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Resonance production and quantum numbers

Resonance formation from two photon collisions

Q=0,C=+,
for real-photon collisions
Hadrons ye_ o+ 0, 2+, 2-, 3+, 4%, 4-, 5 ... (even)?, (odd #1)*

Resonance

ef Yk

\ Pseudoscalar-meson pair production: JP=(even)* only

Strict constraints for quantum numbers —Determination of J° by PWA
["yy: The cross section is proportional to the two-photon partial decay width of

the resonance, useful information to explore meson’s internal structure

Decay properties of the resonance

Searches/Discoveries of new resonances
Isospin mixing, Form factors, Test of QCD
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KEKB Accelerator and Belle Detector

* Asymmetric e e* collider
8 GeV e~ (HER) x 3.5 GeV e* (LER)
Vs= around 10.58 GeV < Y(4S)

Beam crossing angle: 22mrad

» World-highest Luminosity

Lo =2.1x1034 cm2s

J Ldt~ 1040 fb-! (Completed in Jun.2010)

‘;-" HER : High Energy Ring
:‘ LER : Low Energy Ring
g
. Aerogel Cherenkov cnt.
SC solenoid R N\ B e1.015~1.030 Sl Tuen Tamet
IST . \, . N " = 1 Source
CsI(T1) ) =5 GeV "
¥, ' =2
TOF counter: .

High momentum/energy resolutions
CDC+Solenoid, Csl

o
4
%

| Vertex measurement — Si strips

tral Drift Chamber  Particle identification

D small cell +He/C,Hg
D

L

TOF, Aerogel, CDC-dE/dx,
, ' RPC for K,/muon
Si vix. det. u/ K, detection L/
3(4) lyr. DSSD 14/15 lyr. RPC+Fe
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“vv — Pseudoscalar-meson pair” from Belle

10 papers for 6 processes

- BELLE ---.-

PLB 615, 39 (2005) 87.7 24 -4.1

PRD 75, 051101(R) (2007) 85.9 08-15

J. Phys. Soc. Jpn. 76, 074102 (2007) 85.9 0.8—15 \/
K+K~  EPJC 32,323 (2003) 67 1.4-2.4 v

PLB 615, 39 (2005) 87.7 24-4.1 v v
7t07t0 PRD 78, 052004 (2008) 95 0.6 — 4.0 +

PRD 79, 052009 (2009) 223 0.6 — 4.0 v v v
KO KO, PLB651,15(2007) 3971 2.4-4.0 v v

S*™™ S PTEP 2013, 123C01 (2013) 972 1.05 — 4.0 N, N, N,

N PRD 80, 032001 (2009) 223 0.84—4.0 v v
nn PRD 82, 114031 (2010) 393 1.1-3.8 v v \

Differential cross section do/d|cos 0*| for these processes are measured.
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The six processes; in total ~20 peaks

Charged vs Neutral nm

|cos 6*|<0.6

Three neutral-pair processes
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W>~2.5 GeV: (Netgative) Power law works + (. charmonia)
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Formalism of PWA for P-meson pair final-state processes

We consider up to J=4 (for W < 3 GeV).

do SY+1nf+GY\+an+GY

S, Dy, Gy, D, , G, Partial-wave amplitudes for each wave J,
J=L=0,2,4 (even only) with the helicity A =0 or 2 (to the yy axis)
— Y/ : spherical harmonics

— | Y| are NOT mutually independent, as we have no information for the
azimuthal-angle direction.

We cannot determine the partial waves model independently;
We need parameterization based on a model including the W dependence of
resonances and continuum components.

Ancillary model-independent way: Hat amplitudes;

dG &
a’Q

2
ij‘ mutually independent

Yﬂ+D\Y\+G\Yﬂ+D\Yﬂ+G\Yﬂ
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Confirmations of f,(980) and a,(980) formations

160
140 b |cos 0%] <0.8 '} + Belle
J $ Crystal Ball
120
f5(980) and a,(980) : g f (980)—>7t07t0{. } £,(1270)
Observed as a peak very clearly in two-photon £ _ ¥
production, for the first time. £ s
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Two-photon decay width of f,(980) and a,(980)

= oo | : . o 0
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\ - wew Predictions for £,(980)

u.u& . ) &
| Meson | _f(o80) | _/fi(s60) M ol

M[MeV/c?] 985.6+:_'§f11_'; 9822 +1 .Oi';f) 98D 306431

uubar,ddbar 1300 - 1800
-0.7-4.7 ssbar 300 - 500

(T'tot)

[ooelMeV] 513799732 66.977.5:  75.6%1.671% (KKbar molecule 200 — 600
954147 2 +3+502 Four-quark 270
l"w[eV] 205:33_117 286+ 172;1 IR thoU 4
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The tensor-meson triplet, £,(1270), a,(1320), f,(1525)

£,(1270) : The largest peak in n*n~ and n’x°. Also seen in nn
0,(1320): Large peak in nm®
f,(1525): Large peak in nn, K*K-, and K°K°

* 7 Belle Icosd" 1< 0.6 5
300 _ ;Ségtr.ke;lrrors ;; 45 - ‘I‘Z (%525)
: A LL: R "
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W (Gev/c?) " T]TCO 2( )Bde(hmwcom 1 1.5 2 W(Gevz)s 3 35
J} « Crystal Ball (os 60°<0.9)
==== Systomatic error
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f,(1270)-a,(1320) interference in KK

£(1270)/ a,(1320) £-4555

. "il"'%'I""I""I""I""
KK~ £ i }_ﬁl e
Peak(~1300) > % wof % :
Peak (f,’(1525)) = ;{; {._ !
T 10 | o o=
i - St
b,,_5'..1....1..,,1....1....1,,i,!!
s 21270) a,(1320) ' '
alyy-K*-) [nb][ (a) ARGUS, Z.Phys C48, 183 (1990) |
ot , u ;
40.0 | |'+f2(1525) ARGUS :
30.0 f +T J[ ]
20.0 | f
J ,
10.0 | — TJf K*K ;
[ _l__'_—l—
0.0 N T I
1.0 1.5 2.0
M{K*K=) [GeV /e?]

Constructive interference

fil

1270)+a,(1320) in K*K-

Destructive interference
£,(1270)-a,(1320) in K°KO

Explained by a phase relation in isospin composition

3 £, (1525) | cos?' 1 < 0.8
=as |
Xt ! 0 10
¥ : ! K SK S
T=F "I Peak(~1300) <
Eot ! Peak(f,’(1525))
© 25 .. [|
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Scalarsinthe 1.2 — 1.6 GeV region

* Hadron experiments report a wide f,(1370) and a narrow f,(1500).
* Some of previous two-photon measurements provide a hint of f,(1100-1400)—nm

under the huge peak of f,(1270)

* Belle’s 1t measurement reports f,(1470).

May be visible in the line shape.
— favorable to the narrow f,(1500),
but also consistent with f,(1370).

Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV

IG(JPC) _ 0+[0+ +)

fp(1370) DECAY MODES

——
T

Fraction (I';/T) p (MeV/c)

672

seen

fy(1500) [

!G(JPC) = 0+(0+ +)

Mass m = 1505 = 6 MeV (S = 1.3)
Full width I = 109 = 7 MeV

P
Fraction (;/) Scale factor (MeV/ec)
(34.9£2.3) % 1.2

f,(1500) DECAY MODES

s

741

160

“HD,

a0 |- " ¥ lcos®' 1< 0.8
— total
e ’}'[O’}'[O
’é 100
& 80 [
T
= 60
<
& 40
20 i
e s
[ ' I 1 [P B A 1.
0.8 09 1 1 1.2 1.3 1.4 1.5 1.6
Parameter Belle (7#") Crystal Ball Unit
Mass 14705+ 72, 1250 MeV/c?
(- 901743 268 = 70 MeV
I, B(a'7") 1 1+3+6%03 430 = 80 eV
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1.6 — 1.8 GeV: Mass region of the greatest difficulty

70 ®) 5 . |cos 0*|<0.6
I A A
60} T]TCO * Belle (kos 0°}<0.8) e nn ¢ T J D.2 3"
2 R L (IR SR
€ sot ——— 535 RS iy S 1
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) “r S 25 t # § " l‘+ i é 1 % .
=3 . x 3 fé # ! + © ~\:--.- Tt
= %} 2 2 s K P 2070 %o, "s,
b * §’ 1.5 - ¥ ] ((?e) ” 01 .l.. "*'+
g 20 ¢ o . L *ﬁ é f; & *”
© iy ] ”*Qf
10} +++{ D 08 |t A [ 0.01
AL N S °'0A..—+—"." R 3 TN Tleee.
06 08 1 e 22 ! 13 2 W(Gev";'s 3 35 R P v ———
= A bk i ' W (GeV)
2
0 H D2
=f " » Extensive studies are performed in the radiative decays of J/y (—
+
=L f Y99 — VR).
“F ) el * 0a,(1700) 2 p’n® >t n® is confirmed by previous two-photon
o [t
t measurements.
[-7 ] 1 1:! 1..0 I:I |ll 2

W (Gav)

obtained.

£,(1810)=> mn is confirmed in two-photon process.
An unidentified structure around ~1.6 GeV is seen in ' . But, its

a,(1700) = nn¥ seen in our data, but no definite parameters

correspondence to a single resonance of the mass is not sure.

“HD,
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f,(1710) formation in K°KO

L]

’é i lcos?' 1< 0.8
X“A.a - 5 . S I
< | F 0 KO 3 m— LT A
< 4 ' | K SK S - 1 : ’gl bgd J
(Rl ! & = t
&} || :
S 28 b | /
E ! ¢
2f I‘ | l|| | -1
who I ] W' ‘" 2T 12 A 18 18 17 18 18 2
1 ' |I . : I"., w (GQV)
0s l\lf S S Assuming a single resonance,
0 it z,;f"zi'*‘;.%;—)s J=0o0r2? J=0is much preferred.
w Vv
Parameter fo(1710) fit f2(1710) fit
f,(1710) fit-H fit-L.  H,L combined PDG fit-H fit-L
\’z/ndf 6942585 701 6:)85 Two sotutions of interference 7963585 831 5:)8:)
Mass(fs) (MeV/c®) (175013758 174970150 17507513% 1720+ 6| 175075 172972
1 12 1
[ior(fr) (MeV) 138413400 145103, 139F10F00  1354+6 | 13277 150+ 10
Ly B(KK)yp, (eV) | 12054227 217558 1273+2%7  unknown| 2.1753 1.6£0.2
fo(1710) = KO K% is confirmed in two-photon process. 13
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The 1.8 — 2.2 GeV region

e £,(1950) 2 '’ shows a broad structure

Similar structure exists in KK

(but, they can be different states)

No peak in @Y, nm and K% KO in this mass region

oos B4<0.8 I=0 (f) and /=1 (a) interference in KK
T /

— 100
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& J \ 0 / |cos 0°|<0.6

g 10} \ i e

5 = 8; KK
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é 1 - T = ’ .

6 N, T © -

.. -l- o .'
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0.1 .o. *$'+* + § 0.1 F .. ***#*
- L ]
”**+ © K2KIx2 * "
0.01 ¢ sA\s 0*
0.01 F
l Single resonance ' f
0.001
0.5 1 15 2 25 3 35 4 45 (f On Iy) T
W (Gev) ' "1 f-ainterference

Parameter f4(2050) “f,(1950)” Unit (f and a)
Mass 18853; 4:22158 2038f{?+12 Mev/cz 0.0001
rlm 453 + 207+13219 44lf§g Iz‘? MeV 0.5 1 1.5 2 25 3 35 4 45
T,,B(x"n) 17T P 54+l ev W (GeV)
X2 (ndf) 323.2 (311) ' ZE ) S.Uehara, KEK, Jan. 2017
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J=2 and J=4 components in 7'’

20
Angular ( |cos 6*|) dependence of the differential cross section . J( —— poromelrization
~ _ sp I{1950)f
5 Pl 171 Gev ®F 2.06 Gev A1930)
£ 225 7
% 20
175 ©
T s 3 h
E 12.5 4
s 10 3 Curves: b PN el
2 AR W EPEPEE 5|2 T Ft—
g 7:5 2 \-\ - = = 47|D,Y,°|2 - +++ T4
N N g a5 U N N dn DY 2|2
_g 25 p 1 . 4T[|G2Y42|2 1.7 1.9 2.1 2.3 2.5
0 _m = | 0 L= | |;|\,‘|- — T Otal 4»
0 0.5 1 0 0.5 1 0 0.5 1 — porometrizolion
| cos®’ | | cos® | lcosd’| 3;; i ++.|. ----- 1,(2050)
& W
+ - -
< 0 ———==3=F
o b b P s b b by g b
Parameter £4(2050) “f(1950)” Unit .7 19 w?c‘;;v) 2.3 2.8
Mass 1885113 +22158 2038t13+12  MeV/c? . . .
- —11_ -
r. 453 + 20 430 a2 or MoV The mass magnltu.de reIatl.on to the spin
I, B(x070) 7.7+12 +235 54423 1378 oy  between f, and f, is opposite between
7Y L1 —52 —14 —68
our measurement and PDG.
2(nd . .
X' (ndf) 3232 311) (That is possible between the J=2(2P)

and J=4(1F) states.)
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The 2.2 — 2.6 GeV region

e The very narrow f,(2220) (was £(2220)) and f,(2220) GUPC) = oF(2t+ or 4+ )
a wide f,(2300) are suggested. O AL e 200 st of i
. Review, PDG 04.
Do the both exist? Really narrow? pre———
e Our ¥ result does not need f(~2300); the LA 55 OUR AVERaGE - NI T come
high mass f,(1950) can explain the observed £4(2220) WIDTH
. AL R0 L1 — v~ ] DOCUMENT 1D TECN  COMMENT
line shape. 23+ & OUR AVERAGE
e Surely something narrow(?) peaks are found f1(2220) DECAY MODES
. /- 0 0 Mode Fraction (I;/T)
In K K ) K SK S and nn. l[: 'rr‘irﬁ_l_ﬁ_ :::
An ss state or a glueball flavor insensible? SR =
FE gg'(958) ::nseen
F7 ‘355'5 not seen
w0l o5 7106 g nm not seen
_ ¥ K*K s
= o a5t £(2300 16(JFCYy =o0T(2T ™)
| /\-. ", = 28 | Mass m = 2297 - 28 MeV
[ ", H"*H <, by [ Full width [ = 140 =+ 40 MeV__|
* KgKgxz A %25 - #} H ; _
001 Q* -2 2t 4 ’i 4§ #>(2300) DECAY MODES Fraction (I;/T) p (MeV/c)
é 15 + v {* foXer seen 529
H © 1+ }p ¢ iiwﬁ K? seen 1037
0.001 } ‘ ‘ os | i.. ... 5% seen 1149
00001 1 " ? ey, ’ * S.Uehara, KEK, Jan. 2017 16
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Fit Results for resonances in KO.KO

fz(ZZOO)-fO(ZSOO) is the best solution (in all the J=0, 2, 4 combinations)

Parameter

2(2200)

F0(2500)

Mass (MeV/c?)
F tot ( MeV )

I B(KK) (eV) 32105153

22437 ¢+,

Significances
— 3.40 for £,(2200) over f,(2200)
— 4.30 for f,(2500) over £,(2500)

e There can be an only wide state around 2240 MeV.

Q.7

0.6

2539 + 14738 T}
145 &+ 12427 2744774126 '
40T2+1T

S —T—40

g

0.1
s

o Lo

2

Um(')"? —> Kns Kos)(
o

— total

Fit

i

PSS A as
2 21 22 23 24 25 26 27 2B 29 3
W (GeV)

Narrow appearances in previous measurements may be due to an

interference effect and/or statistical fluctuation.

far found.

“HD,

A high-mass state at 2.5 GeV may be the heaviest light-quark scalar meson so

S.Uehara, KEK, Jan. 2017
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“vv — Vector-meson pair” from Belle

Observation of New Resonant Structures in yy »>o¢, ¢¢, and o

Events / 0.03 GeV/c? Events / 0.04 GeV/?

Events / 0.02 GeV/c?

180 ¢
160
140
120
100 -
80|
60 |-
a0
20F

|
i

RN L S —

N

\” I
T HHWM

oo

(a)

4t
+*.H 8 Libanitase

1.5

300

2

25 3
M(o 0) (GeV/c?)

3.5

4

250 -
200 -
150 -
100§—

50

1.5

- 00

}

25 3
M(09) (GeV/c?)

D
A '}'l+++}+} *++++H+l

3.5

t

1
of ", 'y e
2

4

900 £
800 £
700
600 -
500 £
400 £
300 £
200 &
100 &

M(ww) (GeV/c?)

(©)

o(yy—00) (nb) oYy — ¢ (nb)
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0.45E
0.4
0.35 F
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02F
0.15 £
01E
0.05 E
E

data

1.5

05

25

0.45F
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

ol

102

.,
i,

| "wm'l'mf L

3 L L I
0452 25 3 as 4

4 f
(R
NI AT T T

O*and 2-

r* (b)

t
4

-
(6]

3 3.5 <

a0 = W bk 00O N ©

4

M(00) (GeV/c?)

Belle, PRL 108, 232001 (2012)

There is a resonance-like
structures at 2.0 — 2.5 GeV in each of
the final states.

Preferred J° combinations are
determined by the angular analysis
of production and decay of ® and ¢.

Cross-section size for w¢ cannot be
well explained.

Slope parameters for high W:
n=7.2 0.6 (09)
8.4+ 1.1 (¢d)
9.1+0.6 (0w)
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Entries/13 MeV/c?

Yy — Nt

Production of light-quark mesons decaying to the three pseudoscalar meson final
state. (The n_ production is also presented.)

by BES.

Is it gluon-rich, or gg-rich?

1n(1760) + X(1835) + Non-Res + Backgrounds

_Constructive Int. Sol.

120

100}
aof
of
4of

20}

20 .

40 _ ]

1.4 1.|6 1.|8 é 2.‘2 2.‘4 2.‘6
M(nm'n) [GeVic?|

Entries/13 MeV/c’

Destructive Int. Sol._

120

100 |
80 i
60 —
a0}
20|

i 5
20

40 F

1.4 1:6 1:8 2I 2.‘2 2:4 2.6
M(n'n'n7) [GeV/ic?]

Belle, PRD 86, 052002 (2012)
X(1835) is an exotic resonance candidate found in the radiative decay of J/y

A hint of X(1835) — 2.80,

but it is not verv significant.

Parameter

Two interfering resonances
Solution 1 Solution 11

Reference

=1 S. o

.1 S. o

X(1835)
1 M. MeV/é? 1836.5 (fixed) 1836.5 + 3.0°39
1 I Mev/c? 190 (fixed) 190 = 9*38
1 I,,B.ev/ 18217+ 40 35112+ 8
it (l‘.’.yB)l]] CV, <35.6 <83

] 2.8
1 7n(1760)
1 M, MeV/c? 1703712 = 1.8 1756 =9
1 I'. Mev/c? 42436 + 15 96 * 70

I,,B.eV/c?|[3.039 =038 18113 =5

4.1
& (2871%)° (1391 1%)°

“HD,

S.Uehara, KEK, Jan. 2017
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Exotic in sS sector ? ; (ISR) efe—Y(2175) —> ¢mtn

0'(¢)1t+rr') (nb)

o(0 ) (nb)

CTTUR(I680)
M HY(2175)

04

0.6 -

04

'
02 it N

J
WMW |

R *.MML.*mt*w..jw..m‘
2

4

Mg

1.8 2 2.2 24 2.6 2.8 3

M(¢f,(980))

olpn'*n’) (nb)

BaBar: A clear structure above ¢(1680),
Identified as Y(2175) (¢(2170) on PDQG).
m, = 2.175 = 0.010 + 0.015 GeV/c2

T, =0.058 = 0.016 + 0.020 GeV//c?

BESII Mass = 2.186 £ 0.010 £ 0.006 GeV/c?
confirms | width = 0.065 + 0.023 + 0.017 GeV/c?

M(Y(2175)) = 2079+ 13 *79 ,,  MeV/c2
=& (Y(2175))= 192 +23 +25 . MeV/c?

m T T 17 T T T T T T T |

5 | (b)

s 1F . ]

@D r H

@ - :

« 05 -
D -'“I::‘- o |.| ';*'n--r i--n "l"r. Rt i e Taa

2 2.2 24 2.6 2.8

Ecu (GeV)
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P(1700) in T~ »>n v Decay

PRD 78, 072006 (2008)

From 64M t7 T~ pairs, Belle

selects 5.5M 1—» m nt’v_ events! Fit parameter Norm fixed
Norm !Fn (())!2 [1.0 ]

0 b M _ (MeV) 774.6+0.2+0.5
' (MeV) 148.1+0.4+1.7

.. 1 M, (MeV) 1446+7-+28

o r, (MeV) 434+16-+60

B 0.15 + 0.05 +0°
3 b, (degree 202 + 4 +3"

| |
1.5 2 25

Il
0 0.5 1 3
(M_0)? (GeVic?)

1728+17+89

+ +3=
#“Error bars include both statistical 164 + 21 —26
and systematic Y 0.028 + 0.020 +;050
.,.Interference.be’fween p'and p ¢y (degree) 24+ 9 i;;s
Fit with BW ZIdo.f
x“/d.0. 80/52

m S>.Uehara, KEK, Jan. 2017/ 21




vy — n°n: f, (980) and f, (1270) TFF’s

TFF: Transition Form Factor PRD 93, 032003 (2016)

Physics motivations:

- Q% dependence of TFF for scalar and tensor mesons
(This is the first measurement)

- Test of QCD of qq meson model

- Light-by-Light — hadronic contribution for g-2 | "

f,(1270)
1 V¥
200 £,(980) Jrﬂr + Electron-tag 4
175 T°

150
125
100

| * Positron-tag N
bl 4 i Z e L7 JW
M, Tt - > %
+ + ‘& * e /,
tii&ii*t'!t‘* v +i" _+++++ + ttl_ / ’Y* K V/

~
o

I I | | I | | |
H
‘\.
*

o
o

O g T T YT T T T

Number of events/0.05GeV

25 - R
0 RSP T P AP R S wlied ¢$ﬁlr"‘?"ﬂ L 6'
0.25 0.5 0.75 1 1.25 1.6 1.75 2 2.25 2.5 Tc

W(GeV)
The f,/f, ratio is larger than in the no-tag case.
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Formalism of PWA

(02 TFF is defined for each resonance R
N[ r(Q%) . .
|F(Q%) | = 122 produced with each helicity A
\J Gr(0)( +M2) To obtain the resonance amplitudes:
Perform PWA, parameterizing W
. 0._0 2 dependence of the resonance and

do(v*~y — n-w?) . . .

; — Z tn cOs(ne™), continuum components of each helicity

df amplitud
n—0 plitude, e.g.,

to = [My|? + My > + 2e0| Mo |%, M,,=S+D,,
th = 2R ((ﬂ[*_ - ﬂ[_";jL)ﬂngr) : S =By(W) +Ay(W)
ty = —2eR(ME_M, ). Do = 4T [Byo(W) + Ap(WINT,] ¥,0

etc.

Determine each component as well

++ etc. - Helicity state of the incident photons as the relative phase by a fit

S, D, etc. -- Partial-wave amplitude in %7 scattering
B, A; -- Background and f-resonance components.
€» € - Aspin-dependent flux factor ratio for the virtual-photons

m S.Uehara, KEK, Jan. 2017 23




Cross-section results and fit

Consistency check between 109Gev | [1:15GeV 11.25GeV
. : ' *
electron-tag(e) and p05|tron-tag(o) i |C°S? | depegdence
oo Q2 =3.5GeV2 sr‘702=4.5GeV2 Q2=55GeV2 ;E for Q = 9 GeV and
. S ] different W bins
% } 2.3; *w++ % jE lines: solid= total,
o }* . AU b T dotted= |S|*. dashed= |Do|?,
g = Semstasd oL . seete) £ and dash-dotted= | D)2
g 2‘:”02=|I"Ge|\";2 ’ 50502 |9Ge‘\;2 ’ . 02 11GeV2 g . .. " - C,) ) I Ql
& uf : Significant contributions
c;g by : if from hel.=0 and 1 in contrast
3 % §t 172 $ . to the no-tag (Q2=0) case
8 b Bronad o ELT ‘fsw o
© :Qz 13.5Gev2 , Q2=175Gev2 " 2= 25 Gev2
"o ‘ﬁ@}jﬁ ) o JH h} N FH *## * Final result of
025 & 0.1 5 .
T v*y cross sections
W (GeV)

and PWA fits

The curves are PWA fit constructed by
parameterized resonant (f,(980) and
f,(1270)) and continuum amplitudes.

. T
ol camaee B R Y i ol i
m ' D wee ] y weew® 2017 24
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Q? dependence of resonant amplitudes

f,(1270), helicity = 2 (12

T T T T

10! _j'/

70), helicity =0

—
LLL

._.
Q

helicity-2 TFF of f (1270)
helicity-0 TFF of  (1270)

I3 : i TR 6 5
ofs 10° E T T
fa) it ._i_. —_— |
8 N — 102 = —
=K = = 3
b ~ 10-3 Lo b o b v o by byl sy Clov v b b v b v v by v by w 3 7]
A 0 5 10 15 20 25 30 0 5 10 15 20 25 30
o) GeV

f,(1270), helicity = 1 f,(980)

(g ;51 = | é T T T T T T
T o F1pe E
100 -
e, g + 4+ E
102 - Hh—i—1+ - C 7 _{_ ]
S [ S R S ) L L L ! I B =
- 2 22 (e L T T/ s TR R T —
Q' (GeV?) > @ (Gevd)

Theoretical predictions:

Schuler, Berends, van Gulik, a heavy quark approx. NPB 523, 423 (1998)
""""" Pascalutes, Pauk, Vanderhaeghen, saturated sum rule, PRD 85, 116001 (2012), n’s
ibid., axial-vector mesons

CO0q00) S.Uehara, KEK, Jan. 2017




Summary

e yy— pseudoscalar-meson pair have been measured in six different final
states. Measure I'yy(xBF) for various JP*=(even)** mesons

e The yy-invariant-mass region, 0.6 — 2.6 GeV, is studied for light-meson
spectroscopy.

e We have confirmed:
- vy coupling of the scalar mesons £,(980), a,(980), f,(1710)
- f—ainterference in the KK final states
- Many clear resonant structures found in 1.6 — 2.6 GeV regions.

e Resonant signals in the 1.6 —2.6GeV region are also found in the VV and n'nn

final states.
e Other topics: Y(2175), p(1700), TFFs for £f,(980) and f,(1270).

m S.Uehara, KEK, Jan. 2017
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Backup
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e W-dependences at high energies
Assume or expect G(W) ~W™
s (a)g’“?" 1;& (b);Jr:’;- N o it (a)
-~ -+ Belle —~ T -+ Belle N . o
= 1}34%; ~ALEPH| o | ﬁﬁ ~ALEPH|| R 7H'COTCO
= " | e SN EE
7 » =) TN B 3
5 o'l (_°_, 10" ; nnO }xrﬁ 7
: : F 0,01 T T ]
2 T2 sl J
° T ° I KK
T T s T e Y 28 a2 25 4
W[GeV] W[GeV] W (GeV)
, 0.1 - ;
Fitted and reproduced = Gllosvi0s | P @
. = —
Slope parameter n different = € ile 5
. x ) 0@
among the reactions 20 g 2o, UT
> 01 "o
. . ELS 1M TR ey
Charmonium contributions oo | oo . 1 J
. . 24 28 3z a6 4.0
not included/removed 24 29 34 v
Qo | 28
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Cross sections and their ratios

Process n W(GeV) | cos 6| BL BC DKV
KaK3 11.0£04+04 24-40" <08 10

nta 79+04+15 3.0 - 4.1 <0.6 6 6

KTK- 73+03+1.5 3.0 - 4.1 <0.6 6 6

0 8.0+0.5+0.4 31-417 <08 10

nr° 105+1.2+0.5 3.1-4.1 <08 10

nm 7.8+0.6+0.4 24-33 <08 10

Process oo ratio W(GeV) | cos 6| BL BC DKV
KTK /atn~— 089+004+015 3.0-4.1 <06 2.3 1.06
KsKs/KTK~ ~010to~0.03 24-4.0 <06 0.005 2/25
7%/ atn 0.32+0.03+0.06 3.1-4.1 <06 0.04-0.07 0.5
nr° /n%n° 048 +0.05+0.04 3.1-4.0 <0.8  0.24R(0.46Ry)*

)/ n°n° 0.37+0.02+0.03 24-33 <08 0.36R?(0.62R?)*

T Exclude yoy region, 3.3 - 3.6 GeV.

+ Assuming 7 is a member of SU(3) octet (superposition of octet and singlet with mixing angle of #, = —18°).

R; is a ratio of decay constants, f,f/ffo.

@ nranges 7 to 11. Close or not far from QCD prediction of 6 and 10.

Summarized by H.Nakazawa

@ Cross section ratios tend to be constant above 3 GeV. Hadron2013

“HD,
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O
Angular dependence

0.0
YY 2 TN
o 4
;: WHK&\}! EE w::_asag\-{lj: gg (b)

gu S| o= 4.:‘ 2% ] do/d|cosO* |ocsin0* is predicted by
§ : I‘[‘. 15 { — .

3wl o P [l; qg-meson model and perturbative QCD
;'T "00 02 04 08 08 1 n:ﬂn 02 04 06 08 1 10 -

,i:z: W0 | " W=a75Gev 5 {{*' _ ' .

3 3 I - ¢ mmy @ Fitto sin~*6* +b coss*

R L W s a5 4 a5 @ bbecomes constant above 3.2 GeV.

0 M\;‘E&'al w10 M|¢:t;39n'ﬁ| 08 1 W(GeV)

mode a in sin™® 6* GeV | cos 6*|

KsKs 3-8 2.6 - 3.3 < 0.8

nta Good agreement with 4 3.0 - 4.1 < 0.6

KTK~ Good agreement with 4 3.0 - 4.1 < 0.6

i in—4 *
2020 Better agreement Y\ﬂth sin™" 8"+ bcos ¥ SWIURE - 08
Approaches sin™" 6* above 3.1 GeV
nr° Good agreement with 4 above 2.7 GeV 3.1-4.1 <0.8

Summarized by H.Nakazawa

Poor agreement with 4
9 24-33 <09 Hadron2013

" Close to 6 above 3 GeV

Exclude T yoy region, 3.3 - 3.6 GeV KEK, Jan. 2017 30



History of integrated luminosity at Belle

. Luminosity at B factories
(fb™)
1600 ——
—KEKB >1ab™’
1400 |—pEp.| | On resonance:
—World / Y(5S): 121 fb!
12007 ——g ] Y (4S): 711 fb "
/ v | Y(3S):3fb!
1000 Y(2S): 24 fb™*
/ /_/-/J Y(1S):6 fb !
800+ / 1 Off reson./scan:
/ r/"-/ ~100fb !
600 Vol
=] ~550fb"’
400+ ! /——/_ g On resonance:
/./ e Y (4S): 433 fb!
200 |- Y(3S): 30 fb!
/ Y(25): 14 fb?
0 Off resonance: D
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010 ~54 fb! @
1999 The Belle experiment started BELLE
2001 CP violation in B mesons was verified and the KEKB accelerator achieved the world’s highest luminosity
2002 Anomalous CP violation in b = s was measured
2003 The B — KIl decay was discovered
2004 The New particle X (3872) was discovered
2005 Direct violation of CP in B = Kz was found. The B — py decay was discovered
2006 B — tv was observed
2007 D meson mixing was discovered. A new particle composed of 4 quarks Z (4430) + was discovered
2008 Dr. Makoto Kobayashi and Dr. Toshihide Maskawa were awarded the Nobel Prize in Physics

2010 The Belle experiment was completed



Introduction : Hadron production processes

® at B-factory Experiments
Hadronic decays of B meson [ B-meson <%Hadr0ns

e*e annihilation processes A ISR
ISR processes — Wé
et Resonance

two-photon collisions

m S.Uehara, KEK, Jan. 2017 32




Nature of /=0 and /=1 interference in KK

e Consider both isospin /=0 and /=1, e.g., f,and g,

e Their Constructive and Destructive interference based on OZI (Okubo-Zweig-
D. Faiman, H.J. Lipkin and H.R. Rubinstein, PL 59B,269 (1975)

lizuka) rule and isospin /, inversion.

&1

d

Size of the cross sections for K*K- and K°K®
A single resonance production of f or a decaying with

the strong interaction
_)
If they are very different >

1
ﬁ(fJ +aJ)

(fJ _aJ)

The cross sections are similar size.

10

o (|cos 0*|<0.6) (nb)

0.01

0.001 F

Interference between /=0 and /=1 resonances, or
effective (electromagnetic) continuum production

0.0001

The difference above >~2.4GeV is explained by

electric-charge difference of the quarks.

d.

01

l Single resonance

(f only)
f f-a interference

(fanda)

|cos 6*|<0.6

05 1 1.5 2 25 3

W (GeV)

Uehara, KEK, Jan. 2017/

35 B 45

33



The /=1 sector

* We find a,(1320)-> n=n® just under a,(1320).
* The mass is not compatible with a,(1450)?

O 50 [
nm | o
50 — o porameterization
w0 T ed980)soue aof  —— lo(1320)"
B 1 O\ polynomialbgd [ | ... polynomial bgd
g 30 - interference
<% 20 e
10 B me
F ] Miahul Rt ubriril ] - ] ] -
B F —— paromelerization
_ ....... |00‘|
o 4f +
St -+
e T o i 2 A
A
-45—....|....|,...|....|....|.. | | | L |
0.9 1 1.1 1.2 1.3 1.4 0.9 1 1.1 1.2 1.3 1.4
W (GeV) W (GeV)
Parameter This work ao(1450) (PDG) Unit See Discussion in PDG-RPP2014,
+0.7+24.7 + 2 NOTE ON SCALAR MESONS
Mass 1316.8285:2 1474 = 19 MeV/c BELOW 2GeV (pp 784 - 75%)
Lot 65.0121+%.1 265 * 13 MeV
+1073
IyyB(nn) 4326 unknown eV S Uehara, KEK, Jan. 2017 34




Number of events/0.1 cm

Ks Ks vertex distances

2D vertex distance

el

(a) Exp. 972
W <25 GeV

Signal MC
W<25GeV

dv, (cm)

-2 0 2 4

180
160
140
120
100
80
60
40

3D vertex distance

|VV:1|’ 1-1 I2 GelV

(b) Signal MC

1 2 3 4 5
dy (cm)

0 2 4

dv, (cm)

Sharp peaks near Ocm seen only in Exp.are from
Direct 4n (n*nn'n) production backgrounds.

QUi _____

g 2250 F
: 5] i 600 F
] (b) Exp. 972 - ?322 (a) Exp. 972 F——>
2 W>25GeV| S 500 500 ¢
3 = > 400 F
3 Q 1299 W=1.1-1.2 GeV z

© 1000 f 300 [
3 ? - 200 |
: @ 500 F :
3 M ﬁ 250 F 100
3 > 0 Bl F

(IJ ——t 2' —— y Z 0 1 2 3 4 0 0
dv, (cm) dV (Cm)

F (d) Signal MC ) .. .
- W>25GeV Tr. mometum diff. and vertex position diff.

must be in parallel

—y
o
w

sy
o
B

Number of events/0.05 cm
o
[*]
I'I'I'|

—_ —_
(=] o
L]

1'I'I'I'I',_I-I'I'I'I'I'I'I'| Trrmr

(a) EXp 972

2 3

105§-

(b) Signal MC

0
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Systematic errors

Source

From correlation study
Uncertainty(%)

Tracking efficiency (for 4 tracks)

Beam background effect

Pion identification (for 4 tracks)
Non-exclusive and four-pion backgrounds
(Geometrical coverage and fit uncertainty
K2 K background subtraction

K 2-pair reconstruction

Trigger efficiency

Egrcr, cut

Integrated luminosity and luminosity function
L4 efficiency

5 of different Exp# settings
) / in data and signal MC

2
219 < A Half of the subtraction

4 + 2% from pt-fit (quad.sum)

«————Loose-cut sample

[k B

=] o b3

[l |

; Correlation of the two triggers
5—4
1 - 10 «—About 10% of the inefficiency

Total

9 — 25, typically 10

S.Uehara, KEK, Jan. 2017



Fitting the region W > 2 GeV

e Parameterization
i—wave=BW e + B,

Bi — bi (Kj ei¢i
/40

(assume power behavior

for non-resonant background:
i=S,D,,D, and G,; (we assume G,=0))

B.W.=£,(2200) and/or f,(2500) with J=0, 2 and 4
e Then fit do/dQ (typically 16 free parameters)

m S.Uehara, KEK, Jan. 2017




Fit results for 13 assumptions

Assumption |[No. of sol. Y2 ndf
fo-fo 2 293.3, 293.9 214
fo-f2 4 320.9, 321.9, 324.5, 327.6 214
fo-fa 1 291.4 214
f2-fo 1 228.3 214
fa-fo 1 260.4 214
fo-fa 1 323.6, 306.7 214
fa-Jo 1 411.6 214
fa-fo 2 468.6, 472.1 214
fa-fa 4 459.6, 464.1, 466.4, 467.5 214

Only- fo 1 390.0 218
Only- f2 1 323.6 218
Only- f4 1 518.7 218
No resonances 1 659.32 222

S.Uehara, KEK, Jan. 2017




Number of events/10 MeV

a0 -
70 :
60
S0 :

40

30

Charmonia y,and ¥,

Yield
Interference | N, Ny.. 12InL/ndf
not included |248.37175 53.073 ] |57.34/73
included | 266 +53 5311 |57.22/71

Interference between Yo @Nd
continuum

Product of
two-photon decay width
and B(K%KY)

( Interference '~ B(xeo) [y~ B(xe2)
(eV) (eV)

Xco |cos 6*<0.5
XcZ
XCJ(ZP)
region
o, 1 Th D
3.6 3.8 4
W (GeV)

not included|8.09 + 0.58 + 0.83 0.26870-031 + 0.028
included | 8.7+1.7+0.9  0.27700 +0.03
Belle 2007 [7.00 +0.65 4+ 0.71 0.31 +0.05 + 0.03
PDG 2012 7.3+0.5 0.297 + 0.026

“HD,

S.Uehara, KEK, Jan. 2017



0:01(77 —> “0"0)(nb)

Fit to t¥x® (W = 1.7 — 2.5 GeV)

Parameter f4(2050) “f»(1950)” Unit
Mass 1885f}§ +_22158 2038jﬁ'tl% MeV/c?
~——- o 453 = 20_+13219 441t%§ +28 MeV
A -l-n-x. Ll raa-ta -;‘-)-1- F B('?TO’JTO) 7.7i%% +23.5 54+23 ;3"?& eV
1.9 2.1 2.3 2.5 7 I i
x*(ndf) 3232 (311)

W (GeV)

m S.Uehara, KEK, Jan. 2017



¥ Transition Form Factor

PRD 86, 092007 (2012)
Coupling of neutral pion with two photons

0
Vy* —> T Good test for QCD at high Q2

Single-tag n® production in two-photon process
with a large-Q? and a small-Q? photon

Theoretically calculated from pion distribution amplitude

and decay constant 2

q F0) =2 [T, (5,0, 10, (3. )

Measurement:

|F(Q?)|? = |F(Q3%,0)]|?% = (do/dQ?)/(2A(Q?)) A(Q?) is calculated by QED
|F(0,0)| 2= 64nl" /{(4na)’mg®}

Detects e (tag side) and «°
Q? = 2EE’(1 —cos 0) from energy and polar angle of the tagged electron

( QQQ(E ) S.Uehara, KEK, Jan. 2017
41



Comparisons with Previous Measurements and Fits

0.35

Q?IF(Q?)| (GeV)

03

0.25 |

=y

= BaBar
— fit(A)

+ CLEO

s+ CELLO

* Belle
— fit{A)
— fit(B)

20 30
Q2 (GeV?)

@ Belle
#CLEO
W BaBar

0.1

0.01
0

10

20

30 40
Q2 (GeV?)

No rapid growth above Q?>9GeV?is

seen in Belle result.
~ 2.3c difference between Belle and

BaBar in 9 — 20 GeV? m

Fit A (suggested by BaBar)
Q*|F(Q?)] = A (Q*/10GeV?)P
BaBar: =
A =0.182 + 0.002 (+ 0.004) GeV
p=0.25+0.02 BaBar, PRD 80, 052002 (2009)
Belle:
A =0.169 = 0.006 GeV

B=0.18 +0.05
v%/ndf = 6.90/13 ~1.5c difference from BaBar

Fit B (with an asymptotic parameter)
Q?|F(Q?)|= BQ?/(Q?+C)
Belle: ==
B =0.209 £ 0.016 GeV
C=2.2+0.8GeV?
v2/ndf = 7.07/13
B is consistent with the QCD value (0.185GeV)
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Selection of the ntY signals

Important selection criteria:

One electron and two t%s

Three-body kinematics for tagged-e, untagged-e and the ©%r® system

Small acoplanarity angle and pt-balance for tagged-e and the nt%rn"

NN 1000

< [ t

o [ 1

% 800 |

— L

= I

Q oo [ 4

o [ +t“ t

Y— L

= o !

200 !,
-} I "*M. J *
Z I .‘-ﬂ. .
o ', 1 “F*—.na.\-_ 1 1
0 0.5 1 1.5

E ratio
Measured E__ /Expected E__

2

I,

Number of events/0.05GeV

200
175
150
125
100

NN
o o w
LAAS LARR) LAAAE LALAJ RARLS RALRS RAAAN LAAL) LAN

o

1 £,(1270)
£5(980) +Jr+ + Electron-tag
1 | * Positron-tag
.
Tt
P T
Pl T Bty +++:t+
[ l* N lll'fﬁl"*f" ,’*¢$ﬂ;¥f-.|
0.5 0.75 1 1.25 1.5 1.75 2 2.25

W(GeV)
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