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M¢ller scattering at the tree level = | &

The process of electronbelectron scattering (M¢,ller process)
C. Mg ller,Annalen der Physik 406, 531 (1932)

¥ Straightforward process!
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Motivation s

The Prst observation of Parity Violation in M¢ ller scattering was made by E-158
experiment at SLAC

Q% =0.026GeV4, Ag =(1.31+ 0.14(stat.) = 0.10(syst.)) ! 10
sin?(Qy ) = 0.2403+ 0.0013 inMS

0.250 ¢

- SM
e current Ag(lep) [Tevatron]
MOLLER, planned at JLab following the 11 GeV 0245| ° Tulure |
upgrade, will offer a new level of sensitivity and
measure the parity-violating asymmetry in the i Moller [SLAqi &
scattering of longitudinally polarized electrons off = va«;s) {\.-m,\- 5,5
unpolarized target to a precision of 0.73 ppb. = gg’
R Moller [JLab] x S :
That would allow a determination of the weak Qweak [JLab] T ""%,)) A x(had) [SLC] -
mixing angle with an uncertainty of about 0.1%, a 0.230 PV-DIS [JLab] T 7 NEAL(b) [LEP]
factor of Pve improvement in fractional precision
over the measurement by E-158. I PO N . SN SYION RPN JOPUPPT. PRDRO NP
0.001 0.01 0.1 1 10 100 1000
u [GeV]
J. Benesch et al., MOLLER Proposal to PAC34, 2008
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Motivation

Although PV asymmetry (Ar! 10-7) is very small, the accuracy of modern

experiments exceeds the accuracy of the theoretical result in Born approximation.
Onebloop contribution was found to be rather big in the previous works:

A. Czarnecki, W. J. Marciano, Phys. Rev. D53, 1066 (1996);
A. Denner, S. Pozzorini, Eur. Phys. J. C7, 185 (1999);

A. Aleksejevs, S. Barkanova, A. llyicheyv, V. Zykunov, Phys. Rev. D82, 093013 (2010).
¥Theoretical approach to control precision:

¥Make sure that everything is correct for the given level of perturbation (start with one loop)
¥For that we choose and compare two approaches: Oby handO and computer based
using on-shell renormalization and using two different renormalization conditions (RC).

¥Determine if higher order effects (two-loops) are important
¥For that we compare results in two renormalization schemes (RS): on-shell and
constrained differential renormalization (CDR). Size of the difference between RS will
point out importance of higher order effects:
W. Hollik and H.-J. Timme, Z. Phys. C. 33, 125 (1986).
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One-loop | D

L 7,Z(W) y.Z(W)
Z ,Z
(1) (2) (3) (4) (5)

n 3 n 3
! :2_S|MO+ M1|2:2—S(M0MJ+2RGM1MJ+M1MI): !0+!1+!Q
!1!2 !113 !1!4
!1:!]|?JSE+!}-/8I’+!:?OX

¥Calculated in on-shell renormalization using:
¥Computer based using Feynarts, FormCalc, LoopTools and Form
T. Hahn, Comput. Phys. Commun. 140 418 (2001);
T. Hahn, M. Perez-Victoria, Comput. Phys. Commun. 118, 153 (1999);
J. Vermaseren, (2000) [arXiv:math-ph/0010025]

¥OBy handO using approximations in small energy regioit\—mt’zu} I 1 fors" 30GeV ano
high energy approximation for s" 500 GeV S
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One-loop: renormalization conditions © | —

¥For a gauge invariant set, physical results should be invariant under different
renormalization conditions.

¥Renormalization constants are bxed by the renormalization conditions.

¥Consider two classes:
1. The brst determines the renormalization of the parameters and s related to physical
observables at a given order of perturbation theory. These conditions are identical in
both Hollik RC (HRC) and Denner RC (DRC).

ReOW (m3,) = RePZ(m32) = ReOf (m?) =0,
| 11

Dee! "2 — Degs ARt
e S0 S T S IS m:
2. The second class bxes the renormalization of belds and is related to the GreenOs
functions and has no effect on calculations of S-matrix elements.

ULS8(0) =10 = O (G =i
()l 0-(0) =10 ’ ,, .. By

Aty L o -
ReO.“ 'm2 =0, Rew!% m; =0, RegzPr my =0.

W. Hollik, Fortschr. Phys. 38, 165 (1990).
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A. Denner, Fortsch. Phys. 41, 307 (1993).
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Hollik RC (Oby handO)

!
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Sty mz =~ mg
| Z
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W. Hollik, Fortschr. Phys. 38, 165 (1990).
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One-loop: renormalization conditions
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Denner RC (computer based)

D

Hz 4> | Rezps! & e,
" | n

D H
#zP) = Rew!$ M2
#Z(D) 2R|!Z (D)—I 2 I!Z! 2"
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mz mZ
|

#7(P) =1 ?l = (0).

A. Denner, Fortsch. Phys. 41, 307 (1993).
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One-loop: renormalization conditions
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One-loop: photon emission “« %
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One-loop: results  « 9

The relative correction to the Born asymmetry A9, 5 is dePned as follows:

_ AR ! Alg
O0x = 10
LR

where index C means a specibc contribution (C = BSE, Ver, Box, ... ), A g Is the Born
asymmetry, and A€, r Is the total asymmetry including electroweak radiative corrections.

Input parameters: 1=1/137.035999,
mw = 80.398 GeV,
mz = 91.1876 GeV.

Js, GeV Result of Denner and Pozzorini Our result
== , Comparison of our result for the
100 —0.2787 —0.2790 weak correction to asymmetry
500 —0.3407 —0.3406 with the result of
2000 —0.9056 —0.9066
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The Born asymmetry A} 5 and the structure of relative weak corrections to it for Ej., = 11 GeV at different 0.

One-loop: results

1) 20 30 40 50 60 70 80 90

Alr , ppb 6.63 1519 | 2745 | 43.05 | 60.69 | 7768 | 90.28 | 94.97
"" -SE, DRC 1 '0.0043|! 0.0049|! 0.0054|! 0.0058|! 0.0062|! 0.0064|! 0.0066(! 0.0067
""" -SE, HRC 1 '0.0043|! 0.0049|! 0.0054|! 0.0058|! 0.0062|! 0.0064|! 0.0066(! 0.0067
"Z-SE, DRC 1'0.2919|! 0.2916(! 0.2914|! 0.2912|! 0.2911|! 0.2910|! 0.2909|! 0.2909
"Z-SE, HRC 1 0.6051|! 0.6043|! 0.6042|! 0.6038|! 0.6034|! 0.6031|! 0.6028|! 0.6028
ZZ -SE, DRC 1 0.0105|! 0.0105(! 0.0105|! 0.0105|! 0.0105|! 0.0105|! 0.0105(! 0.0105

Z7 -SE, HRC 0.0309 | 0.0309 | 0.0309 | 0.0309 | 0.0309 | 0.0309 | 0.0309 | 0.0309
HV, DRC 1 0.2946|! 0.2633|! 0.2727|! 0.2703|! 0.2714|! 0.2712(! 0.2711)|! 0.2710
HV, HRC ' 0.0015|! 0.0012(! 0.0010j! 0.0009|! 0.0008|! 0.000/|! 0.0007(! 0.0007
ZZ -box, exact 1 0.0013|! 0.0013(! 0.0013|! 0.0013|! 0.0013|! 0.0013|! 0.0013(! 0.0013
ZZ -box, approx. ' 0.0013|! 0.0013(! 0.0013|! 0.0013|! 0.0013|! 0.0013|! 0.0013(! 0.0013

W W -box, exact 0.0239 | 0.0238 | 0.0238 | 0.0239 | 0.0239 | 0.0238 | 0.0238 | 0.0238

W W -box, approx. 0.0238 | 0.0238 | 0.0238 | 0.0238 | 0.0238 | 0.0238 | 0.0238 | 0.0238
total weak DRC, exact ||! 0.5643|! 0.5430|! 0.5508|! 0.5489|! 0.5500(! 0.5495(! 0.5493|! 0.5493
total weak HRC, approx. ||! 0.5526|! 0.5514|! 0.5511|! 0.5505|! 0.5500|! 0.5496|! 0.5493|! 0.5493
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One-loop: results and comparison - B

-
==
! [ !

| | | The relative weak (solid line in DRC
e S W B — = (semi-automated) and dotted line in

| | | 3 | HRC ("by hand")) and QED (dashed
line) corrections to the Born

e = i | N asymmetry A° g versus ' s at # =
! ! ! ! s\ 900.
0.6 o ******** The Plled circle corresponds to our
= | [weak corr. Oby hanjé predictions for the MOLLER
e 3 MAIREHINC- 1 experiment.
e
w = 0.05 /s and 6 — 90°
_1 ‘ ] | e | \i | ! L L1 \i | ! | | \Hi | | | | | \i
10 1 10 10° g 10°
\s, GeV
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One-loop in different schemes: cross section | —

¥ Constrained Differential Renormalization (CDR): F. del Aguila et al., Phys. Lett. B 419 263 (1998)

0

_05 [

8Z‘Ot

i [ Correction to the unpolarized cross sectionj

-1 2 3
10 1 10 10 10

\/E, GeV
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In the region of small energies, the difference
between the two schemes Is almost constant

and rather small (! 0.01), but grows at "s$
ms.

At small energies, the correction to the cross
section is dominated by the QED contribution.
However, in the high-energy region the weak

correction becomes comparable to QED.

Since the difference between the on-shell and
CDR results grows substantially as the weak
correction becomes larger, it is clear that for an
observable such as the PV asymmetry the
difference between the on-shell and CDR
schemes will be sizeable for the entire

spectrum of energies s <2000 GeV.
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One-loop in different schemes: asymmetry- |

0, C Correction to the PV asymmetry )
04 ! ! ! ! !
. i f C 0
- [ QED 5S = AR ! AR
L rr n_ 0
02 — S S CO ectio Aln

¥Correction to asymmetry differ in
two schemes at the order of 10%.

¥Higher order contributions are
Important!

total Weak j

e | | correctlon |
0p A S e e ———
w—005\/§and8_900
_1 7\\\\i | | \\\\H‘ | | \\\H‘ | \\\\Hi
-1 2 3
10 1 10 10 10
\/s, GeV
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Higher order corrections aal

The Next-to-Next-to-Leading Order (NNLP) EWC to the Born (! MgM,") cross section can be divided

Into two classes:
¥Q-part induced by quadratic one-loop amplitudes ! M;M,", and

¥T-part b the interference of Born and two-loop diagrams! 2ReMM2-ioop” .

"3 "3 f B
= oMo+ Maf* = 5 (MoMg +2ReMiMg +/MiM{)|= 1o+ !1+
MK |¢!3 !¢|4
\_ J
It =2 ReMpMg 1 14
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Quadratic correction: IR part

Differential quadratic cross section %, written as sums of &-dependent (IRD-terms) and
&-independent (infrared-pnite) parts.

3

4+ f
oQ = Z—SMlM = O'Q+ e
3 | L S, % &
" MLTMr2M] = 7 2 Re 9 (0h+20h) (2)'5% a0
%
A —
=4 Blog—
& 97
tu
B=log—"! 1+i"
09 2 |
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Quadratic correction: photon emission

In order to remove IR divergent terms in quadratic cross section it is required to consider:

1. Photon emission from one-loop diagrams
2. Two photon photon emission

B O N o e |

T

REEN RLNE

1= 317 = T Re[( ")+ Ri)"™M M)
R, =" 4Blog—§' log? > I Z—l—logZE
F o1 em =~ 3 t

: ! 2 T 7V
oty Rwéw T AT 1!.!.—2§?#'1+R1§
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Quadratic correction: photon emission = | —

0.03
0.02

0.01

-0.01 -

-0.02

Virt. + brem.

Virtual contr.

Bremstr. contr.

unpolarized case

w = 0.05 /s and 6 = 90°
I AGeV
-0.03 ", % i P r——
10 10 10
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o = (& ! &)/ &°

The plot for # = 900 and Elap = 11 GeV,
clearly demonstrates that the relative
correction to unpolarized cross section is
Independent on the photon mass &.

We can also see the gquadratic

dependence in log scale of & for the both
virtual and bremstrahlung contributions.
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Quadratic correction: results «|

0% = (AR ! AkR)A R LA = AR ARTP)A T,
5,C A,
( Correction to PVJ s [Correction due to Quadratic termj
i asymmetry
T\\\‘-___; P 0.042

M])

1-loop+Q
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Quadratic correction: results - | B

52 = (A(L:R | AER)/A ER'

— _ 1! loop+Q 1! loop 0
Correction due to] A= [ALR | ALR )/IA LR

The scale of the Q-part contribution in the
low-energy region is approximately

constant, but starting from 's$ m, , where
the weak contribution becomes
comparable with electromagnetic, the
effect of Q-part grows sharply.

This effect of increasing importance of
two-loop contribution at higher energies
may have a signibcant effect on the
asymmetry measured at the future

e e -colliders.
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Conclusion - | o

¥EWC corrections depend quite signiPcantly on the energy and scattering angles.

¥At the MOLLER kinematic conditions, the part of the quadratic EWC we considered here can
Increase the asymmetry up to ! 4%.

¥or the high-energy region "s1 2000 GeV the contribution of the guadratic EWC we estimated
can reach +30%.

¥The large size of the Q-part demands detailed and consistent consideration of two-loop
corrections, which is the current task of our group. It is impossible to say at this time if the Q-part
will be enhanced partially or completely cancelled by other two-loop radiative corrections,
although it seems probable that the two-loop EWC may be larger than previously thought.
Although an argument can be made that the two-loop corrections are suppressed by a factor of
I( relative to the one-loop corrections, we are reluctant to dismiss them, especially in the light of
2% uncertainty to asymmetry promised by MOLLER.

¥ xcellent agreement we obtained between the results calculated "by hand" and semi

automatically serves as a good illustration of opportunities offered by FeynArts, FormCalc,
LoopTools, and FORM.
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