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Introduction

Two photon physics at Belle:

- ho-tag measurements

- single-tag measurements

@ Cross section measurement in x*n, nn’, KK, KOSKOS, pp

¢

[

Charmonia in yy:

- study of the Jhpw, Jhpd, DD invariant mass systems
Baryon search via yy fusion

Pentaquark search at Belle

Transition form factors in single-tag mode

Conclusion
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Introduction

® Two-photon process:
an interesting way to perform (p)QCD tests, exotics search, TFFs

® Reaction by virtual photons from each beam particle o o

® Beam particles do not annihilate
® Photon virtuality: )
y | ,_ﬂvﬂ
Q2 — 4B, B sin? (X
= sin” — ~
b 2 S S
® W = M(yy) = mass of the hadronic system < £
@ Different ways to perform such analyses:
M - g ,_rfi'g’Tag Single-tag method:
/ ¢ Y *%, 2 one e* is detected
e Y .~ -
R Double-tag method:
¢ Y YT both e* are detected
No-tag method: . § (no Belle)
, both e* not detected €
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Basic features of two-photon physics

@ Cross section:

olete™ = eTe ™ v*y* = eTe™ f) o atlog?E /m.

compared to: o(eTe™ = 4* = f) o< o /E?

@ Parity:
particles produced in yy collisions have C = +1 and J® = 0F, 27,...while those
produced in single-photon annihilation have C = -1 and J° = 1-

@® Special kinematics:

- Initial e* tend to fly in their original directions, and lose a small part of their energy;
- the produced system of particles has: Et0t<<\/S, and tend to have small transverse

momentum

IJ JULICH
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Two-photon achievements at Belle T
GeV |cosB*| < fb1 GEEE year
v JIw 3.2 - 3.8 32.6 PLB540, 33 2002
2.4-41 0.6 88 PLB15, 39 2005
M PRD75, 051101 2007
0.8-1.5 0.6 86 JPhySocJpn76, 074102 2007
K+K- 1.4-2.4 0.6 67 EPJC32, 323 2003
_ 2.4-41 0.6 88 PLB15, 39 2005
pp 2.0-4.0 0.6 89 PLB621, 41 2005
4 mesons 2.75-3.75 395 EPJC53, 1 2006
KsKs 2.4-4.0 0.6 398 PLB651, 15 2007
1.05-4.0 0.8 972 PTEP2013, 123C01 2013
700 0.6 -4.0 0.8 95 PRD78, 052004 2008
0.6 - 4.1 0.8 223 PRD79, 052009 2009
nm’ 0.84 - 4.0 0.8 223 PRD80, 032001 2009
nn 1.096 - 3.8 1.0 393 PRD82, 114031 2010
J/w 3.9-4.2 694 PRL104, 092001 2010
b J/w 4.2 -5.0 825 PRL104, 112004 2010
ww ,od,pd thr - 4.0 870 PRL108, 232001 2012
nmm 1.4-3.4 673 PRD86, 052002 2012
m? Q%<[4,401GeV? 759 PRD86, 092007 2012
B | Q2<30GeV? 759 PRD93, 032003 2016
1 PP KK 3.2-5.6 980 PRD93, 112017 2016




Two-photon process by real photon
NO-TAG METHOD

® Collision by 2-quasi-real photons

® Dominant two-photon process: high cross section compared with single-tag
mode

® e* escape to beam pipe with small recoil angle — must not be detected
® For hadron pair production:

do AN
d cos 6*| AW A| cos 0*] %—i*f(ﬂ

cos 0*|) [ Ldt

IL
olete” sete X)= flo(yy — X;W dT;M /

+ Y
€ / i
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Cross section of hadron pair production S
In no-tag measurements

Ar.w-. jeos &|<0 & i os °[<0.8 1 o3 506
A
t |/ - c‘% neutral By
gy a =1
5 V . L -“’h\g £
i [ w T =D1
T N, T g MR, i \ tHy
rlinl ®e .."- o1 b =+H:: oo KSKEQ
s ""l *H'h +!- ¥ f
o + + +-+-F +|
oo | fof oo it aom |
n.om o004 . . s .
=1:} 1 15 2 as 1 1.6 2 15 3 i1 4 45
W (Bev)
05
045 T L B B L B B AL B NI
& Oaf 0k » Belleyy— AA
£ 035 ; . . 050
T 03 A Belle yy —» £'X
© 025f 2 ; 1
I_ 02 S i o L3yy— AA
> E C 050
LY P o
0.05 Z © iy, ¢ CLEOToAA
- . AT 2 1 i gﬁ‘p
i i - L P, W L™ 0 ¢| 1_*._ 4 N 4
1.6 2 2.5 3 3.5 4 S PO +
M(w 0) (GeVic®) 1 L
ot diquark AA , e
® Wide W region can be measured all at once lcos8| < 0.6 il iy
10 2 2{2 2‘.4 2{6 2‘.8 .‘3 3:2 3?4 3I.l3 38 4 i
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Light meson study using PWA

STUDY IN LOW-W REGION - NO TAG METHOD

® W<3 GeV (no-tag measurement)

do

47d) cos 0| (vy = MM') = |SY5 + DoY) + GoY|? + |DoY5 + GoY 7|

= SYQP + D3IYZ)® + DY |® + GRIYD | + G3|Y{ |

- two-photon spin-helicity state (J,A) have: (0,0), (2,0), (2,£2)

- S, D, G, waves for final hadronic systems

- W-dependence

— parametrizable with Breit-Wigner + non-resonant component

- interesting to measure two-photon decay width FW, for studying the nature
of the resonance (glueball, tetraquark,...)

IJ JULICH
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Light meson study using PWA S ot

RESULTS on K° K°
s s PTEP 2013, 123C01 (2013)

® 1.05<W<2.4 GeV A f ., '(1525) | cos®' 1< 0.8

® Update of previous Belle analysis (2007) Z*°f ,

® Process dominated by resonances in < 'F | Belle
W>2.4 GeV (more in slide 12-13) o (1270) (972 fb_l)

@ Total luminosity: 972 fb? % T 1320 £; (1710)

® Here only light meson study s ol | and/or a; (1710)

L2
T

Pt (2200)
; y ‘)
1.8 ' II ”Fhl "H'.ld;’Dl" '1_[ 2200

:||Il
by "-., l (2500)

'uu:ii'{c:»] ay ZJOO}

| EER

4 -

¥.(1270)

1 125 1.5 ‘IJH 2 2...‘!& 2.5 2715 3

W (GeV)

@® 5 resonances visible in W<2.4 GeV
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W-dependence of Cross Section
STUDY IN HIGH-W REGION - NO TAG METHOD

@® Good place to study (p)QCD B
® 0 «« W™ WP for charged pair; W° for neutral and pp
(prediction: PRD 24 (1981) 1808; NPB 329 (1990) 285)

do [Fas(W?2)|?2 ((e1 —e2)?  2e1ea(e; — €3)?
— 16 2 { o* 2 2 2 2 0* }
d| cos 6*| i W2 sin? g* + sin? §* 9(0")+2erez97(0)
FM  Meson form factor. ~1/W2at leading term
g( 8%) unknown, non-perturbative factor
pQCD Belle W(GeV) |cose*|<
n+A- 6 7.9+0.4+15 3.0-4.1 0.6 1 _ _
K+K- 6 73:03+15 3041 06 [ A”a}!ﬁs's fftﬂs
- INn Slides -
KsKs 10 10.5+06+0.5 2440 0.6 of this talk
KsKs 10 11.0+0.4+04 2.6-4.0 0.8 >
aln0 10 8.0+0.5+04 3.1-4.1 0.8 )
Ep 10 124+24-23 32-40 0.6

l) JULICH
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Cross section (nb)

- ID>

W-dependence of Cross Section S

RESULTS
1 PRD 79 (2009) 052009 hep-ex/0609048 Belle CONF-NOTE
pa
s . 09+ 10 | = Belle Yy — ,«\A .
¢ L. | A\‘ B Bele{‘—>3_"—0§
. I . T[+TE_ 08 _ )
. 55 ﬁU.?' %1;— 1 o L3yy— AA
20n0* A p 06 3 2 | +% o L3yy— 3% ]
' ko : [ ' A % & CLEOyy— AA |
0.1 % 0.5 . % ol , m+fﬁ i ) |
cot o P TR
| T i ot —
® 03] RS BN s e S
o i I T . diquark AA _+_:-_—_ A
0.2r - diquark %"
0.1r J lcosB | < 0.6
0.01 | | . 0 ! ! ! e R Y R S 'z'_ivr' é(; '\;—3!2' BT U TR T S
2.2 2.7 3.2 3.7 42 22 2.7 3.2 37 4.2 w G0
W (GeV) W (GeV)

® o(n°n0)/o(n*m) approximately constant (theory) - disagree with pQCD
® o(AA)/o(pp) ~ 1 — possibility of different quark charge?

® Belle investigated W<4.0 GeV; Belle Il will go beyond this achievement
— expected significant background

— neutral modes relatively clean, but low cross section

JULICH
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W=2.4 — 3.3 GeV

do/d|cos 6°)
of|cos §*|<0.8)

PTEP 2013, 123C01 (2013) N R
@ Study of K° K° via yy fusion: low background level ; o |
o e A aaf 4 oz fi:j
g oal, -c-'f# o ?m,r+ wihpae® |
® 2.3<W<45GeV Bowp o amp e e
& :: Foz o ! ] Uw: 29- e
B oif | i
. I B S B .
: :}— J‘:nl;ll- _,-:n.n:ﬁ_ .t, T
70 _—KOSKOS Xeo |cos 67]<0.5 " :ﬂ*:j .":-‘*‘:': ':'u;***:':. a
EY IR ]@ e e,
: | .of2 fo - | ouE {[ = §
4ol I L
= 0.04 0.5 A am E
% o U.u:n ' #:;;j n:; I};M‘D?:I ‘ Ua}+#tf :]
g’ w b lcos 67|
E 20 L]
E
Z | 5 ) 4 -
L 2 2 M 2 M L n S— R I T |- E
02.8 3 3.2 3.4 3.6 3.8 4 g + + +
W (GeV) 4
A N +
® pQCD test: a. not constant, depends on W for neutral  ~ jp¢
meson pairs :
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QCD studies

PTEP 2013, 123C01 (2013)

0.1

(a) |cosg*|=0.8

® o oc W (pQCD prediction)

— For charged-meson pair: n = 6 (x*m, KK, ...) 0.01 F

— For neutral-meson pair: n = 10 (K° K° ,...)

do/d|cos 6% (nb)

ol
!

( _ = Py 3.4
W range (GeV) cos*| range n nofe W (GeV)
26 —4.0 (except 33-36) <08  11.0+£04+04 - (b) |cose|<0.6
2.6 -3.3 <08 100+05+04
\ 2.6 -3.3 <06  118+06+04 )

24-40 (except 3.3-36) <06  105£0.64£05 Belle 2007 01t

® Close to n =10, agreement with pQCD
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Charmonia Qgﬂ%

@ Yy physics (no tag) allows to investigate the nature of particles and FyyBR(—» final)

® X(4350) consistent with predicted ccss tetraquark (Jou. Phys. G37 (2010) 075017)
® I, (X(4350)B(X(4350)— bJ/1h) =[6.73%(stat) = 1. 1(syst)] eV for J? = 0+
(1572 (stat) = 0.3(syst)] eV for J© =2*
e Compatibility with D_*D_"(2317)" molecule state (prediction: CTP 54 (2010) 1075)
e Compatibility with possible "  charmonium state (prediction: PRL 104 (2010) 122001)

Jhye, PRL 104 (2010) 112004 @ 825 fb! integrated luminosity

8 4350 ® 4.2 <W <5.0 GeV
s f M =[4350.67 %% (stat) + 0.7(syst) | MeV /2
= [ N = 8.8%%2 +18 -
o -3.2 [ = [137%(stat) = 4(syst)] MeV
K7
= [, (Y(4140)B(Y(4140) — $J /i) <41 eV P =(
L <6.0eV =2
e Disfavor X(4140) as D_*D_~molecule
M(oJ/y) (GeV/c?) ' ’ J U LICH
Mitglied der Helmholtz-Gemeinschaft 27. February 2019 Seite 14 Forschungszentrum
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Charmonia N

OELLE

@ Yy physics (no tag) allows to investigate the nature of particles and FWBR(H final)

® X(3915) and X(4350) found in yy fusion, but still undetermined nature
e X(3915) was identified as x_(2P), but no longer. What is it? Where is the % _(2P)?

Jipw, PRL 104 (2010) 092001

® 694 fb! integrated luminosity
® 3.9 <W <4.2 GeV

M = (3915 =3 = 2) MeV/ 2
I'=(17 £ 10 = 3) MeV

N =49+14+4

Events/10 MeV

‘ 61 £17+8)eV for JF =07
( 5 ( 5 o~ = i o
LryXENNBXBIS) = @I/ =1 1g L 5426y for /P = 2*, helicity-2.

® Compatible with molecular bound state (1',/y ~0(1 MeV))

@) JULICH
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Do5e _
hdH @ DD, PRL 96 (2006) 082003 /DO

Mﬂ%ﬁwﬂ @ Tensor meson

Events/10 MeV/c?

Events/10 MeV/c?

| | | A ++++ et ® 395 fb integrated luminosity

5 | @® Consistent with isospin invariance
w m *H * ﬂ B(Z(3930) — D*D~)/B(Z(3930) — D°D") =
AL 4 L 07a = 0astun = 0.16(ysy
s | (c) combined

o M = 3929+5+2 MeV/c?
sl r e ' = 29+10+2 MeV
1
Ml Il N = 6418

[',,B(— DD) = 0.18  0.05(stat) == 0.03(syst) keV
k favorite J=2 (x*/n,_=23.4/9) over 0 (x*/n _=1.9/9)

@ Consistent with expectation of being
charmonium unseen state /',

r—'-Lu oy L:-—t HH; _ﬁtﬁmﬁ

9 JULICH

Forschungszentrum
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Search for exotic baryons in yy — ppK*K: s

OELLE

PENTAQUARK SEARCH

® Search for X* - ¢p: very interesting channel!
e P_(4380)", P_(4450)" -~ J/hpp [LHCb, PRL 115(2105) 072001]
® Search for 6(1540)° - pK- and 6(1540)** - pK*

® First pentaquark evidence for 6(1540) - nK* [LEPS, PRL 91 (2003) 012002]
® Search in Belle via yy interaction in ppK*K-

PRD 93 (2016) 1120137

60 : : —,
3 50§ | First analysis of yy—pp K+K-
S b Ty
h¥.a = el
a 30 ;‘|| 1| | ! l_]__l__L |
T 20 :—I L JEy Lol
.: T T tdr T |‘
% 105— |' I_|[_ |_|l I_:P|_{_‘:__%_'I"__:_ |||| ‘ !!
0 1 'i'||
0B
35 4 45 5 55 .
M(p B K" K) (GeV/c?) d ’ JULICH
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Search for exotic baryons in yy — ppK*K-

RESULTS
L a0 A(1520)° (pK)° %
2 60 =
o | e
.E 40 7o T E l - i
9 20044, T S Z'JF I
035 16 17 18 1.9 0795 16 17 18 19
M(p K') (GeV/c M(p K*) (GeV/c?)
asE . - 1 L B B B
L a0 K*K- @ o 5t d} P :
2 ¥ > | ]
E 30 [ = 10: ]
% 20; \| | % [ ’
u‘.‘: 5;**%.‘.;::' .‘ ‘, ,__*"_ i . ‘+‘”. £ E i E
" 70z 10a 106 108 0 s 3 35
M(K'K') (GeVic?) M@ p) o M(6 B) (GeV/c)

@ No evidence for ss partner of P -(4380)" and P _(4450)"

9 JULICH
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Transition form factor

n® TRANSITION FORM FACTOR - SINGLE-TAG MODE

V2fx

[ CELLO
F(QE) — 3 fTH(:EJ ngﬂ)éﬂ(mjﬂ)dm " _

0,25

do N(1 —r) Somf |
dQ® ~ [ LdieB(r® — y7)(1+ 0)AQ2 = ol
:2 i

Q*|F(Q)| = Q*V/(do/dQ?)/(2A(Q?).

< |3 de/dQ% o« Q7
]
¢

100
®Halle
S CLEQ
m BaBar
10

LUt

Q2 (GeV2)

Mitglied der Helmholtz-Gemeinschaft

Q*(GeV?)
® In Q° range 4-9 GeV”’ BaBar results are in a
reasonable agreement with CLEO and CELLO

@ The asymptotic limit for Q* F(Q®) = 2*f =0.185
GeV predicted by Brodsky-Lepage
® BaBar data exceed asymptotic limit Q* > 10 GeV?

JULICH
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Transition form factor

n® TRANSITION FORM FACTOR - SINGLE-TAG MODE

PRD 86 (2012) 092007

0.35

3 9 fbl
\/E m 3 03 |
F(QE) — f fTH(ijgﬂﬂ)éw(mjﬂ)dI = BaBar R
3 %0.25
do . N(l - T{,) </ 02 | [ AT e
dQ* " [ LdteB(r® — 77)(1+6)AQ? ots |
QIF(Q)| = Q*V(do/dQ®)/@AQY) |} e
0.05 | . E“Eﬁt(p.]
P o/dQ2 o« 7 . | . | — @)
0 10 20 30 40

doidQ? (iGev?)

Wi

S
04 | 4:_’_
+

100
®Halle
S CLEQ
m BaBar
10

LUt
a 10 2n 40

3
Q? (GavE)

Mitglied der Helmholtz-Gemeinschaft

Qz(f.-‘:evz}
® In Q° range 4-9 GeV’ BaBar results are in a
reasonable agreement with CLEO and CELLO

@ The asymptotic limit for Q* F(Q®) = 2*f =0.185
GeV predicted by Brodsky-Lepage
@ Belle data: no excess! ~2.3c agreement with

BaBar in Q2 € 9-20 GeV? ‘J JUL|CH
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Transition form factor
f°(980) AND f2(1270) - SINGLE-TAG

¢

first time

y*y - n%® PWA and study in Q? bins
Spin-1 particle, helicity-1 component allowed in single-tag mode
f (1270) transition form factor (TFF) for helicity-0,1,2 studied separately for the

- large helicity-0 and non-zero helicity-1 components seen

@ Spin-1 has not been measured yet, x_ TFF is useful to test LbL sum rules

TFF of £,(980)

H
ql—l

12 =

PRD 93 (2016) 032003

- f0(980):

3 44 i E
P B B B .T___.___.TT_._—.—

0 5 10 15 20 25 0
GV

Mitglied der Helmholtz-Gemeinschaft

he licity-2 TFF of £ (1270)
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—
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Conclusion

® Many analyses performed in yy'") with the Belle data sets
- most of these analyses performed in no-tag method

- few analysis with single-tag method

® Playground to:

- search for new exotics

- investigate particle nature by measuring Fw X BR(- final)

- understanding (p)QCD

- transition form factors

@® |mportant achievements up to 1 ab

® |mprovements are expected with Belle Il data set:

- higher W
- higher Q?
Mitglied der Helmholtz-Gemeinschaft 27. February 2019 Seite 22 J Forschungszentrum



Thank you for your
kind attention!

e.prencipe@fz-juelich.de

“The greatest danger for most of us lies not in setting our aim too high and falling short;

but in setting our aim too low, and achieve our mark_." (Michelangelo, 1475 - 1564)

l) JULICH
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Mo Hesonance  Mass (MeVie®)  Width (Me¥) T, (eV), (J, A= {i;;:;
I fo(BB0)  0E5.621F G 32 Rtes 208 3NN
Ty 0 ) Bim"s )< 29x 10 ? {(with interference), 3.3= L0 * (without)
f2[1525) 15182140 B2:24+3 282L24L558/8
cip  falfajns  \TITASAT 151422804 {;3: i
f2({2010) 19804214 20T 1256 61+:243/B
fr/fs 23274940 275 4 36420 { ‘I‘:‘: li j::fwﬁ
fi1szs)  as5afRteT s2eligton  4sPTL/B(KEK)
KeK?  fol1710)  1750%5+%; 13ntiltee 121327 IR(KRD)
falZ2on)y  FaaaFTed 14541 2+27 ST LA el T o
fol2o00) 283014173 274 g7 s i/ BKE)
fo(080) 822400150 2864 173
£ ® fa(1270)  fixed fiscend
Bifa — ) = (1.57 £0.01+239) = 105
So (¥ 14T G o0t 1B
fa(1950) 2038717 4415350 5413 /B
fa[2050)  1ssatiitEt as3E20073, 136133050
. e [ ) oEz. 3t Tl 756167100 1ZETRYINB
e ac(¥)  1MESHITT  es0rILBL ameaetliT/B
az(1320)  fixed fixed 145 3/ 5
A(Y) 12622370, 4safintin 12N /B
i f2(1270)  fixed fixced 5 B Rt
F2{X) 173720+ 108 pogtaliize B o el

Mitglied der Helmholtz-Gemeinschaft
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0.30

025 |
,¢+t =
hv& /’
0.156 | .
Belle measurement
# in2012
0.10 Expected error size for
Q: dependent (stat. and
005 | a pan of sys. errors)

component at Belle Il

000 - & - . -
0 10 20 30 40 _ S50 , 60
Q- (GeV" )
do N(l - ‘I‘b) £ Efficiency

r. background fraction

dQE - f LthB(?TD — T’T)(l + 5)&‘92 J radiative correction

2A(02) from QED

Brodsky et.al.
Q*|F(Q%)) = Q*V/(do/dQ?)/(2A(Q?)) |

UJ JULICH
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QCD Calculation of Meson Pair Production

W>3 GeV: Resonance effect is small

pQCD by BL(Brodsky and Lepage PRD24, 1808)

Mira (W2, 0%) f [ dedydar (2, Qu)dar (4, Qy)Tasna (, . 0%)

" M
v For charged pair, o~fmM%/W6sin408* do (K+K-)/do(m+m-)=2.3 I Ty, @

Improved by BC (Benayoun and Chernyak, NPB329, 285 (1290))
w SU(3) symmetry breaking do (K+K-)/do (r+m-)=1.06

" ,EMNW @
v¢ For neutral pair, o~1/W'° St E eIk [

|
Handbag Model by DKV (Diehl, Kroll et.al. PLB532, 99 (2002))

do MM 8ra? 1 P W2y 2

d| 8089*|(’}”}; - ) = W2 sin? 9*' M )I
w Charge counting & flavor symmetry
o(KsKs)/o(KTK™)=2/25
o(n’7®)/o(nTn™) = 0.5 .
JULICH
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Cross section and their ratio

Process W (GeV)  |cosf™|
ata™ 79+04+1.5 3.0 - 4.1 < 0.6 6 6
KtK~ 73+03+x15 3.0-4.1 < 0.6 6 6
KSR 105406405  24-4.0" <06 - 10
KOKO7F 11.0+£04+04  26-400 <08 i 10
I 8.0+05+04 3.1-4.11 <08 - 10
y® 10.54+1.24+05  3.1-4.1 < 0.8 - 10
nm TR+06+04 24 —-33 < 08 - 10
Process oo ratio W (GeV) |cost”|
KTK~ /atn~ 0.89 £ 0.04 £0.15 3.0-4.1 < 0.6 2.3 1.06
K2 I{Sﬂﬁrh’_# ~ 0.13 to ~ 0.01 24-4.0 < 0.67 0.005 2/25
o0l 032+0.03+0.06 3.1-41 <067 0.04-0.07 0.5
a0 /7070 048 £0.054+0.014 3.1-4.0 < 0.8" 0.24R;(0.46R;)}
nn/miw’ 037+0.02+003 24-3.3 <08 0.36R7(0.62R%)*
T XeJg region, 3.3 — 3.6 GeV is excluded.
f 1 meson as a pure SU(3) octet (mixture of octet and singlet with , = —18°), Ry = f2/ f,.
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QCD studies

e Study of K°® K° via yy fusion: low background level

® 2.3<\W<4.5 GeV

K? K°
s s
= T
<sol
S Belle
[5 297.6 b’
= x .
g 60 * (|cos8’|<0.6)
|
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20|
| o, I - . "
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Angular Dependence

.-—

]

/7]

Q
o
3

]
g =

wo | KtK-and m+m-

25
Curves: QCD
% o3 K
Icoso

made IJJ' sint 0° CNCTEY TANge cos 9* | range
ata— Match well. 3.0-41 < 0.6

K K™ Match well. SJ.0-4.1 < 0.6

f(gKE- o varies from 4-8 for 1/sin® 8§~ 26-33 < 0.8

- 4 * L f]%®
20,0 1/=sn* @ -|-—-!::1cc:sﬂ better. . o4 .41t <08
Approaches 1/sin” 8% above 3.1 GeV.
v;nrn Clood agresment above 2.7 (el 31-41 < 0.8
P .
m o oor agrocment 24 _13.3 <09
1/sin” 67 better above 3.0 GeV.
T Xeu Tegion, 3.3 - 3.6 GeV 1s excluded.
@) JULICH
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