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Two-Photon Collisions and QCD/Hadron Physics

Hadron production from collisions

of virtual or quasi-real photons
e Perturbative/Non-perturbative QCD
o hadrons ® Hadron/Photon form factors

\ yE
\ e Resonances

Wide energy region and various physics aspects
can be studied simultaneously.
Incident photon -- dominated by quasi-real photon
Q% =q? < 0.001GeV?

'}/*

Zero-tag: Measurement of two real photon collisions

Single-tag: Collisions of a Real and a Virtual photons
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“vy = meson pair” measurements from Belle
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¥ Transition Form Factor

Coupling of neutral pion with two photons

0
'Yy* —> T Good test for QCD at high Q2

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

Theoretically calculated from pion distribution amplitude

and decay constant 2

g FO) =22 [1,, (%, 0% 108, (5,

Measurement:

|F(Q?)|? = |F(Q3%,0)|% = (do/dQ?)/(2A(Q?)) A(Q?) is calculated by QED
|F(0,0)] 2= 64nFyy/{(4noc)2mR3}

Detects e (tag side) and «°
Q? = 2EE’(1 —cos 0) from energy and polar angle of the tagged electron
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BaBar, PRD 80, 052009 (2009)

BaBar’s Measurement

70 transition form factor (TFF) measured by BaBar is
larger than the asymptotic pQCD prediction above Q?>10GeV?

442 fb!

QF(Q%)] (GeV)

. O CELLO | @
. @ BABAR +
I | | Cz |

— A CLEO

CZ: Chernyak, Zhitnitsky
ASY: Lepage, Brodsky
BMS: Bakulev, Mikhailov, Stefanis

10 EOI - 30
Q% (GeV?)

D,

* ) Below Q2<8GeV?, the BaBar result
supports the CLEO result.

n and n’ TFFs from BaBar

PRD 84, 052001(2011)

are consistent with QCD predictions.

Explanation within standard QCD
calculations is difficult.
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Measurement of n° TFF at Belle

. __—_ Aerogel Cherenkov cnt.
SC solenoid =E =ty P ¥ - n=1.015~1.030

KEKB accelerator and Belle detector LsT Vgl
Asymmetric for beam energy (e*: 3.5 GeV, e: 8 GeV)TO(F:?Isg? — L ;‘- ey e!
for kinematic coverage of j J
e*-tag(p-tag) and e—-tag(e-tag) . = - | | e
Available Triggers: gi;fifiﬁéf;fsn N w1, desion

HiE && Bhabha(-veto)

by ECL (electromagnetic calorimeter system)

HiE --- E(Forward+Barrel) > 1.15 GeV Forward ECL
Barrel ECL
(Backward ECL)

Bhabha-veto logic kills a part of the acceptance

Significant loss of efficiency for some angular patterns
in contrast to BaBar, where a special salvaging logic was prepared.
Int. Luminosity :759 fb! (Larger than BaBar’s)
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Selection Criteria for Signal Events

e Triggered by HiE or CsIBB(=Bhabha prescaled by factor 50)
¢ 1 good track only, Electron-ID  E/p>0.8, p,> 1.0 GeV/c in lab. system
e 2 Photons from n° E >0.2GeV, E =E +E,>1.0GeV

No big energy asymmetry: | Eyl—Ey2|/EW <0.8

Polar-angle difference: AB=10,, —0,> 2 [raEd-Gev]

To reject large background from Radiative Bhabfyiya (e)ey process

e Polar- angle of the electron and the two photons
—0.6235 < cos 6 < +0.9481 and Bhabha Mask cut
e e-charge vs. p, direction correlation

—Qug (P, *e+P,*,) >0 (*-—-e’e"cm.s.)
¢ 3-body kinematical cut for ° energy E*W
Energy-momentum conservation using direction of p,,, and m,=m_,
— F* measured /E* expected
0.85< (E 0 =E*,, /E - ) <1.1

e Bhabha-background rejection, Acollinearity angle(e, yy) < 177° in e*e” c.m. frame

ratio

¢ Good balances in azimuthal angle and p, between e and ©t°

Acoplanarity angle(e, yy) < 0.1 rad, | 2p,|<0.2 GeV/c
NN 1 S Uehara, Belle, Frag.2012, RIKEN, Nov. 2012 7



Number of events/0.01 GeV rad

Background rejection and signal enhancement

AO : Polar-angle difference of yy
is used to reject 2 clusters from y—ee

n¥-mass region only

:Q2=
115-20 GeV?
'— ACCEPTED

Background

Q2=
30-40 GeV?

04

EyyAO (GeV rad)

from (e)ey
with a conversion

1~ 7°Signal
0.6

Backgrounds from
the conversion is
negligibly small after
the cut.

0.6

D,

— F* measured /E* expected
Eratio =E 1Y /E Ty
2 -
1.75 TCO i _(a)_EXp_'
2 15 | ‘l, e i
© o
r1.25 | (e)ey
1 - (e)eyy
0.75
W T 1°X background
025 -
. 0 0.1 0.2 03 04 I0.5
M,, (GeV/c2 .
2 (GeVieD O Signal
1.75 (a) Exp.

Concentration
near | Zp*, |=0

0.5 0.75 1

IZptl (GeV/c)

0 0.25
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Bhabha Mask; Unbiased sample

Bhabha-Mask criteria (Yellow regions for selection)
1
masks low-efficiency regions due to Bhabha veto -

. 50.75F
in (cos O,, cos GW) 0

to reduce uncertainty from trigger inefficiency S o5 f
0.25 |

ol

Unbiased sample using CsIBB trigger (1/50) _, .|
Effects from the Bhabha-veto is compensated in __, |

Nevent(HiE) + 50*Nevent(CsIBB) o5k

=“Unbiased sample”

-1y _0.8-06-04-02 0 02 0.4 0.6 0.8 f
cos Oe

Statistically too small for the signal analysis
e-tag 4 < Q%< 6 GeV?: HiE+50*CsIBB sample
other regions: HiE sample only

Extensively used for tuning and evaluation of the trigger simulator
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Number of events/ 5MeV/c2

100
75
50
25

15

10

Extraction of ©° Yield

Positron-tag

p-tag, HIE, Mask
noFix, 9-10GeV2

M Sl T -
p-tag, HIE, Mask
noFix, 16-18GeV2

I

p-tag, Hif, Mask
Fix, 20-25 GeV2

p-tag, HIE, Mask
Fix, 30-4Q GpY2

e-tag, HIE, noMask
noFix, 4-5 GeV2

02 03 04 05

Myy (GeV/c2)

Electron-tag

e-tag, HIE, Mask
noFix, 9-10GeV2

|}
e-tag, CsiBB, noMask
Fix, [4-5GeV2

0.1 02 03 04 05

Myy (GeV/c2)

Fit Myy distribution by

Double Gaussian (for signal)
+ 2nd-Qrder polynomial (for background)

in each Q2 bin

n¥-mass resolution
the narrower Gaussian component
6 —9 MeV (dependent on Q%2 = 4 — 40 GeV?)
consistent between the exp. and MC
the wider ~ 2.4 times larger than the narrower

Q2 (GeV?)

0;|||||||||||||||| '
0 0.1 02 03 04 05

Myy (GeV/c?) Myy (GeV/c2)
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Number of Events/bin

Number of Events/bin

450 |
400 |
350
300 |
250
200 |
150
100

1200 |

1000 |

Signal Yields ; Q% Unfolding

} p-tag

Q? - unfolding is applied

using inverted migration matrix

that takes into account the effects from:
- Detector resolution
- ISR at the tagged electron

Signal yields
[0 Before the unfolding
-9~ After the unfolding
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Calibration of Bhabha-veto Thresholds
using Radiative-Bhabha (VC) Events

Bhabha-veto threshold is measured in real data - S (e)
of Virtual-Compton process of (e)ey ot ':J’h‘l,‘{ _~°
and is tuned in Trigger Simulator
MC generator Rabhat treats t-channel mass singularity v

Comput. Phys. Commun. 55, 337 (1989)

1 )
VC process has a similar topology to the signal process  0.75 Hﬂ[/ 1
| P

1 B 1
_ 50*N(CsiBB) Trigger Efficiency for Bhabha (-veto) 0672 |
Yratio N(HiE)+50*N(CsiBB) S a function of energy deposit 0.25 | :

1

05 |
Require a single y instead of m° “—2? il
Big cross section (~ O(1nb)) 0.75 | | :
05 ' 3 !
In unbiased sample, enough statistics available @ 02 I
o b 7E 7
Bhabha-veto condition: ZE(at least one of 11 patterns) >E,, .. ® 057_2 3 ﬂ 3 f |7
> - ; =
025 | L
- E_I !

—> tune MC (trigger simulator) ° 25 5 75 256 5 75

QOEID Esum (S€Y)
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Comparisons in Radiative Bhabha (VC) samples

MC (Rabhat) is normalized by int. luminosity
For HIiE (Bhabha-Masked) sample Lowest order-only -- 8(rad.corr.)™ -6% (+4%) applied

. . . x 103 2
 «o Lab. angle distributions oo Q“ dependences
S e . Sooo £ (a) p-tag 12 | . . (o)p-tag
S soo b ool 3 £ * Exp./MC for Yields
E 4000 - %- 5000 _ 1 F
ot 3 ok e b . . .
5 3000 - ";‘ a0 £ g 09 F 0...“.. JOeve® Mouu.n.a'“-.m o
8 2000 € 1000 | g osf *
-E 10()0;- % 00: 5‘ 1I0 1‘!} 2‘0 2‘5 5‘0 35 40 a5 50 lﬁ 07:|||||||||||||||||||||||||||||||||||||||||||||||||
F “— 2 =] N 1 1 4 4
T T Feedh g T TR Gy
cos by g ok (bJetag | T s
g‘ :5;!'- z 4000 - E 12 _ (@) etag
%;:gg: m_ 1:: . 0-.¢"*
g ;x 3 o - : 0. .. ."..'.'-' o' o *%
"E 2000 |- e 3 - ] + ..“.. ¢++ ++
2 1500 - O™ % "o s 20 25 3 33 40, a6 b0 08 & . \
E o | e S
= o 1 ’ '—I.é' 06 '—(IJ.J T '012' T 'ol‘s; '9:5' =5 e - (c) p-tag T QZ (GeVZ)
x |
dots: Exp. cos O S'F et s
histograms: MC °F * Horizontal line (=1): Expectation
) 5-10% disagreement is explained
€pR: Q*(GeV?) by uncertainties in radiative
. —_— d),e-t 1 . .
. . . E # +)+e 9 f correction and systematic
Exp./MC Ratio for Efficiency for .} * - w4 L
i L } uncertainty in the measurement
“Bhabha-Mask” X ”Bhabha-veto”« '} e Y +++++
os | .
shows a better agreement ,t f t
between Exp. and MC TR R R R 5 e @ Frag.2012, RIKEN, Nov. 2012 173



Efficiency determined by MC

Efficiency for the Signal Process

S Normalized to Q,2, . = 1.0 GeV?2 Up-down structures are reflection of
= F s Bhabha-mask and —veto correlated to
= _ o2 b p-tag 0.05 | :
S U E : QZin (cos0,, cos0,,) plane
o8 o1 F 0.04 [ <
= é 0.08 | : il
3B 1 - | 0.03 F s i
S w 006 | | ; F Pl
. O - - wf P 0.02 [ =, |
o F 004 Black: 4S energy : <,
.g 0.02 | Red: 5S energy 001 3, IH
; O :II JIIIIIIIIIIIIIIIIIIIII 0 :I U 4
X 0 10 20 30 40 50 0
Q2 (GeV2) U ‘
tF ta i t Y
- i p-tag - e-1ag e T B5
(&) [ 0.8 | offe
5| E ¥k
o i 0.6 | 3 |E
= 0.6 - <L osiF Ele-ta
- : NS ;
o 0.4 | 0.4 - ! ;—
8 5 <
= 02 [ 02 | S E
K L o tIE
0 _I -l I L1 I L il I L1 1 i I L i i 0 -l Ll | Ll i I Ll i I Ll il I L il ;‘DJ f— “ gt
0O 10 20 30 40 50 0 10 20 30 40 50 UE e-tag ]
Qz(Gevz) Q2 (Gevz) — |ni:':l 1 I,.IM,E-I 1 I,l L1 |N['_| L1 :1”
1
The trigger efficiency is defined for the acceptance -1 < cosO, = +1
fter the selection
atte Gm S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012
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Checks of Signal Details with MC

n0-polar-angle distribution Radiative tails

1200 [
100 F Q2=6-8 GeV? p-tag 1000 |
75 F _ L. % 00 -
: e-tag Radiative energy &
50 E . 5 [
- fraCt|On 8 400 [
o 25 | £
8 - Z 200 F
1 | | i r
0 0; 2 2 o Lo @1 ., NI
_.g 40 E— Q<=10-12 GeV (b) U -0.1 0 rko.1 0.2
) - © 900 F 50000 |
- - b
E’ 0 St ffﬁp. wooss F Sign(aI)MC
> 20 F Acoplanarity z=: R oo |
2 ok il :_
g 10F angle for em® 5w
=) 0 - i I PR B T 200 & — 10000 |-
=z o 2 2 g 100 3 1 I I e C
10 EQ°=16-18 GeV () Z O et e O e ehr e e o
= a(ery) (rad) a(e.y) (rad
= (e.yy) (rad)
7.5 E_ “%400 §_‘|'+ (c) 22500 |- (@
C S w0 foyt Exp. | 20000 p Signal MC
5 - Saof 4 17500 |
25 | p-balance zzp o
C a 150 3—— 1 -
0 E L for ent® 1) T i
0 50 100 150 E 50 F " 2500 -
E obivvteity it 0 PP I B
911;0 (deg) 3 0o o005 01 015 0.2 0 005 o0f 015 0.2

|Z pyl (GeVic) |Z py (GeVic)
T 15
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c.m. scattering angle

wrt y*y axis

Peaking (") Backgrounds

(e)en®X --- Backgrounds peaking at the pion mass,
which leak nearto (E,.,=1, |Zp,|=0)
(1) Study of wrong-sign events (defined by the charge vs. z-direction correlation)

o 90 F @] S*F No n° is there (1.2 £ 0.9 events)
Swort o WS
g e PR ek Backgrounds from e*e” annihilation and
3 50 [ d—ws | Buof particle misidentification (of muon or hadron)
“= 400 E [ - e o
o 00 3 2 o F are negligibly small.
9 200 F ;o 5 4 E
Sewp[hn Sl g ;‘__ Al (2) Background processes
WS ° o t1' Fri-gtio 2 Z 0T 0 3 04 05 YY* —> 070
component in the Myy (GeV/c2) 0 0 0
signal region is very small _ ee_)(e)eP /(D’ p /T b
Noise from  3re experimentally observed
1 1 SinaIProcess
03 £ os | i 0 1| We build background MC’s
07 E S __o7}i: o normalized to these observations
¥ 06 E _ '%mﬂ.ﬁ-?-.ﬂ? ’ . . .
@ 05 F Ei L o gostisy Background contamination estimated
o 0.4 F =‘"..- :.' —5 204 .. I
— = :'.:..“. . L % O O- 0 1 2
SR R ] | m'n’: 2% uniformly for Q
ol b b 8oy Mo y: 0.8% @ Q2<12GeV?
0 1 2 3 0 0.5 1 1.5 2 2.5 o )
Mnr0r0 (GeV/c2) Mo, (GeVic?) 1-3% @ 12-40GeV
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Cross Section

do N (1_rb) r.: background fraction
— = - 5 o
dQ JLdt eff B(m —)'Y'Y) (1+0) AQ eff -- signal selection efficiency
The cross sections from p-tag and e-tag d : radiative correction = +2%

are evaluated, separately, and then combined.
100

&
> ’ ~
> p -tag 8
ﬁ 'Ié ‘¥ -e-tag 5 W p-tag
£ 0 Ty, —3 e Combined 6 ®e-tag
4
Sl % : ; b
© ? [ ] : % 0 -
1} o
i3 32 R
L4 =
g} } O -4
01} -6
T _8 1 L !
1[ 0 10 20 30 40
0.01 L ' ' Q2 (Gev2)
0 10 20 30 40
Q* (GeV?) No systematic bias found between the
Q2. = 1.0 GeV?for the less-virtual photon p-tag and e-tag results.

Corrected for Vs = 10.58 GeV
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Transition Form Factor

Q?|F(Q?)| = axV(do/dQ?)/(2A(Q2))

—~0.30
-
S
= 01 ;0.25
£ 009} N
S oost C
007} C‘:"l_- 0.20
006 | O
005 |
004 | 0.15
003}
001}
0 . . : :
0 10 20 30 40 L . . .
Q2 (GoV2) 005 L Asymptotlc value in prediction of pQCD |
Theoretical curves (CZ,ASY,BMS) are taken
from the BaBar paper: PRD 80, 052009 (2009)
0.00
0 10 20 30 40
Representative value Q2 is used for Q%(GeV?)

Q? point that gives the cross section with the same size as the mean over the bin
calculated using an approximated dependence, do/dQ? ~ Q’
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Systematic Uncertainties

For Cross Section:

Q? independent: Tracking 1%
e-1D 1%
Yy reconstruction 3%

kinematical selection 2%
geometrical selection 2%

beam background 2%
integrated luminosity 1.4%
radiative correction 3%
form-factor effect 1.0%

( subtotal 6%)
Q2 dependent: Extraction of n’-yield 5-10% estimated variation of fit (single Gauss + linear fit)

Trigger efficiency 2-12%
estimated by studies of trigger threshold & Rad.Bhabha events
Peaking-background  1-4% 8-14% in total

For Transition Form Factor:

Half of the above values, as |F| ~\do/dQ?
with added by an uncertainty of 2A(Q?) -- 2% (form-factor effect for the low-Q?photon)

S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012 1 9



Comparisons with Previous Measurements and Fits

0.35

Q?|F(Q¥)| (GeV)

0.05 |

daldQ? (biGeV?)
2 =

0.1

0.1

03

0.25 |

=y

= BaBar
— fit(A)

+ CLEO

s CELLO

* Belle
—_ fit(A)
— fit(B)

20 30
Q2 (GeV?2)

]

10

20

a0 40
Q° (GeV?)

No rapid growth above Q2>9GeV?is
seen in Belle result.
~ 2.3c difference between Belle and

BaBarin 9 — 20 GeV? 68888

Fit A (suggested by BaBar)
Q2|F(Q?)| = A (Q%/10GeV?)P
BaBar: =
A =0.182 + 0.002 (+ 0.004) GeV
B =0.25+0.02

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=2.210.8 GeV?
v2/ndf = 7.07/13
B is consistent with the QCD value (0.185GeV)
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Summary

e The ¥ transition form factor is measured at Belle
in the range, 4 GeV? < Q?< 40 GeV?,

There was a significant effect from Bhabha-veto, but the trigger simulator to
estimate the signal efficiency is tuned, reliably,

calibrating it using radiative Bhabha events.
e No rapid growth of ° TFF is observed for the region Q*>9GeV~-.

e Phenomenological fits are applied for Q% dependence of nt® TFF.

Belle
arXiv:1205.3249[hep-ex] (2012)
To appear in Phys. Rev. D
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For future (SuperKEKB & Belle II)

E—LEBREEDHLH-HIC
EEEYRATLEES

Luminosity
oo soure “x40” > 8x1034 cm2s?t

BREOBETFE—LEB5:
E)tbﬂ'./t’ G’J i

nnnnnnnnn - _
C adnli BRTC_LugELifD
u R HOBEFR
Low emittance gun
RrnORTE Target of

the integrated luminosity 50 ab™
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When 50ab™ data at Belle Il analyzed, ...

Assumptions:
- Integrated luminosity 50 ab! (x 66)
- No large Bhabha-Veto inefficiency (x 2.5 @ high Q?)
- Systematic errors from 0230

n0-fit and trigger can be |
0.25
reduced T
- Other systematicsstay > o0 | ﬁ . - - }
G T pemropee i
the same = *\”? /
g *+ Belle measurement
g in 2012
o 010 p—————————"Expected error size for
Q2> 60 GeV? Q e : =
pendent (stat. and
Close to back-to-back topology 95 | __ apart of sys. errors)
of eri®in e*e- c.m. frame ' component at Belle
0.00
Huge background from Bhabha 0 10 20 30 40 50 , 60
Q% (GeV’ )
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Resonance production
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Resonance production and quantum numbers

Resonance formation or partial-waves

Resonance — —
Meson Q=0,C=+,
JP=0%, 0,2, 2, 3", 4", 4, 5" ....

(even)t, (odd #1)*

Meson

Strict constraints for quantum numbers
Pseudoscalar-pair production: JP=(even)" only
[yy, two-photon partial decay width of the resonance,
from the cross-section measurement,
important information for the meson’s internal structure
Decay properties
Searches/Discoveries of new resonances, including “XYZ”
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Confirmations of f,(980) and a,(980)

True nature of f;(980) and «,(980) wo| s 0i<os ﬁ e
is not clarified, well. = : '}fz(mo)

7010) (nb)

We observe them as a peak very clearly £ | o
in two-photon production for the first time & «| So(980)—>n"r” .

P H.&

- Measurements of I'yy | # i } l
350 1 ssetsts : -.{ ‘[‘j
[ + Belle | cos?' | < 0.6 D = w“ -::::::i::--- ,"I"
s b -~ syst. errors N
[ o Mark Il : 20 e e b
$ %ﬂ F{ CE[LD +H _f2(1270) D2 04 DB 08 1 1(,(239\;)4 16 18 2
bl fos0) | Tk m
Jﬁ‘m‘ b 70 w v | a (980)—>nn0 @
- TC TC o Crysial Ball {jeos o°<0.9)
* | ﬁ 5 ol ~—-- Syslematic efror
17k \ﬂ : fr#'r : 5 a2(1320)
= :*, W+ f# © a0}
100 HP. $ 4 d =
“;E Ww +m+ L o
ik ’
N ;
o — 10} -
_mu.-u. ' Lu:i' T ‘11.1‘ ; -112L ' '151- ; -1t4‘ 7 n"-'-a' ‘M 1 ""‘--—*-- ....... ;-E
W (GeV/c?) w(Gew -

— S.Uehara, Belle, Frag.2012, RIKEN, Yoy,



Two-photon decay width of f,(980) and a,(980)

: do ~9 2 A9 9 A~
= R - = = 0 21y #2
o1 (a) cost | < 0.6 Fa “ g — ooromatiation | ——— = S Y;JU -|— DD Y:} + D.-) }”2“
= P 30 - - H{3B0)+,(7)F dQ) s -
160 A —-- 5=0, interference
= '++-+ = 20 --- polynomial bgd ¢
Tz | l ,-nn*"""+ @ " =0 — porameterization
s 40 ———- lo{3B0) +a v}
~to0 [ W - L TTE Ny — polynomial bad
“z }"“*"h+-|-.,_+-',-|:+++".' %‘1 S0
o 8 1/ :I T R— s 148 —p r_czr;g.}gzﬂ:iﬂn[?& 4%-_'!’ 20
W QGEV C? f ___ zg =l N Y -
. (' Oy =¥ 1,(980) — n'n7) * —-- FI'1 ;'fereilct;Gd i b 10
e o) /I". ------- Oulyy — f(980) — K'K7) o E e
Pl |\ —— =¥y = a'nT) : PP Sttt | : *
= F B F —— parameterization
E M . ’\'\_;. :‘:}: = I By
§ CETEEEEL oo E— & T 4 JF it
_puz \\ r!, . Ct__!l! 0 ?-L—|_+ -I_—i_l-l_-l_%—l_ —I_i | [ Y '—|:_|:
'jg.:aa 09 095 1 1.08 " 1.15 e :
W (Gev /%) ! Ll Ly Ly L
-0 1 1.1 1.2 1.3 1.4
\ R e ; W (GeV)
| Meson | f,(980) -
M[M-V/ic2] 9856 - 9% t)@- . 9323 9! Predictions
Sl V1516 T 1.U 59 = gy 47 Model r,, [eV]
] 3+209+132 L 14611 uubar,ddbar 1300 — 1800
Fnrrftot[Mev] S l-?’—1 iy 66'9—1 18-25 el -6—10_0 b 300 — 500
thatridy i +3+502 ssbar =
1 v 20373717 286175, 1285457/ B o, wutrar molecule 200 — 600
Channel YWonn Yy 2 ni'n Yy > 0 Four-quark 270
Reference PRD7s5, os1101(2007)  PRD78, 052004(2008)

PRD8o, 032001(2000) ;.40 2012, RIKEN, Nov. 2218
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Summary of resonances seen in yy—>MM’

£,(980) - i, nonl a,(980) > nn°

The 1°P, tensor-meson triplet f,(1270), f”,(1525), a,(1320)
fo(Y) > nttn, a%7% , M unidentified in 1.2 - 1.5 GeV

ay(Y) > nn’ unidentified in 1.2 - 1.5 GeV
(X)) —> 71970, unidentified in 1.7 — 2.0 GeV

Signatures of a,(1700)?, f,, a,, and/or others? seen
in 1.7-2.3 GeV in n’2% na’, nm and K'K-

XC()’ XCZ — TC+TC_, K+K—9 TCOTCO, KOSK087 nnm
‘ ' ’ 8

- .
()]
g% Belle ' 7t
g 397.6 o™ et 1M XCOH‘
§ . - 25| Xc2
g (Icos61<0.6) =5 C
w o
Qg-ri
¢ 52 h i H{ ~
X2 | 1 q
‘ 0 . - ] |
g 45 2.8 3 3.2 3.4 3.6

3.30‘). 20

W(GeV)



vy = Z(3930) >DD discovered /confirmed

% 35 1 _
2 30 12
= | : Nt
3 s 25 1 E
= E ] wlis
g : :
& E
i E

15 ¢

-
" =

o

Entries / 10 MeV/c?
(]
S

i,

& o B
i Yl G 11 | el
A 3.8

n

LT

L P -
38 4 4.2 0 02

teibto]

+.1
M(DD) (Ge\ﬂc?)

]

m(DD) [GeV/c?] leoshl

Sf - (c)

£l . m(3930)=3926.7+2.7+1.1 MeV/c?
e (J=2, hel=2) (3930)=21.3+6.8+3.6 MeV

o J=0) I, BF(Z(3930—DD))=0.24+0.05+0.04 keV

: B B Belle and Babar results are consistent
m(3930) 3929+5+2 MeV/c?
(3930)=29+10+2 MeV Confirms that Z(3930) = ¥ cZ(ZP)
T, -BF(Z(3930-DD))-0.18 £0.05+0.03 keV
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Events/10 MeV

Peak in yy 2 olJ/y

N2 oo

Events/5 MeV/c2
@ o

[ T G TN - = ]
_._
——
=

= IS

25

)
o

Events/ 10 MeV/c2
o

[=]

0
0.6

M(Iﬂ'?-(bewn:z) 32 O-L(SI} Féiwcz)ﬂ.g 1

694 fb-!
CE : +3 +
d M: 3915+ 3 + 2 MeV,
0 3 BELLE l_‘: 17 i 10 i 3 Me‘],

s N,.s = 49 £ 14 + 4 events

o f Signif. = 7.7

4=

2 b of -

0 bl iy . 2 A AR ﬁ |

3.85 3.9 3.95 4 4.05 4.1 4.15 4.2 4.25

W (GeV)
S —

iy~
EaﬁﬁM

= bt*l (GeVlc)

Two-photon production
of Y(3940) ?
reported in B decay
or
New decay mode of

Z(3930)/%.,(2P)?
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A A

CDF Run Il Preliminary L=5.0 fb”'

-4140 CDF, ICHEP2010
4275

—

O a N WwWhk oo~ 0O o
T T I

Candidates per 10 MeV/c?

Entries/25 MeV/c?

m(p WK'K) m(p i) GeVic?

Y (4140), reported by CDF in
B-meson decays, 1s NOT seen in
two-photon process by Belle.

Instead, a new peak 1s seen
at around 4.35 GeV in the same
process

M=4350.6 0+ 0.7 MeV/c?
[= 13 J:918 +4 MeV Gm

™
=
]

<o

P 4350 D

N=8. 8+42

: I |
4.2 4.4 4.6 4.8 5
M(¢J/y) (GeV/c?)
3.2 [a ™ ! T ! L e
% 315} b
= .
0h] R e e
S aif Llegue ]
S osospihes L :
33 A S R R B S R
1 1.02 1.04 1.06 1.08

M(K* K) (GeV/c?)
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Summary

Many meson-pair production processes from

two-photon collisions are studied at Belle.

e Cross sections in the 2 —4 GeV region are compared with
predictions based on QCD, systematically.

e Any comprehensive reproducibility by theoretical models

is not obtained, yet.

Further comparison with theories is now possible.

e Belle discovers/confirms several interesting meson states

produced in two-photon fusion:

['yy for f,(980) and a,(980) are measured
New charmonium-like states are found
Z(3930) = x,(2P) , X(3915)=Y(3940)?, X(4350)

D,

S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2033



BaBar at PEP-II

e'e—Y(4S) and
nearby continuum:
E .. ~10.6 GeV

530 fb! in total

1.5 T solenoid

Cerenkov Detector
(DIRC)

e (9 GeV)

Instrumented Flux Return

CIIDD,

ElectroMagnetic
Calorimeter

\ Drift CHamber

1

Silicon Vertex Tracker

S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2034



Experimental Analysis; yy—nn

T'l (548MeV) —)’Y’Y (Only 4 photons are visible in this process)

Triggered by ECL triggers (XE>1.1GeV or >4 clusters)
Vs=9.4-11.0GeV  [Ldt=393 fb!

Selectlon of nn signal events
-Just 4 y’s with Ey>100 MeV, No ¥ candidate e

N reconstruction

-Two 2y sets each satistying P 008
0.52<Myy<0.57GeV .8 nos
3 0,04
- Apply energy correction for each n, E .03
scaling to the nominal mass :ZE a
-p-balance <50 MeV/c .
W: vy energy in its c.m.s. ~ oz
0% : scattering angle of the meson in the yy c.m.s. s

1.096GeV (mass threshold) <W < 3.8 GeV \ T
Icos 0% <0.9 or <1.0

S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012



Baryon pair: yy — pp

PLB 621, 41 (2005)

Baryon production mechanism
Couple with a single quark?.. or a diquark?
Angular and W dependences, Cross-section size

25<W, <3.0GeV 3<W,_ <4GeV T (llj)l
4 . 12 gof ~ -~ Il ]
= Belle OP!""LL*Z"";’_ 'H':"‘] Be]le .-:.,Lf_l,[ln—-h{'n-\.] s0f nC

i
im

- oCLEO-L3 IS

w — diguark {complete)
diquark (complete) ! (comp

= - _
g g - Ihy
E. *I ---- diquark (only HC Ami g“ diquark {only HCAs) - " + J[ / baCkgI'OU]ld
< 55— three-quark . s s “Tr':‘}"?“m‘"‘ = 60f { +
3%;,_ = handbag | E £ “i: ..... handbag % ol /
S 5 4] g 1 2 ol .H>
:E 1.5} E r.%i 3 : '1
,_: g 30+ +: 1
"?;: 13 2 20} + ‘f + +
) 3 10F 1- '+'
= - = _
0 ' L : ' : = . Lt . . P
vl I-‘Lil“l 40508 %Al 82 63 0a 05 66 07385 29 295 3 3.05 3.0 315 32 325
o lcos8’| W, (GeV)
Model predictions are normalized for [cos6*|<0.3. M ‘observation in this proces
Agreement is not very good in W>3 GeV Subtract charmonium contributions
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Cross sections; W dependence

- complete diquak |
el S - - - - diquark, only helicity E Wyy_n dependence
i . ed amplitud ]
Qm%o conserved amp 1tudaes ] n:1 5.1 iolgl @ 2.5 L 2.9 GeV
I o dy —-—-+ three-quark y .
e | n=124424 @ 3.2-4.0GeV
Lk * | 2.3
2 lcos6 | < 0.6 Might agree with a
= . QCD prediction n= 10
2-:10 A at some energy above 3.1 GeV
E-' A A - S
| = Bell s T N Slope — steeper than meson pairs
0 CLEO 'h“'.\ | +-+-+NH 3 p p p
. O VENUS "*-._\ = 8]
¢ OPAL s ‘i‘
10'3...|...|...|...|...|...|...|...|..-1..

2 22 24 16 18 3 3.2 3.4 3.6 38 4
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2E, (GeV)
e N R - ) I B R [ < S i

]

L LU B S ) B s B B o 4 (R4 i R e

o

Energy-correlations
in the skim file, 2Ey > 1.0 GeV

2 4 4] 3

DIII|IIIIII|IIIIIIIIIIIIIIIIIIIII

z 4 & 8

LY

- M o m o~ @ oW O

-
o T[T

4

2 III|III|III|III|

o 4 & g 10

a g 10
p. (GeV/c)

Similar distribution to
Signal-MC.
But, the exp. events are

dominated by backgrounds
(Radiative Bhabha )




Effect of Bhabha-veto in angle correlation

1 1
075 = 075
0.0 - (.5
>‘ |
DO 025 G.25
wn |
@) 0 = O
(@) L
~0.25 —0.25
—0.5 ~0.5
-0.75 - ~0.75
_"| _I 1 1 | | L 11 1 | L1 1 1 L1 1 1 _']
—1 -5 J .5 1
cos Qe
_IululmlgIEI?IG\EI'IJIJIII . CLITTTTITITITT I
i SR = H o rveer u
:IIIIIII\IIIII_ :II\IIIIIIIIIl:
:IIIIIII\IIIII :II\IIIIIIIIIlf
1 e B 1 .. H Bhabha-veto
:IIIIIII\IIIII :II\IIIIIIIIII: patter‘nsin
:IIIIIII\IIIII_ :II\IIIIIIIIIl: trigger
:| [TTTTTTTT 1 |7 D:orwardRegionPhiringAnalogsumi
: TYpe & E [] Backward Region Phi ring Analog sum

Fig. 4. Eleven types of Bhabha triggers based on each d-ring sum.

Iy

Bhabha-mask
is not applied

Elﬂﬁﬂﬂﬂl?ﬁbﬁ—-

Brown: No HiE
Red: strongly vetoed =

Other: weakly vetoed }
[ TS B 1= I o ) = - I s N A N = N o I N 0 B 2 IS B

b gt}
- -

GEmaooBAONRESEa%Y D

S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012



Number of events/0.02

vy from % and from backgrounds

Energy asymmetry
to reject low-energy photon background

- @B |

40000

35000 |
30000
25000

20000

15000 |-
10000

5000

0 1 1 1
0 0.25 0.5 0.75 1

0 0.1 02 03 04

C Myy(GeV/c2)

0.5

0.6

0.5

0.4

0.3

0.2

0.1

0 [

AB —Polar-angle difference of yy
Used to reject 2 clusters from y—ee

(b) Signal MC

0

0.1 02 03 0.4

Myy(GeV/c2)



Kenematical Criteria

— E* measured /E* expected
Eratio = E vy /E vy ’ 2 S _
sb m)  @EBxp. | b (b)Signal MC
S 15 [ | 15 |
u:'ELZE :— 1.25 :
Signal L "L
0.75 - 0.75
0.5 :— 0.5 :
0.25 |- | 025
nOX(non-echusivg)/trg--'- !
background M, (GeVi/c?) M,, (GeVi/c?)
n¥-mass region only
2 2 _
75 I (@) Exp. | 17 [ (b) Signal MC
15 | | S
:,c_.c—; I 1.25 E
= 1
: i
Concentration 0.75 |
— 0.5 ¥}
near Xp, =0 ozs [
0 0.25 0.5 0.75 1 0 0 | O.I25 I 0!5 I D.|75 l 1
IZpt| (GeV/c) IZpt| (GeV/c)
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E . tail

ratio

Study of wrong-sign events defined by the charge vs direction relation.

Exp. Signal MC

RS - WS

leiutu.l ;.... N L B

0.5 1 15 20 0.5 1 1.5 2
Eratio Eratio

The tail around E_,,,~0.75 is
consistent with the expected
radiative tail of the signal process.

n

o

o
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Number of events/0.02

o
O
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M., Fit

Double Gaussian(for signal)+ 2nd-Order Polynomial (background)

A . _eom?  1op _fe—(miamy?
{TE 5oz € 2(ko)= }
V2o k

e et brrer +
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Conversion factor for |F(Q?)|: 2A(Q?)

Use the cross section formula by
“Brodsky-Kinoshita-Terazawa” (PRD 4, 1532(1971))
Not using EPA --- not trivial CLEO, PRD57, 33(1998)

EPA — Equivalent Photon Approximation

Assume being factorized as
Coo ™ ] 0,,(Q;% Q%) N, (Q;*) N (Q,%) (we do not assume this)

We assume only the form factors is factorized
o..~1alQ2 Q,2)|F(Q2 Q2 |2, and
F (lez sz) = F(0, 0) f(le) f(sz)z f(0) =1
Furthermore,
we assume f(Q?) =1/(1+Q%/m?) when Q*<m ?
But, f(Q?) is unknown for Q*>m * (what we measure)
Define as F(Q?) = F(Q?, 0) = F(0, Q?) = F(0, 0) f(Q?)

@888 S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012




Conversion factor for |F(Q?)| (cont.)

c=F(0,0) 2 F(Q,% Q,%) =cf(Q,?) f(Q,%) =cf(Q,?) /(1+Q22/mp2)
-- factorization assumption
Assume some values for ¢ and f(Q,?)
- do/dQ,? =A(Q,?) c? [f(Q;?)]|? (by BKT formula)
conversion factor A(Q?) is determined by the calculation

- Single-tag measurement do/dQ?
Factor 2 : Ele-tag + Pos-tag

(do/dQ?)/2A(Q%) =c* [f(Q%)|*=c* [f(Q?) | [f(0)] 2
= |F(Qz? 0)[ 2= [F(Q?)]?
with the same scheme for the efficiency determination
and event generation = Signal MC

Calculation of A(Q?) coincides BaBar’s calculation with the same BKT and the
same f(Q,?) within 0.1%.

@888 S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012




ISR and Radiative Correction

r.--- Energy fraction of the ISR photon

wrt. the beam energy taf S
1.2 ::__ o
The r, range for the signals is constrained by E,_,,, cut o F , Signal MG
which roughly corresponds to -0.03<r, < 0.10 § o8 T EENEL T
0.6 [ i
MC event generation includes the ISR effect .
by exponentiation technique for r, < 0.25 E
0'2—0.2 0 0.2 0.4
1200 [ r, distribution is consistent "k
§y1000 Ay between the data and the signal MC,
Z 800 [ The selected events are contained in r,<0.10
S e00 Radiative correction for cross section
g “ ] 1+6 =1.02 (definition: & g,n10= OL0(1+0),
2 200 _ including +0.03 hadron-loop in vacuum polarization.
o Sl r T with small Q2 dependence (~1% effect).
k

Our cross section and TFF are converted to those for the LO.

GBBBD S.Uehara, Belle, Frag.2012, RIKEN, Nov. 2012



Study of Radiative Bhabha samples

Experimental (e)ey sample with the similar topology to (e)en’
10,000 times larger statistics (but physics 1s different...)

Angle-angle (cos 0, vs. cos 0, ) Bhabha-Veto pattern in Exp.data

1
078 - 075
.5 :— :— 05 [
EXp. 025 - - 0.25 :—
0+ = 0
Data .1 - o5 [
05 - ~05 |
—0.73 _ _ o5
—1 [ B B
- =T S -
Unbiased: HiE + 50*CsiBB
1 Veto-structure is com pensated!
of o & MC(Rabhat)

1
-1 -3 ] W] 1 —0.5

1_"' L
***** —=— S Uehara, l?elle,o'ﬁFraéQO] 2, RIKEN, Nov. 2012



Tuning of Bhabha-veto thresholds

Looking at N(HiE)/N(Unbiased) as a function of E-deposit in
Each ECL-Bhabha trigger segment

0.75
0.5
0.25

0.75
0.5
0.25

Trigger efficiency
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0.5 |
0.25 |

0.75 |

0.25 [
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- '

- 5| a7s F 6
- D 5 -

» 0.25 -

(i Lo oy L Q ClL e i "
25 5 7.5 25 5 7.5
- TrE
- 8l o |
— 0.6
- 0.25
B 1 I 10911 I 11 O -I 18 I 11 1 I 11
2.5 5 7B 2.5 5 7.5
-ﬂﬂ 11
_I colh 1l |
25 6 75

Esum (GeV)

El?ﬁ
025

:::EM i

0.75
0.5
0.25

L/

2.5

= 7.6

0.75 2
0.5
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0 o5 5 75
=
0.75 S
0.5 ;—
0.25 E ﬂ
o EL Lepaallly
2.5 5 7.5
1
0.75 8
0.5
0.25
0 Ifuln | I
25 B 7.5
! 1
0.75
0.5
0.25
025 5 75
Esum (GeV)

:::EJF
ﬂ(

0.75
0.5
0.25

9

Experimental Rad.Bhabha sample

D,

Tuned MC
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Comparisons of Radiative Bhabha (VC) samples

Number of events/0.02

Number of events/0.02

TR

Dots: Exp.
Histograms: MC

Angular cos 0 (-1 ,+1)
distributions for y and e
Unbiased

PRI P
- -0.8

M | i
-0.6 -04

-0.2 (4] 0.2 0.4 0.6 0.8
cos By

e o

-0.8

-0.6 -0.4

0.2 0.4 0.6 0.8
cos Og

-0.2 0

D,
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2000—
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Comparison of Bhabha Mask*Veto efficiency

for Radiative Bhabha events

>
O 1
_5 M - ‘Lﬂ:ﬂ; p-tag
(&) n
= o6 | ] W
m -
o “f
Q o2f
c‘{’ o bt y
0 5 10 15 20 25 30 35 40 45 50 1 .
E Q@ (Gev?) A§ter|s : Exp.
B o f otag Histogram: MC
-
1))
©
£
(]
L
o]
(]
£ E
M %0 "5 1o 16 20 25 30 » a0 a4 B0
Q? (GeV?)

Bhabha mask*veto efficiency from MC is confident
Within 5 —12% error depending on Q?
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c.m. scattering angle

1Y background MC

Experimentally identified yy* —m07"
Reproduc(e:d by

q EXP. noise from non® M
- PN . Signal RN
0.9 = ‘ g F saNummmssmsssnss B " (b}|
0.8 z_ Process = :::: II:::.-----|-|
ok e |07 B ISR
..ED 0.6 ;_ . ...' ..' 0.6 & Illllll::::.l.-:: .... l. ]
2} n 0.5 E_ *e "0_ .:. 05 & | [ LR I LN
% 804k v ee b e
o = = St T
- 0.3 ARIRRICE BV e
02k ? S '
t 0'1 ;_ f2(1270) I E .ll::lll .
; 0 E T ey - a4 4= w4y 0 E_ . LU L L L 1 |
0 2 3 4] 1 2 3

Mn0r0 (GeV/c2) Mr0r0 (GeV/c2)
Background contamination
in signal is estimated by
the n0n® background MC
which is normalized to the
observation, as 2%
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Transition Form Factor

<
w
=]

arXiv:1205.3249[hep-ex]

H
i

Q2|F(Q2)| (GeV)

®ee?
¢
0.15 F ++"
0.10
0.05 Dashed Iir.1e:
Asymptotic value
in prediction of pQCD
0.00 :
0 10 20 30 40

Q2(GeV?2)

Representative value Q?is used for each Q2 bin
Q? point that gives the cross section with the same size as the mean over the bin
calculated using an approximated dependence, do/dQ? ~ Q’
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BaBar’s Efficiency and Cross section

0.2 — T —
++ ]
» glectron tag
+ f+ & positron tog
- 0I1SF 0+ o
= 0.
2 i .
ik -
v —
e
= | - i —_—
RN
= ) . =& —_—
- B —— N
E .-..._- —_ |
e —-— J
= - —_ i
D ﬂﬂj —* —_——
- —_—
s -
D "l .'.‘ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1 20 30
2 2
Q" (GeV7)

FIG. 4 (color online).

-

d6/dQ’ (/GeV?)

-

The detection efficiency as a function of
the momentum transfer squared for events with a tagged electron
(squares), a tagged positron (triangles), and their sum (circles).

D,

BaBar, PRD 80, 052009 (2009)

T T L
& CLEC
® BABAR

. ﬂ_—+—

FIG. 21 (color online).

20 30
Q° (GeV?)

40

The e'e” —e’e 7" differential
cross section obtained in this experiment compared to that
from the CLEO experiment [12].
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Integrated luminosities and beam energies

Luminosity at B factories

>1ab!

—KEKB

—World

s On resonance:
1 Y(5S): 121 fb*
l'y(4s): 711 b

| Y(2S):24 b’

)

| )

1 Y(3S):3fbh™*
)
|

Y(1S): 6 fb

| Off reson./scan:

800

~ 100 fb™*

600

~ 550 fb™*
-1 On resonance:

| Y(4S8):433 fb!
1 Y(3S):30 b

200

| Y(2S):14fb!
Off resonance:

0
1998/1

2000/1

2002/1

D,

2004/1 2006/1

1
2008/1 2010 ~o41b
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51C 1M MB

Cross sections integrated over angle

o(|cos0*]<0.6) 0] &% o(|cosb*[<0.6)
100 § K"'K_
10 wey. KTK™
£ 01 §
. ; s “ﬁ%ﬂ
1 L T 7 * |
"" Y 5
e 0.01 - : &
s %, 5 f}*++
0.1 : . *
] e ﬁﬂ.}ﬁ 0.001 - KSOKSO
| ) z
o 05 10 15 20 25 30 35 40 L 2.0 2.5 3.0 3.5 4.0
W IN GEV WiP=1.2) IN GEV

aThose for nn® and nn are shown in other slides
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Zero-tag measurement

e" e~ escape down beam pipe at small recoil angles.

Reactions involve small virtuality photons with IZ,E(M)‘ ~ 0.

dor — AN
dicost"l " AWA|cos | S efii [ Lat’ M
ﬁ’;‘: Luminosity Function
For a resonance R, two-photon decay y /
width I, is measured from : -
i Iy, (R)I gB(R—final states) o WW”
o(W) = 8rn(2J+1) AR /

W = M(yy) = M(Mesons)
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