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Goals for this talk 

•  Set the context: T- and C-violation in EFT framework 

•  Review the present & prospective EDM results & 
implications 

•  Review the theoretical treatment of P-conserving T- 
and C-violation 

•  Pose questions for discussion 
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Key Questions for Workshop: 
A Personal View 

•  Are nuclear and hadronic probes of P-conserving T- or 
C-violation relevant in view of present & prospective 
EDM results ? 

•  If so, under what scenarios ? 

•  Is there any relevant window for non-EDM probes of 
P- and T-violation ? 

•  Are there new opportunities for nuclear and hadronic 
probes of ultra-light weakly coupled bosons ? 
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Key Questions for Workshop: 
A Personal View 

•  Are nuclear and hadronic probes of P-conserving T- or 
C-violation relevant in view of present & prospective 
EDM results ? 

•  If so, under what scenarios ? 

•  Is there any relevant window for non-EDM probes of 
P- and T-violation ? 

•  Are there new opportunities for nuclear and hadronic 
probes of ultra-light weakly coupled bosons ? 

This talk 
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Outline 

I.  Electric Dipole Moments 

II.  P-conserving C- or T-violation 

III.  Summary and questions 
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III. Electric Dipole Moments 

 

•  Discovery potential & interpretation: need for 
searches in multiple systems 

•  Benchmark sensitivities: three examples 

•  Challenges & new theoretical developments  
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EDMs: New CPV? 
•  SM 
“background” well 
below new CPV 
expectations 

•  New expts: 102 to 
103 more sensitive 

•  CPV needed for 
BAU?  

System Limit (e cm)*   SM CKM CPV BSM CPV 

199 Hg 

ThO 

n 

3.1 x 10-29 

8.7 x 10-29 ** 

3.3 x 10-26 

* 95% CL ** e- equivalent 

10-33 

10-38 

10-31 

10-29 

10-28 

10-26 
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EDMs: New CPV? 
•  SM 
“background” well 
below new CPV 
expectations 

•  New expts: 102 to 
103 more sensitive 

•  CPV needed for 
BAU?  

Mass Scale Sensitivity 
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ϕ
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ϕ sinφCP ~ 1 !  M > 5000 GeV 

M < 500 GeV ! sinφCP < 10-2  
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EDMs: New CPV? 
•  SM 
“background” well 
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expectations 
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neutron 

 proton 
& nuclei 

atoms 

~ 100 x better 
sensitivity Not shown: 

muon 
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Why Multiple Systems ? 
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Why Multiple Systems ? 

Multiple sources & multiple scales 
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BSM CPV 
SUSY, GUTs, Extra Dim… 

Expt 

? 

EDM Interpretation & Multiple Scales 
Baryon Asymmetry 
Early universe CPV 

Collider Searches 
Particle spectrum; also 
scalars for baryon asym 

QCD Matrix Elements 
 dn , gπNN , … 

Nuclear & atomic MEs 
Schiff moment, other P- & 
T-odd moments, e-nucleus 
CPV 

E
ne

rg
y 

S
ca

le
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Effective Operators: The Bridge  

+… 
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BSM CPV 
SUSY, GUTs, Extra Dim… 

Expt 

EDM Interpretation & Multiple Scales 
Baryon Asymmetry 
Early universe CPV 

Collider Searches 
Particle spectrum; also 
scalars for baryon asym 

QCD Matrix Elements 
 dn , gπNN , … 

Nuclear & atomic MEs 
Schiff moment, other P- & 
T-odd moments, e-nucleus 
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 d= 6 Effective Operators: “CPV Sources” 
 fermion EDM, quark chromo EDM, 3 gluon, 4 fermion 
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Wilson Coefficients: Summary 

δf   fermion EDM  (3)	


δq 	
 	
quark CEDM  (2) 

CG   3 gluon   (1) 

Cquqd   non-leptonic   (2) 

Clequ, ledq  semi-leptonic  (3) 

Cϕud   induced 4f   (1) 

 

~ 

~ 

12 total + θ   light flavors only (e,u,d) 

65s 
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Wilson Coefficients: Summary 

δf   fermion EDM  (3)	


δq 	
 	
quark CEDM  (2) 

CG   3 gluon   (1) 

Cquqd   non-leptonic   (2) 

Clequ, ledq  semi-leptonic  (3) 

Cϕud   induced 4f   (1) 

 

~ 

~ 

12 total + θ   light flavors only (e,u,d) 

Complementary searches needed 
66 
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BSM Origins 

EDM: γff  CEDM: 
gff 	
 	
 

 

Weinberg ggg:    

 

 

Four fermion     

 

udHH     

MSSM 
RS 

LRSM 

dL 

uL 

uR 

dR 

W+ 

ϕ

ϕ
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 Complementarity: Three Illustrations 

•  CPV in an extended scalar sector 
(2HDM): “Higgs portal CPV”  

•  Weak scale baryogenesis (MSSM) 

•  Model-independent 



Higgs Portal CPV 

•  EDMs are 2-loop 

•  CPV is flavor non-diag 

Viable EWB & CPV: 

CPV & 2HDM: Type I & II 

22

work, only the scalar loop could contribute to C12 and eventually to EDMs. A representative diagram is shown in
the right panel of Fig. 12. It is proportional to

Im(�5m
2⇤
12v

⇤
1v2) = �

�

��5m
2
12v1v2

�

� sin �2 . (A10)

Using the relation in Eq. (13), the above quantity is indeed related to the unique CPV source in the model.
The fermionic loops do not contribute because the physical charge Higgs and quark couplings have the structure

proportional to the corresponding CKM element. As a result, the coe�cients Cij are purely real and C̃ij are purely
imaginary. They contribute to magnetic dipole moments instead of EDMs.

f f � f

�

H0/H+

W ± H⌥

H+
2 H+

2

W+ H+
1
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1
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�

FIG. 12: Left: quark or lepton EDM from W ±H⌥ exchange and CPV Higgs interactions. Right: a scalar loop contribution
to �†

1
�a

2 W a
µ⌫�2B

µ⌫ e↵ective operator, which then contributes to EDM as the upper loop of the left panel.

The gauge invariant contributions to EDM from this class of diagrams have been calculated recently in [42],

(�f )
HW�
H =

1

512⇡4
sf

X

i



e2

2 sin2 ✓W
I4(m2
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,m2
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�

, (A11)

where the functions I4,5(m2
1,m

2
2) are given in the Appendix B. The coe�cient sf = �1 for up-type quarks, and

sf = +1 for down-type quarks and charged leptons.

To summarize, the total contribution to fermion EDM is the sum of Eqs (A3,A4,A5,A6,A7,A8,A11),

�f (⇤) ⌘ (�f )
h��
t + (�f )

hZ�
t + (�f )

h��
W + (�f )

hZ�
W + (�f )

h��
H+ + (�f )
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HW�
H . (A12)
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II. 2HDM FRAMEWORK

A. Scalar potential

In this work, we consider the flavor-conserving 2HDM in order to avoid problematic flavor-changing neutral currents
(FCNCs). As observed by Glashow and Weinberg (GW) [12], one may avoid tree-level FCNCs if diagonalization of the
fermion mass matrices leads to flavor diagonal Yukawa interactions. One approach2 to realizing this requirement is to
impose a Z2 symmetry on the scalar potential together with an appropriate extension to the Yukawa interactions (see
below). In this scenario, however, one obtains no sources of CPV beyond the SM CKM complex phase. Consequently,
we introduce a soft Z2-breaking term that yields non-vanishing CPV terms in the scalar sector [16].

To that end, we choose a scalar field basis in which the two Higgs doublets �1,2 are oppositely charged under the
the Z2 symmetry:

�1 ! ��1 and �2 ! �2 , (1)

though this symmetry will in general have a di↵erent expression in another basis obtained by the transformation
�j = Ujk�

0
k. For example, taking

U =
1p
2

✓

�1 1
1 1

◆

, (2)

the transformation (1) corresponds to

�0
1 $ �0

2 . (3)

We then take the Higgs potential to have the form

V =
�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2 + �3(�

†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) +

1

2

h

�5(�
†
1�2)

2 + h.c.
i

�1

2

n

m2
11(�

†
1�1) +

h

m2
12(�

†
1�2) + h.c.

i

+m2
22(�

†
2�2)

o

. (4)

The complex coe�cients in the potential are m2
12 and �5. In general, the presence of the �†

1�2 term, in conjunction
with the Z2-conserving quartic interactions, will induce other Z2-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coe�cients are finite with magnitude proportional tom2

12�k/(16⇡2). Given
the 1/16⇡2 suppression, we will restrict our attention to the tree-level Z2-breaking bilinear term.

It is instructive to identify the CPV complex phases that are invariant under a rephasing of the scalar fields. To
that end, we perform an SU(2)L⇥U(1)Y transformation to a basis where the vacuum expectation value (vev) of the
neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:

�1 =

✓

H+
1

1p
2
(v1 +H0

1 + iA0
1)

◆

, �2 =

✓

H+
2

1p
2
(v2 +H0

2 + iA0
2)

◆

, (5)

where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
12)

0 = ei(✓2�✓1)m2
12, �0

5 = e2i(✓2�✓1)�5 , (7)

so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:

�1 = Arg
⇥

�⇤
5(m

2
12)

2
⇤

,

�2 = Arg
⇥

�⇤
5(m

2
12)v1v

⇤
2

⇤

. (8)

2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.
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For future purposes, we emphasize that the value of ⇠ is not invariant.
Denoting tan� = |v2|/|v1|, the minimization conditions in the H0

k and A0
k directions give us the relations

m2
11 = �1v

2 cos2 � + (�3 + �4)v
2 sin2 � � Re(m2

12e
i⇠) tan� +Re(�5e

2i⇠)v2 sin2 � , (9)

m2
22 = �2v

2 sin2 � + (�3 + �4)v
2 cos2 � � Re(m2

12e
i⇠) cot� +Re(�5e

2i⇠)v2 cos2 � , (10)

Im(m2
12e

i⇠) = v2 sin� cos�Im(�5e
2i⇠) . (11)

From the last equation, it is clear that the phase ⇠ can be solved for given the complex parameters m2
12 and �5. It is

useful, however, to express this condition in terms of the �k:

|m2
12| sin(�2 � �1) = |�5v1v2| sin(2�2 � �1) . (12)

In the limit that the �k are small but non-vanishing that will be appropriate for our later phenomenological discussion,
Eq. (12) then implies

�2 ⇡
1�

�

�

�

�5v1v2
m2

12

�

�

�

1� 2
�

�

�

�5v1v2
m2

12

�

�

�

�1 , (13)

so that there exists only one independent CPV phase in the theory after EWSB.
A special case arises when �1 = 0. In this case, Eq. (12) implies that

|m2
12| sin(�2) = |�5v1v2| sin(2�2) , (14)

or

cos �2 =
1

2

�

�

�

�

m2
12

�5v1v2

�

�

�

�

. (15)

When the right-hand side is less than 1, �2 has solutions two solutions of equal magnitude and opposite sign, corre-
sponding to the presence of spontaneous CPV (SCPV) [17, 18]:

�2 = ± arccos

✓

1

2

�

�

�

�

m2
12

�5v1v2

�

�

�

�

◆

= ±
✓

1

2

�

�

�

�

m2
12

�5v2 cos� sin�

�

�

�

�

◆

. (16)

To the extent that the vacua associated with the two opposite sign solutions are degenerate, one would expect the
existence of cosmological domains [19] associated with these two vacua. Persistence of the corresponding domain walls
to late cosmic times is inconsistent with the observed homogeneity of structure and isotropy of the cosmic microwave
background. Consequently, parameter choices leading to �1 = 0 but �2 6= 0 should be avoided. In practice, we will
scan over model parameters when analyzing the EDM and LHC constraints. As a check, we have performed a scan
with 106 points and find less than ten that give �1 = 0. We are, thus, confident that the general features of our
phenomenological analysis are consistent with the absence of problematic SCPV domains.

Henceforth, for simplicity, we utilize the rephasing invariance of the �k and work in a basis where ⇠ = 0. In this
basis, the phases of m2

12 and �5 are redefined and related by Eq. (11). As we discuss below, we will trade the resulting
dependence of observables on �1 [and �2 via �1 in Eq. (13)] for one independent angle in the transformation that
diagonalizes the neutral scalar mass matrix.

B. Scalar spectrum

After EWSB, the diagonalization of the 2 ⇥ 2 charged Higgs mass matrix yields the physical charged scalar and
Goldstone modes,

H+ = � sin�H+
1 + cos�H+

2 , G+ = cos�H+
1 + sin�H+

2 , (17)

The charged scalar has a mass

m2
H+ =

1

2
(2⌫ � �4 � Re�5) v

2, ⌫ ⌘ Rem2
12 csc� sec�

2v2
. (18)

 λ6,7  = 0 for simplicity	


EWSB 

Inoue, R-M, Zhang: 
1403.4257 



Future Reach: Higgs Portal CPV 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future:  

 dn x 0.1 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra)  

Future:  

 dn x 0.01 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra)  

ThO 

 n 

Hg 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 1403.4257 

Ra 

68 
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EDMs & EW Baryogenesis: MSSM 

Heavy sfermions: LHC 
consistent & suppress 
1-loop EDMs 

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases 

Compatible with 
observed BAU 

Li, Profumo, RM ‘09-’10 

Next gen dn 

si
n(

µ
M

1b
* )   dn = 10-27 e cm 

 dn = 10-28 e cm 

f f 

f 

V 

 γ, g ~ 

~ 

 de = 10-28 e cm 

 de = 10-29 e cm 

Next gen de 

si
n(

µ
M

1b
* )  

ACME: ThO 
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Wilson Coefficients: Model Independent  

δf   fermion EDM  (3)	


δq 	
 	
quark CEDM  (2) 

CG   3 gluon   (1) 

Cquqd   non-leptonic   (2) 

Clequ, ledq  semi-leptonic  (3) 

Cϕud   induced 4f   (1) 

 

~ 

~ 

12 total + θ   light flavors only (e,u,d) 

71 
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Paramagnetic Systems: Two Sources 
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Paramagnetic Systems: Two Sources 
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Paramagnetic Systems: Two Sources 
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of d
e

and C
S

, as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
d
e

and C
S

. Adding a degree of freedom, such as a result in Fr, with ↵
CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly

tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters C
T

, ḡ(0)
⇡

, ḡ(1)
⇡

and d̄
n

. Due to the nuclear structure
enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)
⇡

as well as on C
T

. In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on C

T

. In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)

⇡

in Table I and the “reasonable
range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄

max

, with

2⇥ 10�7

<⇠ ✓̄
max

<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)
⇡

bounds imply

�̃(+)

q

⇣ v

⇤

⌘
2

<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)

q

⇠ sin�
CPV

⇥ (↵
s

/4⇡) where �
CPV

is a
CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�

CPV

Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �

e

⇠ sin�
CPV

⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�

CPV

Electron EDM (global) (IV.42)

7
The uncertainty for the quark CEDM is substantially larger than for those pertaining to

¯✓ owing, in the latter case, to the constraints

from chiral symmetry as discussed in Ref. [1].

14

d
e

(e-cm) C
S

C
T

ḡ(0)
⇡

ḡ(1)
⇡

d̄
n

(e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr d
e

< 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coe�cients in Table IV and V. We assume ↵

g

1

⇡
for

199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

The scalar (quark) ⇥ pseudscalar (electron) interaction leading to a non-vanishing C
S

may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking ImC
(�)

eq

⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�
CPV

C
S

(global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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Hadronic CPV: Nucleons, Nuclei, Atoms 
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Schiff Screening 

Atomic effect from 
nuclear finite size: 
Schiff moment 

EDMs of diamagnetic 
atoms ( 199Hg )  
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Nuclear Schiff Moment 

EDMs of diamagnetic atoms ( 199Hg )  

Schiff moment, MQM,…  

Nuclear Enhancements 

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / ΔE  
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Nuclear Schiff Moment 

EDMs of diamagnetic atoms ( 225Ra )  
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Octupole Deformation  

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / ΔE  

Opposite parity states 
mixed by HTVPV 

Thanks: J. Engel 

“Nuclear amplifier” 

94 



35 

Diamagnetic Global Fit 

Chupp & R-M: 
1407.1064 

€ 

N

€ 

e−
€ 

N

€ 

e−

€ 

γ

€ 

π

€ 

N
€ 

N

€ 

γ

Tensor eq TVPV πNN Short distance dn 



36 

Diamagnetic Global Fit 

Chupp & R-M: 
1407.1064 

13

2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table VIII that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of d
e

and C
S

, as shown in Fig. 1, that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
d
e

and C
S

. Adding a degree of freedom, such as a result in Fr, with ↵
CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly

tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters C
T

, ḡ(0)
⇡

, ḡ(1)
⇡

and d̄
n

. Due to the nuclear structure
enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)
⇡

as well as on C
T

. In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on C

T

. In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)

⇡

in Table I and the “reasonable
range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄

max

, with

2⇥ 10�7

<⇠ ✓̄
max

<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)
⇡

bounds imply

�̃(+)

q

⇣ v

⇤

⌘
2

<⇠ 0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [1]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the

range in Eq. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)

q

⇠ sin�
CPV

⇥ (↵
s

/4⇡) where �
CPV

is a
CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�

CPV

Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �

e

⇠ sin�
CPV

⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�

CPV

Electron EDM (global) (IV.42)

7
The uncertainty for the quark CEDM is substantially larger than for those pertaining to

¯✓ owing, in the latter case, to the constraints

from chiral symmetry as discussed in Ref. [1].
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(0)

⇡

in Table I and the “reasonable
range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄

max

, with

2⇥ 10�7

<⇠ ✓̄
max

<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)
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We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking �
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7
The uncertainty for the quark CEDM is substantially larger than for those pertaining to

¯✓ owing, in the latter case, to the constraints

from chiral symmetry as discussed in Ref. [1].
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Nuclear Matrix Elements 
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Had & Nuc Uncertainties 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	
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scalar mixing 
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FIG. 6: Current constraints from the electron EDM (left), neutron EDM (middle) and 199Hg EDM (right).First row: type-I
model; Second row: type-II model. In all the plots, we have imposed the condition that ↵ = � � ⇡/2. The other parameters
are chosen to be mH+ = 320 GeV, mh2 = 300 GeV, mh3 = 350 GeV and ⌫ = 1.0. Again, ↵c is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible because Eq. (43) does not have a real solution. For
the neutron and Mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by di↵erent
curves. For the neutron EDM, we vary one of the most important hadronic matrix elements: ⇣̃d

n = 1.63 ⇥ 10�8 (solid, central
value), 0.4 ⇥ 10�8 (dot-dashed) and 4.0 ⇥ 10�8 (dashed). For the Mercury EDM, we take di↵erent sets of nuclear matrix
element values: a0 = 0.01, a1 = 0.02 (solid, central value). a0 = 0.01, a1 = 0.09 (long-dashed), a0 = 0.01, a1 = �0.03 (dashed),
a0 = 0.005, a1 = 0.02 (dotted) and a0 = 0.05, a1 = 0.02 (dot-dashed).

B. Ine↵ectiveness of a Light-Higgs-Only Theory

From the discussion of electron EDM, we have learned that the heavy Higgs contributions via H�� and H±W⌥�
diagrams make non-negligible contributions to the total EDM. They can even be dominant at large tan� & 20. This
example illustrates the ine↵ectiveness of the “light Higgs e↵ective theory”, often performed as model independent
analyses, which include the CPV e↵ects only from the lightest Higgs (mass 125 GeV). The key point is that a CP
violating Higgs sector usually contains more than one scalar at the electroweak scale, and all of them have CPV
interactions in general. The total contribution therefore includes CPV e↵ects from not only CP even-odd neutral
scalar mixings, but also the CPV neutral-charged scalar interactions from the Higgs potential. This is necessarily
model dependent. In this work, we have included the complete contributions to EDMs in the flavor-conserving (type-I
and type-II) 2HDMs .

C. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions

80 
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Schiff Screening & Corrections 
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Electric Dipole Moments 
 

•  Present EDM reach ranges from few to ~ 1000 TeV 

•  Next generation experiments will increase mass reach 
by an order of magnitude; sensitivity scales as (υ / Λ )2 

•  BSM scenarios & matter-antimatter asymmetry strongly 
motivate effort required to achieve next generation 
sensitivity 

•  Diamagnetic atom sensitivity may be even stronger due 
to previously neglected  TE

J=1   x  TE
J=2  contribution 
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II. P-Conserving T- and C-Violation 

 

•  Motivation & theoretical background 

•  Relating TVPC and CVPC interactions and EDMs 
in the EFT framework 

•  Open questions 



C and P Symmetries 
(assuming CPT) 
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P P 
C C, P, CP 

Strong, EM   
 

Big SM “background”  
in any search for new forces 

 

C, P, CP 
Weak (loop-level) 

  
Small SM “background” . 

New sources  of P, CP  
constrained by EDM  

searches  
   

C C, P, CP 
Weak (loop-level) 

 
Small SM “background”.  
New sources  of P, CP  

less constrained by EDM  
searches  

C, P, CP 
Weak 

 
Big SM “background”  

in any search for new forces 

 New sources of PV also 
constrained by amplitude-
sensitive PV asymmetry 

measurements 

D. Mack, MENU 



C Violation Basics 

     The charge conjugation operator C reverses all generalized charges, effectively 
replacing a particle by its anti-particle.  
 
C violation is known only in  
 

1.  Weak interactions at tree level which violate P (hence conserving CP)  
2.  Weak interactions at loop level which violate CP 
 

 
 
    Everybody knows strong and EM forces conserve C …. but direct bounds on C 
violation in these amplitudes are only ~0.5%. How to improve this?  
 
 It is surprisingly hard:  
 
i.  Only a few neutral particles are states of good C and thus suitable for tests 
       (γ, π0, η, J/ψ, or a self-conjugate system like e+e-).  
 
ii.  Most of the particles of good C appropriate for initial states  aren’t easy to make 

in large quantities (and with sufficiently low backgrounds).   
43 

Both C- and CP-violation are among the Sakharov criteria for baryogensis.  

D. Mack, MENU 



η Decays Testing C Violation 

Final 
State 

Branching Ratio  
(upper limit) 

Gammas 
in Final 
State 

3γ < 1.6•10-5  
3                        “π0γ” < 9•10-5 

2π0γ < 5•10-4  
 
5                        

3γπ0 Nothing published 

3π0γ < 6•10-5  
7                         3γ2π0 Nothing published 

PDG 
2012 
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 Considerations of acceptance and phase space have focused us on η!3γ and η! 
2π0γ . 
 

Most C test channels are all-neutral except for η!π0γ*! π0l+l- .  

Why η’s? 
•  The η full width is only 1.3 keV . It cannot decay by the isospin conserving strong 

interaction.  This means that achievable BR’s of 10-6 to 10-7 probe the weak scale.  
•  η decays are flavor-conserving, a sector less thoroughly studied than ΔS = 1, etc.  
•  Theory calculations predict large mass enhancements, hence relatively crude η decay 

BR upper limits place tighter constraints than more precise π0 decay BR upper limits.  
•  The η has a significant s-sbar content, unlike the π0 or nucleon.  

D. Mack, MENU 



Theory Issues for C Violation 
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Placing the tightest direct limits on C violation sounds interesting to experimentalists, 
but what about theorists? 
 
• Little literature on C violation with P conservation.  
 

(appropriate models for this would be non-renormalizable - Herczeg) 
 
• Some literature on T violation with P conservation 

 (under CPT, equivalent to C violation with P conservation). 

• By contrast, tremendous literature on CP violation and EDM’s.  
 
• C violation without P violation is apparently not on the radar of those working with 
SUSY, leptoquarks. 
  
• C violation does arise in discussions of violation of Lorentz invariance, but the 
predicted C violating η decay BR’s  are effectively zero for any experiment, ever.  
 
 
 

We’d like theorists studying T violation with P conservation to know that  
η decays can place tight limits in an isospin-violating sector. 

D. Mack, MENU 
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 TVPC Interactions: Background 
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TVPC Interactions 

•  Herczeg: No renormalizable TVPC boson-exchange 
interactions involving only SM fields [ Hyperfine Int, 75 
(1992) 127 ] 

•  Low-energy ( k << ΛEW ) four fermion flavor conserving 
interactions first arise at d=7 : 

Khriplovich ‘91 
Conti & Khriplovich ‘92 
Engel, Frampton, Springer ‘96 
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TVPC Interactions, cont’d 

•  Additional low-energy ( k << ΛEW ) d=7 interactions: 

MR-M ‘99 
Kurylov, McLaughlin, MR-M ‘01  

+ … 
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TPVC Observables 

•  “D Coefficient” in β-decay: 

•  Correlations in n+A scattering: 

•  η ! 3 γ , η ! 2π0 γ ,… : 
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TPVC Observables 

•  “D Coefficient” in β-decay: 

•  Correlations in n+A scattering: 

•  η ! 3 γ , η ! 2π0 γ ,… : 

C. Seng talk 

V. Gudkov, D. 
Bowman,…talks  

C. Seng, S. 
Gardner talks 
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TPVC Interactions & EDMs 

•  Conti & Khriplovich: TVPC interactions + SM radiative 
corrections (PV) induce non-vanishing EDMs 

•  EDM limits imply vanishingly small effects from TVPC 
interactions 
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How Robust Is Bound?  

•  Non-renormalizable interactions: EFT, running, matching 
& “naturalness” 

•  Illustration with neutrino magnetic moments 

•  Application to TVPC interactions 
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Non-Renormalizable Interactions & EFT 

ΛBSM	


ΛEW	


ΛHAD	


Full theory; unknown d.o.f. 

Effective theory I: W, B, H, g, 
Q, qR , L, eR   

Effective theory II: γ, g, q, l 

Effective theory III: γ, l, π, N… 

match 

match 

match 

ru
n 

ru
n 
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Effective Theory I 

+… 

Effective theory I: W, B, H, g, 
Q, qR , L, eR   
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Effective Theory II 

+… 
Effective theory II: γ, g, q, l 
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Effective Theory II 

+… 
Effective theory II: γ, g, q, l 

Matching I & II: compute in 
II with massive W,Z 



Matching 

Fermi Effective Theory 

€ 
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ν µ
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ν µ
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Standard Model  
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Loop momenta  
p << MW
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Loop momenta  
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Matching 

Fermi Effective Theory 

€ 

µ−€ 

ν µ

€ 

e−€ 

ν e
~ O(GF) 
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ν µ
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~ O(GF) 
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µ−€ 

ν µ
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ν µ
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ν e
€ 

e−
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€ 
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Z 0

~ O(GF α / π) 

Standard Model  

Loop momenta  
p << MW

2 
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2 

~ O(GF
2 me

2) 

€ 

µ−

€ 

ν µ

€ 

e−

€ 

ν e

€ 

e−

€ 

ν µ

Match EFT onto full theory 
by considering p ~ Λ (NDA)  



60 

 Applying to TVPC Interactions & EDMs 

•  Khripolovich approach: compute in EFT II w/ cut-off 
regulator 

 
•  Khriplovich approach a la MR-M: compute in EFT II w/ 

dim reg 

•  Recast in EFT I framework 
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 Applying to TVPC Interactions & EDMs 
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 Applying to TVPC Interactions & EDMs 
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 The EFT I Computation 

H	
 H	


B	


W	


H	
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 Interpretation 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
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 Interpretation 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
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ru
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Matching: uncertain 
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 Interpretation 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
n 

Matching: uncertain 

Running & mixing: calculable 
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 Limits: Short Distance Parity Cons 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
n 

Matching: uncertain 

Running & mixing: calculable 

A. ΛPV < ΛTVPC : CfV
(6) = 0 
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 Limits: Naturaleness 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
n 

Matching: uncertain 

Running & mixing: calculable 

B. “Naturalness”:  
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 Limits: Symmetry or Conspiracy 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
n 

Matching: uncertain 

Running & mixing: calculable 

C. Symmetry or conspiracy:  

 df  suppressed ! CTVPC  
unconstrained 



Implications 

70 

A. ΛPV < ΛTVPC : CfV
(6) = 0 B. “Naturalness”  

C. Symmetry or conspiracy  

 for ΛTVPC  ~ v ,  p ~ 1 GeV 

 for ΛTVPC  ~ v ,  p ~ 1 GeV ,  and CTVPC ~ 1 
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II. P-Conserving T- and C-Violation  

•  Does the conspiracy scenario survive one-loop RGE ? 

•  If so, does it survive at higher order ?  

•  Are there well-motivated BSM scenarios that generate 
non-vanishing CTVPC ? 

•  What is the corresponding situation for other TVPC 
observables (D coeff) ? 

•  What are implications for P-conserving C-violation ?  

•  Can there be ultralight mediators of P-conserving T-
violation/C-violation that evade these arguments ? 



Implications: Further Thoughts 
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C. Symmetry or conspiracy  

η ! 3 γ  

EDM 

η

γ 

γ 

γ 

Cfγγ Ofγγ 

CfWB , CfWW , CfBB CfγZ = 0 , Cfγγ = 0  

? 

? 
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Summary & Outlook 

•  C-Violating $ TVPC interactions are a largely unexplored 
direction for fundamental symmetry tests 

•  Analyzing their effects for light quark systems requires an 
EFT approach, as the do not arise at tree-level via 
renormalizable gauge interactions 

•  In general, EDMs place stringent constraints on such 
interactions via EW radiative corrections from the standpoint of 
short distance parity restoration and/or naturalness 

•  Exceptions may exist in the presence of a conspiracy or new 
symmetry at the TVPC matching scale 

•  Magnitude of low-energy amplitude ~ (p/Λ)3 < 10-7 for Λ > v 

•  C-Violating $ TVPC interactions are an interesting direction 
worthy of further exploration 
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II. P-Conserving T- and C-Violation  

•  Does the conspiracy scenario survive one-loop RGE ? 

•  If so, does it survive at higher order ?  

•  Are there well-motivated BSM scenarios that generate 
non-vanishing CTVPC ? 

•  What is the corresponding situation for other TVPC 
observables (D coeff) ? 

•  What are implications for P-conserving C-violation ?  

•  Can there be ultralight mediators of P-conserving T-
violation/C-violation that evade these arguments ? 
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Back Up Slides 



76 

 EFT Ilustration: mν & µν 

Bell, Cirigliano, R-M, Vogel, Wise ’05 
Also 
Bell, Gorchtein, R-M, Vogel, Wang ‘06 
Erwin, Kile, R-M, Wang ‘07 
Kile, R-M ‘07 



Neutrino Magnetic Moments 

The Standard Model with mν = 0 has a chiral symmetry so all chiral 
odd operators must vanish 

Dirac neutrinos 

L not invariant if               and               

Magnetic moment operator forbidden 

Can neutrinos have magnetic moments?  



The Scale of mν and µν 

Minimal extension of the Standard Model with νR and non-vanishing  
mν  gives  

Too small to be observed 

What about new physics at scale Λ > υ ? NDA    



Evading the NDA Estimates 

The “Voloshin” mechanism 

NDA    

SU(2)ν symmetry:  
(ν ,ν c) transf as doublet 
mν term transforms as triplet    forbidden 
µν transforms as singlet   allowed 

: a loophole    



Evading the NDA Estimates 

The “Voloshin” mechanism 

NDA    

SU(2)ν symmetry:  
(ν ,ν c) transf as doublet 
mν term transforms as triplet    forbidden 
µν transforms as singlet   allowed 

Voloshin sym & generalizations broken by SM gauge & Yukawa 
interactions: mν bounds on µν   

Radiatively-induced 
neutrino mass 

 electroweak µν operators	


: a loophole    



Dirac Neutrinos 
Effective Theory:	


Operator Basis:	




Dirac Neutrinos 
Effective Theory:	


Operator Basis:	


Close under 
renormalization 



Dirac Neutrinos: Mixing 

Operator Basis:	


Close under 
renormalization 

Effective Theory:	


W, B 



Dirac Neutrinos: Mixing & “Naturalness” 

Renormalization Group: Leading Log	


Magnetic moment 

Contributions from scales 
between υ and Λ 

Solution with C3
6(Λ) = 0 : δmν generated 

entirely from radiative corrections 



Dirac Neutrinos 
Effective Theory:	


Operator Basis:	


Close under 
renormalization 

Matching at 
scale Λ 



Dirac Neutrinos: Matching & “Naturalness” 

Solution with C3
6(Λ) = 0 : δmν generated 

entirely from radiative corrections via kloop 
~ Λ , thereby inducing nonzero CM

4(Λ) 
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 Interpretation 

ΛBSM	


ΛEW	


ΛHAD	


match 

match 

match 

ru
n 

ru
n 

Matching: 
uncertain 

Running & mixing: 
calculable 


