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magnetic moment of

m) magnetic moment 1 = e gs

Ms: Bohr magneton
g: gyromagnetic factor ~ 2

m) anomalous part:
ay = (9-2)u/2 = Cem/21 +... =

m | a,"-a,M=(28.7+8.0)x 1010

3.60 deviation from SM value !

=) recent 0(Xem®) QED calculation
a°°-a,"=(249£87)x10° (2.90)

sensitive test of the &
standard model (SM) and R
Ay B

CRC 1044

0.00116...

muon. (9'2)”

need experimental and
theoretical program in
hadron physics to reduce

uncertainty in a "
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strong contributions to (9-2),

contributions from strong interactions NOT calculable within perturbative QCD

hadronic vacuum polarization hadronic light-by-light scattering

a2 VE = (690314 7 x 10:10 e e L e (e
Jegerlehner, Nyffeler (2009)
hadronic vacuum polarization measurements of meson transition
determined by cross section form factors required as input to

measurements of e*e- -> hadrons reduce uncertainty
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(9-2), : theory vs experiment

Standard Model predictions (g-2)”7

T T T T T T T T T T T T T T T T T T T T T ‘ T T I T ‘ T
JN 09 (e*e -based)
—299 = 65 ; ® ’

DHMZ 10 (t-based)
—195+ 54 I A

DHMZ 10 (e*e")
_287 + 49 R T

HLMNT 11 (e'e")
—261 + 49 g,

BNL-E821 (world average)
0+63

| ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | 1 1 ‘ 1 | | | i | | | 1
-700 -600 -500 -400 -300 -200 -100 0

S Ao x10 "
u w
E821 measurement of (g-2),, T

ayexp — (11 659 208.9 + 63) . 10-10

Aa-=q. 2P a 0=
(28.7 £8.0) - 10-7? (3.6 O)
Error(s) or New Physics ?

- Clarify situation !

New FNAL (g-2),
measurement (2015):

Factor 4 improvement
in experimental error

had |
-2 Improve a,"*° |
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(9-2), : hadronic vacuum polarization

Optical theorem and analyticity allow to relate HVP
contribution to (g-2), with o,,, = o(e*e-—hadrons)

Kernel function

loi = Vs
had VP
a, T 4{2ds K(s) O’had&

\ Hadronic cross section
had had
a, éSaH

1.0 GeV

Ohad : energy range up to 3 GeV essential!
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measure Ohad Via ISR at BES-III

Approach for measuring hadronic

10 N ] S cross section at modern particle
= - W ) 1 | factories with fixed c.m.s. energy \'s:
© 2 -

'g 10 ’ = / l Y(2S) Initial State Radiation (ISR)
- R )
Y N Y
0 10 §_.’¢'+i P
.5 E 4 .»«;—-—«,...'Q;WL § J&* et YISR
0 L o e
- "l Y(4S
-6 u f \s’g“q"u) Mhadr
10 E
E ; Hadrons
7 I DAPNE BEPC-II e
0 F KLOE BES-Il  PEP-II
- ABAR ISR method allows access to
10 L] B B B B ﬁ I mass range M,_ < 3 GeV at BES-III
1 10 - Continue ISR success story

Vs [GeV] in CRC1044
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hadronic light-by-light scattering

m) strong dependence of hadronic LbL estimate on hadronic models !

a had, LbL — (116 + 40) x 1010 Jegerlehner, Nyffeler (2009)
u

m) measurement of meson transition form factors
validate hadronic models / most relevant range at low Q2

timelike spacelike
(A2 @ MAMI) (YY program @ BES-III)
=
/) = e
0 ! Y* /
T, 1M, M Cf * 7'30771»7]
1 : v
e e

L

€ CRC 1044
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Y vV physics: quark structure of mesons

q

* °
spacelike Y aAaanaang e® paradigm for a whole program of
Q2 = -Q% < O M hard processes processes planned
at JLabl2, Compass, EIC/ENC
timelike Y amaananang- i
: @ transition region to perturbative
q7 29 meson distribution QCD remains to be understood
amplitude
%*
0.35 A (T ey o 'QIF(Q?)I vs. Q7|
% F Q2_>\OO 2f7T %‘o'zzfi
2| STy aY ! S 02| ' |
“‘§ B Eo.wg’— s et
L° Sore bt
o 0.14] . 55 o T B Bl
0.2 : 3G a gl IS B |
0.2} 3 S T :
0.15 | 0.1}
0.08/*
0.1 *4 CLE(.) 0.06 " : ‘ —+-CLEO
A 0.0al Simulations for 1y running -4 BaBar
not in agreement ! — fit(B) g o - . |
0 ! ! ! 0 1 2 3 4 5 6 7 8 9 10
0 10 20 30 40 @’ [GeV’]
Q? (GeV?) B. Kloss (2011)
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Y Y sum rules:

general derivation




y*y* —> y* v"* forward scattering

N M ol O D e )

% fﬁ kinematical invariants:
ﬁ % s=(q1 +q2)°, u=(q — q2)°
)\2 / Se—=

y 42 25 42 V= A Q% = _Q%a Qg — _q%
o . 2 2 2 e
helicity amplitudes: Mir a2 (v, @1, Q3) A=0,+1
discrete symmetries: » 8 independent amplitudes:
e e WG o Wil o g Wi T
17 M)\/l)\/27)\1>\2 = MAl)‘%Xl)‘/z MOO,OO7 M—H),—I—()7 MO—I—,O—l—a M—i——l—,OOa MO—I—,—O T and L
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y*y* —> y* v"* forward scattering

%

Y MW Unitarity (optical theorem):
X link to Y° Y~ — X cross sections
Y AANNN Whir i, = Tm Mo o 50

Wi ane = 3 J dUx(2m)16% (g1 +g2—px) M xs (415 425 px) M3/, (415 425 px)

¢ W_|__|_,++ il W_|__,+_ = 2\/} (O‘o g 0'2) = 2\/X (0'|| =t O'J_) = 4\/XUTT,
can be fexpressed in Wt e e e O T e R e
terms of Y Y — X
cross sections, which Wit =2VX (o) —01) =2V X 7rr,
can be measured Woo0,00 = 5o L5

WWetotn— 2V X ory,

Woror =2VX oL,

virtual photon flux: Wereoo = W —o = AV X Trr,
X =v' - Q103 Wit.00 — Wor,—0 = 4VX 74p.
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ee — eeX cross sections

o-
e(p1) +e(p2) — e(py) +e(py) + X S = (p1 —|—p2)2 Ql%

—— X inclusive

virtual @ =p1i—-Di, @ =ps— 1
DAES D O E e D Q22
photons G5 =—d1 = 0> =54,
e+
L WX P P
167 (420 Esili =2 (e i o
x {40t " p3 orr + 010 03 oL + 201" 03 orL +2p1° p3 oL
1/2
00 00
: i 1] :
+2 (pt+ =1) (p5+ 1) (cos29) 7rr+8 e T (cos$) re
(:01 _1) (P2 _1)

Gk [(p20 +1) (o8 +1)] (1 — 1) o+ = 1)]" (cosd) 8}
lepton beam polarization

PT+>P§F+>P(1)O,,080 : kinematical coefficients

@ : angle between both lepton planes in Y* Y* c.m. frame
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ee — eeX cross sections

extraction of

COS(Z(P) momen‘l’ Qf‘"‘agged<100Mev2 Entfl‘é:ms vs;gen
2 f Mean 1.563
s e i
600 po 422.7+2.1
. B pi -255.9+ 2.7
POSS'ble a‘l' BES'III 500
400}
300
® has never been extracted at
: 200f
an ete” collider :
100f
e through SR: measures °es T as 2 28 3

forward LbL scattering
coefficient c¢i - c2

simulations for ly running at BES-III (10 fb-!)

B. Kloss (2011)
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y*y* — v* v" forward scattering

Causality,
photon crossing symmetry (Vv — -V)
2 o0 /
l feven(y) i ;/ dV/V/2_52_i0+Imf€U€n(V/)

m) dispersion relations

fotdV) = = | v foaa(¥)

; V2 — 2 — 407t

= high-energy behavior: may require some subtractions

=) Low-energy expansion: for real parts at v = 0

® £(8) =C1 (FMVF’MV)Q —+ CQ(FMVﬁMV)Q Euler, Heisenberg (1936)

C1 and C2 describe low-energy (at order Vv2) LbL scattering

® at next order: 6 new constants enter Pauk, Pascalutsa, Vdh (2012)

Wednesday, July 18, 12



sum rules

m) 3 super-convergence
relations

helicity difference sum rule

-

sum rules involving
longitudinal photons

\

=) SRs involving LbL
low-energy
coefficients

for v Y " scattering

- for Q2 = 0
F cfr. GDH SR
0= (t5(8_+_622) PTO'_'OQ] =—0 Gerasimov, Moulin
s 1 (1975)
Brodsky, Schmidt
(1995)
(©.@)

3 L
0‘/QSL%@JQ30

S0

O

Z 1 (s+ Q1) 4
O_/ o QO [0”+"LT+ G077 i,

S0

© @)

1 +
ko= [ ds o) S;H](S)

S0

V. Pauk, V. Pascalutsa, M. Vdh (2010, 2012)

Wednesday, July 18, 12



Y'Y sum rules
in perturbative
quantum field theory




sum rules in scalar QED: tree level

0.4 Ao = o9 — 0y

NN et 3
l [ AL 0.2 |
A A &
| | o

AN} —« — —~ - N 0.0

I
S
N

0= [ ds : 5~ 100 — 02 2=()
/ (s 4+ Q3)

4m? Q3 8m? V'S
Bl o (s + Q7)? S ol o

V. Pascalutsa, M. Vvdh (2010)
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sum rules in scalar QED: tree level

xo o0

&7 TTL o 1 (S—I_Q%) a ]
O—/ds [Qlengo O—/ds TENADL [0|I+0LT+ T {2745 Sie

S0 S0

0.4 ¢
0.005 |

0.2
N
S
=
e 00 o
g S
* > 0.000 |
N =0.2 S
>y *
~—04 :
S - —0.005
S —0.6
<
%]

-0.8

—-0.010 |
10 20 50 100 200 500 1000
s/mz

V. Pauk, V. Pascalutsa, M. Vdh (2012)
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sum rules in spinor QED: tree level

AO'ZO'Q—O'O

N : o
S
A N\
2 0.0
NN 5
Sha
3 0.5
*
& =10
3 S
1 +
—-1.5
U~ ds [UO 0-2] il 2
1 - ,
-0 2.0

4m? 2 2
(70~ 02lag=0 = 0BT {\/1 e (3 = %> 2 (1 7 f) . (2{;
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sum rules in ®% theory : loop level

Ao = o9 — 0y

\ A
—-»—ﬁtl —_— - = -
| | ) g0
¥ ¥ ¥ >3 ¥
| | ) )
| | ) )
‘f—-»—— —/-»T—
| | [N J
¥ ¥ ¥ LAY ¥
| | | |
| | ) )
/j}ﬁ:‘ é /ﬁ\
\ /, \ 7
TRt et
| | | |
¥ ¥ ¥ ¥
| | | )
| | ) )
BQ? + 4 m? arctanh 8
Re[FT] - m*
(s + Q%>
| |
= o
=) o
—_ S
)] )]
S

helicity difference o .
7 2 2 73 2
sum rule 0—/4m2 dS(S+Q2)2 (6€ +4friarctanhﬁ)JBeF (3@ ,0)
at order A tree level 1-loop
4m?
FT(S Q* 0)= . : (S+Q2—I-4m2arctanh2l+2Q2arctanhl—m21n27+1—Q271nLH> 7 1_T
RN TN PR A v—1 v—1 o
el 1‘|‘@
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sum rules in perturbative QfT : summary

sum rules for Y Y forward scattering:

@ verified at tree level for scalar QED, spinor QED / QCD
@ verfied at one-loop level in ®* theory

@ verified at one-loop level in spinor QED with NJL-type
interaction (scalar and pseudo-scalar 4-fermion interaction)

Lr= 7(1&1&)2 %(W%ﬂb) j>< ><i{><

® resummation proof to all orders given within ®* theory

V. Pauk et al.
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Y Y sum rules
for
meson production




meson production in YY collisions

M with JPC

*

¥

® two-photon state: produced meson M has C = +1

e for production by 2 real photons Y Yy — M :

J = 1 is forbidden (Landau-Yang theorem)
predominantly J = 0: O°* (pseudo-scalar) and O** (scalar)

or J = 2: 2** (tensor)
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meson production in YY collisions: I = 0,2

e s 10 10
Y Y LA | YY mo
400 . . . T T T ‘Fz( l 270)
Bell
320 : Meari 1l s
A Cello 140 | |cos 6% < 0.8 + Belle
300 ' } . ¢ Crystal Ball
(nb) < {
250 - S 100 | {
g id
200 c; 80 . .
E 60} . ;
150 | b Zol } H}
100 i%‘i“i o.
20 r .‘ } }
ssssstagd, . . .+.°° ’i:
50 |- 0 ::::::::::::::::::_- '_:::::::::::: s=haacls
0 20 . . .
0.2 0.4 0.6 0.8 1 iks2 1.4 1.6 178
W (GeV) W (GeV)

—dmplifude analysis: Fz(1270) produced predominantly in helicity-2 state

M. Pennington et al. (2008)

YY — un production accesses I = 0 and I = 2 states
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meson production in YY collisions: I = O

sum rules Garin . UL]( )
evaluated 0 / ds 3 1 ECp =
I = 0 state 50 l \\
mar [ [ 22 (02 — 00) Co
[MeV] [keV] [nb] [10~ 4Gev e [10esEe e
0-+ n 547.853 £ 0.024 | 0.510=£0.026 | —191 £ 10 0 0.65 £ 0.03
n' 957.78 4+ 0.06 4.29 £0.14 —300 4 10 0 0.33 £ 0.01
0++ f0(980) 980 £ 10 0.29 £ 0.07 —1945 0.020 % 0.005 0
£5(1370) 1200 — 1500 Lioae il —91 + 36 0.049 £ 0.019 0
£2(1270) 2ol Al 3.03 £0.35 449 4 52 0.141 4+ 0.016 | 0.141 £0.016
2++ f5(1525) 1525 £ 5 0.081 £ 0.009 =l 0.002 £ 0.000 | 0.002 # 0.000
f2(1565) 1562 + 13 0.70 £0.14 56 & 11 0.01240.002 | 0.012 £ 0.002
Sum C 8966 0.22+0.03 1.14 + 0.04

helicity dffference SR M-

contributions entirely compensated

by £2(1270), f2(1565)

Note: fo(600) contribution requires to go beyond narrow resonance estimate
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meson production in YY

Y ¥

70
(b)
60 | e Belle (Jcos 6*|<0.8)
o Crystal Ball (cos 6*|<0.9)
’.é 50 | 02( l 3 %O )- - -- Systematic error
> ao(98 y
S 40 ( ) *
<)
o °
eSO }L
D o
(7p]
©
10 } + +%' [ J +
\ ~ '”'F"
0 0:"/ -7 \r_j_j:.__ ."'T‘hooo
0.6 0.8 1 122 1.4 1.6 1.8 2
W (GeV)

a2(1320) produced predominantly

Ow(yy = nn°)(nb)

collisions: I = 1

amplitude analysis

S. Uehara et al. (2009)

50

W »
(@) o

N
o

10| 7

in helicity-2 state
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meson production in YY collisions: I = 1

sum rules 00 [ =
; Tt 0'0 o) £ O'J_ (s)
evaluated In = /ds C1 T Cy = H
S
I = 1 state 5 \
mar FWW —S 0‘2 = 0‘0) £15)
[MeV] [keV] [nb] [10~* GeV il Gl e
0:* m° 134.9766 4+ 0.0006 | (7.8 +0.5) x 1072 =195+ 13 0 10.94 4 0.70
O++ a0 (980) 980 =+ 20 0.340.1 —20 + 8 0.021 + 0.007 0
% a2(1320) 1318.3 + 0.6 1.00 £ 0.06 0.039 4 0.002 | 0.039 % 0.002
2 a2 (1700) 1732 + 16 0.30 + 0.05 18 + 3 0.003 + 0.001 | 0.003 % 0.001
Sum — 63+ 17 0.06 + 0.01 10.98 4 0.70

e helicity difference SR: a:(1320) compensates 1° contribution to 70%

® dominant contribution to LbL scattering coefficient c. comes from m°
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Mass (GeV/c?)

charmonjum states

charmonium spectrum

y(4S) or hybrid
= gty

Xa(2P) %,(2P) 5]
X(3872)? @y 1Y

Charmonium
family

++

' —— L

2 2 3

—_
+
+
=i AY)]

S. Godfrey, H. Mahlke, J.L. Rosner,
E. Eichten (2008)

above DD threshold:

e plethora of
new Sstates

® nature ?
molecules
tetra-quarks,
hybrids, ...
BABAR, BELLE,
BES-1II, PANDA

narrow states:

e well understood cc states

® only 2 remain to be
observed
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0-+
O++
2++

duality estimate for continuum
contribution, above DD threshold

sum rules evaluated
for cc states

o2 — 09

(s)

O:/ds
S

cc meson production in YY collisions

S0 ¢
MM B2 [ 28 (02 — 00) c1 Ca
[MeV] ke V] [nb] [1077GeV ] | [107"GeV 7]
Ne(1S) 2980.3 £ 1.2 6.7+ 0.9 —15.6 = 2.1 0 1.794+0.24
Xco(1P) 3414.75 £+ 0.31 2320013 —3.6 £0.2 0.31 £ 0.02 0
Xc2(1P) 3556.2 + 0.09 0.50 £+ 0.06 3.44+04 0.14 + 0.02 0.14 + 0.02
Sum resonances = RSeS| 0.49 £+ 0.03 0 =m0
duality estimate
continuum (4/s > 2mp) 15.1
resonances + continuum @ i?)
00

interplay between hidden charm mesons (cc states)
and production of charmed mesons

SD

oo

/

S

dsl[ag—ao](’w%X)z/

SD

1

ds ’ (o9 — og] (7Y = c)

Wednesday, July 18, 12




meson production in Y'Y collisions

M with JPC

® one photon virtual Q;?
second photon: real or quasi-real Q22 = O

® axial-vector mesons 1** are also allowed equivalent 2y decay width

2

if one of the photons is virtual B ) i i ey

Y'Y — fi(1285) / f1(1420) measured L3 Coll. Qi—0 Qf 2

® information on meson transition Ffs
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1++

O++

2++

meson production in Y'Y collisions

both photons real

or quasi-real

@)

O:/ds i :

a
L

-
L&) s 102 _ 2—Q2=0

50

mum L'y 2k g—; o(s) |[ds H%J i J ds L%UII 1 %QT?CSQJQZIO
MeV] LUl s el v b e

£1(1285) | 1281.8+0.6 S 0 oo B

f1(1420) 1426.4 + 0.9 3.2+0.9 0 —50+ 14 —50+ 14

f0(980) 980 £+ 10 0.29 &+ 0.07 2005525 0 20=E55

D i D S| At 0 48+ 19

f2(1270) 205D 3.03 = 0.35 138 £+ 16 >0 138 £+ 16

fé(1525) 525 =45 0.081 = 0.009 it W ) Z 0 EhiaE )2

f2(1565) 562 =43 0.70 = 0.14 Eelre?) >0 D le?

Sum

o _@ S

SR involving L photons: fi(1285), fi(1420) contributions
compensated by f2(1270)
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meson production in Y'Y collisions

2
Y (A1) & for 2** : dominant ff for
———M  helicity A = A\1 - \2= 2
0
Y (A2) tensor ffs T2 (Q:%2,0) totally unknown

@ use helicity difference SR: assume a2(1320) compensated by u°

T{2(Q?2,0) 1 . Fpoenpe (Q2,0) 1
2ok oAb i usi S ff: LA R
Tcg)((),()) (1+Q1/A2) et Fpy+y+(0,0) 1+Q7/A%

® use helicity difference SR: assume f2(1270) compensated by n, n’
_ ~1/2
T}?(Q%,O) 20 Cn I Cp! 1

s 3
~ _|_ CP — nyfy/mp
2 2 2
70,00 |eter (1+QU/AD° enter (14 gamz)

@ use SR involving L photons: f2(1270) compensated by fi(1285), fi(1420)

~1/2

(2) (2 1/2
T 2 (Q ) 0) - d 1 d / 1
fa 3 [ 1 1 (1+Q1/Af1) l 1 (l—i—Ql/Af{) |
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meson production in Y'Y collisions

= using data for n, n’ ¥f
ar N using data for fi(1285),
‘3&0.6
”:0.4
v

0'2f

0.0

sum rules allow to make a prediction for the
(yet unmeasured) helicity-2 ff of f.(1270)
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Conclusions

® 3 new super-convergence relations for Y'Y scattering,
sum rules for LbL scattering coefficients

® sum rules verified in perturbative quantum field theory
® Y'Y sum rules for meson production:
compensations between different mesons verified
m° and a2(1320), N, N° and f2(1270), f.(1565),
f2(1270) and f1(1285), f1(1420), hidden and open charm mesons
@ for virtual photons: predictions for meson ffs, sum rule tests,

constraints on models for LbL scattering to (9-2),
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results from data: ete- -> w*m-

Czyz, Kiuhn, Rodrigo, .. (since 1999)

* Feasibility studies using Monte Carlo generator PHOKHARA
- BES-IIl data sample of 10 fb-" provides similar statistics as BABAR (454 fb")

= Analysis on most relevant channel e*e” —mr*mr started

> B -
=1600— s ete —TI T g et ;
I P et 2 F 57 00 |
<1400 207, 3P SR ZOEY b }
L _ 300}
S [ pf MC Phokhara -
91200— B
] 250
1000 + Data (400 pb1) -
- 200
iS()():j_ -
- 150
600 o -
: Radiative Return ook
400 fo p resonance ;{
200 S0 |
: |I ++++++++ R _IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

| Pl | A R A e N N I B
O 02 04 06 08 1 12 14 16 18 2 8.6 065 07 075 08 08 09 0.9
M.,/ GeV M, ./ GeV

Zimmermann (2011)
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Y vy — n/n’ : n-n’ mixing

N-Nn’ mixing probes strange quark content of light pseudo-scalar mesons
and gluon dynamics of QCD

Nn/n’ transition form factors encode information on different mixing scenarios

e Py il

Spacelike (q? < 0): e*e- colliders Timelike (q? > 0): meson decays
* * \ S + =
Y ¥ ->1 Y ¥ ->1 n->yee
;O} T T ;0,4_, T T— oeo DT Tel Tl TedloT
3 - (a) C (b) | —— Fitto CBTAPS Data
-’ - i i —a— CBTAPS MAMIC
S O 03t |
&= 02 g N ; - o] |
K " &= -~ Terschluesen Leupold -y
AT et L Y 3
—H+ { 02 L et - o: - data : MAMI
9 . E
01 . i : =
L A C s s i A CLEO (yy—n) u
8 ameroy, | oftamae f y
[ @ BABAR(y'y—m) - - ® BABAR(y'y—m) i T
1 e'e =1 L | @ BABAR (e —=1'y) | i
0 , BI'A?A:RI(-lxl ]{)- oo aaaal 0 PR ST A | Tl{n sl ? ]'> ﬁr l
10 * 10° 10 , 10‘3 ;3T
Q* (GeV?) Q (GeV)) L i L
L LLL 1 LLLL 1 lllllllllllllLllll
Woce : i 3 0 100 200 300 400 500
bands: uncertainties from different mixing scenarios Mass,, [MeV]
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