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Big picture

basic structure of the SM well established through

discovery of weak neutral currents

PVeDIS (consistent with ν scattering) SLAC-E-122 (1978)

discovery of W and Z bosons

SM as spontaneously broken, renormalizable QFT 
established — before Higgs discovery — through

high precision Z factories LEP & SLC (also Tevatron)
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Status

closing in on the Higgs 
☞ talk by Daniele del Re 

consistent (sadly) with 
precision constraints

small deviations occur, 
but nothing conclusive

mν just dimension 5 
HHL̅L-operator?
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Why go beyond?

observation: dark matter, dark energy and baryon 
asymmetry

theory: hierarchy and cosmological constant problems 
(also strong CP problem, but less severe)

arbitrariness of gauge group, multiplets & parameters, 
but tantalizing hints at unification structure (E6 & 
subgroups) and gauge coupling unification (in MSSM)

overriding goal: finding principles underlying the SM
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Mendeleev (1871)
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Sensitivities to new physics
weak charges: Λnew ≃ [√2 GF ΔQW]−½ = 246.22 GeV∕√ΔQW

Λnew ≃ 3.4 TeV (E158)      

Λnew ≃ 4.6 TeV (Qweak)                                                         

Λnew ≃ 2.5 TeV (SOLID)                                                    

Λnew ≃ 7.5 TeV (MOLLER)
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Sensitivities to new physics
weak charges: Λnew ≃ [√2 GF ΔQW]−½ = 246.22 GeV∕√ΔQW

Λnew ≃ 3.4 TeV (E158)      

Λnew ≃ 4.6 TeV (Qweak)                                                         

Λnew ≃ 2.5 TeV (SOLID)                                                    

Λnew ≃ 7.5 TeV (MOLLER)

EM dipole moments: L = ½ [D ψ̅ σμν PR ψ + H.c.] Fμν

ℜe D = e a∕(2 m) ⇒ Λnew ≃ mμ∕√Δaμ = 3.8 TeV (MDM)

ℑm D = d ⇒ Λnew ≃ √(e me∕2 Δde) = 83 TeV (EDM)

μ → e conversion: Λnew ≳ 130 TeV (transition moment)
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Illustrative example: 
supersymmetric extentions
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theory: unique extension of Poincaré group

only way to couple massless spin 3/2 (cf. spin 1 & 2)

elegant solution to hierarchy problem (makes sense 
also in combination with other ideas like LEDs)
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Why SUSY?
theory: unique extension of Poincaré group

only way to couple massless spin 3/2 (cf. spin 1 & 2)

elegant solution to hierarchy problem (makes sense 
also in combination with other ideas like LEDs)

observation: gauge coupling unification (one-loop)

solid prediction for a light Higgs (MH ≲ 150 GeV)

natural radiative EW symmetry breaking for large mt 

dark matter candidate

10



MSSM problems

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

dimension-4 proton decay not through an automatic 
accidental symmetry as in SM (in minimal models)

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

dimension-4 proton decay not through an automatic 
accidental symmetry as in SM (in minimal models)

many new parameters (105 + R̷P + non-holomorphic)

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

dimension-4 proton decay not through an automatic 
accidental symmetry as in SM (in minimal models)

many new parameters (105 + R̷P + non-holomorphic)

SUSY breaking (hidden sector) and mediation

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

dimension-4 proton decay not through an automatic 
accidental symmetry as in SM (in minimal models)

many new parameters (105 + R̷P + non-holomorphic)

SUSY breaking (hidden sector) and mediation

(non)-observation of sparticles and extra Higgs particles

11



MSSM problems

theory: μ-problem (remainder of hierarchy problem)

dimension-4 proton decay not through an automatic 
accidental symmetry as in SM (in minimal models)

many new parameters (105 + R̷P + non-holomorphic)

SUSY breaking (hidden sector) and mediation

(non)-observation of sparticles and extra Higgs particles

little hierarchy problem (fine tuning)
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Beyond the MSSM

MSSM very important reference model when analyzing 
and interpreting experimental data (by Occam’s razor)

but even with an LHC discovery unlikely the full TeV scale 
theory

expect extra ingredients to solve its problems (such as 
extra gauge symmetries)

SUSY may itself be merely one ingredient to stabilize 
other types of possible TeV scale physics (like LEDs)
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gμ−2 in the SM
details: ☞ Tuesday afternoon

aμ ≡ (gμ−2)∕2 = α∕2π + (4511.17 ± 0.63)×10−9                    

BNL-E821 (2004)

Δaμ(e+ e− → hadrons) = (69.23 ± 0.42)×10−9 

➡ aμexp − aμth = (2.88 ± 0.80)×10−9 (3.6 σ)

Δaμ(τ → ντ hadrons) = (70.15 ± 0.47)×10−9

➡ aμexp − aμth = (1.96 ± 0.83)×10−9 (2.4 σ) 

Δaμ(τ) − Δaμ(e+ e−) = (0.91 ± 0.50)×10−9 (1.8 σ)                             
Davier, Höcker, Malaescu, Zhang (2010)
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gμ−2 in the SM

Δaμ(average) = (69.61 ± 0.36)×10−9

➡ aμexp − aμth = (2.50 ± 0.77)×10−9 (3.2 σ) 

hadronic correction correlated with α(̅MZ) & sin2θW(0) and 
thus with MH; discussed in new physics context by            
Passera, Marciano, Sirlin (2008)

Δaμ(γ×γ) = (1.05 ± 0.26)×10−9 (included above)                                    
Prades, de Rafael, Vainshtein (2009)

Δaμ(γ×γ) < 1.59 ×10−9 (95% CL) JE, Toledo (2006)
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gμ−2 in the SM

if the three dominant errors from

experiment (currently 6.3×10−10)

hadronic vacuum polarization (3.6×10−10)

γ×γ (2.6×10−10)
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gμ−2 in the SM

if the three dominant errors from

experiment (currently 6.3×10−10)

hadronic vacuum polarization (3.6×10−10)

γ×γ (2.6×10−10)

can be pushed below 3×10−10 then 5 σ discovery would 
be established (if central value does not change) 

(γ×γ already there but hardest to defend)
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gμ−2 in the MSSM

. .
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Cho, Hagiwara, 
Matsumoto, Nomura (2011)
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Practical example:            
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Zʹ bosons

top-down: strings and GUTs

bottom-up: models of dynamical symmetry breaking, 
SUSY, large/warped extra dimensions, little Higgs, … on 
life support → U(1)′s as paramedics ⇒ MZ′ = O(TeV)

discovery: s-channel resonances at colliders, interference 
with γ/Z at low energies

discrimination: angular distribution can indicate spin

diagnostics: charges can hint at underlying principles
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E6 like Z′ models and SUSY

E6 like Z′ bosons arise in SUSY when demanding 

SM Yukawa couplings allowed

the U(1)′ provides a solution to the μ-problem

chirality & SUSY protect all fields against large masses

gauge and gravitational anomaly cancellation

gauge coupling unification

the U(1)′ forbids dimension 4 proton decay JE (2000)
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Zʹ bosons from E6

E6 → SO(10)×U(1)ψ → SU(5)×U(1)χ×U(1)ψ

Z′ = cosα cosβ Zχ + sinα cosβ ZY + sinβ Zψ

      ~ c1 ZR + √3 (c2 ZR1 + c3 ZL1)

kinetic mixing: α ≠ 0 ~ Fμν F′μν
trinification: E6 → SU(3)3 → 
SU(3)C×SU(2)L×U(1)L1×SU(2)R×U(1)R1

classification in progress JE, Rojas (2011)
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Zʹ charges in E6 models
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horizontal line: 
SO(10)   
(including            
left-right)  
models

vertical line:                 
no kinetic  
mixing

blue line:                   
U(1)d-xu

-1 0 1

! cos "

-1

0

1

"

x

x

x

Z
#

x

x

x

x
Z

R1

Z
I

Z
R

Z
 $

Z
%

Z
N

Z
S

x

x

x
Z

d/

x
Z

L1

x
Z

p/

x

Z
 B-L

x

Z
LR

x
Z

n/

Z
ALR

x

Y
x

x

Z
u-int

+

d-xu

10+x5
q+xu

LR

Z
L/

0.8 0.85

1 1.1

0.2

0.5

0.7

0.8

0.85

11.1 0.9

0.9

E6 inspired models

24



Parity violation in electron 
scattering atoms and ions
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FIG. 9: Relative shifts in electron and proton weak charges due to SUSY effects (updated plot

from Ref. [142]). Dots indicate MSSM loop corrections for ∼ 3000 randomly-generated SUSY-
breaking parameters. Interior of truncated elliptical regions (a) and (b) give possible shifts due

to R-parity non-conserving SUSY interactions (95% confidence), using value of δ|Vud|2/|Vud|2 (a)
and (b) in Table. III, respectively.

The arrows indicate correlated effects. For example, while both the superpartner loops and
leptoquark exchange give a positive contribution to the proton weak charge, only MSSM
give rise to a sizable effect on the electron weak charge [134, 136]. for the general class
of Z ′ theories based on E6 gauge group, with neutral gauge bosons having mass <

∼ 1000
GeV, the effects on Qp

W and Qe
W also correlate, but δQe,p

W /Qe,p
W can have either sign in this

case [134, 136]. In the case when E6 Z ′ models and MSSM have similar effects on the
electron and proton weak charge, measurement of the cesium weak charge using atomic
parity violation can further tell these two apart, as explained in Sec. VD below.

If we relax the assumption of R-parity conservation, tree level corrections to the weak
charges are generated RPV interactions. In this manner one obtains the following effective
four-fermion Lagrangian, using the notation of ∆(′)

ijk as defined in Eq. (48):

LEFF
RPV = −∆′

1k1(q̃
k
L)d̄RγµdRēLγµeL + ∆′

11k(d̃
k
R)ūLγµuLēLγµeL

−∆12k(ẽ
k
R) [ν̄µLγµµLēLγµνeL + h.c.] , (166)

where we have taken |q2| # m2
f̃

and have retained only the terms relevant for the PVES
scattering. The last term contributes to the muon decay, which affects the extraction of
the fermi constant from the muon decay lifetime. Note the absence from Eq. (166) of
the parity-violating contact four-electron interaction. This is because the superpotential in
Eq. (12) can only produce parity-conserving contact interactions between identical leptons.
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Detailed expressions for expressions for the λ̂q
i can be found in Ref. [150].

As before, tree level contributions to Ciq arise for RPV SUSY. In terms of the ∆ijk(f̃)
and ∆′

ijk(f̃), one has the following shifts in the Ciq:

∆CRPV
1u = −[C1u − 4

3
λx]∆12k(ẽ

k
R) − ∆′

11k(d̃
k
R), (174)

∆CRPV
1d = −[C1d +

2

3
λx]∆12k(ẽ

k
R) + ∆′

1k1(q̃
k
L), (175)

∆CRPV
2u = −[C2u − 2λx]∆12k(ẽ

k
R) − ∆′

11k(d̃
k
R), (176)

∆CRPV
2d = −[C2d + 2λx]∆12k(ẽ

k
R) − ∆′

1k1(q̃
k
L), (177)

where λx is defined in Eq. (167).
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FIG. 12: 95 % CL allowed region for RPV contribution to AeD, DIS
PV (y = 1, Q2 = 3.7 GeV2)

vs. electron weak charge (a) and proton weak charge (b). The dots indicate the SUSY loop
corrections. The figures are reprinted from Ref. [150] with permission from Elsevier.

In Fig. 12, we illustrate the sensitivity of AeD, DIS
PV to the effects of MSSM loop contri-

butions and tree-level RPV effects [150]. We plot the relative shifts in AeD, DIS
PV vs. those

in Qe
W and Qp

W . The interior of the truncated ellipse gives the 95% C.L. region from RPV
effects allowed by other precision electroweak data. A deviation of about 1% could be ex-
pected from MSSM loop effects while the maximum correction from RPV effects would be
−1.5%, corresponding to about 2σ for the precision proposed in Ref. [133]. The presence
of RPV effects would induce negative relative shifts in both AeD, DIS

PV and Qe
W , whereas

the relative sign of the loop corrections is positive in both cases. A sizable positive shift
in Qp

W (up to 3σ for the proposed Qweak measurement) due to RPV contributions could
correspond to a tiny effect on AeD, DIS

PV whereas a substantial negative shift in the proton
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Weak Charges & New Physics
Qp

W = 0.0716

±0.0029 Experiment

SUSY Loops

E6 Z ′

RPV SUSY

Leptoquarks

SM

Qe
W = −0.0449

±0.0051

SM

FIG. 10: Comparison of anticipated errors for Qp
W and Qe

W with deviation from the SM expected

from various extensions and allowed range (at 95% CL) by fits to existing data [143].

The relative shifts in the weak charges are [144]:

δQe
W

Qe
W

≈ −
[

1 +

(

4

1 − 4ŝ2

)

λx

]

∆12k(ẽ
k
R) = −29.8∆12k(ẽ

k
R) ,

δQp
W

Qp
W

≈
(

2

1 − 4ŝ2

)

[

−2λx∆12k(ẽ
k
R) + 2∆′

11k(d̃
k
R) − ∆′

1k1(q̃
k
L)

]

− ∆12k(ẽ
k
R) ,

= −18.7∆12k(ẽ
k
R) + 55.9∆′

11k(d̃
k
R) − 27.9∆′

1k1(q̃
k
L) ,

λx =
ŝ2(1 − ŝ2)

1 − 2ŝ2

1

1 − ∆r̂SM
≈ 0.35 . (167)

Since the ∆(′)
ijk are non-negative, Eq. (167) indicates that the relative shift in Qe

W is negative
semidefinite. On the other hand, the relative shift in Qp

W can have either sign depending
on the relative magnitudes of ∆12k, ∆′

11k, and ∆′
1k1.

The quantities ∆ijk, etc. in Eq. (167) are constrained from the existing precision
data [144]. A summary of the existing constraints is given in Table III in Sec. II, which in-
cludes superallowed nuclear β-decay that constrains |Vud| [145], atomic PV measurements
of the cesium weak charge QCs

W [146], the ratio Re/µ of πl2 decays [147], and a comparison
of the Fermi constant Gµ with the appropriate combination of α, MZ , and sin2 θW [148].

The 95% CL region allowed by this fit in the δQp
W /Qp

W vs. δQe
W /Qe

W plane is shown
by the closed curves (a) and (b) in Fig. 9, corresponding to the RPV fit with the value of
δ|Vud|2/|Vud|2 of case (a) and (b) in Table. III, respectively. Note that the truncation of the
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JE, Ramsey-Musolf (2003)
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EDMs and CP violation
(−1)2j Ψ = T2 Ψ = T ξΨ = ξ* TΨ = |ξ|2 Ψ = Ψ
➡ Kramers degeneracy for 2j odd; however, (2j+1)-fold 

degeneracy lifted by electrostatic field 

➡ d = 0 or T broken

T̷ (CP̷) unrelated to flavor change (unlike CKM phase)

CKM-CP̷ too small to produce BAU or EDMs

argument in addition to mass hierarchy problem

new particles beyond the SM → new CP̷ phases (CP̷ problems)

SM: |dn| ≃ 10−19 e fm McKellar, Choudhury, He, Pakvasa (1987)
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d̃R
d̃R
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d̃L
d̃L

g̃ g̃

Fig. 7. One-loop SUSY threshold corrections in the down quark sector induced by
a gluino-squark loop. On the left, a threshold correction generating Im(md), while
on the right the analogous diagram for the EDM. The CP -violating source enters
via the highlighted vertex, squark-mixing in the present case.

Going to an even more restrictive framework, by assuming a common phase
for the gaugino masses and another common phase for Ai reduces the number
of independent CP violating parameters to two. Using phase redefinitions, one
can choose the phase of the gaugino mass to be zero, and use θA = Arg(A)
and θµ = Arg(µ) as the basis for parametrizing CP violation.

It has been known for over twenty years that even in the absence of new
flavour physics, large EDMs can be induced at the one-loop level within a
single genaration [95,96]. Indeed, one would anticipate large EDMs as both of
the reasons that rendered di(δKM) very small, namely high loop order and also
mixing angle/Yukawa coupling suppression, are not present for EDMs induced
by the phases of the soft-breaking parameters.

Figure 7 exhibits examples of one-loop diagrams at the supersymmetric thresh-
old that generate non-zero contributions to the CP -odd Lagrangians (2.14)
and (2.16). If we leave aside the problematic s-quark CEDM, then at one-
loop we can concentrate on diagrams involving just the first generation of
quarks and leptons. Within the parametrization described above, the phases
residing in µ and A permeate the squark, selectron, chargino and neutralino
spectrum, which in the mass eigenstate basis translates into complex phases in
the quark–squark–gluino and fermion–sfermion-chargino(neutralino) vertices.
To make this explicit, for a moment let us truncate the flavour space to one
generation and write down the expression for the 2×2 d-squark mass matrix
at the electroweak scale in the basis of d̃L and d̃R,

M2
d̃ =




m2

Q + O(v2) −md(µ tanβ + A∗
d)

−md(µ∗ tanβ + Ad) m2
D + O(v2)



 , (4.86)

where we further assume that the soft masses m2
Q and m2

D are large relative
to the weak scale, and thus we can ignore subleading O(v2) corrections to
the diagonal entries. Similar expressions can be written for the selectron mass
matrix with the obvious substitutions in (4.86), and for the u squark, where
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Sources for EDMs
γ

n np

π−

Fig. 2. Chirally enhanced contribution to the neutron EDM..

3.2 Chiral techniques

Historically, the first model-independent calculation of the neutron EDM [56]
made use of chiral techniques to isolate an infrared log-divergent contribution
in the chiral limit (for an earlier bag model estimate see [57]). This was one
of the landmark calculations which made the strong CP problem, and indeed
the magnitude of the required tuning of θ, quite manifest.

The basic observation was that, given a CP -odd pion-nucleon coupling ḡπNN ,
one could generate a contribution to the neutron EDM via a π−-loop (see
Fig. 2) which was infarared divergent in the chiral limit. In reality this log-
divergence is cut off by the finite pion mass, and one obtains,

dχlog
n =

e

4π2Mn
gπNN ḡ(0)

πNN ln
Λ

mπ
, (3.41)

where Λ is the relevant UV cutoff, i.e. Λ = mρ or Mn. One can argue that
such a contribution cannot be systematically cancelled by other, infrared finite,
pieces and thus the bound one obtains on ḡ(0)

πNN in this way is reliable in real-
world QCD.

This reduces the problem to one of computing the relevant CP -odd pion-
nucleon couplings. For a given CP -odd source OCP , we have

〈Nπa|OCP |N ′〉 =
i

fπ
〈N |[OCP , Ja

05]|N ′〉 + rescattering, (3.42)

justified by the small t-channel pion momentum. The possible rescattering
corrections will be discussed below. If we now specialize to the θ-term, as
in [56], with OCP = −θqm∗

∑
f q̄f iγ5qf then the commutator reduces to the

triplet nucleon sigma term, and we find

ḡ(0)
πNN(θq) =

θqm∗

fπ
〈p|q̄τ 3q|p〉

(

1 −
m2

π

m2
η

)

. (3.43)

23

g

t t

W

b, s

u, c

d

Fig. 5. A particular 3-loop contribution [82] to the d-quark EDM induced by the
KM phase in the standard model. The box vertex denotes a contacted W -boson line
connected to the light quarks, while it is implicit that the external photon line is to
be attached as appropriate to any charged lines.

4 EDMs in models of CP violation

We have now moved to the highest level in Fig. 1, which is where the EDM
constraints can be applied to directly constrain new sources of CP violation. In
this section, we will breifly discuss these constraints, firstly looking at why the
Standard Model itself provides such a small background, and then why most
models of new physics, and supersymmetry in particular, tend to overproduce
EDMs and are thus subject to stringent constraints.

4.1 EDMs in the Standard Model

The recent discovery and exploration of CP violation in the neutral B-meson
system [7] is, along with existing data from CP -violation observed in K-
mesons, (within current precision) in accord with the minimal model of CP
violation known as the Kobayashi-Maskawa (KM) mechanism [3]. This intro-
duces a 3× 3 unitary quark mixing matrix V in the charged current sector of
up and down-type quarks taken in the mass eigenstate basis,

Lcc =
g√
2

(
ŪLW/ +V DL + (H.c.)

)
. (4.73)

This model possesses a single CP -violating invariant in the quark sector,
JCP = Im(VtbV ∗

tdVcdV ∗
cb) # 3×10−5. This combination, along with θQCD, are the

only allowed sources of CP violation in the Standard Model (treating “Stan-
dard Model neutrinos” as massless). In addition to this, CP violation in the
SM vanishes in the limit of an equal mass for any pair of quarks of the same
isospin, e.g. d and s, u and c, etc. These two conditions are extremely powerful
in suppressing any KM-induced CP -odd flavour-conserving amplitude.
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Electroweak (CKM)

QCD (θ-term)

New Physics (SUSY)

Pospelov, 
Ritz (2010)

gπNN g̅πNN
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= 5.4 × 10−3 θ̅ e fm Crewther, di Vecchia, Veneziano, Witten (1979)

mK02 − mK±2 < mπ2 ⇒ θ̅ ≈ 0 (rather than θ̅ ≈ π)

analogous logs enter chromo-electric de Vries, Timmermans, 

Mereghetti, van Kolck (2010) and gravitational dipole moments
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|dn| ≈ |dp| ≈ 2.1 × 10−3 θ̅ e fm still dominated by chiral 
logarithm Mereghetti, de Vries, Hockings, Maekawa, van Kolck (2010) 

excellent agreement with QCD sum rule approach

|dn| ≈ 2.4 × 10−3 θ̅ e fm Pospelov, Ritz (2010)

|dd| ≈ 1.7 × 10−4 θ̅ e fm  (chiral log cancels)         

experiment: |dn| < 2.9 × 10−13 e fm ILL (2008)                                                                    

➡ θ̅ ≲ 10−10
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EDMs and baryogenesis
EDMs strongly constrain models and parameters beyond 
the SM including those motivated by baryogenesis

but is the absence of any non-vanishing EDM already a 
problem for baryogenesis itself?

consider simple toy model                                              
Grojean, Servant, Wells (2004); Huber, Pospelov, Ritz (2005) 

L = (H† H)3∕Λ2 + Zt (H† H) Q̅3 H t

⇒ ηB ~ 10-10 if ΛCP ~ 400 … 800 GeV, while next 
generation of EDM experiments will probe ΛCP ~ 3 TeV!
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θ̅-term: 3×10−3 θ̅ e fm ≃ dn ≃ −dp ≃ −3 dd ≃ d3He

soft SUSY breaking: dd ≃ 20 dn ≃ 200 de ≃ 10−11 e fm

|dTl| < 9.6×10−12 e fm (Berkeley)

➡ de < 1.6×10−14 e fm                     

assuming absence or suppression of other CP-odd 
sources such as effective eeNN 4-Fermi operators

➡ Λ > 56 TeV (if tree level induced; loop induced ∕2π)

SUSY thresholds: Λ ≳ 105 TeV Pospelov, Ritz, Santoso (2005)
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Summary and outlook

scenario 1: new physics found at LHC

PV e− scattering and gμ−2 will help to discriminate 
between scenarios and models, and fix parameters

scenario 2: nothing or little beyond the Higgs at LHC

use ultra-high precision Møller, APV & EDM efforts to 
see if new physics is pushed up by merely a little 
hierarchy − such as in little and littlest Higgs theories 
Arkani-Hamed, Cohen, Georgi (2001);                                                           
Arkani-Hamed, Cohen, Katz, Nelson (2002)
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Summary and outlook

scenario 2+: beyond that, need SM rare and forbidden 
processes from CP (EDMs) and flavor sectors                       
☞ talk by Toshio Numao to study PeV region

these observables have fantastic reach

but single number measurements (no cross checks)

on the other hand, no “look elsewhere effect”

nEDM by itself — while a breakthrough in its own right 
(θQCD) — not enough to establish new physics
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