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(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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[ a.o®=(11 659 208.9 + 6.3)- 10-10)

— improve theory!
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(g-2)u: SM predictions

sensitivity of g-2 experiments the Variouo 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 sca’r’rermgj

i

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

measurements of meson transition
form factors required as input to
reduce uncertainty

hadronic vacuum polarization
determined by cross section
measurements of ete” -> hadrons

Jegerlehner, Nyffeler (2009)



Hadronic models of LbL scattering

multi-scale problem -

> mixed soft-hard regions
7

no answer is available in
general, unless we have data!
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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
j=1/2 j=1/2 '
A4
>  no anomalous moments! >

A4
(photon target)
\l, Y b
Y
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Light-by-light sum rule
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® hadron physics: leads to constraints on hadronic contribution fo light-by-light
scattering

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



Sum rules

( micro-causality )

4 ‘l’ y 4 4

X Unifarify dispersion LETs
et M
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
Imf()(s) = -5 [ Otot(S) ] / \ \ ]
- SRR — \|

(" oo \ a4

ds 1 oods
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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 -

longitudinal photons \ ( o0 )
=LY

( SRs involving LbL
- low-energy constants:

( T
1 ds
Ci1xcr= QJ = [o(s) X 0.1(S)]

- 0 y




Low-energy LbL scattering
using sum rules

Y Y
;Q:i £® = c1(FF*)? + c2(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
Y ® when both photons are real < final state is forbidden
TREe (Landau-Yang theorem);
the main contribution comes from J=0: O+ (pseudoscalar)
and O** (scalar)

and J=2: 2** (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

= A - |
( Yy— M(s) ~ (2 +1)1672 ﬂ&(s 2 2 ) rneson contribution to the cross.sec’flon
mpy iIn the narrow-resonance approximation
‘ ma’ .
My (P) = Tm IF Aty*y+ (0, 0)] two-photons decay rate for the meson




Charmonium states

above DD threshold:

charmonium spectrum ® plethora of new states
® ? nature: molecules, tetra-quarks, hybrids,...

7
s y(4S) or hybrid .
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lower energies:
® well understood narrow cc states
® only 2 remain to be observed



Meson production in Yy collision: cc mesons

~ e
the SRs evaluated for 1 (ds
B 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
a1t 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?

- EESRERSEEEEEEREE.
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 y




Meson production in Yy collision: I=1

angular distribution analysis of measurements at e*e™ colliders of
Yyt (mom®, nmd, K*K):
tensor mesons are produced in predominantly (=95% or more) helicity A=2 state

D (_w—\

1st
8m ) s

S0

the SRs applied to the
I=1 channel

O-+
O+t

D++

(00)
1
O=Jd5 =
(s+07)

[00 = 02]42-0

C1xcCr =

> 0)1(s) £0.(s)

V.

mu o % (02 — 09) c1 C2
[MeV] [keV] [nb] [10~% GeV™4 [10~% GeV~4
0 134.9766 £0.0006 | (7.8+0.5)x 1073 (—195i13j 0 <10.94:I:O.702.
ao(980) 980 % 20 0.3+0.1 —20£8 0.021 +0.007 0
a»(1320) 1318.3+0.6 1.00+0.06 134+ 8 0.039+0.002 | 0.039+0.002
a»(1700) 1732+ 16 0.30+0.05 18+ 3 0.003+0.001 | 0.003+0.001
Sum C-63+£17 ) 0.06+0.01 10.98 +£0.70

® helicity difference SR: a2(1320) compensates 1° contribution to 70%: additional yet

unmeasured two-photon strength at higher energies in the tensor channel contributing

to the O

® dominant contribution to low-energy LbL scattering constant c. comes from m°



Meson production in Yy collision: I=0

the SRs applied to the
I=0 channel

%0 - Ans O y
- A——Q

g o)

O=st

1

(s+ Q%)

\

[02 = 00]p2-

r

0]

N
ds

C1xCr=

=
8m | s

> o(s) £ 0.(s)

M [ [ £ (02 - 00) c1 C2 )
[MeV] [keV] [nb] [10=%GeV—4] [10~%Gev—Y]
0+ n 547.853+0.024 | 0.510+0.026 | ¢Z191+10) 0 0.65+0.03
n’ 957.78 £0.06 4.29+0.14 ~300+ 103 0 0.3 01
f0(980) 980 + 10 0.29 +0.07 ~19+5 0.020 +0.005
(O £4(1370) 1200 — 1500 3.8+ 1.5 Z91+36 3 0.049+0.019 0
f2(1270) 1275.1+1.2 3.03+0.35 449+52 3 0.141+0.016 | 0.141+0.016
o4+ f4(1525) 1525+ 5 0.081 + 0.009 7+1 0.002+0.000 | 0.002 +0.000
f>(1565) 1562 + 13 0.70+0.14 56+11 % 0.012+0.002| 0.012+0.002
Sum —89 + 66 0.22+0.03 1.14+0.04
y

® helicity difference SR: the contribution of n, n’ is entirely compensated by f2(1270),
f2(1565) and f»'(1525)

® dominant contribution to low-energy LbL scattering constant c: comes from n, n’

and f2(1270)




Meson production in Y'Y collision

2 CT Tt : !
8 Q1 one photon is virtual Qi second photon is real or quasi-real
jPC QZZZOZ
C axial-vector mesons 1** are also allowed if one of the
Y Q 22 photons is virtual Y'Y —fi(1285) / fi(1420) measured L3 Coll.
00 - ! . . i
1 (s+02) ) sum .rules mvolvmg Iongl’rudlna.lly
0= | ds 55 | Ol + oL + 010 T+, polarized cross-sections: cancelation
So (s+Q1) ik Q§=0J mechanism between scalar, axial-vector
and tensor mesons
ds 1 Tr z )
mm rw 5—20||(S) de [301%2}0_2=0 fds [ 50| + 50102}02 0
|[MeV] [keV| [nb / GeV?] [nb / GeV?] [ni)’é GeV?]
f1(1285) | 1281.8+ 0.6 3.5+0.8 0 —93+21 —93+21
f1(1420) | 1426.4£0.9 3.2+0.9 0 -50+14 —50+ 14
fo(980) 980+ 10 0.29+0.07 20+5 0) 2
f4(1370) | 1200 — 1500 3.8+1.5 48 +£19 0 48+19
f>(1270) | 1275.1+£1.2 | 3.03£0.35 138+ 16 >0 138+ 16
f;(1525) | 1525+£5 | 0.081£0.009 | 1.5+0.2 >0 1.5+0.2
f2(1565) | 156213 0.70+0.14 1242 >0 1242
Sum 76 £ 36
y

uncertainty: higher mass states or non-resonant contributions with axial-vector quantum numbers



T@Q%,0) /T¥0,0)

Meson production in Y'Y collision: TFF

Yl Q7
I one photon is virtual Q:%, second photon is real
Tt or quasi-real Qz°=0
i @, 22 at finite Q:* the SRs imply information on meson transition form-factors:
estimate for the f2(1270) tensor FF in terms of the n, n' and f; FFs and
for the a»(1320) tensor meson FF in terms of the m° FF.
1.0
| - E— 2
08 . f1(1285), f,(1420) _ J -
o (s+0D) 2
0.6 _/
\
0.4 1 S +(S+O§)Ta
s+0D2 [T T 0102 T
2=
0.2 — J

O
o




YY—T1*m": the LE constants

V+Y =T+

gL tree-level QED approximation:

: —
MARK—1I (SLAC) 2

i ; CELLO (DESY) [01 + Cz]Born — @ !

e 250 - A 4

< > m2 180

: + — 7.78.107*GeV "

5200 - h = "

o

unitarized QED approximation:

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

—

20 |-

unitarized QED approximation + fa:

=~
Sl

0 j P S S W S WS T [ B e *__‘--r-ﬂ"‘/" S NS S Gy S S G O R WIS 1 Gyt S Jﬁcl _I_CZ]BOTTI’ unitary+f2 — 8.53' 10_4G6Vﬂ

04 0.6 0.8 1 1.2 14 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),



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: £2(1270), f2(1565), a»(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, (q2) - Pauli form factor

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

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

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
/ \ /
—1);\%1‘ = - —_— « ﬂ - — - «

—



The pion pole contribution " e

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

(H,ul/)\a Q1 q2, QS) — (_7’) (q1_|_q21)2—m?3 MHV(Qh Q2)M>\U(Q37 —q1 — q2 — Q3)J

pion is not necessarily near the

oYY transition amplitude: pole, although pole-dominance
; might be expected to give a
(MW (q1,q2) = —ie 5,LWO¢BQ1 Cle a4, q3) reasonable approximation

q1 + q2)°

[F (43, (
X 2
s —

~_

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

— —

Tc(Qla Q27p)




The %yy transition form factor

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

- — — )
I M? — M?
2 2 ™ 2 2 W Vi
Flata) == | > @)= fon, (@) 55
SO PSS vagY M = v
— Llebgy L Vi
- - R __J
0.35
3
@ 0.3
moYY transition FF &g: 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 Cor




Angular integrations

Perform Wick's rotation, switch switch fo the hyperspherical coordi coordinates:

o o [ 5 Q) [0,

#
aLbL:_ e’ Fr
H 48m 3
M= M MV
1 1

X (_Q1"|_Q2)2 (P—|—Q1) _|_m2 (P_QQ) _|_m2

X

F (—Q3,0) M2 - M3
o Q3 + M?2 (M]\;MV far(—Q7) + Zva )(Q1 +Q2) +M‘2/7;) To(Q1,Q2, P)
Fr 2 2 S (0)
" : ]:( o QZ) M%MVZ. (Q1 + Q2)* + M? Te(Cr, @2, P)
- _J
Use Gegenbauer polynomials technique:
T A & )
(K — L)2 + M? |KI](|Z\ nz_% (ZK1) Cu(K - L) generating functional
J
i i . 5 R .
(/ dQ(K)Crh(Q1 - K)Cp (K - Q2) = 21— C,(Q1 - Q2) generalized
B D orthogonality relation




Two-dimensional representation

(g-2)u in two-dimensional integral

representation
o )
0 a3
a, " = (;) /dQlfdQZ
0 0

(wy, (Q1, Q2) Y HEOD)

+ > Ty, (Mvi, Qu, Q2)py, (@1 T3 TTF

My

7

Z \‘wQZ(MVleaQ2) (2) 2 2))

M, vy

u relevant contribution is defined
by the region

(Ql ~/ QQ ~ 1G€V ’
(a,t6005 = 48.3 (1.2) x 109

(0,0,

W
91(

|

,,;4,3';/2:;;"//// \ AN
45'533’%7777// I \\\
////// \{ \\\”” ;;’:’
B v 172
. ” '()

IVlV’Q1 ’QZ
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Hadronic contribution to the (g-2),.

Axial mesons

/ \ /
4 » 4
/ \ /
dﬁﬁi‘ = - —_— « ﬂ - — - « -




AYY transition amplitude

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

(M()\la )\27 A) — 62 €M(Q17 )\1) 5V(Q27 )\2) ea*(pf7 A) iSMV’TOé (_Q% qg T Q% QI) A( %7 Q%D

AYY transition FF:

[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 f1(1285) meson and f1(1420) meson masses mp, their equivalent 2y
decay widths [y, as well as their dipole masses Aa entering the FF and contributions to
the anomalous magnetic moment of the muon a-®“*. For Iyy, we use the experimental
results from the L3 Collaboration.



Two-dimensional representation

(a’ﬁbL = @np A%/:?%ii»y(fl) JdQ1 [ dQ7 [2wa(Q1, Q2))+‘\wC(Q17Q2),|J

0.4

0.5

-
A Iy Aa a,"H 4 % 10
[MeV]| keV]| [MeV]
f1(1285) | 1281.8+0.6 | 3.5+0.8 | 1040+78 | 0.50 )%
f1(1420) | 1426.44+0.9 | 3.240.9 926 £78 | 0.147707
J




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

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:

fa[;bm = 0.647753 - 1071 |

the calculation of the tensor-pole as well as the pion-

pair production is under progress

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



Thank You
for attention!



