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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?
No-Tag:
with p-balance requirement, |2 p*, (hadrons)| < 0.05 - 0.3 GeV/c
Q’<<W? (W=W,_ ), Q*<<E’ycp
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Meson-pair production and QCD

Low energy High energy

Meson
quark
Meson /

High energy Brodsky and Lepage
Perturbative QCD approach  Predicts...

for exclusive meson production

, Scattering-angle
Works with refined form factors

S.J.Brodsky, G.P.Lepage, PRD 24, 1808 (1981) (Of IIIGSOII)
M.Benayoun, V.L.Chernyak, NPB329,209(1990) distribution,

Kroll, Diehl and Vogt Energy -dependence

Handbag model Cross section ratios
with soft hadron exchange under SU(3) sym.

Meson

Meson

0l

M.Diehl, P.Kroll, and C. Vogt, PLB 532, 99 (2002)

M.Diehl, P.Kroll, PLB 683, 165 (2010) S.Uehara, KEK, GPD2010, Trento, Oct.,2010 3



KEKB Accelerator and Belle Detector
* Asymmetric e e collider

8 GeV e~ (HER) x 3.5 GeV e+ (LER)
Vs=10.58 GeV < Y(4S)

Luminosity (World highest)
L —

max—=2-1x10°* cm2g°!

JLdt ~ 1040 fb! (1999 - 2010)

. SN Aerogel Cherenkov cnt.
SC solenoid S\ &
1.5T a7y

HER :

geur 2l;°

High Energy Ring
LER : Low Energy Ring
N n=1.015~1.030
=1 Positron Target
=) -
CsI(TI) 15 Gev et
16X, =
TOF conter

High momentum/energy resolutions
CDC+Solenoid, Csl

Vertex measurement — Si strips
i ..'S

rtral Drift Chamber Particle identification
nsmall cell +He/C,H;

i
Si vtx. det.
3(4) lyr. DSSD

TOF, Si-aerogel, CDC-dE/dx,
RPC for K;/muon

n/ K, detection

14/15 lyr. RPC+Fe
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Integrated luminosities and beam energies

Luminosity at B factories
(™) > 1 ab™’

1600 | On resonance:
1 Y(5S): 121 fb!
| Y(4S): 711 b
1 Y(3S):3fb"
gl | Y (2S): 24 fb !

1 Y(1S): 6 fb*
| Off reson./scan:
~ 100 fb

—KEKB

—World

1200

1000

800

600

~ 550 fb™!

-] On resonance:
| Y(48):433 fb!

1 Y(3S):30 fb!

| Y(28):14 b

Off resonance:

200

0
1
1998/1 200071  2002/1 2004/1 2006/1 2008/1 2010  ~°41ib
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“yv — meson pair’ measurements from Belle

PLB 615, 39 (2005) 87.7 2.4 -4.1
PRD 75, 051101(R) (2007) 85.9 08-1.5
J. Phys. Soc. Jpn. 76, 074102 (2007) 85.9 0.8—1.5 \/
K+K-  EPJC 32,323 (2003) 67 1.4-2.4 \
PLB 615, 39 (2005) 87.7 2.4-4.1 v v
70770 PRD 78, 052004 (2008) 95 0.6 — 4.0 \
PRD 79, 052009 (2009) 223 0.6 — 4.0 J J J
0 w0 PLB651,15(2007) 3971  2.4-4.0 \ \
KK
nTco PRD 80, 032001 (2009) 223 0.84 — 4.0 v \
m ArXiv:1007.3779[hep-ex](2010) 393 1.1—4.0 \ \ \
D We, in principle, measure differential cross section

/O do/d|cos 0%| for these reaction processes.

N,
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Experimental Analysis; yy—nn

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

Triggered by ECL triggers
Vs=9.4-11.0GeV  [Ldt=393 fb-!

Signal candidates

Efficiency

Number of events
I
]
|

W: vy energy in its c.m.s., 0*: scattering angle of the meson in the yy c.m.s.

1.096GeV (mass threshold) < W < 3.8 GeV
lcos 0% <0.9 or<1.0

CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct.,2010
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M1 (GeVic2)

Signal candidates and backgrounds

Clean nn signal
n
M(yy,) vs M(yy,)
with
non-negligible background

&
0.7 : BN WA
- n—mass N &

0.65

Blue — backgrounds
1 non-1(solid) >
non-1 non-n (dashed)

Number of events/20 MeV
o
L
f

0.6

0.65

=
T

0.5

Background sum (cross)
0.5(SB-A) —0.25(SB-B) | iy l
--- 5% level except in low-W Bl

0.45

0.4

'\

Myy2 (GeV/c2)

W (GeV)
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do/d|cosb*| (nb)

Differential and integrated cross sections

dor

Yield: after the

&}r background subtraction

dlcos6*| ~ AW A[caos 8] [ Ldt Loy (W) € B2 sraom

25

Bin sizes
AW=40MeV/c, Alcos6*|=0.1

Integrated luminosity
Two-photon luminosity function
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Angular dependences in yy—>MM’

General tendency in meson pair production processes

*

%

=

S

z J

=

0.0 cos0* 1.0 0.0 icos0*| 1.0 0.0 icos0*| 1.0

Low energy Intermediate energy High energy
Near the mass threshold  Tensor resonance pQCD
or Scalar resonance Quark line mediates

Predictions for High Energy
pQCD: ~1/sin“6* for a charged-meson pair
(no definite prediction for a neutral-meson pair)
Handbag: ~1/sin*0* dep. , for BOTH charged and neutral
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oy do/dlcos 6 |

vy— ntn~ and yy— KK~

g N
& o o

o

)
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Black circles nt*r"

: White circles K*K-
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I [ [ I [ 9 T
r o K'K
- i _ 1227
- sin* @’
Ty b T T g% L
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The ~1/sin*0* dependence is valid above W>3.0 GeV

N,

for these processes
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o (|cos 6*|<0.8) 'do/d|cos

| W=255 Ge\r'ii

_ 7/
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|cos 8%

do/d| cos8*| = a(sin=*8* + bcos?*).

~1/sin*0* valid above W>3.1 GeV
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Angular dependence available only for
W<3.3 GeV

Black solid: Handbag (~1/sin*0*)
Blue dotted: Benayoun & Chernyak
Not bad within errors
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n’n and nn
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The agreement with 1/sin* 6*

1s good for W>2.7GeV

The reactions except nm show
an agreement with ~1/sin*0*

above W>2.4-3.1 GeV.

N,
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- == ~1/sin®0* is better for W>3.0 GeV
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a Those for nn® and nn are shown in other slides

N,
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W-dependences at high energies

Assume or expect (W) ~W™

1 0

1

15 (a)g*ar’c! ;ﬁ (b)ng:j a0 o el (a)
_— E P elle - L el elle 4 . o a
3 | t?tt% ~ALEPH| S | FJF; ~ALEPH|| i E7HT,OTCO
- - ; E. 0.1 ¥ 3 :
g | 2, 3 “%\ﬁ”ﬁ
O 10 o = nm ?a
= I 1 = £ o0 N
g +ﬁ 2 Rl 1
° T > K'K-
e T T R T R S 28 22 26 4
W[GEV] W[GGV] Wi Gav)
. s | @ 3
Fitted and reproduced ¢ | KJKS “ @
. § 10 ¢ T—KsKg =
Slope parameter n different & | g2 _
. __'%5 10-2_ 'g g a TCOTCO
among the reactions =" | g - JU
i =] = o
‘I'IZII"?'r n=10.5+0.6+0.5 o g o nn f @0 0p 9 g
Charmonium contributions ) ' ”w . l ‘
not included/removed T S T * 8 “ s
W(GeV) W (GeV)
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W-dependence: Summary

Process n W range (GeV) | cos 8" | range
nm 7.8+0.6+0.4 2.4 - 3.3 < 0.8
nm" 10.5+1.2+0.5 3.1 — 4.1 < 0.8
7’ 8.0+05+04 3.1 -4.1 (3.3 - 3.6 excluded) < 0.8
KSK% 105+06+05 24 -4.0 (3.3 - 3.6 excluded) < 0.6
T 7.9+04+1.5 3.0 — 4.1 < 0.6
K+K— 73+03+1.5 3.0 - 4.1 < 0.6

pQCD, in the enough high energies

Baryon-pair result

Dimensional counting rule predicts -- n =6 YV = pp
Handbag model introduces annihilation form factor, n=15.1+%% @2.5-2.9 GeV
n=6 -- R(S) ~1/s n=12.4 £24;@ 3.2 - 4.0 GeV

Dimensional counting rule:

Slightly steeper thann =6 n=10

Power corrections ? (mainly for ss component) (by DK) PLB 621, 41 (2005)

Effects from resonance tail around 2.3GeV?

CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct, 2010 1 ¢




Cross-section ratios: K vs « or Charged vs Neutral

o(K'K7)/o(n™n™) = 0.89 £ 0.04(stat.) + 0.15(syst.)

o(n'n)/o(ntn) = 0.32+ 0.03% 0.05,
Larger than LO- pQCD (<~0.1)

0.15

0.1}

0.05 |-

--- slightly smaller than unity
Close to Benayoun-Chernyak(1.08),
Difference between m and K form factors

K') log,(ntn’)

Qooo ==,
:mnmm—mnm
|

+

oK

Smaller than 0.5 suggested by =0

o(K%K%)/a(K
(Icos61<0.6)

%

+]J[\"| suUd limit |

| changes ~0.13 to ~ 0.01 °,;
Approaches the pQCD preditions,

++ +

: EL pred tlll.lmn

(b)

RN

K)

. Ii{ |1ru|u.um| }

2.5 3
W(GeV)

3.5

6(KOKO)/o(KK)

Icos 0*|<0.6
- - o(K*K7)/o(nrn)
Lol
+++++TT T |
2.5 3 3.5 4
WIGeV1
0.01
0.9 _
sl o)/ o(nnl)
_o7f
::: 06 3 I
E 05 i ] -
£ 04 3 IR
® o3 EEEHHH{{
0.2r ’
01
2:? 312 3I._.|" 4.2
W (GeV)

{ Much smaller than Handbag prediction in HE

N,
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Cross-section ratios: Among neutral pairs

osf o (nm®)/o(r0nd) o Comparison with pQCD — qq model
—oal nin SU@3) [o(7"7") : o(n7”) : o(ym)
ggzg}*z}}{}ﬂ } MT octet 1:0.24R; : 0.36R7
G;;: L i [ l ‘ ] S.J.Brodsky, G.P.Lepage, PRD 24, 1808 (1981)
ol 6h = —18°| 1:0.46R; : 0.62R>
%a 25 32 a6 4 1: (048i006) . (037i004)
WiGe\V"
cos 0%|<0.8 T Belle Measurement
08 | o(MM)/c(n’n?) 50 -
a6 | nn
Coa | g ¥ 5 # 3 } i cos 6%|<0.6 4ﬂ_+ \
=1 i | -
uz.a. 25 26 27 28 29 3 31 32 33 30r e

2
[1}]
O
R= (fn/fn)2 =17 £
L

reproduces nNn’ /t’°7® but does not nn/ wOor “
Comparison with the Handbag model prediction + 3
Based on SU(3)-flavor symmetry

and Belle measurements for different processes 5 "“s [Gw}f 20
-~ M. Diehl, P.Kroll, PLB 683, 165 (2010) 18

Prediction




Summary on the QCD part

Angular dependence of the differential cross sections

Steeply increasing to forward angle in all the processes,

Consistent with ~1/sin*0* except the nn process.

(W region depends on process)

W-dependence

Slope parameter depends on process: n=7-11

No clear explanation for the differences
Cross-section Ratio

Not completely reproduced by either pQCD or handbag predictions

Partially explained by these models

More detailed comparisons/considerations are necessary.
Take kinematical regions into account
Non-valence quark components
CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct, 2010 1 ¢




Resonance production
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Resonance production and quantum numbers

Resonance formation or partial-waves

R ju— —
esonance Meson Q=0,C=+
J;=0%,0-,2%,2°,3%,4%,4-, 5" ....
(even), (odd #1)*

Meson

Strict constraints for quantum numbers
Pseudoscalar-pair production: J'=(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”

88889 S.Uehara, KEK, GPD2010, Trento, Oct.,2010 21




Confirmations of f (980) and a,(980)

True nature of ;(980) and a,(980)

1S not clarified, well.
We observe them as a peak very clearly
in two-photon production for the first time &
- Measurements of I'yy

350
L + Belle lcos®' | < 0.6
[ --syst. errors
w 300 F 6 Mark Il

renOnd) (nb)

U

. a CELLO ++ - £,(1270)

=g
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140 | |cos 8% <0.8 } « Belle
I § Crystal Ball
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o | -
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o | ey 1

0 == e hg_.}"‘ ::::: .{ %HH;'I‘

20
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iﬁiip

12
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4.2

W {GEW':J Jenara, KEK, GFDZULU, lrento, UCL.,2U1U 22
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Two-photon decay width of f0(980) and a0(980)
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Predictions
M[MeV/e?]  985.65 575 982.2i1.0+§-; 982. 3+°6+31

0747 Model Fv y [eV]
+209+132 +13.9+8.8 = T
Fnrr,-’tot[MEV] ol =l [LT=E 66.9 =l L= ho6ilo —10.0 uubar;:’dbar 1gsg ;330
+95+147 +211 +3+502 ssbar =
IyyleV] s 286+17250 128, 453 /B.0, kubar molecule 200 — 600
Channel Yy 2 Y = o YY 2 T Four-quark 270

Reference PRD7s5, osu01(2007)  PRD78, 052004(2008)  PRD8o, 032001(20009) GPD2010, Trento, Oct.,2010 2 3




Summary of resonances seen in yy—>MM’

f,(980) —> -, non® 2,(980) —> nn°

The 13P, tensor-meson triplet f,(1270), ’,(1525), a,(1320)
f(Y) > ntn-, 7n°n° ,mm  unidentified in 1.2 —1.5 GeV

a,(Y) > nnd unidentified in 1.2 — 1.5 GeV
f,(X) > %1%, nn unidentified in 1.7 — 2.0 GeV

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

XcO’ XcZ — TC+TC_, KJFK_? TCUTEU? KOSK089 nnm
‘ ' ’ 8

> T
D
=80t ]
= Belle 7r
22 397.6 fb! 26T nn XCOH
2 (Icos8 1<0.6) | =5 XCZ
w o
qdr
ol
J' $2 A
. 0 ‘
' 2 2.5 2.8 3 3.2 3.4 3.6 3.8

W(GeV) 24



vy — Z(3930) —DD discovered /confirmed

: P BaBar, PRD 81, 092003 (2010)
<O 384 fb—!
b 355_ IIIIIIIIIII _E _ I [
E . _ % 395 fb—l L 30F . 320 | SPIN=2 B4BAR
S | ik S o5k -
e N 4 } ?_‘ § 10
; 8 15 E |
| A0 I L " I -
”3.:7+‘ T — I S ‘Eﬁﬁilia 0: |3-|8| II ﬁlt | *ﬁ4-l2 -Sn' 'nl:l 0.4.”0.6”[:-?8 "1
M(DD) (GeV/c2) m(DD) [GeV/c?] lcosfl
‘;:‘ﬁ- M({DD}): 3.91 395{3{3}02
. (Porasmaseee m(3930)=3926.7+2.7+1.1 MeV/c2
i (J=2, hel=2) r(3930)=21.3+6.8+3.6 MeV
CH-L— T, -BF(Z(3930—DD))=0.24+0.05+0.04 keV
. 1"“---.,,_1(:I=0) — . . E
(TSR RERE S & s Belle and Babar results are consistent
m(3930)=3929+5+2 MeV/c2
(3930)=29+10+2 MeV Confirms that Z(3930) = ¥ ,(2P)
T, -BF(Z(3930—DD))-0.18 +0.05+0.03 keV
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Yy —> ¢ Jy

~ 10 CDF Run Il Preliminary L=5.0fb‘f

(%]

s ol 4140 CDF, ICHEP2010
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m{u uWK'K)- m[p"’p ) GeV/c?

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 1n the same
process

M=4350.6 *#6+ 0.7 MeV/c?

I'=13 J:918i4 MeV m

P 4350 D

<o

N=8. 8+4 2

M(I" I) (GeV/c?)

4.2 4.4 4.6 4.8 5

M(oJAy) (GeV/ic?)
3.2 [e™ T T T7 1 T T T
315 —
a1k g ]
305t s B ]
3 g 1 1 L | | | | ] ) . 1 . | | _
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 1in the 2 — 4 GeV region are compared with
predictions based on QCD, systematically.

* Any comprehensive reproducibility by theoretical models

1s not obtained, yet.

Further comparison with theories 1s now possible.

» Belle discovers/confirms several interesting meson states
produced 1n two-photon fusion:

['yy for f,(980) and a,(980) are measured
New charmonium-like states are found
Z(3930) = 1.,(2P) , X(3915)=Y(3940)?, X(4350)

N,
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Two-Photon Collisions and QCD/Hadron Physics

1. Hadron production from photons

hadrons
2. Resonance formation

'}/-‘—B

e

e+

. Y
T 3. Hard scattering with a quark line

e

Hadron production from collision of virtual or quasi-real photons
Perturbative/Non-perturbative QCD
Hadron/Photon form factors

Wide energy region --- Various physics aspects
can be studied simultaneously.

CO0Q0) S.Uehara KEK, GPD2010, Trento, 0ct.2010 5




BaBar at PEP-I11

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

530 fb! in total ElectroMagnetic
1.5 T solenoid ' Calorimeter

Cerenkov Detector

e* (3.1 GeV)
(DIRC) — "

e (9 GeV)

——

Drift CHamber

Silicon Vertex Tracker
Instrumented Flux Return
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No-tag yy measurements at B-factories

Production from two quasi-real photon
(Dominated by Q? =|q?|<0.001GeV?)

p,- balance requirement,
= p*, (hadrons)| < 0.05 ~ 0.3 GeV/c

Exclusive processes W=W_~ 0.6 - 4.5 GeV
vy ¢c.m. energy = invariant mass of the hadron system

Translate the cross section 6., >0,
with Equivalent Photon Approximation

GW = (dG ee/ dW)/ LW(W) Two-photon luminosity function calculated by QED

CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct, 2010 3¢




“vv — meson pair”’ measurements from Belle

T T PLB 615, 39 (2005) 87.7fb"!, 2.4 - 4.1GeV, QCD, Charmonia

PRD 75, 051101(R) (2007) 85.9fb-!, 0.8 - 1.5 GeV, light-quark resonance
J. Phys. Soc. Jpn. 76, 074102 (2007) 85.9fb"!, 0.8 - 1.5 GeV,

K*YK™: Epuc 32,323 (2003) 671, 1.4 - 2.4 GeV, light-digiH guark Fesonances
PLB 615, 39 (2005) 87.7fb'!, 2.4 - 4.1GeV, QCD, Charmonia

TCOROI PRD 78, 052004 (2008) 95fb-!, 0.6 - 4.0 GeV, light-quark resonances

PRD 79, 052009 (2009) 223 fb'!, 0.6 - 4.0 GeV, light-quark resonances,

0 0 . QCD, Charmonia
K SK - PLB 651, 15 (2007) 397.6fb"!, 2.4 - 4.0GeV, QCD, Charmonia

T]TCO: PRD 80, 032001 (2009) 223 fb-! , 0.84 - 4.0 GeV, light-quark resonances, QCD

M. ArXiv:1007.3779[hep-ex](2010) 393 fb! , 1.1- 4.0 GeV, light-quark resonances,
QCD, Charmonia

-'.: We, 1n principle, measure differential cross section

do/d|cos O%| for these reaction processes.

CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct, 2010 3



Experimental Analysis; yy—nn

T] (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 n° candidate |\

N reconstruction

-Two 2y sets each satisfying
0.52<Myy<0.57GeV

Efficiency

scaling to the nominal mass _
-p,-balance <50 MeV/c 0

W: vy energy in its c.m.s. ~ 0 | ! ! Y.

0*: scattering angle of the meson in the yy c.m.s. o, /

1.096GeV (mass threshold) <W < 3.8 GeV \ s T 3
QDD

58 326 P W{GE\”
Icos 0% <0.9 or <1.0
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Baryon pair: yy = pp

A

. . PLB 621, 41 (2005)
Baryon production mechanism

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

2.5<W < 3.0 GeV 3<W__<4GeV e
L IR DR wb --- Fit (b) -
‘2 sl Bﬂllf: GPALE"?— 95 Ge ” % « Belle =13 Go45Gev) 80 nC j/ 1
% e CL:JED kg~3 otz ‘3' 3wt — diguark (complete) - -0kl v
= 1quark (complete i = i ) 1
S o T R 2 |- ﬂilﬂfirk f]?Il:lyIIC‘As} T > J[ background
ki sl T three-quark R % 8 h: ‘ib“:]u = 60} { + ]
;, = handbag | E’j* _,q—E andbag J_ % sob
5 2 s 5 6 = .+ +
= = 0F Jr
E - cn; 20} + % + +
@D 0.5 = 10k t '+'

d] | E
0 ' - ' ' . = L . . P SET RN
i 2 & U e %e1 02 83 04 05 e 07385 29 295 3 305 3.0 3.5 32 325
lcose | lcos8' | ‘Ww (GeV)
Model predictions are normalized for [cosf*|<0.3. M. :observation in this proces
Agreement is not very good in W>3 GeV Subtract charmonium contributions

CO0Q0) S.Uehara, KEK, GPD2010, Trento, Oct. 2010 3 4




Cross sections; W dependence

complete diquark

wr o - - - - - diquark, only helicity
C !5% - conserved amplitudes
I~ ce-quark
G g —-—- three-quark
S
1k s h
) lcosB | < 0.6
|’§ N,
\,
T 0L N e
210 N
5 F N T e
2| = Belle R
10 h
- o CLEO N +++ .
0 VENUS ~

lu- |||||||||||||||||||

W, dependence

n=15.1+%% @ 2.5-2.9 GeV

n=124 2% @ 3.2-4.0 GeV

Might agree with a
QCD prediction n= 10
at some energy above 3.1 GeV

Slope — steeper than meson pairs
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