
Y(4390) 4391.5*63  +0.9 | 139.5%162_, +0.6 atnh,
X(4360), PDG 434148 10249 ata w(2S

21



ete” »na'ny(2S) ete™ — o ;m
80F "' ' T """ PRrD97,052001 (2018) = F '
20 —e— 170y (3686) :é: GU:— PRD93 011102 (2016) ]
'8_ 50 iy (3686) l BGSI[[ :%4[]:_ XCO(") -
= = 257010 (3686) 3 I _:
S 50 | I + B
S 40 1 T e S ]
© L ]
0030 L -20F— : R
7)) o) 1
75 1 /\ a 30 ]
o 20 t ¢ = v .o BESTI :
Y (4360)? i S ]
0..I....I....I........I....I. | 10__ i__
41 42 43 44 45 48 o l ; .
G_) - —
(s (GeV) v O S 3
e*e”—nny(2S) consistent with the charged mode  § 5o~ =
from isospin symmetry (scan five points) A0 v oM 3
= 30F Fo E
3 F L =
M, GeV/c2 I, MeV Decay mode T 20F w(4415) A E
Y(4220) | 42095:7.4+1.4 | 80.1£24.6+2.9 rryS) | +g 10F \)}/ N P
— 0:______________________ Rpeeimem L __'_'_'_-_-_-_-_-_-__.__E
Y(4220) | 4218.4%55_,.40.9 | 66.0%123 ¢ +0.4 nh, ° E Y e R S
/s (GeV)
Y (4220) 4230+8+6 38+12+2 Yco® PRL 114092003 (2015)

First measurements of y(4415)— y.;®
mass, width, T, for y(4415) are fixed to PDG parameters **



BESIII: ete—— DOD* 7+

Belle: ete"— DD n*

= D
= - PRD 80, 091101 (2009) P
lﬂ'ﬂ(]_l L I B I L
- w(4415)
s0—  BESIL . i / UL ‘~,
L ] 0.5
8,600 -] i
[ Y(4220) 1 Y(4390) |
63400__ __ [l
- ] or P = N U
- ] I 0 0 0P *—p+
- o 1 y(4415)? L wW415)— D'Dy(2460)’ — DD
- g ] 4 4.2 4.4 46 48 5 5.2
L 42 E“(GI 9 44 43 46 M®D'D ) GeVie
cmtHe
- ate———s DDt
Parameters  Solutionl Solutionll SolutionlIl SolutionlV Be”e. e e D D T
¢ (107%) | ________j._:');g.g_\ PRL100 062001(2008)
My (MeV/e®) - [Y(4220)_ 1280 Y ak
L (MeV) 2 [2R0.TBesl preliminary 5 W y4415) DD,(2460)
My (MeV/c?) 1Y (4390)_ _4400.1:£9.3 1 = 3¢
Ty (MeV) 181.7+16.9 g 05 106
s (eV) 6294115 72418 81.6+15.9 0.3+2.7 2 10 F
I (eV)  88.5415.8 55.3+8.7 551.9+85.3 344.9470.6 0 Bl
S ¢ - NOILN ¢ " A n ¢ D>
P 21401 28403 09401 -2.3+0.2 DD=n non-DD,(2460)
02 19403 23402 23101  -1.940.1 A P

W(4415)— D°D,(2460)° - DD n* g
y(4415)— D°D,(2460)° — D°D* =+
UL due to limited statistics

M =4411+7 M»>B
Ftot =77 +20 M»B

670 fb!
T

44 4.6 4.8 5
MDD, GeVic? .



Vector states summary 2018

Open | Jya*n | w(2S)a*a~ | ha'n™ | Iy | %eo® | Koo ®@
charm
y(3770) ok
y(4040) ok ok
y(4160) ok ok
Y(4220) = yw(4230) pDG 2018 | DD™m ok ok ok Same state?
Y (4260) = y(4260) PDG 2018 none ok
Y (4390) = y(4390) PDG 2018 ok ok Same state?
Y (4360) = y(4360) PDG 2018 none ok ok
Y (4390) DD*n y(4415)?
w(4415) DDn ok
Y (4630) = y(4660)PDG 2018 | A A~ Same state
Y (4660) = y(4660) PDG 2018 none ok ok L

Two newborns in 'Y family: Y (4220), Y (4390)
Only-ene- Few decay channels per one Y state
o hadrocharmonium is excluded!

Nature of Y states?

PDG revolution 2018

Y states with JP¢ = 1-- turn into y states







PRLY1, 262001 (2003)

First observed by Belle
In B>K J/yn*n

PRD73,011101 (2006)

-
5
o
o

-
n
o
(=]

-
o
o
(=]

800

600

400

Number of Candidates / 10 MeV/c?

200

T

D@ Run Il
P(2S)

PRL93, 162002 (2004)

2

2500

2000

%352— D> |
Ssol- Belle top cited
2
825 1500+
*t " 40
L ™~ L
15: 106 § L
10F < 30
sf e
- ; — 20
0' ! P I T T T T T e IR ~
3.82 3.84 3.86 3.88 3.9 3.92 ‘FB
M(J/ y ) (GeV) h
M(JIymn) ! S 10%*
-
e I
EPJC721972(2012)
< E - - L S T
> C 70f X(3872)
= 1200} j ;
s RS Joo
= 1000} 50
4 C soof ]
% 800~ 600F :E
g 600~ 400¢ 120
8 C 2008 10
% 400~ o o L
3 C 750 o0
200 LHCb ]
O#M
600 800 1000 1200 1400

M(zmdiv) - MJhw) [MeV]

3.8 3.85 3.9 3.5
m(J/ynr) (GeV/c)

1500

1000

J PC = 1+t 5001

finally o)

Number of Candidates/ 5 MeV/c

3678 + 99 y(29)

Mass: 3685.67 +0.08 (stant)2 MeVic®
0:3.41 +£0.09 (stat) MeV/c

PRL93, 072001 (2004)

* il e
2 0.8 0.9 1.0
M(Jhy) [GeV/c?

M(nm) > !

704 £ 67 Candidates s
Mass: 3871.4 i0.72(stat) MeV/c
o (Fixed): 4.3 MeV/c

established

Hadronic collisions:
produced mostly
promptly; only
0.263+0.023+0.016
from B-decays (CMS)

M, close to DD threshold M = 3871.69+ 0.17 MeV
not clear below or above: Am =—-0.01 +0.18 MeV

Surprisingly narrow: T'\,,< 1.2 MeV at 90% CL

3.75

38

385 39 3% 4

Mass of J/ yr'n Candidates [GeV/c ]

Candidates/ 5 MeV

40

8.6 365 3.

~—  JHEP 04,154 (2013)

CMS Preliminary s =7 TeV |
L=48f"

Candidates! 3 My
#

A R N | .'
7 375 38 38 39 39 4
m(J/y n'1) (GeV) 26



X(3872) interpretation

DD* molecular state: (the most popular)

o My~ Mpo + Mpxg is not accidental
o JPC=1**(D°D™ in S-wave)
o DD" decay
o Small rate for decay into Jhyy is expected
o too large X(3872) — y(2S)y
o too small binding energy: D°and D*°too far in space to be
produced in high energy pp collisions
Mixture of P-wave charmonium y,(2P)
and S-wave DD molecule
Search for X(3872) partners decays 'S, s, '», '’y P, P, 'Dy Dy ‘D, Ds
Molecules with JPC = 0++, 1+, 2++ .. 4,75 I B B R S B m— —
Ye1 Y Forbidden by C-parity conservation 40— 3872
Yoo ¥ C-odd partners: tetraquark, molecule 425 1 4‘{%615) Kea ) PDG%
UL : <1/4 from Jhy nt*m- X(38+2) V(4160
0 gt =g e V,(3830) |
Jwymn | C-odd partners: tetraquark 3,75 %%_ o ___ E“{ZI?';L%EE
- — DD
UL : < 1/2 from J/y n*n 0oy U els e
. he 3 1 2
ncno Search for other X-like molecular 325 |- Koo
NeT states P ) —=
New'n | UL: ~Jly n'n <> 3,00 =n.= N
N O EES ) | | ! | ! | | 1

0°F 1°= It 0FF %% 2%F 2% | 20 37 27



Charged charmoniumlike states



Events/0.01 GeVic®

Charged Z_* states Iin B decays

—————— PRL 100, 142001 (2008)

Candidates / ( 0.2 GeV?)

M(7*y(25))
Belle: Z(4430)* three different analysis, JP = 1*
o Discovery: fit to M(y(2S)r*) with K*(890)&K™(1430) veto
o Dalitz analysis

o Full amplitude analysis to obtain spin-parity
Mass values are the same, width depends on method

100

200

—10<m
- ~5¢ S a1 g -
*‘-l Z(—1-130) -
ot IP=0" T
-2(4740) >14
oy Amz..,m . *m..k
16 Tt 20

PRL 112,222002(2014)

Z(4430)*—wy(2S) m*

LHCDb: Parameters (including
quantum numbers) are
consistent with the Belle results

Another peak at 4240 MeV
with significance ~5 ¢

Z.* cannot be conventional

Four Z_* states found by Belle charmonium
PDG2018 M(MeV) I'(MeV) JPC decay mode | production | experiment
mode
Z*(4050) | X(4050) | 4051+, | 82%50_,, ? Yo T BoKZ* Belle
Z+(4250) | X(4250) | 4248+1%0 ., |177+320_ | 2 Yol T B—KZ* Belle
Z*(4200) | Z.7(4200) [4196%31_,4*17_151370%100_ | 1* Jhyn B—KZ* Belle/LHCb
Z+(4430) | Z.7(4430) | 4478*15_, 181431 1*  |yQ@S)x, Jyn| B—KZ* | Belle/LHCb




Z. family in e*e~ annihilation BESIT

PRL 110, 252001 (2013) . PRL 115, 112003 (2015) PRL 111, 242002 (2013) PRL 113,212002 (2014)
b 1% i ] (2)4230 GeV, 1091.7 pl5 < 1 \
E a0/ 307+48 5wl g 100 <
S eo- S wp s &
S £ & af % 60 =
"uE”: 40? g wf = : %
g my . :
0 a7 3.8 3.9 4.0 Lt I i} 5 i 3.9 395 4 D5 A1 1
M, o () (GeVie?) oz 400 405 410 4"51\1‘,_:'.:&\«;;\4")” W 30 A - S
ete—»mmwl/Y ete —n'nl)/ Y ete" > h, ete > n’n’h,

o PRL 110, 252001 (2013) R PRL 115, 222002 (2015) PRL 113, 132002 (2014) T PRL 115, 182002 (2015)
[&3 b . — = comb. BRG —+— aata = B I s
=0 T S a7 Y 2 R
= 80 %eo 2 PHSP signal g = <e—
E 60 % 2 i ws i) ,:

& 40 e 3
g 20 20 E
2%} / 3
et L - - . Lo 22 . n .04 4.06 4 408 O
> 3:!?(3?[55*3)0€G4é(i?1(:2; o WO (Gevicd RM(T) (GeVi/c?) RMENEeVEED
ete =t (DD e*e - n® (DD")° ete —>m (D'D) ete >’ (D°D’)°
+
Zc(3900) i? Zc(3900]0? Zc{4020} -7 Zc(‘lOZO]O?

70E PRL 110, 252002 (2013) - 20— PRD91, 112007(2015) _ _
3 - BELLE Hoee - 2 (4050)*? =1 | |\‘|{e(\;v336|g;1 ! InZ(4050)
Q 60 —Fit N * 1 — T *
S °Pz(3900) L i - -
E sob (3007 —ssogors | S 19 M = 4054+3+1 MeV/c?
8 . E_ «+=- PHSP MC = : I' =45+11+6 MeV
S o 526 | & '°f
E 30 - .£0 3 I BESIII PRD96,032004(2017)
S 20 < e[
() c c 5
moqon T T T wer Z.(4030)*
ol : 4., o -+ | M =4032.1+2.4 MeV/c?
37 38 39 4 4 :
5 4 4.1 42 T =26.145.3 MeV
Mmax(md/y) (GeVic?) M__ [my(2S)] (GeV/c?) 30




Z. summary

State Mass (MeV/c?) Width (MeV) Decay Process
Z(3900)*  3899.0%£3.6+4.9 46+£10£20 g WAV ete” sntn ]y
Z.(3900)°  3894.8+23+27 29.6+82+8.2 °] /4y ete” > n'nJ /Y

3883.9+1.5+4.2 24.8+33+11.0 (DD®*  e*te” —» (DD")*m™
Single D tag Single D tag
Z(3885)  38817+16+21 26.6+2.0+23 (DDt e*e~ - (DD*)*n¥
Double D tag Double D tag
Z.(3885)°  3885.7725+84  3571;+15 (DD*)°  e*e” - (DD*)°n°
Z.(4020)*  40229+0.8+27 79+27+26 nth, ete” > ntn~h,
Z.(4020)° 4023.9+2.2+3.8 fixed n°h, ete” » n%n°h,
Z(4025)*  4026.3+2.6+3.7 248+56+7.7 D*D* ete” - (D*D*)*nt
Z(4025)° 40255129431  23.0£6.0%1.0 D*D*  e*e” - (D*D*)'n°
o Same states with different final states
oTwo isospin triplets: Z.(3900)*° and Z.(4200+°
o Amplitude analysis on Z.(3900) : JP=1*
o Interpretation? Molecular states? Z.(4050)* = Z,(4030)*? 31



Standard
or/and
Exotic




D _
S <2 —
i B—-YK ]
00 L Y—-Jyo b
1|\ Y(3940) :
10 i |

253fb-1

0 1 | 1

3880 4080 4280

— 1 | PRL94,182002(2005)

M(wJAy) (MeV)

o The same decay mode
o Similar masses and widths
o Different production mechanisms

o Found by Belle & confirmed by BaBar

Events/10 MeV

dl| v (3915)

PRL 104, 092001 (2010)

vy = X(3915) > od/y

J=0,2only

X (3915) =Y(3940)

Particle Data Group 2016
Y (3940) = X(3915) = y,(3915)

'Sy st P iR iR P, 'Dy Dy Dy D
4,75 T T II ] T I I T T
E e | —
425 | 4%4815) i;.\? i
’ A Ceo
4,00 I3 U(4160)

; (4040) I V2(3830)
375 |X(3940) 7O Pl W —
% P W(3770)

3,50 Fn.(2S = e
-n( ) hc ? Xel Te2 BaBar
I Acd :
3B o prefers
= 1 H
3,00 == IV i i JP:O+
" | ] I: EK/I I |
0% 17 1ottt 2t 2t 1 2 3 JPC
Theory

o Yo(2P) production in two body B decays
IS suppressed
o Y.(2P) — DD should be dominant

33



Better y.,(2P) candidate in e*e"—J/\yDD
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20| e*e—J/yX(3880) —J/yDD

OINSIN 0S/N

9.9

-1
9
MDU, GeV/c

—

PRD95, 112003 (2017

D
3862+26_,,*40_ . MeV/c?

9)

— 201+154—67+88—82 MeV

M
I

X*(3860)— DD
4.5

67

NEW

Nature of X(3915) is the open quest

New ideas:

o BaBar angular analysis based on

non strict exclusion of JP
o New better candidate for y.,(2P)

is seen in X*(3860)— DD

0** is favored over the 2** at 2.5¢ level

Z2/AIN 0G / SjUSAg

Full amplitude analysis

JPC
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‘S _
311 00 L
S ' Y(5S)
10.75F
Mg |ags |...0pen bottom threshold
10.50 - YaD)
Y(SS) g EEN,y . R v,
ﬂb(SS) =¢‘ hh(ZP) "- * Xb(zP) 0. ...... .
10251 e R 2T Yap) e
PR il Y(ZS) YYanan ss®
n n (28) ‘. esoR RN a, unm
10.00 ’.,.h."__‘t' s h,(1P) :. _0“ib(1155.'o_
9.75|-
050l oee. Yas) States below open bottom
ST A " threshold are narrow
----- s® | | |
JPC= 0" 1=~ 1%~ (0,1,2)°* (1,2,3) "
L= 0 0 1 1 2

Bottomonium
In standard quark model

n(23+1) LJ

N radial guantum number
S total spin of g-antiq

L relative orbital ang. mom.
L=0,1,2..correspond to S, P, D

J=S+L
P = (-1)-*! parity
C = (-1)-*S charge conj.

The heaviest quarkonium provide a unique non-relativistic system

for QCD testing
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- — — PRL54,381(1985
Vector bottomonium states . —
6.0 |-
Direct measurements at e*e~ colliders from ﬂ
% o = CUSB&ARGUS&CLEO to Belle & BaBar ﬂ
L 5.5 [ Y(10860) 1
gm— ;‘:L'. Y'(1S) JPC=1-- . J
Bl ! The most accurate  so} #Hd'#
= ! +Y(28) measurements of * q#*
wo [t 4 YES masses and widths of
O Hn 0 ’ ) Y(4S) 4.5 | Y(llozo) 4
b L N-;'F *w Haom, TRV L P S Y(HS) StateS :I" r 1 14 | T
L TA8) | XES) Yes) @s L 1 05 07 108 Il
94-4 ¢46  10.00 10.02 1034 1037 21054 10.58 10.62 CENTER m: MASS ENERGY [GeV)
Mass (GeV/c™)
PDG: 2.0 P PRL102, 012001(2009) ‘
Y(1S), Y(2S), Y'(3S), Y (4S), but...Y'(10860) and 18 LEg R, = o(e’e- —>bb)/(e'e—>p*yr)
Y'(11020) [Common names Y'(5S), Y'(6S)] "OFi bz openbottom threshold <, 3
14 it -]
- - - . T2 it Bk E* — E
Study bottomonium states using transitions of = ;4 ¢ BB, =
Y(nS) states 08 [, B, Bs*_ Y'(11020) =
o Y(48)—BB (B=B0rB") 08 MR8 :
“B physics” at B-factories 5 gt s T 00 el
0.2 i E
o Y(nS)—ybb,n=2,3 cRE L 080)
o Y(10860) —)B(*)B(*), B(*)B(*)’J'[, BBT[T[, 10.6 10.7 10.8 10.9 1.0 1.1 1.2
B.®B.™, Y(nS) nw, Y'(nS)X... etc Vs (GeV) 37



11.00

M(GeV/c?)

10.75F

10.50

10.25F

10.00

9.75f

9.50

4 x10%
><1805) _ | __te100-004 (BS ) —————— PRL94,032001(2005)
E 54:5.9 x 106Y(3S)
BIRd S T - .
Lo J(l P) c f c T ;
2P m 65— | 46 . ]
X 1 2 ]
( ) o i 1 o i
LbJ 255 { 2% Y(3S) »> vy x(2P) 4
S T 1 & [ ‘
E 45:_|_ The inclusive photon spectrum : E 30-: The inclusive photon spectrum —|—|—:
B | | ] o B ' i
- 5 6 (1P) 1 S75F =
5 F ha 15 F Y 2:(2P) ]
€ 4 7%,(1P) - E5.00 -
- 2 f ’ 0w(IP) 1 37 1:(2P) ]
o 4 25 E
Op | Mt i JI", |\> ‘d|‘( TR "W Ot | =T \'i'n'_ | | .
60 80 100 120 160 200 240 50 60 70 80 100 12 160
E,(MeV) E,(MeV)
Y(@3S)
= (2P %
y ".— .
Y(2S) R
\,L\,_’ yy(1p) e, | fnalstate (1) i (1P) e2(1P)
2% o B (%) 3.75+012+047  6.93£0.12+041  7.24£0.11+0.40
teeunes? E, (MeV) 162.56+0.19+0.42 129.58+0.09+0.29 110.58+0.08+0.30
final state s0(2P) b1 (2P) s(2P)
Yas) B (%) 6.77£0.20=0.65 14.54£0.1840.73 15.79£0.17=0.73
E, (MeV) 121.55£0.16£0.46 99.15=0.07£0.25 86.04=0.06=0.27
| |
o* 1=~ 1*- (0,1,2)"" (1,23
0 0 1 1 2
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M(GeVI/c?)

11.00

10.75F
10.50
10.25f

10.00

9.75

9.50

1, (1S) the ground state
of bottomonium

Measured n, properties

Quantity 1(2S) — ym T(3S) =y
E, 6105115 +18 021242l +o4
(MeV) - 018.6+£6.0 + 1.8

M) 93929748 +1.8 0388.9731 +2.7F

(MeV) - 0391.8 + 6.6 + 2.0

AMp; 674748 +10 711428107

(MeV) - 68.5+ 6.6 +2.0 |

Bx10" 42t1b+09  48+05+120
<84 71£1.84+1.1
<5.1 <4.3

Y(3S)

Good agreement between
BaBar & CLEO

Hyperfine splitting predictions
Lattice: ~ 50-60 MeV/c?
NRQCD: ~ 40 MeV/c?

(01,2)"* (1,2,3)"
1 1 2

oo
[=1
=
(=]

N
o
=
(=]

4000

Entries/ (0.005 GeV)

20000

YEY M| S
L g n i {

ol e 4 ﬁ—ﬁ#ﬁ
J \ non-peaking background's ra{ t
-2000F 109M Y@S) PRL 101, 071801(2008)
05 _ 06 07 08 09 1 Ll
The inclusive photon spectrume, (GeVv)
ﬁIOOOO T T T T T | T T T T ‘ T T T T T T T T T T T T T T
S ]
Y]
S 3000 Y(2S)—mp
g RS i
O —
S 6000 -
% 4000F
LUE ZOOO:
g %oa(1P)
0_ S——— L, 3 e 9
% non-peaking background subtra {7
-2000f- 92M Y'(2S) PRL103,161801 (2009) |
1 | 1 | 1 | | | 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 | | | 1 | 1
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M(GeV/c?)

PRD82:111102,2010

> 1 Data ---- Signal Y (1°D) 1
20| =—Fit N
8 Y/(1D,) Tk (2: ?12)7 oS-
¢ mmmum T p—
Search for Y'(1D) Q 580 o
J Q —omn Y (1S :
S nr (15)
S Yy ()Y (25)
~ 10
12 Y(1°D;)
- 1.6
B )
>
: i
11.00 BRRRE LT
10.75 10.15 10.20 .
_\ | M (r'nr+£-) (GeV)
| Yas) My, = 101645+ 0.8 0.6 MeV/c? !’
7 (2P)
10.25}F —Y\’ =\'Y'; Yapy
10.00 M
9.75}
’y The first observation of X{1D) PRD70,032001 (2004)
9.50 Y(1S) , .
Myqp) = 10161.1 0.6 1.6 MeV/c
ete- | |
JPC= [ _ 1%~ (0,1,2)"* (1,2,3) " 40
L= o L : 1 2



AM,,(1P) = 0.8 + 1.1 MeV

AM_ (2P) = 0.5+ 1.2 MeV
consistent with zero, as expected

M(GeV/c?)

BELLE

11.00

10.75

10.50

10.25

10.00

9.75

9.50

Observatlon of hb(lP 2P)

PRL108,032001(2012)
ete™— Y(5S) —>X T

30000 Y(1S)

40000

Events / 5 MeV/c?

20000 |

10000 |

Wt bl
PR Al L

r2sy Z]
Y (2S) 1
. h,(2P);

L1
9.4

@ 96 @ 9.8

Y(5S) — h,(nP) n*r-

é@) — Y(2S) n*n-

o2 104
+ -
Mpiss(m )

s D e to spin flip to be
suppressed as ~(Aqcp/Mp )?

o(Y2S)mtm—) ~ O

o (hy(nP)xtr—) 0-46 £ 0.082575 N(1P)

77+0.0810:22 h(2P)

L arge hb(lP,ZP) production rates! Unknown intermediate state?

. . . CLEO

— p—— - ¥+ = 41
0 1 1 (0:1,2) (1.29) large e*e"—Y(4260)—h a'n

0 0 1 1 2



Observation of h,(1P,2P)—n,(1S) y =

/O
BELLE
Kniehl et al, PRL92,242001(2004) f Y(39)
Meinel, PRD82,114502(2010) i 10 hb(lP) PRL 109 (2012) 232002 NJ
| Y(2S) ., [ |
Belle : 57.9 £ 2.3 MeV —e—ilf 7.5

PDG’12 : 69.3 + 2.8 MeV Np(1S)
:69.3+2. Y(3S)

5[
I LQCD '
L 25
> V)
Eﬂ ool PNRQCD i -
s

10.75

10.50 -.
Belle result

decreases
tension with

10.25

5
3
3
3
3
h,(2P) yield, 10°/ 10 MeV/c®>  h,(1P) yield, 10>/ 10 MeV/c’

10.00f theory
9.75
0.50 e'e—Y(55)—h,(nP) in'n-
JPC= | (0,1,2)"* | (1,23~ | 42
L= 1 2



M(GeV/c?)

11.00}
10.75}
10.50|
10.25}

.
10.00—

9.75

9.50

; . o T
First evidence for n,(2S) O
= I
e ®F 25
® | — I
pNRQCD LQCD %" Np(2S)
2 03 04 05 ';.:10'_ | +
AM,£(2S) / AM(18) & | &
AM(2S) = 24.3 *40_, . MeV N | 4 ZGIW/ syst
97 ( ? 9 10 1
Y(5S) mISS (7t T Y)

Br(h,(1P) —> 1,(1S) y) = 49.245.7*56 %  41%
Br(h,(2P) —> 1,(1S) y) = 22.3+3.8*31 ,.0  13%
Br(h,(2P) —> 1,(2S) y) = 47.5410.5*68 %  19%
BESIII Br(h,(1P) — n(1S) y) =54.318.5% 39%
B Godfrey Rosner PRD66,014012(2002)
- Y(1S) I'(2S) =4 £ 8 MeV, < 24MeV @ 90% C.L.
| | . expect ~4MeV
% o P o ) In agreement with theory **
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S \E?;Su}llmt c Sﬁ;g?tes |n.1ih:_?;\;.§§?!.—:ll u region ——
; Yo ‘ BELLE

llll

0
=}
AR LN LA AR BRI ALY

Y(2S)

Entries / 0.010 GeV/c®
(=2
o

0.4 0.6 0.8 E T2 1.4
AM = M(upmme)-M(pp) (GeWc ]

M(u prtn) = \/s

Y(3S)

PRL100 112001(2008)

Observation of large

efe~—Y'(nS) nm* w near Y'(10860)

Partial widths for Y'(10860)—> Y (nS) n* &~
more than two orders of magnitude larger

than corresponding partial widths for
Y'(4S), Y'(3S) or Y'(2S) decays

'(y(nS) n*n)
Y(55) — Y(1S)r 7~ 0.59+0.04 + 0.09
Y(55) — Y(2S)r ™7~ 0.85+0.07+0.16
Y(55) — Y(BS)rta™  0.527590 £0.10
T(2S) — Y(1S)rt 7~ 0.0060
YT(35) — Y(1S)rT7~ 0.0009
Possible explanations

oY (10860) has exotic properties

o Reactions in fact proceed via Y, states similar to exotic vector charmonium

P IO R . . o
9 04 06 0.8 1 1 2 1 4
AM = M(uurm)-M(up) (GeV.-'c )
t; 3S0F (a) punn candldates in the Y(1S)—u uiregion ‘:- e,
3 ;gg E Y{2S:| Y (38) Y (4S) :. 'Y{SS)‘
t
2 200 Y(lS) ';'--‘
< 19F
8 sof
= 07752 0.6 0.8 1 T2 1.4
AM = M(upmm)-M () (GeWcz}
To be done

o Study of resonant structure of Y(5S)—(bb)r*n-

o Measure energy dependence of efe——Y'(nS) n* -

45



Resonant © 12000
structure of 5" cotribution
Y(5S)—>(bb)n+n_ ;gj 6000} phSp

Y(5S) —hy(1P)nn™ Y(5S) —h,(2P)n*n-

4ooo§-phs
2000f 7 ? """ +

Large h,(1P.2P) production rates! Rl
& [ '20001-.“. L .
S 10.4 10.5 10.6 10.7 10.4 10.5
ﬁ 11.00 - M(h,(1P) n*) PRDS88,052016(2013) M(h,(2P) at)
s Y(5S)
10.75} ) Dalitz plot analysis
A Z,(10650)* )
Mg RN . z,(10610)- Two peaks are observed in all modes
10.50 - TN N i : :
X The first exotic bottomoniumlike
10.25F I spin Tiip Z,(10610)*and Z,(10650)*
| suppressed states were discovered in
10.00F .  T==mmm—m——— T -
L/ h,(1P)=*, h,(2P)=* final states
9.75
7> Z,* are multiquark states
BELLE
JPC= [ ' 1=~ 1%~ | (0,1,2)"* | (1,2,3) " | 46
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(Events/10 MeV/c?)

Y(55)—Y(1S)n . X(GS) =Y(@S)n'n” Y(5S) >Y(3S)n
L L B B L LI I I A L B I R B I 120 o e e g
: r“““""""’":"L> mTTTTTTT TS f“::;o'o'i“* E
60l | note different scales I 1 0 ]
ﬂ : ‘ 1% | | 3 sof :
I = 60 N : 1 = - .
40 12 : N :
n C 1 - n C ]
i E i ! | B aof 3
201 1 & 2f 14 205_ &
?0.1 10.3 104 7 10.8 20-.4 10.5 10.55 10_.75 1[()).-5':;8'I s 10:62 10:66 10.;0 - :I;)-.W
_ M(Y(1s)7m) .., (GeV/c?) M(Y(2s)7m) .., (GeV/c?) M(Y(3s)7m),_.., (GeV/c?)
g 11.00 PRL108, 232001 (2012)
S Y(5S)
—< Resonant structure
10.75
Z,(10650)* +
_ oeg.  Oof Y(5S)—(bb)r*m
10.50 ] ]
Dalitz plot analysis
10.25} Two peaks are observed in all modes
00 The first exotic bottomoniumlike
10.00
Z,(10610)* & Z,(10650)" states were
b _ _b
- discovered in Y(1S)r*, Y(2S)r",
Y(3S)r* final states
9.50 .
Z,* are multiquark states
JPC= 0" 1=~ 17~ | (0,1,2)"* | (1,2,3) " | 47
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Summary of Z, parameters A
BELLE
Z,(10610) Z,(10650)
Average over 5 channels v sr L. 1 | u,
(M, )=10607.2+2.0 MeV _ ; ; ; ;
Ty ) = 18.4+2.4 MeV S [ 8 " B | | B
(M, ) =10652.2£1.5 MeV v@Esm' . . - -
(I',)=11.5+ 2.2 MeV ) | | | §
h (1P n il . w AR
h (2P 1 e S —.:- ;.—
JP = 1% | PRDY1,072003(2015) o2
Average -dlv- —f— f -?-
6D amplitude analysis B T T R VB R T B T R VR T R TR B T R
AM, MeV AT, MeV AM, MeV AT, MeV
Final state YT(1S)r 7~ Y2S)r n~ TES)rTn™ hy(IP)r m~ hy(2P)n 7~
M][Z,(10610)], MeV/c? 10611 4+4+3 10609 £2+3 10608 £2+3 1060527 10599757
I'[Z,(10610)], MeV 223477530 242431738 176 +£3.0+3.0 11.4155721 13 750t9
M[Z,(10650)], MeV/c? 10657 £6+£3 10651 £24+3 10652+ 14+2 10654 +31L 10651723
I'[Z,(10650)], MeV 16.3+9.8750  133+33F0 84+20+20 209F3421 947 Fl
Rel. normalization 0.57 £ 0.217553 0.86 +0.117595 0.96 4+ 0.147005 1.39 £ 0.377092  1.6705T06
Rel. phase, degrees 58 + 437 —13 4137y —9+191l; 187 23 181+,

h, production mechanism:

Y(5S) —» h,(1,2P) n*n- are not suppressed due to Z, intermediate states!
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Resonant structure of Y(5S)—BB)x

Channel Fraction, %

Z1,(10610) Z,(10650)
Y(18)m™ 0.60 £0.17 £ 0.07  0.17 4 0.06 & 0.02
T(2S)7 ™" 4.05+£0.81+£0.58 1.38+0.45+0.21
T(3S)m™ 2.40 £0.58 £0.36  1.62 £ 0.50 & 0.24
hy(1P)m™ 4.26 £1.284+1.10 9.23 4+ 2.88 4+ 2.28

82.6 £2.9+£ 2.3

608 £2.16 £ 1.63 __ 1705374041

70.6 £4.9+£44

PRL108,122001(2012) M2 10610) = (Mg+Mg.) = +2.6 £ 2.1 MeV
Mzy0650)— 2Mpx  =+1.8 £ 1.7 MeV

PRL116,212001(2016)
PRL117,142001(2016)
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o[bb] / °[up]

R, =

Energy scans: search for Y, states

c(ete- > Y (nS)an)/(e*Te > p u)

0.012 - 06 g
0010| ¢ yersye — Max R, PRD82091106(2010) | & 05_PRL102,012001(2009) i
0.008f— #H1-Y(2S)mA- - - - *{ ————————————————— -D——— i ! ]
ooosl 4 YGSE |. 04b .
; B f ki
0.004f—---------——-—-—-— e SRRt 1Y R .
0.002 ——————‘—‘——+ ————— :‘1—1 - '—f ———————————— i ————— ’ ;? ++\++++++++ # +‘.+++++++H+ Y(llozo) E
0.000 ¢ E ' 021 + Y'(10860) g
1076 108 1085 105 1085 11T 110 ;J 1
P N
R, = c(ete- —)bb)/(e+e_—)},l+],l,_) T LT B T T R T
0.6 == : Js [GeV]
e E PRDS2 091106 (2010)
osl : Y'(11020)
. : N
03[~ f . No evidence for new Y, state
0.2 —
Y'(10860
( . ) 8.4fb1
0.1} i
1075 108 _ 10.85 109 _ 10.95 11 11.05
Vs (GeV)

Belle & BaBar are in a good agreement 50



Bottomonium cross sections =

BELLE
e —=Y(nS)n'n . ete——h,(NP)r*n-
2 sk 2 4
X E
e 3E- —
& 2.5F e
= 2F =
X 45 %,
i &
u.g;— “o
“,D_ ?;— —_
T g
3 =
x ‘&
3E o Z
— [t ]
2E- = 2
12— o
oE © 0 -------------------------------------
I - PRL 142001(2016)
2 25F 10é"1'o'8'5"'16é"1'095 BEER
X oF en (GeV)
o 1.5F oF
A | = - atp— + 0
v = " 5S¢ e e —> T TC_TC
c:-.g— § E LbJ
ost ¢ PRDY3,011101(2014) % 3
106 10.65 10.7 10.75 10.6 10.85 10.9 10.95 11 11.05 =
/s (GeV) 0 b
. 0 =
Cross sections of etfe——Y(nS)a*m (n=1,2,3), @ .
ete—h,(NP)a*n (n=1,2) & e*e—ya'n 70 : S ap arxiv:1806.06203
Y (5S) and Y (6S) peaks only o750 1085 109 d0es AT

's (GeV)

No evidence for new Y, states yet 51







Super

KEKS § Mt. Tsukuba

T = ——

- X{Gev B:elle I

KEKB upgrade
SuperKEKB(nano-beam)

"S- =S Parameter

KEKB Design /@KB Achieved SuperKEKB Desi%

« ~ B2 Energy (GeV) (LER/HER) 3.5/8.0 3.5/8.0 @.0/7.0) \
~]_ km in d|ameter N By (mm) 10/10 5.9/5.9 0.27/0.30
: X = B: (mm) 330/330 1200/1200 32/25
& (nm) 18/18 18/24 3.2/53
2 (%) 1 0.85/0.64 0.27/0.24
o, (1tm) 19 0.94 —120_, 0.048/0.062
“nano-beam” = 0.052 0.129/0.090 0.09/0.081
o- (mm) 4 6/7 6/5
“_’Av S 1) 2.6/1.1 1.64/1.19 —X2—5.3.6/2.6
KEKB SuperKEKB | 5000 1584 2500
Luminosity (103*cm=2s7") 10 2.11 — 80 J

SuperKEKB built in of KEKB tunnel is almost entirely new machine
o X 20 smaller beam focus at interaction region

o twice higher beam current
o X 40 higher Luminosity

First beam in 2016, first collision in April 2018
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Vertex detector Time of

Tracking propagation &
620~ 15 ym & aerogel RICH
(2x better than Belle) detectors
Drift chamber K/m separation
Tracking £~ 90% @ 5% fake
ord~ 100 um rate

GdEldx ~ 9%
EM Calorimeter
oE/E~ 2% @

E =1 GeV

KL and Muon detector
Ap = A0 ~ 10-20 mrad (for K1)

u/m separation:

ex90% @1.5%fake  The Belle |1 detector

Belle Il is an upgrade of the Belle detector:
capable to work at much higher background environment

Highlights: :
Vertex: 2 layers of pixels, 4 layers of DS Si strips with o Better tracking
extended coverage o Better vertexing

Drift chamber: smaller cell size + longer lever arm  oBetter particle identification

PID: new TOP + ARICH oBetter calorimeter resolution
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Super Charm Tau Factory at BINP in Novosibirsk

Two rings, 800 m each
Crab waist

Collision energy from 2 GeV to 5 (6) GeV
Luminosity: 5-10% cm?st at 2 GeV

and 103 cm? st at 4 GeV
Longitudinally polarized electron beam at IP

Pre-injector is ready (e+ beam was
commissioned in 2013)

O O O O 0O O

The concept of the new collider is based on a new method to increase the luminosity, which
was proposed by physicists from INFN (Italy) and developed by INFN and BINP experts

o Detailed physics program is developed

o Preliminary CDR was issued (in 2011) and updated in 2018

o R&D for accelerator and detector is in progress, prototypes and key elements
were designed and produced

o Preliminary civil engineering and infrastructure design is completed

o IT requirements are identified

Talk of P.V.Logachev, Director BINP at ""Super c-tau factory workshop*, May 26-27 2018, Novosibirsk
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To be done at Super-B & Super c-t Factories

Huge luminosity and significantly improved detector parameters (better
tracking, vertexing, particle identification, resolution) should allow to
perform a lot of new measurements and studies inaccessible to previous
experiments because of lack of statistics

Detailed physics programs are developed. They include:

o Search for and precise measurements of all predicted quarkonium states
above open charm (bottom) threshold

o Energy scan in 3.7-5.0 GeV energy region at Super c-t Factory. Precise
measurements of o( e*e” —hadrons), including exclusive cross-sections to
open charm final states

o Search for new and precise study of known quarkoiniumlike states
Including angular & Dalitz & amplitude analyses
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o Dozens of quarkonium states and quarkoniumlike states named as XY Z states
were discovered since 2002 by Belle & BaBar & BES experiments and this list
continues to grow

o Particle Data Group 2018: instead of XYZ states new naming scheme of hadrons
M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

o Charmonium & Bottomonium tables below open charm & bottom thresholds
are (almost) completed. Good agreement between theory and experiment!

o Above open charm &bottom thresholds quarkonium physics is in deep crises!
Observed states remain puzzling and can not be explained for many years!

BUT....

o The mysterious behavior of exotic states motivates us to create new
experiments and theoretical models

o Super-B and Super-charm-tau factories have to shed light on unknown nature
of quarkoniumlike states
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http://pdg.lbl.gov/2018/html/authors_2018.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001

