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Standard Model



It does not explain Dark Matter and Dark Energy:

Although the Standard Model has been enormously successful to date, we known it is incomplete. 

Problems with Standard Model
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Matter Dominates ! 
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Observed:vs.$

It does not explain matter and anti-matter asymmetry:

Problems with Standard Model



To	  look	  for	  New	  Physics	  beyond	  the	  
Standard	  Model,	  we	  use	  the
three-‐prong	  approach:

The	  Energy	  Fron=er	  (high-‐energy	  	  	  	  
colliders)

The	  Intensity/Precision	  Fron=er	  
(intense	  par=cle	  beams)

The	  Cosmic	  Fron=er	  (underground	  
experiments,	  ground	  and	  space-‐based	  
telescopes)

Intensity/Precision-

Cosmic'

Energy'

Frontiers of BSM Physics Search



Precision Frontier: (g-2)μ
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Known well Theoretical work ongoing 

The �g-2 test�:  Compare experiment to theory.  Is SM complete? 

TheoryExptNewPhysics aaa µµµ −=δ .

Δaµ=aµ
exp-aµ

SM= 288(80)x10-11 (3.6σ discrepancy!) 
Δae=ae

exp-ae
SM=−105(81)x10-14 (1000x more precise)

~µ = g
e

2m
~S

a =
g � 2

2



Matter/Antimatter Asymmetry

•Baryon	  number	  violation
•C	  and	  CP	  violation
•Thermal	  non-‐equilibrium

Sakharov	  criteria	  for	  matter/anti-‐matter	  	  asymmetry:

•	  Excellent	  probe	  for	  physics	  beyond	  the	  Standard	  Model	  
(complementary	  to	  LHC)

•	  CP	  violation	  so	  far	  only	  in	  weak	  decays.

•	  Might	  help	  explain	  BAU	  matter/anti-‐matter	  problem.



Standard Model: CP Violation

A nonzero particle EDM  
violates P, T and, assuming   
CPT conservation, also CP. 
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Standard Model: CP Violation

A nonzero particle EDM  
violates P, T and, assuming   
CPT conservation, also CP. 
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nEDM from CKM Matrix

•No tree level contribution
•No first loop contribution
•No pure week interaction two loop contribution
•Only gluon two loop contribution
→ strongly suppressed
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nEDM from CKM Matrix

•No tree level contribution
•No first loop contribution
•No pure week interaction two loop contribution
•Only gluon two loop contribution
→ strongly suppressed

Standard Model nEDM: 
10-30 e·cm > dn >10-32 e·cm 



Measurements of nEDM
RAL-Sussex-ILL 
dn < 2.9 x 10–26 e cm 
C.A.Baker et al., PRL 97 (2006) 131801 

Smith, Purcell, Ramsey 
dn < 5 x 10–20 e cm 
PR 108 (1957) 120 

First Last 

~ 50 years 



Precision scattering measurements
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Precision Scattering
• Many theories predict new particles, which disappeared at the time when the 
universe cooled.

• New physics particles are now present indirectly as interaction carriers and can be 
probed through precision measurements at low momentum transfer.

• To access the scale of the new physics at TeV level, we need to push one or more 
experimental parameters to the extreme precision.

• Low-Q2 neutral-current interaction becomes sensitive to the TeV scale if:

 δ(sin2θW) ≤ 0.5%

 away from the Z resonance

•Precision Neutrino Scattering
•New Physics/Weak-Electromagnetic Interference

 opposite parity transitions in heavy atoms
 parity-violating electron scattering

Weak interaction provides indirect access to the new physics via interference 
terms between neutral weak and new physics amplitudes.
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Weak Charge of Proton: Qweak
In SM at three level (Born): 

Since the value of the weak mixing angle is very close to 0.25, 
weak charge of proton (and electron) is suppressed in the 
SM, so QW(p) and QW(e) = - QW(p) offer a unique place to 
extract sin2θW.

For proton (current Qweak at JLab, planned P2 at MESA in 
Mainz):

Parity-violation effects are enhanced in atoms with a large number of protons (Z) and neutrons (N) 
(parity-violation experiments with 209Bi, 205Tl and 133Cs):



The low-energy effective electron-quark A(e) × V (q) Lagrangian:

where g is the coupling constant, Λ is the mass scale, and the hqV  are the effective coefficients of 
the new physics.

In SM at tree level:

A precise measurement of QW(p) would thus test new physics scales up to TeV scales:

Scale of BSM Physics in Weak Interactions 



Run	  0	  Asymmetry	  Results	  (4%	  of	  full	  data):

Qweak Collaboration: PRL 111, 141803 (2013)

Results from Qweak Experiment
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Model Independent Model Dependent

Using hadronic uncertainty analyzes for γZ box from M. Gorchtein, Phys. Rev. Lett. 102, 091806 (2009) and 
A. Sibirtsev et. al., arXiv:1002.0740 [hep-ph], and applying full set of on-shell NLO contributions, we get 
following PV electron-proton asymmetry:

APV(Th) = - 0.233 ± 0.007 (ppm)
APV(Exp) = - 0.279 ± 0.035 (stat.) ± 0.031 (syst.) (ppm)

Hadronic Corrections and Total Asymmetry



{C1p, C1n} {C1p, C1n} · Λ2+Q2

Q2

Cs133
55 , T l20581 Bi20983

Cs133
55 (exp) = −72.65 ± 0.28 ± 0.34,

T l20581 (exp) = −114.8 ± 1.2 ± 3.4,

Bi20983 (exp) = −140 ± 40.

Cs133
55 , 7s (excited) → 6s (ground)

Cs133
55 .

Cs133
55 (theory) = −73.26 ± 0.26,

T l20581 (theory) = −114.9 ± 0.4,

Bi20983 (theory) = −118.8 ± 0.4,

∼ 1.5%
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Λ2

q2−Λ2

q → 0

{e − N}

V (N) ⊗ A (e)

(uNγµuN ) → ρnuc (r) δµ,0.

V (e) ⊗ A (N)

H (r) =
Gµ

2
√

2
Qweakγ5ρnuc (r) .

Qweak {C1p, C1n}

Qp
weak = 2C1p

(
Q2 → 0GeV 2

)
,

Qn
weak = 2C1n

(
Q2 → 0GeV 2

)
.

Q
p(0)
weak = 1 − 4s2

w,

Q
n(0)
weak = −1,

Qweak = Z · Qp
weak + N · Qn

weak,

Qp
weak, Qn

weak

C1p C1n
Λ2

Λ2+Q2

C1p C1n C1p =
0.0360 ± 0.0005 C1n = −0.4950 ± 0.0020

C1p. C1p = 0.0358 ± 0.0003
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C1p C1n C1p =
0.0360 ± 0.0005 C1n = −0.4950 ± 0.0020

C1p. C1p = 0.0358 ± 0.0003

HPV =
GFp
2
[C1N (ūe�µ�5ue)(ūN�µuN ) + C2N (ūe�µue)(ūN�µ�5uN )]

Qp(Th)
weak = 2C1p = 0.0720± 0.0010

Qp(Exp)
weak

= 2C1p = 0.064± 0.012

Qn(Th)
weak = 2C1n = �0.990± 0.005

Qn(Exp)
weak

= 2C1n = �0.975± 0.010

Weak Formfactor and Weak Charge



Precision Scattering: MOLLER

MOLLER:  The challenge  

Push frontier in both 
absolute (tiny asymmetry) 
and relative precision 

Recent experience 
with PREx and Qweak
-> helps to validate 
much of approach 

To access multi-TeV electron scale it is 
required to measure: 

Asymmetry is an observable which is directly related to the interference term:  

�(sin2 ✓W ) < 0.002

MOLLER experiment offers an unique 
opportunity to reach multi-TeV scale and 
will become complimentary to the LHC 
direct searches of the new physics.

ALR =
�L � �R

�L + �R
' 2Re(M�M

+
Z +M�M

+
NP +MZM

+
NP )LR

�L + �R
⇠ (10�5

to 10�4) ·Q2



The first observation of Parity Violation in Møller scattering was made by E-158 
experiment at SLAC:

sin2(✓̂W ) = 0.2403± 0.0013 in MS

MOLLER, planned at JLab following the 11 GeV 
upgrade, will offer a new level of sensitivity and 
measure the parity-violating asymmetry in the 
scattering of longitudinally polarized electrons off 
unpolarized target to a precision of 0.73 ppb. 

That would allow a determination of the weak 
mixing angle with an uncertainty of about 0.1%, a 
factor of five improvement in fractional precision 
over the measurement by E-158.

Q2 = 0.026GeV 2, ALR = (1.31± 0.14(stat.)± 0.10(syst.))⇥ 10�7

J. Benesch et al., MOLLER Proposal to PAC34,  2008

Precision Scattering: MOLLER



One-Loop Corrections for MOLLER
5

FIG. 2: One-loop t-channel diagrams for the Møller process. The circles represent the contributions of self-energies and
vertex functions. The u-channel diagrams are obtained via the interchange k2 $ p2.

We can present the one-loop amplitude M
1

as a sum of boson self-energy (BSE), vertex (Ver)
and box diagrams:

M
1

= M
1,t �M

1,u, M
1,u = M

1,t(k2 $ p
2

),

M
1,t = M

BSE,t +M
Ver,t +M

Box,t. (12)

We use the on-shell renormalization scheme from [21, 22], so there is no contributions from
the electron self-energies. A question of dependence of EWC on renormalization schemes and
renormalization conditions (within the same scheme) was addressed in our earlier paper [19].
The infrared-finite BSE term can be easily expressed as:

M
BSE,t = i

↵

⇡

X

i,j=�,Z

I iµD
ijt
S Jµ,j, (13)

with

Dijr
S = �Dir⌃̂ij

T (r)D
jr, (14)

where ⌃̂ij
T (r) is the transverse part of the renormalized photon, Z-boson and �Z self-energies.

The longitudinal parts of the boson self-energy make contributions that are proportional to
m2/r so they are very small and not considered here.
In order to get the electron vertex amplitude (2nd and 3rd diagrams in Fig. 2), we use the

form factors �F je
V,A in the manner of paper [21], replacing the coupling constants vj, aj with

form factors v�(Z) ! �F
�(Z)e
V , a�(Z) ! �F

�(Z)e
A . Then,

M
Ver,t =

X

j=�,Z

⇣
Mj/B,t +Mj/H,t

⌘
, Mj/B,t = i

↵

⇡
Bj

µD
jtJµ,j, Mj/H,t = i

↵

⇡
IjµD

jtHµ,j, (15)
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/ ↵2 / ↵3 / ↵4

� =
⇡3

2s
|M0 +M1|2 =

⇡3

2s
(M0M

+
0 + 2ReM1M

+
0 +M1M

+
1 ) = �0 + �1 + �Q

�1 = �BSE

1 + �V er

1 + �Box

1

•Calculated in the on-shell renormalization, using both:
• Computer-based approach, with 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]

• “By hand”, with approximations in small energy region                 , for                          and
high energy approximation for 

{t, u}
m2

Z,W

⌧ 1
p
s ⌧ 30 GeVp

s � 500 GeV
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TABLE I: The Born asymmetry A0
LR and the structure of relative weak corrections to it for Elab = 11 GeV at different

θ.

θ,◦ 20 30 40 50 60 70 80 90

A0
LR, ppb 6.63 15.19 27.45 43.05 60.69 77.68 90.28 94.97

γγ-SE, DRC −0.0043 −0.0049 −0.0054 −0.0058 −0.0062 −0.0064 −0.0066 −0.0067

γγ-SE, HRC −0.0043 −0.0049 −0.0054 −0.0058 −0.0062 −0.0064 −0.0066 −0.0067

γZ-SE, DRC −0.2919 −0.2916 −0.2914 −0.2912 −0.2911 −0.2910 −0.2909 −0.2909

γZ-SE, HRC −0.6051 −0.6043 −0.6042 −0.6038 −0.6034 −0.6031 −0.6028 −0.6028

ZZ-SE, DRC −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105

ZZ-SE, HRC 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309

HV, DRC −0.2946 −0.2633 −0.2727 −0.2703 −0.2714 −0.2712 −0.2711 −0.2710

HV, HRC −0.0015 −0.0012 −0.0010 −0.0009 −0.0008 −0.0007 −0.0007 −0.0007

ZZ-box, exact −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

WW -box, exact 0.0239 0.0238 0.0238 0.0239 0.0239 0.0238 0.0238 0.0238

WW -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

FIG. 6: The relative weak (solid line in DRC (semi-
automated) and dotted line in HRC ("by hand")) and
QED (dashed line) corrections to the Born asymmetry
A0

LR versus
√
s at θ = 90◦. The filled circle corresponds

to our predictions for the MOLLER experiment.

becomes larger with decreasing θ.
In Fig. 6 we can see the relative weak corrections

shown by solid line for DRC (exact) and dotted line for
HRC (approximate). The dashed line shows the QED
correction obtained by including soft bremsstrahlung
to the Born asymmetry A0

LR. We can see that for low

energy region 1 <
√
s < 30 GeV the results calculated

by the two methods are in excellent agreement. It is
worth mentioning here that the semi-automated nu-
merical calculations of boxes in the region of

√
s ≪ 1

GeV suffer from the numerical instability due to Lan-
dau singularities. As for our approximated calcula-
tions, we have used the small-energy approximation
with the expansion parameters taken as r/m2

Z,W for
energies

√
s < 30 GeV. In any case, for the 11 GeV

relevant for the planned JLab experiment, the consis-
tency of our calculations in both approaches is obvi-
ous, with a difference of ∼ 0.01% or less. The dotted
line for

√
s > 500 GeV on the Fig. 6 is obtained us-

ing HRC with the help of equations from [28], which
used the high-energy approximation. We can see good
a agreement between our results for the high-energy
region

√
s > 500 GeV which becomes better with en-

ergy increase. For
√
s ≥ 50 GeV we have excellent

agreement with the result of [24] if we use their SM
parameters (see [8]). Furthermore, the relative QED
correction (see Fig. 8 in [24] and dashed line in Fig. 6
here) is also in good qualitative and numerical agree-
ment. In this case, we apply the same cut on the soft
photon emission energy as in [24] (ω/

√
s = 0.05). At

the low-energy point corresponding to the E-158 ex-
periment, and using our set of input parameters (α,
mW and mZ) we find that δweak

A ≈ −54%. If we trans-
late our input parameters to the set α, GF and mZ

according to [24], we obtain good agreement with the
result of [29].

QED

Weak Correction

The relative weak (solid line in DRC 
(semi-automated) and dotted line in 
HRC ("by hand")) and QED (dashed 
line) corrections to the Born 
asymmetry A0

LR versus √s at θ = 
90◦. 

The filled circle corresponds to our 
predictions for the MOLLER 
experiment.
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B. Constrained Differential Renormalization

The CDR (Constrained Differential Renormaliza-
tion) scheme, which provides renormalized expressions
for Feynman graphs preserving the Ward identities,
was introduced at the one-loop level in [30]. [31] ex-
pands on [30] to introduce the techniques for one-loop
calculations in any renormalizable theory in four di-
mensions. The procedure has been implemented in
FormCalc and LoopTools, which allows us to evalu-
ate NLO EWC in CDR. Since our "scheme of choice"
at the moment is on-shell, which is more suitable for
calculating EWC beyond one-loop, we do not provide
the same detailed analysis and step-by-step compari-
son between the two methods for CDR as we do for
on-shell. The reason we evaluate NLO EWC in CDR
is to obtain some indication of the size of the higher-
order effects (NNLO and beyond) to see if there is
enough motivation to do these very involved calcula-
tions in the future.

In Fig. 7, we can see the relative total correction

δtot = (σtot − σ0)/σ0

to the unpolarized cross section versus
√
s at θ = 90◦

for different RS: on-shell and CDR. In the region of
small energies, the difference between the two schemes
is almost constant and rather small (∼ 0.01), but
grows at

√
s ≥ mZ . It is well known that in the region

of 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.

Because of that, we expect that the NNLO correction
to the PV asymmetry may become important to PV
precision physics in the future.

Fig. 8 shows the relative weak (lower lines), and
QED (upper lines) corrections to the Born asymmetry
A0

LR versus
√
s at θ = 90◦. The difference is signifi-

cant and is growing with increasing
√
s. According to

our calculations for Elab = 11 GeV, ω = 0.05
√
s and θ

= 90◦, the total radiative correction to PV asymmetry
is −69.8% with on-shell and −58.5% with CDR. The
difference is not at all surprising. For E-158, for ex-
ample, the one-loop weak corrections were found to be
about −40% in the MS scheme [29] and about −50%
in the on-shell scheme [21, 25].

The physical, NLO-corrected asymmetries, com-
puted in both on-shell and CDR schemes, are com-
pared in Fig. 9. Here, for consistency with the MS
definition of the couplings to O(α) [32], we use ŝ2Z ≡
sin2 θ̂W (MZ) = 0.2313 [26] in the expression of the

FIG. 7: The relative total corrections to the unpolarized
cross section versus

√
s at θ = 90◦. The filled circle cor-

responds to our predictions to the MOLLER experiment.
Solid line corresponds to CDR and dotted line to on-shell
RS.

Born asymmetry. We find that the predictions for the
physical PV asymmetry, computed to the same order
in perturbation theory in two different schemes, dif-
fer by about 3%. The difference is an indication of
the order of magnitude the higher-order, NNLO and
beyond, terms.

The [25] estimated that the higher-order corrections
are suppressed by ∼ 0.1% relative to the one-loop re-
sult, possibly 5% in some cases, and thus are not sig-
nificant source of uncertainty. However, we conclude
that although the corrections at the NNLO level were
not mandated by the previously achievable experimen-
tal precision, they may become important for the next
generation of experiments.

V. EFFECT OF ADDITIONAL MASSIVE

NEUTRAL BOSON

Let us now add a very simple NP assumption to
our SM calculations and show how this NP contri-
bution affects the observable asymmetry. The reason
we want to do it in here is to investigate if the two
complimentary methods we used in the previous sec-
tions, "by-hand" and semi-automated, can be applied
in the NP domain. As we mention in the Introduc-
tion, FeynArts, FormCalc, LoopTools, and FORM are
not "black box" programs and can be modified for
specific projects, including adding the NP sector. As
was already concluded in [33] and [34], the proposed
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B. Constrained Differential Renormalization

The CDR (Constrained Differential Renormaliza-
tion) scheme, which provides renormalized expressions
for Feynman graphs preserving the Ward identities,
was introduced at the one-loop level in [30]. [31] ex-
pands on [30] to introduce the techniques for one-loop
calculations in any renormalizable theory in four di-
mensions. The procedure has been implemented in
FormCalc and LoopTools, which allows us to evalu-
ate NLO EWC in CDR. Since our "scheme of choice"
at the moment is on-shell, which is more suitable for
calculating EWC beyond one-loop, we do not provide
the same detailed analysis and step-by-step compari-
son between the two methods for CDR as we do for
on-shell. The reason we evaluate NLO EWC in CDR
is to obtain some indication of the size of the higher-
order effects (NNLO and beyond) to see if there is
enough motivation to do these very involved calcula-
tions in the future.

In Fig. 7, we can see the relative total correction

δtot = (σtot − σ0)/σ0

to the unpolarized cross section versus
√
s at θ = 90◦

for different RS: on-shell and CDR. In the region of
small energies, the difference between the two schemes
is almost constant and rather small (∼ 0.01), but
grows at

√
s ≥ mZ . It is well known that in the region

of 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.

Because of that, we expect that the NNLO correction
to the PV asymmetry may become important to PV
precision physics in the future.

Fig. 8 shows the relative weak (lower lines), and
QED (upper lines) corrections to the Born asymmetry
A0

LR versus
√
s at θ = 90◦. The difference is signifi-

cant and is growing with increasing
√
s. According to

our calculations for Elab = 11 GeV, ω = 0.05
√
s and θ

= 90◦, the total radiative correction to PV asymmetry
is −69.8% with on-shell and −58.5% with CDR. The
difference is not at all surprising. For E-158, for ex-
ample, the one-loop weak corrections were found to be
about −40% in the MS scheme [29] and about −50%
in the on-shell scheme [21, 25].

The physical, NLO-corrected asymmetries, com-
puted in both on-shell and CDR schemes, are com-
pared in Fig. 9. Here, for consistency with the MS
definition of the couplings to O(α) [32], we use ŝ2Z ≡
sin2 θ̂W (MZ) = 0.2313 [26] in the expression of the

FIG. 7: The relative total corrections to the unpolarized
cross section versus

√
s at θ = 90◦. The filled circle cor-

responds to our predictions to the MOLLER experiment.
Solid line corresponds to CDR and dotted line to on-shell
RS.

Born asymmetry. We find that the predictions for the
physical PV asymmetry, computed to the same order
in perturbation theory in two different schemes, dif-
fer by about 3%. The difference is an indication of
the order of magnitude the higher-order, NNLO and
beyond, terms.

The [25] estimated that the higher-order corrections
are suppressed by ∼ 0.1% relative to the one-loop re-
sult, possibly 5% in some cases, and thus are not sig-
nificant source of uncertainty. However, we conclude
that although the corrections at the NNLO level were
not mandated by the previously achievable experimen-
tal precision, they may become important for the next
generation of experiments.

V. EFFECT OF ADDITIONAL MASSIVE

NEUTRAL BOSON

Let us now add a very simple NP assumption to
our SM calculations and show how this NP contri-
bution affects the observable asymmetry. The reason
we want to do it in here is to investigate if the two
complimentary methods we used in the previous sec-
tions, "by-hand" and semi-automated, can be applied
in the NP domain. As we mention in the Introduc-
tion, FeynArts, FormCalc, LoopTools, and FORM are
not "black box" programs and can be modified for
specific projects, including adding the NP sector. As
was already concluded in [33] and [34], the proposed
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A0
LR
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Two-Loop Corrections for MOLLER
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The Next-to-Next-to-Leading Order (NNLO) EWC to the Born (∼ M0M0
+) cross section can be divided 

into two classes:
• Q-part induced by quadratic one-loop amplitudes ∼ M1M1

+, and 
• T-part – the interference of Born and two-loop diagrams ∼ 2ReM0M2-loop

+ .
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s ReM2M
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Combination of Corrections
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For the orthogonal kinematics: θ = 90◦

Type of 
contribution

δA
C Published

NLO -0.6953 PRD’10, YaF’12

...+Q+ BBSE
+VVer+ VerBSE -0.6420 PRD’12, YaF’13

...+ double boxes -0.6534 EPJ’12

...+NNLO QED -0.6500

...+SE and Ver in 
boxes -0.6504 YaF’ 15

...+NNLO EW Ver under way

�CA =
AC

LR �A0
LR

A0
LR

! = 0.05
p
s

“...” means all contributions from the lines above

Correction to PV asymmetry:

Soft-photon bremsstrahlung cut:



PV Asymmetry

Predicted PV asymmetry up to 
NNLO:

APV(LO+NLO+NNLO) ≃ 33.2 (ppb)

APV(LO) = 94.96 (ppb)

Although suppression of Born 
asymmetry due to loops 
correction is quite large, overall 
uncertainty of theoretical 
results is below 1%.



BSM Physics with Dark Vector

Dark U(1)

Consider a U(1)’ gauge symmetry -- Dark U(1) -- which may interact with DM and 
Hidden sector particles (particles unknown to us).  SM particles have zero charges.

Gauge boson kinetic term (QED example):

Z’ couples to SM particles through kinetic mixing of U(1)Y & U(1)’.  [Holdom (1986)]

 Expected size of kinetic mixing from loops
 of heavy fermions: ε ~ (gY gZ’)/(16π2) ≲ 10-3

B Z ′

F

(Hypercharge gauge boson  =  Photon & Z boson)

[QED]

[SM+U(1)’]

Bµ = cos ✓W Aµ � sin ✓W Zµ

Lkin = �1

4

Bµ⌫Bµ⌫
+

1

2

"

cos ✓W
Bµ⌫Z 0µ⌫ � 1

4

Z 0
µ⌫Z 0µ⌫

LQED
kin = �1

4
Aµ⌫Aµ⌫ (with Aµ⌫ ⌘ @µA⌫ � @⌫Aµ)

Consider a U(1)’ gauge symmetry which may interact with hidden sector particles:

The gauge boson kinetic term (QED example):

 The A’ couples to SM particles through kinetic mixing of U(1)Y & U(1)’ [Holdom (1986)]:

Lkin = �1

4

Bµ⌫B
µ⌫

+

1

2

✏

cos ✓W
Bµ⌫A

0µ⌫ � 1

4

A0
µ⌫A

0µ⌫

LQED
kin = �1

4
Aµ⌫A

µ⌫

Dark U(1)

Consider a U(1)’ gauge symmetry -- Dark U(1) -- which may interact with DM and 
Hidden sector particles (particles unknown to us).  SM particles have zero charges.

Gauge boson kinetic term (QED example):

Z’ couples to SM particles through kinetic mixing of U(1)Y & U(1)’.  [Holdom (1986)]

 Expected size of kinetic mixing from loops
 of heavy fermions: ε ~ (gY gZ’)/(16π2) ≲ 10-3

B Z ′

F

(Hypercharge gauge boson  =  Photon & Z boson)

[QED]

[SM+U(1)’]

Bµ = cos ✓W Aµ � sin ✓W Zµ

Lkin = �1

4

Bµ⌫Bµ⌫
+

1

2

"

cos ✓W
Bµ⌫Z 0µ⌫ � 1

4

Z 0
µ⌫Z 0µ⌫

LQED
kin = �1

4
Aµ⌫Aµ⌫ (with Aµ⌫ ⌘ @µA⌫ � @⌫Aµ)

Expected size of kinetic mixing from loops of heavy fermions: ε ~ (gY gA’)/(16π2) ≲ 10-3

In general case A’ represents dark 
photon (parity-conserving) or 
Z’ (parity-violating) interaction carrier.
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• Parity-conserving, dark vector boson (kinetic) mixing with photon produces:
Dark Photon

• Parity violating, dark vector boson (mass) mixing with photon and Z boson produces: 
Dark Z’ Boson

✏Z0 = �
mZ0

mZ
, where δ = 3·10-5 is an arbitrary model-dependent parameter

H. Davoudiasl, et. al., arXiv:1203.2947v2, Phys. Rev. D 85, 115019 (2012)

Lint = �eQf ✏ ¯f�µf · (Aµ
+ ✏A0µ

)� e

sin ✓W cos ✓W
¯f(cfV �µ + cfA�µ�5)f · Zµ

Lint = �eQf ✏ ¯f�µf · (Aµ
+ ✏A0µ

)� e

sin ✓W cos ✓W
¯f(cfV �µ + cfA�µ�5)f · (Zµ

+ ✏Z0A0
µ)

BSM Physics with Dark Vector



Dark-Vector in Moller Scattering 

• Complete the calculations of PV 
MOLLER asymmetries including one-
loop (NLO) for the SM particles.  This 
will define SM central value.

• Proceed with calculations of PV 
asymmetries with new physics 
particles including one-loop and 
construct exclusion plots for 1% 
deviations from the SM central values.

Calculation Strategy
3

Figure 2: Representative one-loop diagrams for the Møller
process with the new-physics (labeled as NP) vector boson in
the loops. The label SM stands for the Standard Model vector
bosons. In the actual calculations, the diagrams with vertex
corrections to the lower electron current and the diagrams for
the u-channel are taken into account as well. We also include
the gauge fixing terms in the diagrams with W± in the vertex
and self-energy graphs (not shown here).

III. RESULTS AND CONCLUSION

Our calculation strategy basically consist of the follow-
ing steps. First, we evaluate the PV asymmetry includ-
ing one-loop diagrams for the SM particles. This will
determine the SM central value. Then we proceed with
calculations of the PV asymmetry with the new-physics
particles included up to one-loop and construct exclusion
plots for 1%, 2% and 3% deviations from the SM central
value. Since the MOLLER experiment is mostly sensi-
tive to the parity-violating interaction, which is enhanced
through the interference term ⇠ 2Re[M�MZ ] in the nu-
merator of Eq.1, we concentrate our attention on the
analysis of dark Z 0

µ. The exclusion plots for MOLLER
for the case of new physics represented by dark Z 0

µ are
shown in Fig.3.

In the case if the MOLLER experiment does not detect
any significant deviations from the SM predictions, then
this measurement will exclude everything that is above
the corresponding 1%, 2% or 3% lines. Essentially, if
MOLLER does not see the dark Z 0

µ, it will exclude the
entire region which would explain the g�2 anomaly with
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stream of the target will be a dipole analyzing magnet (0.917 T-m), followed by silicon
trackers (12 planes over 1 m length), an electromagnetic calorimeter, and a muon detec-
tor (steel plates with scintillation hodoscopes). The dipole magnet will spread the high
flux of radiation from the target into a “sheet of flame”, and the detectors must be split
to transmit these particles and still operate in a high rate environment. The unique fea-
tures of this experiment include the capability to detect pairs from decays downstream
of the target (longer lifetime A� corresponding to lower values of �) and the ability to
also detect muon pairs.

DARKLIGHT at the FEL

The DARKLIGHT experiment [17] is a proposal to extend the search for A� to lower
mass values, down to ⇠ 10 MeV. This experiment would utilize the high intensity
(10 mA) electron beam at 140 MeV available at the Free Electron Laser (FEL) facility
at Jefferson Lab, incident on a 1019 cm�2 gas hydrogen target. A magnetic spectrometer
detects all three leptons and a high resolution detector a few centimeters from the
interaction region detects the final state protons. Measurement of all four final state
particles and good momentum resolution allows reconstruction of the A’ mass with
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Figure 3: Exclusion plots for the dark Z0
µ for the MOLLER ex-

periment with calculations including one-loop in the on-shell
renormalization scheme, shown against exclusion plot from
[8]. We use �2 = 3 · 10�5. The blue dot-dashed, green dashed
and red dotted graphs correspond to 1%, 2% and 3% the PV
asymmetry deviations from the SM prediction, respectively.

the light Z 0
µ dark boson. A larger value of the � mixing

parameter would increase the measurement sensitivity to
Z 0

µ and push the exclusion lines down. Clearly, as one
can see from on Fig.3, the MOLLER experiment is very
competitive with the DarkLight [9], APEX [10], MAMI
[11], KLOE [12] and HPS [13].

Fig.4 shows the exclusion regions for the fixed masses
of Z 0

µ in the space of ✏ and � mixing parameters. In the
region of the small Z 0

µ mass (left plot on Fig.4), the over-
all sensitivity to the variation of ✏ and � is quite high but
decreases significantly in the region of the higher mass of
Z 0

µ (middle plot of Fig.4). That is mostly related to the
suppression coming from the dark Z 0

µ propagator. If we
assume the scenario of the heavy Z 0

µ, we observe that the
sensitivity to ✏ and � is enhanced at the leading order by
the term ⇠ �

m2
Z

and loop contribution from Z 0
µ. A de-

tailed analysis of the one-loop contributions of the dark
vector to the PV asymmetry will be addressed in our
next work. In the limit when � ! 0 (the dark photon),
the sensitivity is weak for all masses of Z 0

µ. Thus, it is
important to have a non-zero (although possibly small)
mixing parameter � when it comes to the low-momentum
transfer PV experiments such as MOLLER. In the case
of ✏ ! 0 (the “usual” Zµ boson with the modified mass
and scaled coupling), we also observe the reduced sensi-
tivity for the lower masses of Z 0

µ, so ✏ should be non-zero

New-Physics particles (Dark 
Photon or Z’) in the loops
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trackers (12 planes over 1 m length), an electromagnetic calorimeter, and a muon detec-
tor (steel plates with scintillation hodoscopes). The dipole magnet will spread the high
flux of radiation from the target into a “sheet of flame”, and the detectors must be split
to transmit these particles and still operate in a high rate environment. The unique fea-
tures of this experiment include the capability to detect pairs from decays downstream
of the target (longer lifetime A

0 corresponding to lower values of e) and the ability to
also detect muon pairs.

DARKLIGHT at the FEL

The DARKLIGHT experiment [17] is a proposal to extend the search for A

0 to lower
mass values, down to ⇠ 10 MeV. This experiment would utilize the high intensity
(10 mA) electron beam at 140 MeV available at the Free Electron Laser (FEL) facility
at Jefferson Lab, incident on a 1019 cm�2 gas hydrogen target. A magnetic spectrometer
detects all three leptons and a high resolution detector a few centimeters from the
interaction region detects the final state protons. Measurement of all four final state
particles and good momentum resolution allows reconstruction of the A’ mass with
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Conclusions
• (g-2)μ discrepancy could be explained by light dark photon. It is complementary to 
LHC program and so far is the strongest signal of BSM physics.

• nEDM measurements completed or planned (TRIUMF) will greatly improve our 
understanding of SUSY as a possible theory for BSM physics.   

• Two electroweak PV experiments: Qweak (completed) and MOLLER (planned) are 
complimentary to LHC search for BSM physics. 

•  With relatively large uncertainty arising from Υ-Z boxes, Qweak results (4% of data) 
are in agreement with SM predictions for weak charge of proton and neutron . 

• MOLLER experiment is highly needed to put new constrains on weak charge of the 
electron.

• Dark Vector BSM physics scenarios for Moller process have best sensitivity for Z’.

• The Z’ search in MOLLER is complimentary to (g-2)μ,  where deviation with SM 
predictions reach 3.6σ  


