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Outline

® (g-2)u: general survey
® sum rules and low-energy light-by-light scattering

® hadronic contribution to (g-2),



(g-2)u - the crystal ball of particle physics

predictability of the g-2 for testing theory:
in a renormalizable local relativistic QFT
g-2 vanishes at tree level
— a calculable quantity!

test of the relativistic QFT with
unprecedented accuracy:

- strict limits on deviations from the SM
- a window to new physics

mediates helicity-flip amplitude ~ mMiepton®
enhanced short distance sensitivity
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(g-2)y :

SM predictions for (g-2),

theory vs experiment
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Error(s) or New Physics?
— Clarify situation!

New FNAL (g-2)y measurement
(2015):
factor 4 improvement in
experimental error
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— improve theory!
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(g-2)u: SM predictions

sensitivity of g-2 experiments the vamous types of
to various contributions contributions to (g-2)y
in units 10-°
@ - BNL CERN III CERN II CERN I1
— [P T )
" ™ [ : : | (EO. universal 1161.40973 (0)
| | e—loops 6.19457 (0)
QED Oth | H.O. universal —1.75755 (0)
Sth ' (L.0. hadronic > 0.06921((56) )
e et VIS L.O. wea 0.001 95

H.O. onic —0.00100 (2)
hadronic LBL

|

LbL. hadronic 0.00093((34)
woak | T—loops 0.00043 (0
H.O. weak —0.00041 (2)
New Physics m 6—|—T—IOOpS 0.000 01 (O)
SM precision _ theory 1165.917 86 (66)
experiment 1165.92080 (63)
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Strong contributions to (g-2),

| hadronic vacuum polarlza’rlon ‘ hadronic light-by-light scaf’rermﬂ

o A

auhad VP = (692.3 + 4.2) X 1o-10 | ayhed: Lok = (11.6 + 4.0) x 107 10)

hadronic vacuum polarization measurements of meson transition
determined by cross section form factors required as input to
measurements of ete” -> hadrons reduce uncertainty

Jegerlehner, Nyffeler (2009)



Models of hadronic LbL scattering

multi-scale problem -

> mixed soft-hard regions
7

A4
no answer is available in
general, unless we have data!
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Dispersive approach

kinematics: g2 <0 q2 <0
: : (qi+9))* <0 K
q% <0 — 0_

‘ non-physical region! I ] : E
1 2 3

Analytical continuation using dlspersmn formalism:

Y Y
‘ dispersion in (qi+q2)° — YY Fusion) ::::an) X
v aEs] Y

the amplitude is defined
by physical singularities pole exchange:

ic J Discs M(5s)

Y

Y

dispersion relations:

Res._ 2 M(S)

Ny

s—(g1+g2)? m? — (g1 + g2)?

VO
higher mass singularities are good approximation
suppressed for narrow resonances

~ | ds

v-plane




Sum rules
for light-by-light scattering



Sum rules

Gerasimov-Drell-Hearn sum rule

Y Y
e 1 [ ds
1966 o2 T EJ o [03/2(5) — 01/2(5)]
0
S L j=1/2 '
A4
>  no anomalous moments! >

\'4
(photon target)
\l, Y ¥
Y

Y
Light-by-light sum rule
o
d
720 0= [ 1209~ o051
v S

U _

® hadron physics: leads to constraints on hadronic contribution fo light-by-light
scattering

® field theory: provides an explicit check of consistency with causality



Sum rules

( micro-causality )

4 ‘l’ y 4 4

X Unifarify dispersion LETs
e 2w
theory
Y Y Y
imaginary part of the

real part of the amplitude -

amplitude -
\V low-energy structure of the

photon-photon fusion into

leptons and hadrons: r elastic LbL scattering:
- Sum rules
' -) — _3 . )
Imf( (S) — 8 [AU(S)] 6(8) — Cl(Fqu“V)z + CZ(F“VF[.IV)Z
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Sum rules

[ 3 superconvergent relations: '

helicity difference
sum rule

0 o|+0
/7 ( J T (s+07 Q102 T
sum rules involving i

longitudinal photons \ ( o0 )
>\

S0 i)
( SRs involving LbL
- low-energy constants:
( 00 \
1 (ds
V. Pascalutsa, V.P., M. Vdh (2012) c1xcy = QJ = Lo(s) £ 0.(5)]
~ SO ﬁ




Low-energy light-by-light scattering
using sum rules

¥ i
;HQ:::‘ £® = c1(FF*)? + co(FuFHY)?
i



Pair production in QED _| X[
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Low-energy constants for scalar QED

evaluation of the low-energy constants
for LbL scattering using the sum rules:

e

C :|:C — o|\s :|:U S
1 2 8 || 1
SO

LbL low-energy constants

B 052 7 \
T A 1440
2
explicit one-loop calculation /' Cy = & 1
r m?* 1440
Yo e A B _

| ( l
| | |
i i i one-loop result is defined by

A
.-rr'“h—{‘—"'t_ ,-Frjuh- ,rr'“”-l"t.'_ tree-level amplitudes

Bohm, Schuster (1994)




Meson production in Yy collision

® two-photon state: produced meson has C=+1
i ® when both photons are real 3zt final state is forbidden
JPC (Landau-Yang theorem);
the main contribution comes from J=0: O+ (pseudoscalar)
and O** (scalar)

and J=2: 2+t (tensor)

® the SRs hold separately for channels of given intrinsic quantum numbers:

isoscalar and isovector mesons, cc states

input for the absorptive part of the SRs: yYy-hadrons response functions, can be
expressed in terms of YY—M transition form factors

= T - .
( Yy— M(s) ~ (2 +1)1672 ﬂ&(s 2 2 ) rneson contribution to the cross.sec’flon
mpy in the narrow-resonance approximation
‘ ma’ .
My (P) = Tm IF Aty*y+ (0, 0)] two-photons decay rate for the meson




Meson production in Yy collision: cc mesons

~ e
the SRs evaluated for 1 (ds
r cixcr= > 01(s) £ aL(s)
cc states 8m ) s
SO .)
mpy Cyy f% (02 — 00) C1 C2 W
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV~4]
O+ nc(1S) 2980.3+1.2 6.7+0.9 ~15.6+2.1 0 1.79+0.24
Ot Xco(1P) 3414.75+0.31 | 2.32+0.13 ~3.6+0.2 0.31+0.02 0
a4 Xc2(1P) 3556.2 + 0.09 0.50+0.06 3.4+0.4 0.14+0.02| 0.14+0.02

Sum resonances (—15.8+2.1>)| 0.49+0.03 1.97+£0.24

duality estimate
continuum (/S = 2mp) 15.1

resonances -+ continuum —-0.7x2.1

unmeasured sizable contribution from states above the nearby DD threshold sp=14GeV?

A NESSEENRERRSEREE.
quark-hadron duality: replace the integral of the cross section for the yy—X process (X -

hadronic final state containing charm quarks) by the corresponding integral of the helicity-
difference cross section for perturbative yy—cc process

J

o0 - interplay between production |

(Iconts [ dszlo2-00l(yy = X)~ [ ds%[az—oouw—»cé)] of c¢ states and charmed
SD SD

mesons )




Meson production in Yy collision: light-quark states

angular distribution analysis of measurements at e*e- colliders of yy—mtn (1°n°, nm®, K*K-):

tensor mesons are produced in predominantly (=95% or more) helicity A=2 state

a o N
tcr= [ SaeEou
c1Ecy = oi(s)xoi(s :
: 2
the SRs applied to the 8uj s the SRs applied to the
0 A
20 charral / I=1 channel
—
s (02— 00) €1 €2 £ (02 - 00) c1 c2
[ub (10~ Gev 7] [10~*GeV™Y [ub] [10=% GeV—4] | [107% Gev—4|
n —191+10 0 0.65+0.03 770 —~195+ 13 0 <io_94:|:0_7Q
n’ —20 =10 y 33+0.01 ) || ap(980) | —20+8 | 0.021+0.007 0
f0(980) 1 —-19&5 ) 0.020+0.005 a>(1320)| 134+8 | 0.039+0.002 | 0.039+0.002
fo(1370) | —91£36 | 0.049+0.019 0 a2(1700) | 18+3 0.003+0.001 | 0.003+0.001
£2(1270) | 449+52 [(0.141+0.0163) 0.141+0.016 o ~e3:1 | 006200. | 10981070
f5(1525) 7+£1 0.0 000 | 0.002£0.000 || —— —
f>(1565)| 5611 | 0.012+0.002 | 0.0120.002
Sum ~89+66 | 0.22+0.03 1.14+0.04 | dominant confribufion fo low-energy LbL

dominant contribufion to low-energy LbL

scattering constant c. comes from n, n’
and F2(1270)

scattering constant c2 comes from m°



Meson production in Y'Y collision

one photon is virtual Q% second photon is real or quasi-real

JPC Q2%=0: axial-vector mesons 1** are also allowed if one of the

photons is virtual Y'Y —f(1285) / fi(1420) measured L3 Coll.

"at finite Q2 the SRs imply information on meson transition Form-Fac’ror;)

Y7 q
? - )
(0 Jd 1 ot (s+03%)
= S O| + oLt T
(s + Q%)2 Q102 "t .2,
So Qz— »
cancelation mechanism between scalar,
axial-vector and tensor mesons:
d 1 1 Tr ‘
5—§ o (s) de [5—20” + 501%2}0_2=0
[nb / GeV?] [nb / GeV?]
f1(1285) —93+21 —93+21
f1(1420) 0 —-50+14
f0(980) 205 20+5
fi(1370) | 48+19 48 +19
f2(1270) 138+ 16 138+ 16
f5(1525) | 1.5+0.2 1.5+0.2
f2(1565) 12+2 12+2
Sum 76+ 36 J

L @01 T (00)

=
(V)

estimate for the f2(1270) tensor FF in terms
of the n, N’ and f; FFs and for the ax(1320)

tensor meson FF in terms of the m° FF.
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O
o

O
n
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YY—T1*m~: the LE constants

V+HY =T+

(O]

)

=)
\

tree-level QED approximation:

m MARK—II (SLAC) { 2 )

Born Q 1
et el = TR0

A CELLO (DESY)

o, (|cos(6_) <0.6) (nb)
8 i
S (@]
I I

150

100 -

20 -

+ — 7.78. 10_4GeV_4J

unitarized QED approximation:

\“| [e1 + ] Porm untaTy = 8.36 - 10_4GeV4]

unitarized QED approximation + fa:
"""""""" \| I -
0 e i b R S B gl e e S0 S SRR U e T G El I, S S8 T S el B [Cl _I_ CQ]BOTTL un@ta?”y-FfQ = 8‘53 . 10_4Gev 4
0.4 0.6 0.8 1 1j) 1.4 1.6 1.8
W__ (GeV) |

A—

low-energy LbL scattering: the same order of magnitude as for a pion-pole contribution

— expect a sizable contribution to the (g-2),
higher order corrections ~ 10%



Summary H-contr. to LbL

sum rules allow to select relevant meson contributions:

® contributions of axial states: f1(1285) and fi(1420);
® contributions of tensor states: f2(1270), f2(1565), a2(1320);

® fwo-pion contribution beyond scalar QED ~ 10% on ¢ + C2;



Hadronic contribution to the (g-2),.

Pole contributions

/ \ /
4 » 4
/ \ /
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LbL contribution to the (g-2)y

Electromagnetic current covariant decomposition:

(F“(p’,p) = yH Fy(¢?) + i T2 F2(q2)"J p—p=q

S—

F1(g®) - Dirac form factor

F, (qz) - Pauli form factor

F5(0) = a,| - anomalous magnetic moment

Light-by-light contribution to the (g-2).:

r

aﬁbL — F2 (0)

B —ge” d*q / d*qy 1 1 1
C48m ) (2m)t ) (2m)*gi3as (P +q1)? —mP (P + @1+ g2)? — m?
X Tr [(p+m) [0, 271 (' + m)y" (B + @ + m)y (B + o + d2 + m)y”)]

0
X I H/LVAO'(Ql? q2, q3)

$—— clastic LbL scattering

ﬁ

X




Hadronic contribution to the (g-2),.

Pseudo-scalar mesons

/ \ /
4 » 4
/ \ /
_‘ﬁﬁi‘ = - —_— « ﬂ - — - «
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The pion pole contribution " e

The pseudoscalar-meson pole contribution to the elastic LbL scattering:

(H,uﬂ/)\a Q1 q2, Q3) — (_7’) (q1_|_q21)2—m?3 MMV(Qh Q2)M)\U(q:37 —q1 — q2 — Q3)J

moYY transition amplitude:

(MW (q1,2) _ZGQEWOzﬁ% CI2F (]1 Q2

q1 + q2)°

(F (g3, (
X 2
qs —

S~

F(q1,43) F ((q1 + ¢2)%,0)
(g1 + q2)?% — m%

— —

Tc(Qla Qva)




The °yy transition form factor

Universal parameftrization for moyy fransition FF based on the large-N¢ approximation

- — — )
I M? — M?
2 2 T 2 2 T Vi
Flata) == | > @)= fon, (@) 55
SO PSS vagY M = v
— Llebgy L Vi
- ) . __J
0.35
3
@ 0.3
oYY transition FF “é 0.25
in the space-like region %

0.15 |
known experimentally in

space-like region 0.1 |
1.5 GeV? < Q2% < 40 GeV?

for Qi2=0 W




Angular integrations

Perform Wick's rotation, switch to the hyperspherical coordinates:

o _ € Fr dQ Ql dQ (Q2) :
T T48m 3 4@t | dQ; T2
M:M M
x( 1 &—————  angular dependence
(Q1+Q2)? (P+Q1)? +m? (P — Qz) +m? ¢

F (-Q3,0)
3 Q3+ M; M=M,,My,

) Top(Q1, @2, P)

Fr far(0)
+ — F (— 27 —Q3 TC : ’P
3 ( Ql QZ) MA;MVi (Ql 4 Q2)2 + M2 (Ql QZ )
- _
Use Gegenbauer polynomials technique: Levine, Roskies (1974)
1 ZY &N oM AT d . |
= : t funct I
( (K L) + M2 |KHL‘ nZ:O (ZKL) Cn(K L)J generaring runcriona

(/ dQ(K - KO (K - Q) = 272 Onm C,. (O - QZ)} gener.alized

orthogonality relation




Two-dimensional representation

(g-2)u in two-dimensional integral

representation
T e )
0 a\ S
a, T = (;) /dQlfdQZ
0 0

(wfl (Q1,Q2) (])(Qi, Q;)

+ E !\wgl(Mm,Q1,Q2))91(\122/i (@1, )] F

My,

7

Z \wQZ(MVleaQ2) (2) 2 2))

M, vy

W, (Q1,QQ)
1
-
n
3
0
1.5 1 05 05 !
Q, [GeV] 00 QGev]
Wg (Mn’Q1’Q2)

relevant contribution is defined
by the region

(Ql ~ Q2 ~ 1GeV '

numerical integration over Q; and Q2

[a,leLPs = +8.3 (1.2) x 10—10]

Wg1(|\/|V,Q 1 ’Qz)

0 0
Q, [GeV] Q, [GeV]

,,;;3'72:;;1‘/7// \ \\\
'éfé%%%/ \ W\ i\\
(R ”” ":":’”
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Hadronic contribution to the (g-2),.

Axial mesons

/ \ /
4 » 4
/ \ /
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AYYy transition amplitude

The axial-meson pole contribution to the elastic LbL scattering:

(M()\la)\%A) = e? et (g1, A1) €7 (g2, X2) €**(pr, A) tepvra (—Q3F % + Q347) Al %Q%D

AYY transition FF AlQ1,0) _ : arametrized by a dipole
: — )
A(0,0) (1+Q%/A?4) 2 i P
a -
ma [ A
[MeV] |keV] [MeV|

f1(1285) 1281.8 £ 0.6 3.0+ 0.8 1040 = 78
f1(1420) 1426.4 = 0.9 3.2+0.9 926 = 78

.

Present values of the fi(1285) meson and fi(1420) meson masses ma, their equivalent 2y
decay widths I'yy, as well as their dipole masses Aa entering the FF. For [y and Aa we
use the experimental results from the L3 Collaboration.



Two-dimensional representation

(a’ﬁbL = @np A%/:?%ii»y(fl) J dQ1 [ dQ7 [2w.(Q1, Q2) +‘\wc(Q17Q2),|J

0.4

we(Q1,0) 102O

0

0.5

004

= LbL;A o 1010 the contribution of the

ma L'y Aa a, .
[MeV] [keV] [MeV] axial-vector pole to the
f1(1285) | 12818406 | 35+08| 1040+78 [ 0.50 %02 gaiel T giEtE
£1(1420) | 14264409 | 32209 | 926478 | 014100 moment of the muon

- / V.P. et al. (2013)



Hadronic contribution to the (g-2),.

Perspectives




Perspectives

tensor meson contribution:
dominant at higher energies q f

f2(1270), f2(1565), a2(1320)

not measured so far, experimental
input required

pion-pair:
dispersion framework,
helicity amplitudes

measurements for
the threshold region
required




Summary

sum rules allow to select relevant meson contributions
to the LbL elastic scattering amplitude (pseudoscalar,
axial, tensor states and pion-pair production)

axial-vector contribution has been evaluated:

| aLbLA — 0.647038. 10—10]

the calculation of the tensor-pole as well as the pion-
pair production is under progress

experimental input for axial, tensor and two-pion
channels is needed



Thank You
for attention!



