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Outline

" Past and Present Experiments
* How it all began, on a parking lot
* B factories (Belle, BaBar)
" BESIII
* Charmonium-like states
= X(3872)
" Y(4260) and family
" Z+(4430) and family
= D-wave state
" Bottomonium-like states
" Yb(1088)
= Zb

" Future experiments
Panda, Belle-ll
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e+ e- Collisions at SLAC (1973)

Vs =3.1 GeV _ Y

[
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Discovery of Charmonium (J/y)

= SLAC (Stanford)
Mark |, Richter et al.
e+ e- - hadrons, e+ e-, u+ u-

= BNL (Brookhaven)
E598, Ting et al.
p+A-[e+ e-]X

" new, very narrow state: J/y
m=3.1 GeV, I" ~100 keV,
interpreted as [ cc ]
spin=1 (T7T) ground state

u JPC . 1“

" (experimental proof for existance of 4" quark)

XYZ States (Experiment) HQP-13 | Dubna, July 2013



MARK | group reacted quickly
— it was feasible to modify the accelerator, so that the
beam energies could be changed to <1 MeV every minute.
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Discovery of y’

first exited (n=2) state of J/y

only 3 weeks after

Jy

beginning of charmonium spectroscopy

Decay:
Y - J/V¥ n+ n—

10000 - ‘ ;
- ete~ —» Hadronen 1

1000 &
-

100F

3096 3104 ¥ 36?6 3.684

Vs [GeV)
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Heavy Quarkonium

~ 1fm
1 gluon
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Static Quark-Antiquark Potential for Charmonium

* Coulomb-Potential
+ Confinement-Term

V(T) — _é%‘l‘]ﬁ" v{:}[ﬁw] | /

k=0.5 GeV/fm

3
spin-spin +327m96 55 —
9mn; of | k=1.5 GeV/fim
1 2o, k —=
in-orbit = — LS
spin-orbi +mg(r3 27“) 1 Vi) = _%%
1 4o 35077' 5;7" 57 - 3
tensor m2 7 ( 2 z)
’ -2

" solve Schrodinger equation
(quark mass heavy — non-relativistic) 3

- States
W(r,0,¢) = Ry (r)Yim(0,0)

{ nlz,q ( 0 20 +;) + V(r)ﬂ R (r) = EyRu(r)
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Quarkonium Excited States

radial
n |
spectroscopic
_ notations
orbital

L g o> N®ML,;  =sep.
spin JPC
s -1

J
P = (-1 parity
C = charge conjugation
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exponential tail

Radial densities
S 1,5-
Q
% 4S
} 1,0 1 e . 38
0’5 e e T SR Tl R S R R TR ks i e TP e ———— AR Y s 28
4 Find this point numerically !
»turning point”
0,0 s I v | ' ] ' | ' I 1S
04 0,50 0,75 1,00 1,25 1,50 1,75
radius [fm]
-0,5 - . .
Wronski determinant = zero
! R+R-"-R-R+'=0 .
e Newton algorithm — simple!
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Discovery of n,

* spin=0 (7)) ground state
can not decay —» y— e+ e-

= SLAC (1979)
Crystal Ball Detector

* radiative transistions,
detect photon only

15000
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W(3.77)
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> Charmonium
o
= Hi
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n=1 line: observed, dashed: not observed yet

o-t 17— 1t ott 1+t 2ft 2=+ 17— 27— 37— 3t- 2347" 345"
Overall mass precision ~2-3 MeV 4=t
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=
S Bottomonium
T
En Y (5S)
5 E E*
BB*
BB
n=l 5 line: observed, dashed: not observed yet
0~ 17— 1t~ ottt 1tt 2+ 2=t 17— 27— 37— 3+t~ 2347F 345~
Overall mass precision ~1 MeV 4"



The agreement between prediction by the potential model
and experimental observation is and was encouraging
(level ~1073, 2-3 MeV compared to mass of 3-10 GeV)

and hadron physicists were living happily.

About 30 years passed.

And then the following things happened ...
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B Factories
SLAC injecggr

—— . -
electrons E __ €~ storage rings

~— injector

p—

v/s=9.4-10.6 GeV
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Belle and KEKB, Japan
T
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asymm.

— extend decay length
symm.

of B mesons

Accelerator CESR KEKB PEP-II SuperKEKB
Laboratory Cornell |KEK SLAC KEK
Detector CLEO III |Belle BaBar Belle 11

(achieved)|(achieved)|(achieved)|(planned)
Circumference (km) 0.768 3.0 2.2 3.0
Energy ¢~ /e™ (GeV) 5.3/5.3 8.0/3.5 9.0/3.1 7.0/4.0
Lorentz boost 8~ 0 0.43 0.56 0.28
Beam current e~ /et (A)|0.5/0.5 |1.6/1.2" [3.2/2.1 |3.6/2.6
Number of bunches 45 5120 1732 2500
Crossing angle (mrad) |42.3 +11 0 83
Luminosity (10°°/cm®s) |1.55 21.08 12.07 800
o (pm) n.a. 103-116 120 7.2-8.9
o, (pm) 1n.a. 0.94 4 36x1077
o, (mm) 1n.a. 6 11 5 N
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The BELLE Detector

Belle !
150° CDC

s e e s s

2 i!3{m)
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Luminosity

Start Time: Z005 Dec 7, 22:58:37 took 78 sSec to start
Stop Time: Z005 Dec 7, 23:14:01 toock 224 sec
Stop Reason: FATAL frow [EFARM1] E1TEE CDC timeout (1 sec rx0 stat=238 len=64/0/114458 ewv=1936853,

Expert shift: Z3. Lange

Non—-Expert: K. EKinoshita

ECs shifrt: Izshikawa [(4562)

Fun Mode: Luminosity Eun

Locelerator: at start at stop Fill-number=16364 Status=Phy=sics Fun
HEEF current 1337.4 mi 1321.5 md 7.994947 eV  Physics Bun
LEER current 1719.2 mi 1732.6 md 3.4977 eV  Physics BFun

[(CH-energy 10.53759 GeV)

HER beamsiz 2392.5/ 4.2 242.3/ 2.9 um (=x/v) life 229 mwin
LER beamsiz 186.3/ 3.6 187.5/ 3.8 uwm (®x/v)] life -243 mwin
HEE -“vacuin 5.0/ 3.0 5.1/ 3.0 Hle-8 Pa (average/upstreamn)
LER =racuum B.65 4.6 .6/ 4.6 xl1le-8 Pa [average/upstresin)
LEEF cont. inj. oM (8.6 Hz 7934 times) inj.weto ON (0)
Luminosity: ECL EFcC EEEE
at start 155.80e32 140.0%e32 105.3%e32
at stop 156.55e32 | 139.11e32 109.08e3Z L>1 X 1034 S-l Cm-Z

peak/fill 157.78e3:
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1x1034s~7cm—2

1 barn = 10724 ¢m?

24 hours x 60 min x 60 seconds x 10" barn—
= 86.400 x 10" barn—

~ 1075 barn™1
=1 inverse femtobarn per 1 day
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Beam Energy

* adjusted to the Upsilon(4S) resonance
(decays ~99% to BB mesons)

« ~10% of time Ys=10.52 GeV in non-resonant continuum

\ Cross section
' c(e+ e- - Y(49))
:{ ; * 10.58 GeV
S I Y 1 fb~1 per 1 day
g1l i 1052Gev
I
Lo g A - .
A S VIR This means:
?J.-H :f{jS)]l{UU Il{ri%] ](JTSY-l(ssi)UTS'F ](}f:"-l Ylf)t:) Il'}.lb_? ~1 Million B Meson pai rS
¢ ¢ Center-of-Mass Energy (GeV) per 1 d ay
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Belle at KEKB

Time-of-Flight Counters

o~ 100ps
Aerogel Cerenkov Counters

o s n=101—1.03
e K /m separation

Electromagnetic Calorimeter
9736 CsI(TI) erystals N .
op/E, = 18% @1 GeV <

K, -n Detector
14/15 RPC layers
Ky and p 1D

o _ e
50 axial and st: layers
. op/p = 0.35% @ 1 GeV/c

Ng f»\ ()

o . = 3 Oz
M SN
. R
3

N
r&‘@__{,}.\
|4 countries, §'5 insﬁtqt_é}s, ~400 collaborators

Y
»
!

~1000 /fb
On-resonance samples:
Y(4S): 711 /fb

Y(5S): 121 /fb

Y(3S): 3.0 /fb

Y(2S): 24 /fb

Y(1S): 5.7 /fb
Off-resonance: 87 /fb

BaBar at PEP-II

Electromagnetic Calorimeter
6580 CsI(T1) erystals

Instrumented Flux Return sy
19 RPC layers
wand Kz, ID

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 double-sided layers

Cerenkov Detector

I~ 144 quartz bars

K /7 separation > 3.50

3.1 GeV positrons

| | countries, 80 institutes, ~600 collaborators

~553 /fb

On-resonance samples:

Y(4S): 433 /fb

Y(3S): 30 /fb

Y(2S): 14 /fb
Off-resonance: 54 /fb
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Production of Charmonium

B Decays Double

[
b - ce — Charmonium
Production
A
in 2-body B decays, d,s c
JPe=0— +, 1— —, 1++
in factorization limit =+1
u > u
o Initial State Radiation
B JPC=0++,0—+, 2++ B |
€ e > 7
JPC=1_ —
'Y ‘Y cC cC
€+ E:+ €+
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]|

Decays of Charmonium States

[
1-
Annihilation
EM

ed.)J/v—- ntn wn°
OZIl suppressed

Do

aln

‘ (

]

= (

=l 2 AR, A=

d Do Strong
Strong C ~1/0,3
8 ¢ > c
c < ¢ Strong
AL=1 EM v spectator
radiative d lsospin
g transition ?
< c (if (nm)=p)
/1 d ~1/o g2
e-g- W -> XCJ Y o e.g. \ll 7 N J/‘l’ TC+ T
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Example Events with Charmonium

Jly—ete J—prps

g23f

ExpMC 1 Exp 3 Run 37 Farm B Ewent 782 {EnL) Eap 2 Run 52 Farrn 2 Event 10267
Eher 0.00 Eler 0.00 Date/TIME Wed Jun 2 08z02r47 1989 Trk E Thets  Phimatch eld Eher 800 Eler 3.&% Dote/TIME Wed Jun 9 2123204 199% Trk E Trata
i 1 Dode 147 191 0 @ 1 4me 147
BELLE Trgld O Detver © MoglD © BField 0.00 Disver 210 1ogoe darogad o0 BELLE Trall O Detver G MoglD O BFlald 1 50 Dspver 2.04 L oma r
1M1 3 0171 310 33z0 00 d Q408 187
4+ D131 350 1 0 9 4 013 18X
(COe Chra Tk ) £ L1458 362 2110 O 0 { 60S Ghig Trk ) 5 a0 1a0
Trkah Plot Thats  Ph ace tef ki § DEOD 45E 1I76 1 0 TrienPlat Thats Phi ace taf mul Boaiet =0
1+ 2207 548 3EE 1 1 1 ; gggi ﬂg 2;5“0 UU ﬂﬂ 1 — zaM & Ba 1 1 3 ; gg ﬁ;
2 - 1.4B1 BBO 2302 2 21 2 ¢ 2 — ZASh 55 1532 1 2 Q@
3 - 1158 - : 1o 3+ 143 AB4 2370 3 3 3 3 g oz
4+ BaTg oo 4+ DA7E 833 181 4 4 -1 16 aEm E3E
5 - DS6R oon 5 — 0510 553 185 5 5 -1 i1 20ia 593
B+ D&7Z 9 6 + D486 575 74 8 6 -1 rroatam wE 7
7 - DAGD o T o+ DAG4 35T s + - :: g”‘ g;:g
g : 388 o0 B — 0302 374 ie B Q-1 -. I 0:21 Ay
e 19 ¥ 18 4.0e4 | Le
2 4 -
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0o -
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20 T —
20 I e e e e g 111
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oo $§h‘ﬁk. Lz e
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] 5
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11 41 0@ ned 038 Ed
z 1 43 93 D12 OC0 = =
3 1 41 088 M OCD I .
+ 1 AB 4D> UM OCS
& 1 HE QD)
[ ) a 1 52 021 YW ooo
Thata  Phi Muld Match
H 2.0 0.0 ‘D :|L
340 00 0 3 :-' \‘”
face) ; Cl‘U U-D g ; LML} ‘
Trk Gy fire ph—el pid—p! pid— F A Trk: Gty Fre ph—nl prgle md—k gid—p H
100 1 122 094 007 Of E A 10 1 74 adf 0A3 o4 4
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JIy Invariant Mass

1000

O Lepto p.
¥inaf 1137 73 a0 [ X/ndf 6193 / 53
P1 5072, F P1 58.10
Pz 3.095 [ P2 3.089
B3 B782E 02 F P3 0.1075E-01
pd 8076 70 - P4 0.5760
Pg 1.610 L P5 1.431
Pg ~+2098. r P& -9.157
P 7337: sa - P7 37.86

v

L w0 |
3000 [
[ 30
2000 L
L 20 |-
,‘“"‘% .
a

T

L P MR P Lo N P B
2% 3 31 3.2 3.3 02.9 2.95 3

e b e b e b e b e e e
3.05 3.1 3.15 3.2 3.25 3.3

Vs=10.58 GeV Js=10.57 GeV
on-resonance off-resonance

J/v from B decays
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Jhy Invariant Mass

: ID. 110
7000 E:::ﬁ ........ ?;.g.gg.
L RMS ED.4-GE:DE—01
6000 [ R O 7
- P2 : 3.094
B P3 | D.8929E-02
5000 - B O = . ........ 0,6436-
— P& o 1.151
- PB : 40.43
A000 - le7 75,7
3000 ot g g MeV
2000 :
1000 F : : :
O :I 1 1 | t | 1 1 1 t 1 | | | i_l | | |
) 3.05 3. 3.15 3.2

Radiative Tail !

e‘e-

12000

10000

8000

6000

4000

2000

[~ n] C 120
— : : Entries 121719
e HRAARRRAREEEEAE > Al WRGT " R 08S
- : RMS 1 0.3688E-01
~ X/ndf 2048 [/ 53
B P1 © 0.1095E405
[ S | . S 57 s 007
B P3 ! D.8564E-02
P4 I 0.4197E405
L 1,376,
PE —1782
P7 5347

S5 5.05

3.1

3.15 5.7

ThTh
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Reconstruction of higher Charmonium States

T I T T T T | T T T
[ W(25)—=Th an

g
I
<
N
2

_E ! Xcl’ XCZ - J/\ll Y

Eventsi(z MeV/c™
8

g
_ \
| l
Eventa/S MeV/ic®)
|

D.H u‘m g | 1 | I
M.~ My (GeVic?)

0.50 0.60
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X(3872)

A molecular state?



30

[18]
o

Events/5 MeVic®

-
o

0

Candidates / 5 MeV
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B Decays  Bele

|

T_h 1 ‘ 1 1 1 1 | 1 1 1 1 ‘ 1 \_

Py
*

+

3820

3840

1
3860
M i)

3880
(MeVic?)

1
3200

m(J/yr+n=) - m/1/vy) / MeV

3000

CDF Il

inclusive

25001

] y
20001

{ | X(3872)
1500+
mau; . il
5001

o

W

3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00

m(Jiyn+n—) / GeV

Candidates / 5 MeV

Candidates /10 MeV

m(Jlyn+n—=) / GeV

800}-D@

600
400

200~

X(3872)

m(J/yr+n=)-m(u+p=) / GeV

Candidates /2 MeV

Candidates /4 MeV

CMS Preliminary

[ IS S .
36 2385 37 375 38

X(3872)
.arlmn M M .a;mn 3 M -sﬁn M

m(Jhyn+n—) / MeV

T IT
m(J/yr+n—) / GeV
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X(3872)

" observed

in more than one

decay channel BELLE iicaXdindadl,
X (3872) J/pm T P Y '

X (3872) T/ RS

X (3872) J/ypat o™ 70 b : )
X (3872) DD R
X (3872) D’

DD~
X (3872) e

1

S R A

" very narrow width

I'<1.2 MeV (90% CL)

?
" mass very close

to bb¥ threshold

Belle, Phys. Rev. Lett.91(2003)262001 SRl
a ¢ 08 000 400 Gid

CDF-", PhyS ReV. Lett93(2004)072001 i i_:} e gg byt gg —in =0,1,2,3 45,620 18 13,14,15,16,17,18,19,20,24 26,43 7
132,00 08 001 D3 o ftdl—out=0.12.34.5676810,11.12,13,14,15,19,21,23, 24,27 78,29 30,31 32 33,34, 39 40,

DO, Phys. Rev. Lett.93(2004)162002
BaBar, Phys. Rev. D71(2005)071103

LHCb, Eur. Phys. J. C72(2012)1972

CMS, arXiv:1302.3968[hep-ex]
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Reference Analysis: Bo>Ky', ¢y — Jly -

Mo = /Em)? = 07

B+

Preliminary

My /GeV

{Ugﬂﬂi Ga\u

BO

Preliminary

E_!:'antsl

=
=

2]

- .265.275.285.

My /GeV

Ewnh;{ U.W!gl\']
=] =]
-TTT ?-l—l—l-?-l—r

3.643 653 663.672.683.69 3.7 3.713.723.73

M(J/y n* == )/GeV

-

Events/(0.002 Ga\u
- ok ok ok [
N k& @S N AR & O ®H S K

.65 3.063.673.683.69 3.7 3.713.723.

M(/y 7+ 1 )/GeV

AFE = E,CBmS __ Jocms

beam

_Events/ 0.007 GeV )
=] ) - -z} w

] i 1] ®

3-dim fit in beam constrained mass, J/y n* 1~ mass and AE
at first, fit reference signal ¢’

— fix core Gaussian and tail Gaussian for resolution parameters

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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B->K[J/vyrn ]

px_Bc = jpsi_vector.x() + pcms[kaon].x() + pcms[pion1].x() + pcms[pion2].x();
py_Bc =jpsi_vector.y() + pcms[kaon].y() + pcms[pion1].y() + pcms[pion2].y();
pz_Bc =jpsi_vector.z() + pcms[kaon].z() + pcms[pion1].z() + pcms[pion2].z();
esum_Bc = jpsi_vector.e() + pcms[kaon].e() + pcms[pion1].e() + pcms[pion2].e();

deltaE = ECM/2 - esum_Bc;

mass_BC = sqrt( ECM*ECM/A4. - (px_Bc*px_Bc + py_Bc*py_Bc + pz_Bc*pz_Bc) );

ECM comes from accelerator measurement.

XYZ States (Experiment) HQP-13 | Dubna, July 2013

35



Analysis of X(3872) —» Jly n+n—

Preliminary

{

-

-

2

2

151+15 events

Events /{ 0.002GeV)

-
Events /{ 0.004GeV )

Events /( 0.007 GeV )

0
.2 5.215.225235.2457FR 38R AT R IB R

M, /GeV  M(Jy* - )/GeV  AE/GeV

3" 2 2, |

o 14 2 | &

S s s 1 21.0+5.7 events
£ £ £ 10

& & &

=
- =

Ly

- 4t T
LR

o 3 v _ ra Bttt . 0 H i
3 4 B . /8 3.8 382 843 86388 39 392394396 0. - i 1 01 0.2

M. /GeV My 1+ - )/GeV AE/GeV '

3-dim fit
with fixed resolution parameters from y’
Mass MC/data shift +0.92+0.06 MeV, measured and fixed from y~ mass
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Experiment |Mass of X(3872)

CDF2 3871.61+0.16+0.19 MeV
BaBar (BT) [3871.440.6+0.1 MeV
BaBar (B°)  [3868.74+1.5+0.4 MeV

DO 3871.8+3.1+3.0 MeV
Belle 3871.84+4+0.274+0.19 MeV
LHCb 3871.9540.484+0.12 MeV

World Average|3871.684+0.17 MeV

m(D°)+m(D*°)=3871.84+0.28 MeV
,binding energy” -0.16+0.33 MeV

reminder: binding energy of deuteron 2.2 MeV
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Statistical Significance

3 C
S zzsf
20f

17.5F

b

ICs 110

Entries 257

- Mean 07982
RM3 0. 4433E-01

¥/ndf 4208 / 58

‘ F1 —187.9
‘ P2 498.3
F3 =307 7

b P4 18.29
FS —0.2758E-02

w

iy

D C 1
0,65

0,75

1 L
0.8 0.85 0.9 0.95

1 L
X (38?2}m oss{e"e w n")—maoss{J/¥) / GeV

£ E [} 110
2 L Entries 257
o 2251 Mean 0.7992
E RMS 0.44335E—01
L F/ndf 7304 / &8
0 P —197.7
r P2 498 4
175 E P3 —307.9
C -
15|
125
75F | |
5 L
2.5 - + + /} m P
L .
S ¢ +| P R B + \+ ™~
8.65 o7 0.75 0.8 0.85 04 095
mass{ete ) —mass(d Gey
X(3872) { ) {4 /) /

Fit S+BG
v*=42.08

Fit only BG
¥2=73.04

Significance = V(- 42.08 + 73.08) = 5.6 ,,sigma“
if ,likelihood Fit", then ¥? = 2In(likelihood)
Upper limit (<30), evidence (>30), observation (>506)

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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XYZ States (Experiment)

Measurement of width of X(3872)

Previous best limit
Ly < 2.3 MeV (90% CL)

3-dim fits are sensitive

to natural widths narrower
than resolution <o>~4 MeV
because of constraints (m,, AE)

Method validated with v width
I,=0.52+0.11 MeV

(PDG 0.304+0.009 MeV)

— bias 0.23+£0.11 MeV

procedure for upper limit;
width in 3-dim fit fixed
Iqsignal and IqpeakingBG ﬂoating

— calculate likelihood

[y < 0.95 MeV + bias
N\ ~~ 4

1.2 MeV

MC

I'(input) / MeV

. 90% .

HQP-13 | Dubna, July 2013
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One X or two XX ?

X(3872) and x(3875)

Tetraquark interpretation, Maiani et al.,
hep-ph/0707.3354, Phys. Rev. Lett.99(2007)182003
[cu][cu]— D°D°r® = X(3875), [cd][cd] = J/w n* T = X(3872)

YirETe

3 & "{:'..: .-“ T

“Kilnier Dom, 14825 © 2007 WHO

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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=
i

X(3872) - DD’

”g M;_(é)' - _0 o ')'a'%'R%z'\E

B § oE AlID D" modes BaBar E

" Decay into DD* is dominant G 10F =
BR is factor ~10 5 8 ] ;
higher than for Jly T a3 ] |
BR(B decay) x BR(X decay) ~10"-4 :: TWI l i l . i

388 %9 5933904 396 398 4

" BaBar, Phys. Rev. D77(2008)011102(R) B™°D° Ivariant Mass (GeV/c?)

m=38/5.1% . +0.5 MeV

w [ M, >5.27 GeV
* binned maximum likelihood fit 3 D* - D°y
= 1-dim fit, M(D*D) i Belle
= signal pdf from MC - AT
* exponential function background 4 ,__q comd ]
= Belle, Phys. Rev. D81(2010)031103 o Lo
m:3872.9*°-6_0.4+°-4_0.5 MeV tg'é M>527GeV D* — DO 70
" unbinned maximum likelihood fit Sof Belle
= 2-dim fit £ ai _
* beam constraint mass @ gF
Gaussian signal af e
Argus function for background R R |
- M (DD*) 3%;0 38%’2 33%’4 38%'6-3314"8 38%0 38%!238%34 38%6-38%!; 3890

Breit-Wigner signal M(D*D) (MeVic?)
square root for background
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Radiative Decay B2, o
X(3872) - Jly vy

Events/bin

* Rare Decay
BR is factor ~6
smaller than BR(X - J/y " ©)
BR(B decay) x BR(X decay) ~10"-6

* Evidence for X(3872)- J/v y by Belle %
256/fb z 4
&

3736 3928 4120

M(wly) (MeV)

13.6+4.4 events
arXiv:hep-ex/0505037

* Confirmed by BaBar
424/fb
23.0x6.4 events
Phys. Rev. D 74(2006)071101

= Re-analysed L 30
Belle 711 fb—? = 25
PRL 107(2011)091803 (2011) S 20

" Proof for C=+1 § e
(positive C parity) “

ER I . S I
975738 385 39, 3985 4
M, , (GeV/c?)
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C=+ states
= Cannot decay toy(— efe)
" only decay to yy or gluon gluon

00T «
3 _ em _ 2
[CS—+7) = 55l =0)
mC
2
TGPy —yy) = 256 oy | OY (r = 0)|? sensitive to derivative
3 mg Or of wavefunction
— 1S — 1P
a P 25 G 15+ —2P
: 1,0 f — 104
0,5 ‘-:::'. ' . 05 \
| / L - \
] \ / radius [fm] 1 radius [fm]
0,5 0,5
1-0‘_ 1,0
1-5‘_ 15

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Isospin Violation

= X(3872) - Jlyrwnt
observation: m'n invariant mass peaks at o
= X(3872) = J/yp(I=1) violates isospin
= Reason?
" u-d mass difference (in strong interactions)
" u-d charge difference (in EM interactions)
= X(3872) can only decay into D*D?, [cu]
not in D*D-, [cd]
(threshold is 8 MeV higher)
= or this decay is EM, not strong
| Be!le‘, a‘rX‘iVEh(‘ap‘-e)‘(/O‘S(‘)SIOB‘S |

events/10 MeV

X(3872)

e = w E= E
» S = = =LE=— = = = M=
[ = = — =
0.40 0.50 0.60 0.70 0.80
M(r'1) (GeV)
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Isospin violating Charmonium Transistions

Only two decays for charmonium measured in PDG.

hd Decays into J/v¢(1S) and anything
J/1:(1S)anything (59.5 £0.8 )% -
J/1:(1S) neutrals (24.5 +£0.4 ) % -
J/p(1S)m T~ (33.6 +0.4 )% 477
J/(18) 7070 (17.73+0.34) % 481
J/(1S5)n (3.2840.07) % 199
| J/(18) 70 ( 1.30+0.10) x 103 S=1.4 528

But branching fraction of

X(3872) = J/wp 2nd decay is
is order of ~10% v = h n
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Possible Charmonium Assignment of X(3872)

4 -

= (Case 2w - P=+

2—+

1":"‘ E 1++
Xcl 3I:)1 : 5

predicted mass 70 MeV higher >

n=2

= Case 31 - P=- ’ \1/2 o
2 —+ - r/fm

n, 'D; 2-
predicted mass 35 MeV lower s, 3s, Py 3P, 3P, 3P, D,
n=1 5
(would be a L=2 meson) o om
1. p h ' " er
el B Ner N2 M
T W mmmT —e e [FEEE] TEES =
4 _E""__ ,_li’ h. Yio Xi1 | X 1]
DD* e EEEE s L.
- DD —~ he a _Xe2
Mass predictions by X o ——
Barnes, Godfrey, Swanson ne /U
Phys. Rev. D72(2005)054026 3



J=2 in B decays ?

Y = X(3872)

bﬁ'*‘*. JW=1 Jq=1/2

.Q‘

vector or
axial-vector

d <

Q|«

J=0 or J=1 preferred
Parity + or parity — allowed
JP=1* no problem (e.g. B* » K*yx. seen with BR 4.6+0.4 x 10-4)

but J=2 very hard to be generated

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Angular Analysis of X(3872)

Assume .
X(3872) = Jlw p

in kinematic limit:
both particles at rest
in X(3872) rest frame
m, = m+m,

— higher partial waves
can be neglected

dl(1™ : :
) . sin’ ysin” &,
d cos yd cosd,

L J. Rosner

i I lizati .
1 amplitude foating infit " PRD 70(2004)092023
L=0, S=1
2—+

: normalization and a (complex)
2 amplitudes floating in the fit
L=1, S=1 or 5=2

B, 1

o= =

o B
B,+ B, 1+B—ﬁ
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Angular Variables

dl’

1
d cos v,

o< flat

2—+
)
.4 o< 1+3cos’ ¥,
d cos ¥,

. dr
" d cos®,

o< sin’ 1,

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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LHCb
5-dim analysis (3 helicity angles, 2 angles of decay planes)

— quantum numbers of X(3872) are 1++
(2—+ excluded by 8.2 sigma)

arXiv: 1302.6269, Phys. Rev. Lett. 110(2013)222001, 1.0/fb
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Exercise:

B-» KX(3872)
0— - 0— 1+
parity (—=1) -» parity (—=1) x (+1) x (—=1)t



Exercise:

B-» KX(3872)
0— - 0— 1+
parity (—=1) -» parity (—=1) x (+1) x (—=1)-

We need L=1 to create J=1,
but this violates parity.



What is the X(3872) ?

After 10 years we are still not sure.

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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TETRAQUARK HYBRID
MESON (DIQUARK- DIQUARK)

or molecule

( :
wll—‘

TETRAQUARK
(COMPACT) “
6 6
Q_q o HADRO-QUARKONIUM Q Q
q

[
l:
«Q

1

Classification Following E. Braaten, QWG'09

XYZ States (Experiment)
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Y(4260)

JP=1-, but coupling to ete- small.
(a hybrid state?)

Note: recent notation
by PDG as X(4260)



Y(4260)

* jnitial state radiation events
ete—y |/ wn+mn- initial state radiation

(undetected y parallel to beam axis)

" mass >4 GeV
far above DD(*) threshold

" Wldth < 100 MeV Phys. Reuv.
quite narrow L

Lett. 95(2005)142001
;BA BAR

&

" significance >10c

Events / 20 MeV/c’
2

b
o
| T T 177

" quantum numbers must be
(based upon production | |
mechanism) i M ) < G AL
JPC_l—— I SRR | |:T. . |F¢q'|ﬂm:’c+E

— 8.8 ; 4.6 4.8 5
m(TTIN) (GeV/c?)

10L8] s
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Y(4260) Parameters

XYZ States (Experiment) HQP-13 | Dubna, July 2013

BaBar CLEO-c Belle Belle BaBar BaBar [6]
L 211 fb~" |13.3 fb™" |[553 fb~* 548 fb~ " 454 fb~" |454 fb~"
N 125423  |14.17532 165424 324421 344+39 |—
Significance |~8c ~4.90 >To >150 — —
m / MeV |4259+8"7 (428311744 |429541073° (42474127137 | 42524673 |42444-5+4
I' / MeV  |88423"% |70132 133426723 [108419+10 1051872114718
[1] BaBar Collaboration, arXiv:hep-ex/0506081, Phys. Rev. Lett. 95(2005)142001.

CLEO-c Collaboration, arXiv:hep-ex/0611021, Phys. Rev. D74(2006)091104.
Belle Collaboration, arXiv:hep-ex/0612006.
Belle Collaboration, arXiv:0707.2541hep-ex|, Phys. Rev. Lett. 99(2007)182004.
BaBar Collaboration, arXiv:0808.1543hep-ex].

BaBar Collaboration, arXiv:1204.2158[hep-ex|, Phys. Rev. D86(2012)051162.
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®
S o

- Y IV (V') w*n- : Y(4008,4260,4350,4660)

b=

a

[ =Y “15F
§ 60 - o =TT | % r
[<] H § = |
= I g% 1 L
= n gwo:
8 ' eI

: S i5

7] e) L

~ Z 04 4.5 2

cza o M(z* T w(2S)) (GeV/c?)

= .

g notseer MUlyzm)/CeV o My aT)/Gev
T | ;65' T T T T T | |_E
60F } = 16E- 5
50 E 14E E

= 3 12 =
40E E 10F 3

w o ERI 5

E 20_; é = ji i

s i H

2y e | JREm RN AR R

S 3. . . 4 : 2 54 56 5.8

<

= MU/y7'r)/GeV g M(y 71 ) /GeV
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What is the tail around 4.7 GeV?

* Threshold m(D)+m(D**) = 4326 MeV
Lineshape distorted? No.
* Non-corrected radiative effects? No.

Radiative lower mass tail in J/y —» e+ e-
might generate higher mass tail in m(J/y-with-wrong-mass n‘n-).

Fit funtion: Breit Wigner x Phasespace x Efficiency
Efficiency a(m-m;)+b with a=7.4+1.3 GeV?, b=9.31 § 0.07 (Belle)

changes factor ~2 over peak
Belle, hep-ex/0612006

%]
[=)

Events/20 MeV/c?

Y(4260)

bl
e i s A S Pl

6.5 7
M(r*Jly) (GeVic?)

XYZ States (Experiment) HQP-13 | Dubna, July 2013

J/y

59



Overpopulation of 1~ States

3 e [
5 51 E?»O; Belle
Y (4660) z_ .0
.L,:'_n"” No more states. |.%, -
— Y(@350) 20 |
?;,-_,H Y{4260) -
4 Y(4008) 15 M
DD* __ I;'-w
DD — - 1 ]
3 o FE R TR T
5.5 6 6.5 7
1-- M(ctdiy) (GeVic?)
All same guantum number No more [J/y n* n~ ] state up to 7 GeV
but apparently o o
* no mixing with other v states Note: radiative transistions

Y(4260) seems not decay to v’ n* T forbidden by parity
Y(4350) seems not decay to J/y n* T
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Y(4260): Comparison Belle and BaBar

= BaBar collisions head-on, arXiv:0808.1543, 454/fb hep-ex/0612006, 553/fb
dipole magnet close to IR

= Belle: +11 mrad ; o Babar % pelle
= slightly higher background £ ® s

at BaBar (also seen as E 7

MRad SVD radiation dose)
" Dbackward acceptance

for 6=180° limited

R T I AT BT AT I
9‘8 4 42 44 46 48 5 52 54

m(n'TIy)(GeVich M(r*Jdly) (GeVic?)
0 T 1400:
~ 5 i E O
2140 BiB Je [ Belle
i ADAR 48, b
> r preliminary 7012000
: 100: 7 1000
g L .
g 80 1 soof-
> r
= 60ry J 6001
105 = Mook
el t .
L) = 200
Oj-LL.—'-ILr..—..A'.I'_._.TA_A_'_.._A‘.AJ.I.'Tt - _+_
e b b b b b b B B i 1o = e DR L 4. .,
108 06 0402 0 02 04 06 08 1 07 .08.06-0402 0 02 04 06 08 1

cos*(m'm /) cos(0)

CMS polar angle of Y(4260) to e— beam
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What is the Y(4260) ?

Ahybrid? [QQ] g

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Does the Y(4260) decay to e+e- ?

* very small coupling to e+ e—
(although J’=1--)
BR(J/w nt ) x I'(et &) =

(7.5+0.9+£0.8) eV
BaBar, arXiv:0808.1543

HYBRID
" This is a partial width of the order ,,eV“ Q ' 6
of a state which is ~100 MeV total width ! G/g\o
- factor 108 suppressed bs

What is blocking these decays?
(maybe the gluonic string ?)

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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X(4630)

e*re - >NFN Vs

A~ pK?, pK-wt, Am*
A_ is tagged by anti-proton,
(partial reconstruction)

Phys. Rev. Lett. 101(2008)172001, 670/fb

-]
| F] -
% 400 Ng i D
: s0f D
= i = -
2 00h = | X(4630) -
— 300 i &
Z B 7z 30 8.20
200 |-
i 20~
100 [ - !
i as RU M o s SR ﬁEr +|
| .6eba“ - 4 5 T
ob—— 15 1 16\OT | | 0_"""'""""""'""""""""""""
1s 2 25 eV 3 45 46 47 48 49 5 51 52 53 54
+ ev/c + -
Mrecoil(l\c VISR) M(Ac Ao GeVic
XYZ States (Experiment) HQP-13 | Dubna, July 2013 64



The X(4630) is the First observed XYZ state
which decays into BARYONS!

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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The X(4630) and the Y(4660)
are both seenin ISR.

— they are both 1--
— they could be the identical state

(because it would be very very strange to have
so many 1-- states so nearby)

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Reminder:
the QCD string is supposed to break at r>1.35 fm
(according to Lattice QCD)

G. Bali, hep-lat/9409005

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Potential Model:
Wronski-Determinant must be =0 at turning point

= E
¢ ! N ;i
E —2m 4m? —4mE + E? 4o, IR I T T Y
7 turning point =~ 20_ + 40_2 + ‘30_ =
A N S

" at m=4.660 GeV, the turning point
of the wave function is at r>2 fm!

" |large fraction of wave function
IS In string breaking regime |
r>1.35 fm

02.5 3 3.5 4 4.5 5 8.5
—18S Moss(c cbar) / Gey
— 1,5- —28
g —38
£
g 1,04
1
05— | 3S UD
= R ~r S
/ r 4 radius [fm] Bceoskx
'0,5= { ;,,,
= /| 2s Ce™ |77 ] De™
Fy — —
-1,0 .
..a‘/“
.1,5=

XYZ States (Experiment)
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Z(4430)*

A charged charmonium(-like) state.

Belle, arXiv:0708.1790[hep-ex], Phys. Rev. Lett. 100(2008)142001
Belle, arXiv:0806.4098[hep-ex], Phys. Rev. D78(2008)072004
Belle, arXiv:0905.2869[hep-ex], Phys. Rev. D80(2009)031104
BaBar, arXiv:0811.0564[hep-ex], Phys. Rev. D79(2009)112001



25

22

21

16

15

"l 4 | | | | I 1 | 1 | | | | | | 1 | 1 | I | 1 1 | | 1 | 1 |

(]
]
()
n
&)
b
i

M?(Km) (GeV?)
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B - Kty'7®-
V' - J/yrt

K*(1430)

K*(892)

2.5

1.5

Y
o™

I\ — o o w0 r~ w )
o o™ I3 - - — - ks

(A29) (Au).N

0.5

0

14

M?(Km) (GeV?)

71

HQP-13 | Dubna, July 2013

XYZ States (Experiment)




B - Kty'7®-
V' - J/yrt

K*(1430)

K*(892)

2.5

1.5

0.5

Y
o™

o o = 0 ul

- - - - -

" (;A%9) (L) N

o~ —
™ ™

0

14

M?(Km) (GeV?)
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A charged state can never be a charmonium state.

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Z(4430)

— 23
i
% X 102 o
< 20- sl
o> T ’; 185
=7 OO
15 10 = 7t
i 162
i 152
0 1 14 B TR R TS
M*(Kn"), GeVi/e?
BaBar Belle
Phys. Rev. D79(2008)112001 Phys. Rev. D80(2009)031104
413/fb 605/fb
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Events / 0.01 GeV/c?

30

25

20

15

10

Belle and BaBar data look similar.

with K* veto

Result of Belle
— Dalitz fit analysis.

The same curve
divided by 1.18

NP B
4.6

M(x v’) GeV

PR SRR S IS SR S B
4 4.2 4.4

48

(scaled with

Integrated luminosity)

Events / 0.01 GeV/c?

30
25}
20
:

10}

Sr

s

4

N
4.4

M(x v’) GeV

N R
4.2

Enhancement in Mass(rny’) is seen in both data samples,
only interpretation is different.

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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m=44331+:41+2 Me\

MeV

A

18430
4515

3

20
ol
8
7

1e;—

15 |-

145

LOLAPD (A )N

ME(n"y), GeViict

Mi(K'n"), Geviic*

= 2 s
=2 2 2
|~ —

ST 2w Sa
+ | N A meo
D o B L R
— 4~ I wo
.#_21,%453
_1|_|_OO|_|_
Yo B I T N
= o0 oV

T E
T T
\I./\I..;\.I}\M.A/
—_— ™ ~

NN 8 N
(((

g =~

42 44 46 48

M (x.,n"), GeV/c®

SA80 (1K) W

Mi(K'n*), GeVeic*
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Is the Z+(4430) a kinematical effect ?

e cosfg, the normalized dot-product between the
K7 three-momentum vector in the parent-B rest
frame and the kaon three-momentum vector after
a Lorentz transformation from the B meson rest
frame to the K rest frame

e cosfly, the normalized dot-product of the ¢/'n¥
three-momentum vector in the parent B meson rest
frame and the ¢ three-momentum vector in the

Y'wF rest frame.

cosf is correlated with m(K*7T), cosfy, is correlabed
with m(yn ™), cosf is correlated with cos#,,

TRUE'!

XYZ States (Experiment) HQP-13 | Dubna, July 2013

77



B BABAR ﬂel.
NU 600 - preliminary o
L S
Ny B ~
) i | =
S 750 [ -
> 500 f ~
— = (0)]
C i b=
Y 250 v
@ N @
O L1 | I I | I I | L1
3.5 4 4.5
m(J/y ) GeV/c? .
Argument #1:

MC with angular correlations can describe data well.

No Z+ states in red line (MC) required!
BaBar, arXiv:1111.5919, Phys.Rev. D85(2012)052003
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X
&
|

(@)
N

40 f
35
30
25
20
15

]
O
O

- BABAR

- preliminary

[Frer]
QO
D
)

Illll

—
wn
O

l[llllllll

Events / 0.024 GeV/c?

TII[IIIII

events /24 MeV/c?
o
(]

10 A 50
4 st O 0

M (x.n"), GeV/c® N 4 45

m(xes ) Ge‘\‘//c2

Argument #2:

significance is higher, if destructive interference
is allowed in the Fit (if not = <20)
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e

IHEP Beijing, Chin

BEPCII

Beam energy 1.0-2.3 GeV (- Vs=2.0-4.6 GeV)
double ring collider
: | (although same beam energy would allow smgle ring) =

Parking For

: bycicles !

XYZ States (Experiment) HQP-13 | Dubna, July 2013 80



RPC: layers

SC coil

TOF

bharrel
TOF
endcap

SCQ

BESIII Experiment at BEPC Il (symmetric!)

Csl

end cap
Csl
barrel

required)
4 N

XYZ States (Experiment) HQP-13 | Dubna, July 2013

! RPC: 8
| | layers
sz | Superconducting
e s e |l g Solenoid
2 % B=1 T
T [
MDA ‘:; m?':‘ E‘
N 2 no vertex
= detector,
3 because
only D mesons
(no separation
of B mesons
e s and D mesons
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40.000 readout channels
6 kHz trigger rate
design luminosity

1.0 x 1033 cm—2s

(@ 1.89 GeV beam energy)

— 10 billion J/psi per 1 year

CLEO-c BESIII
J n.a. >1.3x107 decays
Y’ 27x10° decays|~106x10° decays
¥ (3770) |572 pb~! ~2900 pb~*
1(4040) |n.a. ~470 pb~!
1(4140) 314 pb~! —
Y(4260) (13 pb™* >500 pb™!
Y (4350) | — >500 pb™* |

XYZ States (Experiment) HQP-13 | Dubna, July 2013
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Bes3 data taking on the Y(4260)
e+ e- - Y(4260)

T | | T I T T T T I ] ] | ] I ] | | T '| T | | | ] ] ] | ] | ] |
3
10 ® o
&
: T ~
o S N -
~. - =T =T -
=
T o
0 2 ]
E 10 [ $ -
g ® ® o o 9 o
® ® o
—l o 8 o o
P S\ o) o o o N
o o - on Y b, < ™
T § < 3
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Y(4260)

BESIII

Typical

.;‘;\ Iy de'er

Selecte'e” - T J/V,
J/¥Y — I'| events.

1477 events found.

Born cross section, (62.9 + == |
19 + 3.7) pb, consistent This |s%the Y(4260), not the y'!

with production of

t20f 595+28

b 1601 o b
Y(4260). 3 o - B
g 120 Jhy 2t g 1ﬂﬂ; Jy Se'e
S 100 S 80p
o ; o
a OF P
3 )E f;
@ 4o i

M) (GeVic?) M(e'e) (GeVic?)

Fred Harris

I 5/15/2013 WorkshnE on Tau-Charm at High Luminosity 35



Y(4260) = [J/yn+] -

Beslll, Phys. Rev. Lett. 110 (2013)252001
Belle, Phys. Rev. Lett. 110(2013)252002

0 ' ....I....I....I....I....I....I....R‘_._._._
10 11 12 13 14 15 16 17 18 19 20
M?(m*Jly) (GeV/c?)?
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Events / 0.01 GeV

100

80

4 Data
— Total fit
«==+ Background fit

== PHSP MC

Events / 0.02 GeV

3.7

3.8 3.9
Bes3 m(J/yr’) / GeV
m = 3899.0+3.614.9 MeV
I'=46+10+20 MeV
307148 events

>8 sigma
arXiv:1303.5949, PRL 110(2013)252001

Y(4260) = [J/yn+] -

-J
o

_—y
o

L .

o

—4- data
L — Fit
— Background

3.7

38 39 4

Belle m(J/yx’) / GeV

m = 3894.5+£6.6+4.5 MeV

I'=63124+26 MeV

159149 events

>5.2 sigma

arXiv:1304.0121, PRL 110(2013)252002

- is charged (cannot be charmonium!)
- must have isospin 1 (as the pion has isospin 1)
- 1- 0- and assume L=0 — J"=1+, similar to X(3872)
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100 - —4- Data
i — Total fit
-1 o «=== Background fit >
C.% 80 T == PHSP MC (%
— i [ sideband (oY
o 60 L o
o I o
@ 40} @
c - c
o — @
LI:j 20 3 u:’.l
0 ! 0 : .
3.7 3.8 3.9 4.0 3.7 3.8 3.9 4 41 4.2

m(J/ypr) / GeV m(J/yx) / GeV

Zc+(3900)

- no C parity ! (only for neutral states)

G parity (1)~ (L+S+1)

L=0, S=1, I=1 =» G=+1

as G parity is conserved in strong decays, and G(rt+)=-1

— G parity of Y(4260) must be G=-1

this means: isospin of Y(4260) should be zero

this means: there should not be a charged partner of the Y(4260)
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70
o —4- Data C .
100 - — Total fit S 60 _ _i:.i:a

- = «=== Background fit C _ i
g 80 == PHSP MC (% S0 ::g:cm
S sof + [ sideband g 40 f
o i = =
-— B T 30 C
% 40 12 =
= B S 20t
> 20f5 N:
L ! w 10

0 ‘ 0k -

3.7 3.8 3.9 4.0 3.7 3.8 3.9 4 4.1 4.2
m(J/ypr) / GeV m(J/yx) / GeV

Molecule ?

D* has mass 1869,62 MeV

D*° has mass 2010,28 MeV

Sum is 3879,90 MeV.

Measured BES3 3899 MeV, Belle 3894 MeV
— higher mass !

— no binding energy (,virtual state”)
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X(3820)

An L=2 Charmonium State ?
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D-wave (L=2) state ?

Belle, arXiv:1304.3975, complete Y(4S) data set
mass 3823.1 £ 1.8+ 0.7 MeV

significance 3.8c

Bt>KtX ,X -y . v.x,>I/vy

> 80—
() _
O
wn
S 60—
o [ \
< |
T 40—
m -
0 |
L |

20~ % .} ’l L,

i S V. Y Nt
0 Bt 3~ j‘""t"ﬁ;""'"'&j (i n N e e, 3
3.6 3.7 3.8 3.9
m( %1y )/ GeV
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’ o ’ ’ o ’ ’ :.1 :.i
15[} ‘551 1P1 APU liPl SP:; 1D2 I{Dl JD:; ‘{D:a 1F:‘1 FEJLiGaL G345
5
=
L}
D
T
W i L”" ' '
% i L. y Py I Ne3_ X234 '
> he ol Xeno Xezo I hes V345
T2 b, Wy W3
" a2 Sl hes X2,3,4
4.]1"-'.- X.ﬂ """"
i g
n—=3 | T T M2 aps W DD*
- _— i DD

radiative

o-t 17— 1t ott 1t+ 2+ 2=+ 17— 27— 3=~ 3t- 234F" 345~
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*D_ is predicted much lower
3.7699 GeV, admixture in y(3770)

'D, would require a spin-flip in the transition
(suppressed)

*D_(3--) can not decay radiatively to y_ (1++)
would be AJ =2

only candidate:
3D
2
is predicted narrow (300-400 keV),
consistent with measured narrow width 417 MeV

(above DD threshold, but 2-- —» 0-+ 0-+ is forbidden by parity
DD* and D*D* kinematically forbidden)
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Bottomonium-like
States



Y(5S) data taking

" 9.06.-30.06.2007
KEK-B and Belle changed beam energy to Y(5S)

= 21.7 fb! recorded

" investigate [vector » vector & n]
as an analogy to Y(4260) —» J/vnn

Q

Y(nS)
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ITY(5S)=2>nnY(nS) |is huge

Y(4S)>nrY(1S)
477 b
NU225 B AL L L |..._
> Y(4S) — Y(1S) w'n-
8200 = ]
Q175 on-resonance p
S 7))
(=] 7 _
S150F £
° (b}
T125f g ]
T 1)
u (e0]
100
2S H
75F < ;
: 3S
“F as
25 ]
00.-3 0.4 0.5 |u.5 0.7 0.8 ot;‘ﬁh%fa
AM (GeV/c?)

Phys. Rev. D75(2007)071103

if:tti °S as
1/2¢ €gra; a Y eve
~ / es ¢ f h Nts
1/10th the Che data & S)
r
SSsec on
Y(5S)>nnY(1S) 7
21.7 fb! =
% ggg : (@) uunm caindidates in the‘i’(1S)—>u+u'§region 5
o VE Y (28) Y(3S)  Y(48) o Y(5S)
O 250 ' ; : AN
22005— ; ; H
2 150f 0
=~ 100f o
o 50f
e 0757 06 08 1 12 14

AM = M(uprm)-M(up) (GeVic?)

Belle Phys. Rev. Lett. 100, 112001 (2008)
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Not only Y(5S) » Y(1S)n~w is large,
but also Y(5S) » Y(2S)n~w

“g 140 (b) upnn candidates in the Y (28)-p’y region
o 120Ey3s)  iyus) Y (58)"
O 100 : '
= 80
o 60F Y(5S) - Y(2S)tmt
P 40 E Large!
2 N .
o os 08 11z 14
AM = M(uprr)-M(up) (GeVic?)
1—2 ggg : (@) pumn caindidates in the‘i’{13)—>u*u'§region
s : : : oY (58)"
3 sk 1Y(25) ?(33) Vi) 1(59)
o == ' ' .
) fgg 3 | Y(5S) - Y(1S)TUmt
© 100 3 | Large!
S s0f
e 0707 06 08 1 12 14

AM = M(uprm)-M(up) (GeVic?)
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Is there a non-expected state
near the Y(5S)
contributing to Y(nS)nxt?

- beam energy scan!
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Beam Energy Scan, Dec 2007

‘l'arget Kem [relative to 55] KEKB Eem* £ (Runlnfo)

10800[—69] MeV
10824[—45] MeV
10829[—40] MeV
10844[—25] MeV
10854[—15] MeV
10844[—5] MeV

10798.5 MeV 30.71/pb
10824.0 MeV
10827.5 MeV  1615.22/pb
10844.0 MeV
10852.5 MeV 30.70,/pb
10864.0 MeV

10869 MeV
10869 MeV

10869.0 MeV
10871.0 MeVT

10884[+15] MeV
10884[+15] MeV

10891.5[+22.5] MeV

10899(+30] MeV
10904[+35] MeV
10929[+60] MeV
10959[490] MeV
[
[

10989[+120] MeV
11019[+150] MeV

10882.5 MeV 174528 /pb
10884.0 MeV

10889.5 MeV 30.76,/pb
10897.5 MeV  1339.23/pb
10904.0 MeV

10927.5 MeV  1074.67/pb
10957.5 MeV 94584 /pb
10987.5 MeV 30.53/pb
11017.5 MeV 792.04/pb
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Vs=10.8275 GeV

Vs=10.8825 GeV

Vs=10.8975 GeV

Vs=10.9275 GeV

Vs=10.9575 GeV

Vs=11.0175 GeV

Entries { 0.01 GeWic®

Entries /001 GeWe® Entries! 001 GeWic®  Entries / 001 GeW'c®  Entries (0 01 GeWic®

Entriez {001 GeV/ie®
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+ o o
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1'r1r1r~H. 1r'rr'r1'-L1r'rr

o
IJ
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R P £
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- imE -
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E1=;— 1= =
E o of o
2 H _} s i3 L Jr
E £ 4E .]. =
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E = afF
b
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=
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-
o
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I'T']'TI'LI[T'IT TrT].rl"'Tr

m Y28 at W s=10.9275 GeV

i

111 LTI

FELLLE 1LILTLT

Eip) ¥[8 ™ at-/5=10.9275 GeV

IANIARLGA ARAARIAL

E =)y (18R at-J5=10.9575 GV

Jl]llllnngg[mumm

Entries /001 GeWs®  Entries/ D01 GeMic®  Entries | D01 GeMIc®  Entries /D1 GaWic?

[k‘.l‘.l.[.ESh: T atE=10 3676 GeV

HHHMHHV[ LI llﬂlﬁ

Entries /001 GeWe® Entries! 001 GeWic®  Entries / 001 GeW'c®  Entries (0 01 GeWic®

i) Y35 T atys=10.9576 GeV

skl

;En..nua-u DJKIII-I-IJ O K& OO0 DIJ

S
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5| E=
] amn

g

Al

-

k

-

F—

h.'l-llﬂll'“l'dlﬂll'.'“l'dlﬂll'.'“l'lﬂ"'ﬂﬂ

F iy (1S5 atlE=11.0175 GeV E E (N 25w at-d==11.0170 GeV E Ein -I
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bp/) Bdt¥es gsgrc

bp/) Bdt¥es gsgrc
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7 ;‘ Fit with common an:1d I, xz.’n.d.f. =39.4/16
6 - e R R LEE T
s | ® Y(1S)nn :

- W Y@S)m ¢ { _________________________________
Z = 4 Y@S)n : Enhancement
B + at Y(11020)7
: “i*"*

0f : it
10.75 108 _ 10.85 109 _ 1095 11 11.05
CM Energy (GeV)
7 ; Fit with PDG paramefters, xin.d.f.=89.6/18
6 - - o
- ¢ Y(1S)nn :
5 &
- M Y(2S)nn
4 4 Y@Syer o
B E -
Bt ;
1 :_ _________________ b P T e g
= b : i 3
0 F :
= L I - TR I 1
10.75 10.8 10.85 10.9
CM Energy (GeV)

Y, (10889)

Fit with 1 Breit-Wigner
(floated mean and width)
with 3 floated

normalizations
(for 1S, 2S and 3S)

Comparison Y, vs. Y(55):

mean ~20 MeV higher
width around Y2

Fit with 2 Breit-Wigners
fixed to

Y(10860) = Y(5S)
Y(11020) = Y(6S)

PDG parameters

— 095 i1 105" 2 States 7
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T(5S) - X *n~ reconstruction

Tc+

Y(5S)

15[] 351 1P1 3F:'[] 3P1 3P2 1D2 3D1 3D2 3D3 1F3 SFQ.SAG;I 3(;.'3:4_5

detected

reconstructed

x 10 S

1400 |
1200 |

1000 |

Events /1 MeV/c?

800 |

600 E

400 |

0~ 17— 1= ot 1+ 2+ o=t 1-— 2=— 3-- 3+- 234%F 3457~

200 | 4+

O::II:I:II:I
9.5 9.75 10 10.25 10.5

MM (@t ), GeV/c?

/i . —_— . 3 2 . *2_




Y(5S) Decays

n* T MIissing mass

First observation of Belle, 121.4 fb!
h.(1P) and h.(2P) Phys. Rev. Lett 108(2011)032001
° b arXiv:1103.3419
3 i r2s) &
= 40000 - ; l | %
— 5 i 3
g 30000 His) i i i
20000 | : ! —
10000 |
0- : I f 44
Mm]SS(GEV/Cz)
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Prediction from potential model

D. Ebert,

R.N. Faustov,

V.O. Galkin,

arXiv:hep-ph/0210381, Phys. Rev. D67(2003)014027

Yield, 10>  Mass, MeV/c:2 Significance
Y(1S) [105.0£5.84£3.0 9459.440.541.0 18.10
hy (1P) 50.0 £ 7.878°  9898.2F 1110 6.10 9901 MeV
35 — 18 55 4 19 9973.01 290
T(25) [143.8£8.74+6.8 10022.2 £ 0.4+ 1.0 17.10
Y(1D) 224+£7.8  10166.1 £ 2.6 240
hy(2P) 84.0 +6.8723 10259.8 + 0.6 12.30 10261 MeV
25 — 1S| 151.3 9.7 10304.6 & 0.6 = 1.0 15.70
Y(3S) | 45.5+£5.24+5.1 10356.7£0.9 £ 1.1 850

Newly observed hb(1 P) and h (2)

are nicely consistent with
predictions by potential model.
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Precision Test of Tensor Term in qq Potential

?: m(xeo0) +3 - m(xe) +5-m(xe2)

m(he) 9

and analogue for h,

" Test of hyperfine splitting
A rnHF =< m(n3PJ) = spin-averaged —m (nlpl)

For the 1¢ time possible in the bottomonium system

For the 1% time possible for n=1 and n=2
as h.(2P) not observed yet
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qq Potential
with fine structure and hyperfine structure

4 g
Vi(r) = —=—+Fkr
(7) 3
2T . = =
5,55
Om?
1 2o k --
mQ( r? _Q_T)LS
1 dag 357 Sef o -
3 g ( ’7;12 - S.Sz) tensor term
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Precision Test:
Tensor Term In qq Potential

ISU 351 1P1 BPU 3P1 BPE lD2 3D1 3D2 3

" treated as perturbation
" vanishes for

Mass / GeV
=

T,(58)
S=0(n,Y, ...)
L=0 (‘D,,...)
" sign of potential term is
positive

— masses should be shifted up
" Simplified view:

wavefunction of h, ( h,) at r=0

IS not vanishing

State hy(1P) hy, (2P)
Result: AMyp, MeV | 1.7+ 1.5 —|—D,5ﬂ_ﬁig

compared to 0.00 + 0.15 MeV for the h.(1P)
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One step further:

hy—= 1,7

= With 50k events of h,(1P) and 84k of h,(2P)

= Reminder: n,(1S) only known for 3 years
First observations by BaBar (2008, 2009) and CLEO (2010)
= |n addition, search for n,(2S)
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,(1S) and evidence for 1, (2S)

State

Mass, MeV

Width, MeV

my(1S) | 9402.4 4+ 1.5+ 1.8

10. 8+4 0+4.5

3.7—2.0

np(295)

9999.0 £ 3.513-%

< 24

-
=

~
tn
T

h,(1P)
decays

o

g
e

23.5x2.
156 stat. significance

0 x 103 events, hH‘

R [a%)
T T T

h,(2P) yield, 10°/ 10 MeV/c*  h,(1P) yield, 10° / 10 MeV/c?
=

o

P)yield, 10°/ 10 MeV/c?

hy(2

Ebert, Faustov, Galkin,
arXiv:hep-ph/0210381
Phys. Rev. D67(2003)014027

9400 MeV

9993 MeV

Belle, arXiv:1205.6351
Phys.Rev.Lett. 109 (2012) 232002

133.4 fb-!

fed [
o o

—
=
T T T T T

[ 25.8+4.9 x 103 events,
| >4.20 stat. and syst. significanc%

1 1 1 1 I 1 1 1 I 1 1
9.9 10 10.1

n) - 2

Mmiss(T TY), GeVic
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What does it have to do with Confinement ?
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Precision Test: B
Flavour Independance of qq Potential
Are the level spacings the same?

Charmonium Bottomonium
v / Y(2S)
ncl A T]b 4 t
4 10.1
4 t 10.2 ] h,
I 43.9 } 56.3 I 3.8
v 80 59.7
v .
L 657 ==== Y(15)
p— A 1} M,

Excellent agreement for h states (S=0,L=1)
Poor agreement for the ground states (5=0, L=0)
Mixing m, 0", n. ? Gluonic component?
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- Radial densities
S 1,5 -
3
il 7. 0 B A . 8 MR . O e R 43
} 1!0 1 (TTTTIT I I SS
o, T LR . T D SOROL. - SR o= PSSR — 25
d V(r)=k In(k r)
| S .7 e >, 0 S S SN,
0.0 25 0,50 0,75 1,00 1,25 1,50 1,75
e Flavour independance is strictly radius [fm]
' valid only for logarithmic potentials
i C. Quigg, arXiv:hep-ph/9707493
C. Quigg, J. L. Rosner, Phys. Lett. B71(1977)153 N
-1,0 - C. Quigg, J. L. Rosner, H. B. Thacker, Phys. Rev. D21(1980) 234
C. Quigg, J. L. Rosner, Phys. Rev. D23(1981)2625



Resonant structure of
Y(5S)—>TY(nS) w*r-

(n=1,2,3)
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M(u*w), GeV/c®

e Es)

10.4

10
9.8

9.4

9.2

Y(5S) — Y(nS) m+7-

(n=1,2,3)
N

10.2F

9.6

Y(1 S) o

ST |
9 9.5 10 10.5
M. (T'T), GeV/c?
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M(u*w), GeV/c®

Y(5S) — Y(nS) +7- (h=1,2,3)

s pu- purity 92 - 94%
10.6
10.4 F
10.2F
10 F
9.8 :
: Reflections
9.6 y Y(SS)
9.4F - Y(2S,3S)nw
: - Y(1S)nnnw
9.2

M_.. (t'1), GeV/c? 114



Events/ (10 MeV/&)

Y(5S) - Y(nS) n*x- Dalitz plots

118 116
- - B
2oy L sl
- B
] ] i
_i112 _'511‘_-
[ 4 = I~
m w =
™~ ] -
- = i
ﬂ,:ﬁn "hﬁa_
r+
1““ AL 112 L L A A I 1 1 J L A 1 L
Y ! 0.8 0 0.1 0.2 0.3
Win'n'), GeV/c' Min'n), ceV/e' M(n'n’), ceVv/c'
“11113&] M:""]””]””T””Tlnl AAamasar 80 ——— T T
“'— _: ',l'n.'_ - r ]
5 a3 " ®) 3 _ wf (e} 3
0 F 1 T et E - 3
: E - : E B 4o ]
il 3 1 = %F 1 = | 3
20 - 3 T 3 ) 3
o 3 “a o 3 ‘;. - .
15 = - 30 - - o ]
. 3 2 O F ; m 2F 3
10 F . S 20f 3 E - ]
: 3 - : E 10 [ ]
S -] 10 = N ]
T 1 PP PP PP PP PP B PP N T PR BT P - P B ST FENPE PR P an .l
904 102 103 104 105 106 107 108 Y04 1045 105 1055 106 1065 107 10.75 fo.56 10.6 10.84  10.68 10.72 1

M(Y(18)n)__, GeV/c

M(Y(28)m) ., GeV/c

M(Y(38)n) _, Gev/c

— Signals of Z,(10610) and Z,(10650)

0.7e



(Events/5 MeV/c%

| -+ - 7>
Results: T(2S)mnt B
BELLE
100 e T, 100 T T
I 1 signals . ]
80 - ]‘ . 80 [ .
60 [ - 60 [ -
a0 [ . 40 |- .
20 | | 0 [ -
: , reflections :
%01 103 103 104 105 106 107 108 %1 102 103 104 105 10.6 107 108
M(Y(2S)t*), GeV M(Y(2S)mt), GeV

100 rrrryprrrrprrerp T T T

% sof :

~ B -

A .

S 60 [ 1

n oL ]

~ r i

5 40 ]

o i ]

0 X ]

E 20r B

M(Y(28)m)

max’

0 d -5 v e caa e 2o L
10.4 10.45 10.5 10.55 10.6 10.65 10.7 10.75

(GeV/c?)
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Charged states decaying to
Y(nS) n+
can never be bottomonium.



D

N Summary of Z, parameters
Z,(10610) Z,(10650)
Average over 5 channels Y(1S)n'% —— . —— ———
Y(2S)\n' 1t 4&— E—r— -aL Jf—
(M, ) = 10607.2+2.0 MeV ° T | | | |
(I,)=18.4+2.4MeV YOS 0 u [ ~7
h (1P) . —~— L ——
(M, ) =10652.2+1.5 MeV | | | |
h(Pr'n | —— —ogg— & |
(T',)=11.5% 2.2 MeV | | | |
Average -f— —f— + -f—
I”‘IICI]”IOH”1IDI IIIII 1ICI}” 0 I”1IDI” ”-I1|(I]I”0””1IOI IIIII 1ICI}” 0 1ID
AM, MeV A, MeV AM, MeV AL, MeV
Final state YT(1S)rtn~ T(2S)rtm™ Y3S)rTr~ hy(1P)nT7n~ hy(2P)wtm™
M[Z,(10610)], MeV/c® 10611 £4+£3 10609 £2+3 10608 £24+3 10605 +2F7 10599755
I'[Z,(10610)], MeV 223477700 242431730 17.6+£3.0+3.0 114155730 13 T50%7

M[Z,(10650)], MeV/¢> 10657 £6+3 10651 +2+3 10652+14+2 10654 +=31) 106517213
I'[Z,(10650)], MeV 16.3+£9.8780  133+33710 84+20+20 2097421 1947+l

Rel. normalization — 0.57 £ 0.2170:7 0.86 £ 0.115595 0.96 £ 0.147068 1.39 £ 0.3710:82  1.610:940%

—0.4—-0.6
Rel. phase, degrees 58 437 —13+£13%77  —9x191); 1871300, 181755,

The two charged states are observed in 5 decays channels.
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Future Experiments

measure the WIDTHS of new states
in the sub-MeV regime



Widths provide knowledge about wave function

n.(1S) —

1,5 5

1,0 5

u(r) [fm™]

Width of n,(1S)
32.0 £ 0.9 MeV (PDG)

AR
4 T

0,5= ‘,:.‘ v
g

0,0 4

BB I
-@,5== \ ;’ WI dt h Of nc(ZS)
o \/ 11.3+3.2-2.9 MeV (PDQG)
. 327 a% 2
I'"Sy —gg9) = S|[¥(r = 0)]
3 m
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PANDA

determine the width of the X(3872)
with a cooled anti-proton beam

by a resonance scan technique



FAIR (Facility for Anti-Proton and lon Research)
Helmholtz Center GSI Darmstadt (Germany)

$IS100/300
p-LINAC

-y e vis18

L) UNILAC s W -

Rare lsotope
Production Target

Antiproton
Production Target

Atomic Physics

Plasma Physics
FLAIR



(no parking lot!)




HESR (High Energy Storage Ring)

e LD U =
o Yy, For Anti-Protons
s ‘e,
g ! Dinole magnet 1'_'; (from SIS18)
3 8 Sextupele mognet .
= = Solenoid :-_l. i : .
: " aceror oo sonod % High intensity mode
! -, ’,'I/il * ]‘011 p
N 7 A2 . .
%“%% ' HESR * p/p= 10~ (stochastic cooling)
% o A H : -
| = High resolution mode
| \',;'/ E PANDA 1010 —
N T . p
& [ ™
é_}'/ . = -5 .
rd WL e 0p/p =107 (e~ cooling)
.. SN \l:l\”l\i AR EAGUGN EARARAK
5 om Internal targets
= L=2x10%2cm2s1
sroconct f§ e 1 -h,pelles
4, ﬁﬁ"‘ ~2 x 10° * Cluster jet
g s J/v per year * Nuclei: Be, C, Si, Al
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Micro Vertex Detector GEM Detectors
Central Tracker Mini Drift Chambers

-;:. Targetsystem
Solenoid . g
T _‘.F..;. g
.--"'"-—‘ o

Shashlyk Calorimeter

Muon Range System

il
_ 2
AT L

)

c

)

M

\ 1 u\\ {
| i

TOF Wall

Disc DIRC ™

Muon Detection

EM Calorimeter

~12 m

Barrel DIRC

Target spectrometer Forward spectrometer
Bz=2T Dipole B-.L=2 Tm



Panda B Field Maps

B field in kG

==

_B mod y=0 plane |

Sibehi i
0
X
—
~N’ }

|

L
or)
=)
N

| ~

Bz(z)

-200 0 +300
z/cm

- beam deflection for p,_...,=15 GeV/c
4.2 cm @ z=6m (end of dipole)
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The Panda Pellet Target

Here: WASA Target
d=25 um
fall speed > 60 m/s

Tmm



Anti-proton beam momentum p<15 GeV/c

— +/s<5.5 GeV

access to states higher than 5 GeV'!

not available in Belle Il (B decays) neither at BeslI|

p p = 1++ direct formation possible !
(e+ e— —» X(3872) not possible)

B=2 T (high!)

fixed target
— high p_of tracks (boosted)

NO TRIGGER
full reconstruction online
with interaction rate 2 x 107 /s



X(3872) —» Jly n* =~ Event, PandaRoot Simulation

Targetpipe

l Targetpipe
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PandaRoot Framework Simulation
X(3872) - )/ ynt w

TPC digitization, \|; — )/ \|; nt 1t
MVD Silicon Tracker dlgltlzatlon Mark 11, 1973
XYZ coordinates / cm

sn:/

E N\, ‘f

30~ >,

20 \‘-- I

10

U—; S

10 .

20 .

30 E

40

50 40 30 20 40 0 10 20 30 40 50
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How do we know cross sections @ PANDA ?
— Detailed Balance

Production
@ Panda
J[I)ﬁ — X(SSTQ)] = OBW [I)ﬁ — X — &ll](Tnx(3872})
=1
(2 +1)-4n B(X(3872) = pp) - B(X(3872) = f) I (3872)
?’n%{@g?g} — 4m2 %(mxmam; — mX(aa'rg})i +F)2<(3372)
-0
= Al . B(X (3872) — pp) N

2 A2
M (3872) — 415

Decay
@ Belle, BaBar, Bes3, LHCb
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X(3872) Resonance Scan

— Breit-Wigner
— Gaussian
— Voigt-Distribution
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Resonance scan of X(3872) @ PANDA

Assumptions

50 nb signal cross section (p p = X(3872) = J/yn+n-)
Width of X(3872) =100 keV

HESR high resolution mode

P =6.992 GeV/c

=2x10->
- E_ resolution 33.568 keV

0.864 pb~' / day
20 scan points, 2 days per 1 scan point
Background Dual Parton Model (DPM)

see V. V. Uzhinsky, A. S. Galoyan, hep-ph/0212369
For cross sections
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Signal + Background Simulation for X(3872) Resonance Scan @ PANDA

3871.64 MeV

g Fo = 3871.54 Mev| 7, 3871.59 MeV | 7 U 3871.69 MeV
2 E
Qg g:— 6
5 5—3 §
4 o 4
s ,z_ 3
2 M ?-. /\ m 2z
1= L 1
-: lIIII 'ljll ; l "I' uh: i I.'I-]| s (] T 2 QII 1 | !I L] - - 3 \m“ |l

T Eom = 3871.74 Mev E 38T1.7OMeV| 1 3871.84 Mev| = 3B871.89 MeV
L of o .
5[ [ 8 ,:_
af af a ._
- 3 a ;_
1 1 i &

i3 Fiem = 3871.94 Mev| 7. 3871.99 Mev| 7 387204 MeV | 5 3872.09 MeV|
5 s ‘
d | m &
a 3 .
y 3 i
+ 1 i

Gy -'J[Hs' e ’ h l]”IiIT °,"".'| .MI R |

7 Loy = 3872.14 MeV 1 387219 Mev | 7 3872.24 MeV !E 3872.29 MeV,
W 1' & Lt
d ' 5 .
3 : 3 ':

) ‘ o

1 i % 1 1I

e $|U| ] “ OO 0 OO 11T

' Fom=38723aMev| 4| 3872.39 MeV| 1 872,44 MeV | 4| 3872.49 Mev|
L o; [ .I
s sl [ l
L] 4; fl .;
3 a 1 s
2 2 2 :i
! 1| [ |

Coly, ,|1“1.,_ _______ nlm o

4 Patscin Inuasiant Mass | God
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X(3872) Resonance Scan MC Data

IFit with Constant Plus Convolution
of Breit-Wigner and Gaussian

) - :
g "% —+— MC Data y?/ndf 30.91/15
o [ |— Global Fit Mx@s72 3.872 GeV + 5.263 keV
Q 140 — | Sigﬂﬂl' fit r}{{gg;'z] 86.9 + 16.8 keV
N Back dfi Background Level 24.51 +1.80
o ackground fit A(ys)  fixed @ 33.568 keV
100(—
80—
60—
40—
20—
- P o .
— ]_,l,_.l_i--'."'-l-“i. ' I 1 T‘-T-"F-EIE.J__]__ l
3.8716 3.8718 3.872 3.8722 3.8724 3.8726

vVs/ GeV

Natural width of 100 keV can be reproduced!
(within the error bars)
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Belle li

>2016 at KEK, Tsukuba, Japan



Peak Luminosity Trends (e‘e collider)

SuperKEKB

PP === == == ===~

Luminosity
=
B
|

10%

40 times higher

i PETRA

luminosity

X

1

BEPC-II

. TRISTAN

1970

19580

1990

Year

2000

2010
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Belle Rollout, 09.12.2010
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Belle Rollout, 09.12.2010

-~x o r.. [ E ( -.
: N7 !/

Pl - A
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D Technical Design Report, arXiv:1011.0352 W
SIDE VIEW

N Bakkisvan Barrol Forward a
Belle i KEW
KL | Super conducting coil | KLM
L | k)
L om h R RN 2400 | 00 / h]
- I O L ez | ] ] 1] L/ s e .
[HHHHHHH HENEH H SN ¢ /227 o AP HHHHHHHHHHHHH ||
| LI ] — z
. . | n Fr..".__,..--"" [
& A ' cDGC % - B}
N i\ svo PXD{2 layer Bl o & B
- Bl [l = - "W u
o . o o | o
T r b — u:
? T T sl g e T oy a
I.__I l— 0 i!! |l—l ! svn [ T _ﬂ | §_|,
. | IP Chamber ———___\ [—— i -
#;' - arfCryretad | Enicnnss =
- - | coe Lol -
~JEE \‘"‘“-..,___...
r B ~ e r
R il adl A7/ T T TRRRRRRC SSNN itititititintibtiit .
LT T RSB S ~
[&] | ! | ]
KLM i LM
Belle KEW
* e Do |
Parameters are not fixed yet| ~=amse- | - Jea

1 [ @ [ 1 [ 1 [ : [ P [ v [ o [ u [ i n [ =2
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Bitte nicht beruaihren !

EP T I e b
Silizium Pixel Detektor
far das Belle Il Experiment

Planned improvement of B meson z vertex resolution
by factor ~2 (Az=25 um for p=1 GeV/c)
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Super

== Nano-Beam Scheme
(without crab)

e 22 mrad 100um a
crossing.angle

8mrad -
crossing angle 13
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IP Profile for Belle and Belle Il (,,nanobeam®)

100um(H) x 2um(V) — 10um(H) x 59nm(V)

D+pr0duclion point
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Magnet installation \P)

field measurement move into tunnel
Installation of 100 new LER
bending magnets done carry on an air-pallet

install done e ..

carry over existing
HER dipole

SuperKEKB Status, 7th BPAC, Mar. 11, 2013, K. Akai
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X(3872) Width Measurement at Belle

AE — ESHH E(‘lll‘?

beam

‘n‘[lﬂ = \/ JE‘LIeI::m‘ o ptflf"hl)z X(3872) — J/1|f T[+ T

-

Events /{ 0.002GeV )
Events /{ 0.004 GeV )
Events /( 0.007 GeV )

"2 5.215.225.235.245.255.26 5.27 5.28 5 28 "3.78 3.8 3.823.843.863.88 3.9 3.923.943.96 15 01 005 0 0.05 0 1 015 0.2
M, (GeV) M(J/y =) (GeV) AE (GeV)

Mgc /GeV M(J/y T+ n- )/GeV AE/GeV

3-dim fit — kinematical over-constraint provides access
to observables smaller than detector resolution

upper limit on width I'y357,) < 1.2 MgV (90% C.L.)

Belle II: width measurement in X(3872) — J/yy
expected yield N ~ 1750

monoenergetic photon provides additional constraint
I' < 1 MeV might be feasible
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State Production JPC 1 Width Decay Experiment Interpretation
(MeV)
X(3872) B decays, pp |17 |<2.3  |J/p, J/vw, J [y, p'D” Belle, BaBar, CDF |D°D"" molecule?
DO, LHCb, CMS
X (3940) ete” —cece 0" |~37 |DD* (not DD, J/vw) Belle shifted n?
Y(3940) |B decays 7' |~30  |J/vw (not DDY) Belle, BaBar 7
Y(3990)  |Y(4260) decays|1" |>10 |J/yn* BESIII, Belle 4-quark ? DT D" molecule ?
Y (4140) B decays 7 =11 T e CDF CTST
X(4160) |ete” —ceE 0™t |~140 |D*D* (not DD, DD*) Belle n?
Y (4008) ISR 1 ~220 |J/vrtw Belle (not BaBar) |c¢gg hybrid?
Y (4260) ISR 1 ~80 |J/ T, J/ur’x", J/uK T K |BaBar, CLEO, Belle| cég hybrid?
X(4350) |y 2 =13 | T e Belle CTSE
>\ Y (4350) ISR 1 =75 |W'wtw BaBar, Belle ceg hybrid?
— Y (4660) ISR 1 ~50 |Y'ntw Belle ceg hybrid?
(go X (4630) ISR 17 |=90 |AAL Belle A.A. molecule?
E 7% (4430) |B decays 7 |~100 | T Belle (not BaBar) |4-quark?
Z*(4050) | B decays 277 1=80  |yaTt Belle 4-quark?
E Z+(4250) |B decays 77 |~180 |yart Belle 4-quark?
. | ZyH(10610) | T (58) decays |1t |8—25 |T(18)x*t Belle d-cuark? BT B* molecule?
m T(28)7*t
T(3S)nt
hy (1P)
hy (2P)7® N
ZyF(10650) | T(58) decays |11 [8—25 |T(1S) " Belle 4-quark? B"*B* molecule?
T(28)r®
T(38)x*
hy (1P)m ™
hy (2P)m ™
Y (10889) |e'e 17|30 T(1S)xtr Belle bbg hybrid?
T(28)wtw
T(3S)rtw
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bonbluoe cnacmbo

for my 3rd summer trip to Dubna
and beautiful evening walks at the Wolga beach ...

XYZ States (Experiment) HQP-13 | Dubna, July 2013 147



Backup
Slides




Mass of a Charmonium State
(Potential Model)

l n dependant term

M (n*>*H;) = Ey + 2mg + o /d37 () V2 + 16_2 W (r)
! ! ! qu _ rOr2
47?@5 Prag (1 3
240 S28(S+1) =2 ) [w(0)?
3m2 PO)F + Om2 (2 (pr_sp)in 4) W(0)]
N ch83(3 + 1) = I(I +21) — S(S+1) < 13> L 5122 < 13>
mg r S-m.q r
spin-orbit S
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Luminosity prospect

70

= Milestone of SuperKEKB |/~

50

a0 9m<>nth/yearWeWIIIreachSOab1 _____________________

20 days/month jn 2020~2021. :
30— N A § """""""""""

(ab?)

S e e a o o

Integrated Luminosity

o

x1033

0

8 i :
A L ]
4 = s

2

(cm—2s1)

SR I L U R R
2310 2012 2014 2016 2018 2020 2022

Peak Luminosity

Shutdown 150
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Double charmonium production
Recoll mass
(direct production in continuum)

Belle, 693/fb, arXiv:0708.3812

N/20 MeV/c?

recoil = DD

C = 4 preferred

High branching fraction
= . = == S I A A L1 it | I [
for this process unexplained 92 14 16 18 2 22 24 26 28

(probably non-pertubative QCD) M,.u(d/w D) GeV/c?
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Any of the DD seems to indicate

S-wave enhancement Too high
<. for molecular
= Hypothesis.
P
. Constituents | J7C | Mass [MeV]
3 DD* [0t [ ~3870
< DD* 1+t ~~ 3870
= =

D*D* 0t+ ~ 4015
~ D* D* 0=+ ~ 4015
s D*D* 17— | ~ 4015
S D*D* 27T |~ 4015

Predictions of molecular states

"o one-pion exchange model
3 Térnquist
2 Phys. Lett. B590(2004)209
Z Phys. Rev. Lett. 67(1991)556

_
m(D"! B") GeVic?
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Missing mass”2 =
(Sum E_initial - Sum E_Ffinal)*2 - (Sum p_initial - Sum p_final)*2

recoil mass =
(Sum E_initial - Sum E_Ffinal)*2 - (Sum p_final)~2
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