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Experimental data on g and EDM

CPV scales and EDM calculations

Anatomy of muon g-2, electroweak correctic
>

Triangle amplitudes, nonrenormalizatic
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The present experimental values

Electron: Hanneke, Fogwell, and Gabrielse ‘08

g/2=1.001 159 652 180 73 (28)

0.28 x 1072 [0.28 ppt]
New value of & follows

1/a=137.035999 084 (51) [0.37 ppb]
Muon: BNL E821°06

g/2=1.001 165 920 80 (63) [630 ppt]
Tau: Delphi at LEP2 '04

g/2=0.982(17)




H = —dFE
Neutron: Baker et al ‘06
d] < 2.9x107%° e ecm

Electron: Regan et al ’06

d] < 1.6 x 107" e - em

Muon: Muon g-2 Collaboration '04

d] < 2.8 %107 e-cm
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QCD Low Energy Lagrangian

Lot = Laim=a + Ldim=5 | /et i
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Effective dim=6.Th



5 (qq)|

d (G =A== (225Me\/)3§ x 2.5 10~ "%e cm,

d(dg, dg) = (1 £ 0.5) (zz‘ﬁi’\/)

5 [1.1e(da + 0.5d,) + 1.4(dg — 0.25d,)|

In the Standard Model  Khriplovich ‘86

20, G4, =
dy = eI O 2 fm?) In(My /mf).  da = 10Fecm
e

diM ~ 107%%¢ cm.

Gavela; Khriplovich, Zhitnitsky ‘82

d*M < 107%¢ cm

Khriplovich, Pospelov ‘91

Potential for NP to show up!



SM _ _QED , .had , .EW

a?"P =116 584 719.58(1.5) x 107! Kinoshita et al

CLEW = 154(1)(2) x 10~ 11 Czarnecki, Marciano, AV ‘02
a,, " (1-loop) = > |y (1 dsin? )2 + O urMVETTT
g EEREYNGPE 5 4 my '
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Two-loop corrections are more involved

5G ,m? 43 36
oV (@oop)s = ST 23 L BT N QF I in

feF

24272 T 3  my

37 x 10~
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Perturbative and nonperturbative
triangle amplitudes
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AV ‘02

Czarnecki, Marciano, AV ‘02

Knecht, Peris, Perrottet, de Rafael '03
No pertubative corrections both in
longitudinal and transversal parts in

. the chiral limit. Pole in the longitudinal
JJ}H LJ‘l‘w part corresponds to massless pion.

But it should be no massless pole in the transversal part.
A shift from zero is provided by nonperturbative effects.
Four-fermion operators in OPE.

q q
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had __ _had,LO had,HO LBL
a, =a, +a, + a,
g
Y Y
w w U
VE Ev Ev
q q

Lowest order hadronic An example of higher order Y

contribution represented by hadronic contribution Light-by-light scattering

a quark loop contribution

In theory

ahad 1O — (amu)Q/:o %K(s)R(s)

2
3T m2 S

K (s) is the known function, K(s) — 1, s> m?

R(s) is the cross section of eTe™ annihilation into hadrons in units of
glete” — putu™).
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In difference with aﬁa’d’LO there is no experimental input for the light-by-light

contribution.What are possible theoretical parameters to exploit?

Smallness of chiral symmetry breaking, m%/m?T > 1

.,
a(”)wcl(g) — LO:n=2, LbL:n=3

T

U

2

The Goldstone nature of pion implies m:

2

X Mg much less than typical

Mﬁad ~ m< . Thus, the threshold range in pion loops produces the 1/m72T

P
enhancement.
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Large number of colors, [V,

Quark loops clearly give a,, < IN.. Dual not to pion loops but to mesgp,
exchanges.

No continuum in the large N, limit.
M = p® w, ¢, p,...forthe polarization operator
M =7 1,1, ag,a1,...(and any C-even meson) for the light-by-light

2
a\™ __ m
a\™ ~ ey (=) N, -2
7 C iy
7 m

P
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We can check for aﬁad’LO

Two regions. The threshold region s ~ 47713r where

1 A 2\ 3/2
R(s) ~ - (1— m”)

4 S
and the resonance region s ~ m% where by quark-hadron duality on average
2
R(s) ~ N, Z Q;
The chirally enhanced threshold region gives numerically
had,LO 2 2 "y — 1
a, " (dms < s <m7/2) ~ 400 x 10

Compare with the [V, enhanced p peak,

m?T(p — ete™)
ahed 1Oy — i

- ~ 5000x 10"
wmp

This contribution is enhanced by N,

a2 m?
au(p) ~ 2 (_) We—

2
T ms

What is a lesson from this exercise? We see that the large /V.. enhancement
prevails over chiral one.

17



In the chiral perturbation theory

l / « 2m2 m
27T et / P
% = 78 (37'(') mZ {1+40mﬁme*(O)ln QmJ
l /« 2m2 m? m
= 1+ 40 —Z In —2
ol mZ [ ™ anJ

Chiral perturbation theory does not work. The leading term
is suppressed by p-wave nature.
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In light-by-light




Instability of the number is due to relatively large pion momenta in the loop, of
order of 41, as we estimated. Then details of the model becomes important and
theoretical control is lost. In HSL model few first terms of m%/m% expansion are

a, (charged pion loop)x 10'" = —46.37+35.46+10.98—4.7+... = —4.9

If momenta were small compared with m, the result would be close to the leading
term — free pion loop.

In case of polarization operator the suppression of the leading term in the chiral
expansion (larger momenta) can be related to the p-wave p3 suppression. There
IS a suppression for s-wave in two-pion intermediate state near threshold in the

case of LbL.
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Different models: constituent quark loop, extended Nambu—Jano-Lasinio model
(ENJL), hidden local symmetry (HLS) model ...

The 7" pole part of LbL contains besides N. the chiral enhancement in the
logarithmic form, leading to the model-independent analytical expression

2
LbL /- Oy my, Ne . o m,
gl = (_) No s o

However next, model dependent, terms are comparable with the the leading ot

Numerically

a;”"(m°) = 58(10) x 10~
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Massive quark |OOP (Laporta, Remiddi '91)

3 2 4
o 3 19| m m
a™PL(quark loop) = (—) N.Q* [— ¢(3) — —] £
0y & 2 16

0.62

For c-quark with mc = 1.5 GeV,

oHIPL(c) = 2.3 Sl

g’
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HLS model is a modification the Vector Meson Dominance model.

ENJL model is represented by the following graphs

Models



q
X

P - P>

65(@1@)7 L= 17273747 ZQZ =0
€4 represents the external magnetic field f7° = g€ — ql€), q4 — O.

The LbL amplitude

M = OéZNc 1Ir [Qﬂ A= 042Nc 1r [Q4] AM1M2M3756§L1652€§3]W(5

= —63/(14513 d4y o ‘I €1 ey e3* (0T 1 (@) Jus(y) Jus(0)F 1

The electromagnetic current j, :ququ, q={u,d,s}
Three Lorentz invariants: q%, q%, q§
Consider the Euclidian range q% ~ q% > q§ > A%QCD
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We can use OPE for the currents that carry large momenta q1, g2

i / d*zd*ye "= VT {5 (x), 5,1} =

21 )
/d4ze (CI1+QQ) Q2 6/»01/1/25,0q .,75p( )_|_.

A

4§ = (q1 — q2)/2, the axial current jg = ch27p75 q is the linear combination of

( ) = q A\3Y’y5q isovector

]5 = q Ag"Y’7y5q hypercharge

J5, =475 4 singlet
) Ir P‘a@2] (a)
J5p — Z Tr [)\3] ]5,0

a=3,8.0

q—0 q—>0

u&%
k, ks .

3
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The triangle amplitude

Ti0)= i 0] [ 426 T{5)() (0} )
kKinematically is expressed via two scalar amplitudes

ie N, Tr [A\,Q?]

T/Sf)ff)) e A2 { (a)(%) 43p43 fcw:s"‘

(a)( ) ( ds fusp+Q3M3q3 fGP 43p43 fou:s) }

Longitudinal wy,: pseudoscalar mesons exchange
Transversal wr:  pseudovector mesons exchange

In perturbation theory for massless quarks

a a 2
v (*) = 2057(¢%) =
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Nonvanishing wjy, is the signature of the axial Adler—Bell-Jackiw anomaly.
Moreover, for nonsinglet w<LS’8) it is the exact QCD result, no perturbative as well

as nonperturbatlve corrections. So the pole behavior is preserve(c)j all way down to

small g° where the pole is associated with Goldstone mesons 7, n.
Comparing the pole residue we get the famous ABJ result

g i NCTI‘ [)\3@2]
" 1672 F_
There exists the nonrenormalization theorem for w7 as well but only in respect to

perturbative corrections.
Higher terms in the OPE does not vanish in this case, they are responsible for shift

of the pole 1/¢% — 1/(q? _mVPV)

Combining we get at q1 ~ q2 > q3

o ~0
Aol = Zeupasol® > WO{wfNad) 6508 Fo
a=3,8,0

+ wi(ad) (~ a3 F0, sy 03 FE—5aS Fous) | +

where the weights W) = 1/4, W® =1/12, W = 2/3,
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Melnikov, AV ‘03
A = Aps + Apyv + permutations,

dps = Y WD (g2, @) wi (@) {f2fiH{F fs},

a=3,8,0

> WO (a7, 3) wi (@) ({aefofi [ Fas)

a=3.8,0

+{611flfofB%}JFq1 Z QQ{fzfl}{ffS})-

For 7
3
i (¢%) =

9
¢* +m3’
N,
03 (43, G5) = @Fm*v*(ﬁ, )
_ 4193(aE + a5) — hagid3 + hs(qE + @3) + (NeMiM; /An°F2)
(¢ + M?) (g3 + M3) (a5 + M7) (g5 + M3)
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The model results in

azo =76.5 x 107", g NN 10—11

A similar analysis for pseudovector exchange gives

a;,’ =225l

and finally
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In our ’08 mini-review with Prades, de Rafael we
combined different calculations with some educated
guesses about possible errors to come to:

atPl — (105 £ 26) x 107!

However the error estimates are quite subjective and

further study of different exchanges is certainly needed.

Experimental data on radiative decays can be a help.

Z M

M & permutations

pseudoscalar mesons 7°, 1, n’; scalars fo, ao; vectors w3; pseudovectors af, f1, fi:

spin 2 fa2, az, N2, w2
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QED 116 584 719.58(1.5) x 10~

Electroweak 154(2)(1)x 10~
Hadronic LO 6 901(42)(19)(07)x 10~}
Hadronic HO -97.9(0.9)(0.3) x 10~
Hadronic LbL 105(26) x 10~

Total SM 11 659 1785 (52) x 10~
Experimental @ 11 659 2080 (63) x 10~
Aa 300 (82)x 107 360

Both experimental and theoretical uncertainty should
be reduced to be sure of NP.
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d T'(f1(1285) — vv*) = (2.8 - 0.8) ke

This is compatible with our model of p
exchange. However, |

I'(f1(1285) — vp°) _ 5.

Ftotal

leads to a strong
exchange. W
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Conclusions

Having in mind the new g-2 experiment more
theoretical efforts are needed to improve accuracy
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Many happy
returns of the day!
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