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1. Current limits on BSM physics from EDM systems usually assume the “sole 
source limit”.  
 
Strictly speaking it does not provide any limit if one EDM system is used 

2. We use several EDM systems to perform a global fit and give limits to the 
relevant mLRSM parameters  

3. We study possible connection with CPV in beta decays
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We see roughly one order of  
magnitude relaxed limits



Electric dipole moments and as probe of CPV
Electric dipole moment  

 

EDM would violate P and T (Laundau and Ramsey) since 

 

Then  
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moment must be along the spin. We can write an expression similar to
Eq. (1.1),

~d = ¥
≥ q

2mc

¥
~s , (1.4)

where ¥ is a dimensionless constant that is analogous to g in Eq. (1.1).
While magnetic dipole moments (MDMs) are a natural property of charged
particles with spin, electric dipole moments (EDMs) are forbidden both by
parity and by time reversal symmetry.

The search for an EDM dates back to the suggestion of Purcell and
Ramsey [35] in 1950, well in advance of the paper by Lee and Yang [36],
that a measurement of the neutron EDM would be a good way to search
for parity violation in the nuclear force. An experiment was mounted at
Oak Ridge [37] soon thereafter which placed a limit on the neutron EDM
of dn < 5 £ 10°20 e-cm, although the result was not published until after
the discovery of parity violation.

Once parity violation was established, Landau [38] and Ramsey [39]
pointed out that an EDM would violate both P and T symmetries. This
can be seen by examining the Hamiltonian for a spin one-half particle in
the presence of both an electric and magnetic field,

H = °~µ · ~B ° ~d · ~E. (1.5)

The transformation properties of ~E, ~B, ~µ and ~d are given in Table 1.1, and
we see that while ~µ · ~B is even under all three symmetries, ~d · ~E is odd under
both P and T. Thus the existence of an EDM implies that both P and T
are not good symmetries of the interaction Hamiltonian, Eq. (1.5). In the
context of CPT symmetry, an EDM implies CP violation.

Table 1.1. Transformation
properties of the magnetic and
electric fields and dipole mo-
ments.

~E ~B ~µ or ~d
P - + +
C - - -
T + - -

The Standard Model value for the electron (muon) EDM is ∑ 10°38

e-cm (∑ 2£ 10°36 e-cm), well beyond the reach of experiments (which are
at the 1.6£ 10°27 (1.8£ 10°19) e-cm level). Likewise, the Standard-Model
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2.1.2. Electron electric dipole moment

If instead of adding the Pauli term to the Dirac equation, we were to append
a

i

2
deFµ∫ (x) æµ∫∞5√ (x) (2.15)

interaction, it would correspond to an electron electric dipole moment
(EDM), de [20], interacting with the external electromagnetic fields Fµ∫ (x).
Apparently, Dirac noted the possibility of EDM eÆects (see Chapter 1) but
dismissed them as unphysical.

EDMs violate the discrete symmetries of P (parity) and T (time rever-
sal) [21–24]. Of course, we now know that both symmetries are violated
by weak interactions [25]; so, we should expect at some level de 6= 0 due
to Standard Model loop eÆects. It has been estimated, that such an eÆect
arising from quark mixing via the CKM matrix [25, 26] (from four-loop
order) is roughly

ØØdSM
e

ØØ ' 10°38 e · cm Standard Model. (2.16)

In other words, dSM
e is unobservably small, since current experiments probe

de ª O
°
10°27

¢
e · cm and it is hard to imagine improvements in sensitivity

by more than ten orders of magnitude. However, New Physics EDM eÆects
that violate P and T could arise from one or two loop order and be much
larger than the tiny Standard Model prediction even if they stem from high
mass scales.

Parameterizing the eÆect of New Physics (NP) on ae and de by the
relationship (see Section 2.2 for a discussion)

de (New Physics) = ae (New Physics)
e

2me
tan ¡NP

e (2.17)

with ¡NP
e a new physics model dependent phase, we can relate ae and de

sensitivities. Using the experimental constraint from atomic physics [27],

|de| < 2£ 10°27 e · cm (2.18)

or in units of e/2me (electron Bohr magneton)

|de| < 1£ 10°16 e

2me
(2.19)

we find by comparing Eqs. (2.13) and (2.19) and employing Eq. (2.17)
that de provides a better constraint on New Physics than ae by about
105 tan ¡NP

e , i.e. it already explores scales of about § ª 50TeV £p
C tan ¡NP

e . If C tan ¡NP
e ª O (1), that represents extremely good sen-

sitivity. Even for C tan ¡NP
e ' 0.01, § ª 5 TeV is competitive with the

Interaction
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So, tan ¡NP
f simply parameterizes the degree of suppression for CP violation

in the New Physics. It can be tan¡NP
f ª O (1) if both aNP

f and dNP
f are of

the same order in perturbation theory and large phases in the NP couplings
are present. However, more likely tan¡NP

f ø 1. For example, if a fermion
mass and its dipole moments are due to the same NP (see Section 2.3.3.2) it
is quite possible that Cf ª O (1) but tan¡NP

f ' 0 because the same chiral
rotation that renders the fermion mass real also removes the phase between
aNP

f and dNP
f . So, one should take any assumption regarding the value of

tan ¡NP
f with a grain of salt. It is very model dependent.

Consider the constraints on New Physics from the leptons e and µ. We
find from Table 2.1 and Standard Model predictions for the al, l = e, µ that
de is about 105 tan¡NP

e more sensitive to NP than ae. On the other hand,
dµ is currently about 4 £ 10°4 tan ¡NP

µ less constraining than aµ and not
competitive. (A proposed five orders of magnitude improvement in dexp

µ

could alter the situation.)
Taking Ce ' Cµ ' 1, one finds the NP scales probed by lepton dipole

moment experiments are

§e
<ª 160 GeV from ae

§e
<ª 50 TeV £

q
tan ¡NP

e from de

§µ
<ª 4 TeV from aµ. (2.58)

Those values should be considered upper bounds on the scale of physics
probed, since we assumed Ce ' Cµ ' 1. From that perspective, it seems
that only de and aµ are currently sensitive to the types of New Physics
we hope to explore at the LHC. If tan¡NP

e
>ª 0.006, it appears that de is

the most constraining. That is very encouraging, since dexp
e probes are

expected to further improve by several orders of magnitude in the near
future, pushing §e sensitivity to O

≥
1000TeV ·

p
tan ¡NP

e

¥
.

In the case of the muon, aexp
µ already seems to disagree with the Stan-

dard Model prediction aSM
µ . New Physics scenarios with aNP

µ ª 3 £ 10°9

that can explain the disagreement are discussed in Section 2.3 and in Chap-
ter 12. They would suggest dµ ' 3£ 10°22 tan¡NP

µ e·cm.
Nucleon EDMs are also sensitive probes of New Physics. It is, however,

harder to parameterize their dependence on the underlying NP scale. One
expects

dN ª CN
m

§2
N

tan¡NP
N (2.59)

New Physics scale
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Table 2.3. Comparison of the neutron and proton anomalous magnetic mo-
ments (in units of e/2mN , mN = (mn + mp) /2). Also given are the current
bounds on neutron [51] and proton [52] EDMs in units of e·cm and e/2mN .

N F2N (e/2mN ) |F3N |

n °1.913 042 7 (5) < 0.29£ 10°25 e·cm ' 1£ 10°13e/2mN

p +1.792 158 142 (28) < 7.9£ 10°25 e·cm ' 3£ 10°12e/2mN

however, transition moments between diÆerent mass eigenstates which lead
to ∫i ! ∫j∞ [32] or spin-flavor precession in magnetic fields [48–50]. The
direct bounds in Table 2.2 from ∫e scattering, solar neutrino oscillations
and the astrophysical plasmon decay constraint can be applied to such
transition moments, but the astrophysical and cosmological constraints are
significantly diluted (or rendered inapplicable) because the final state neu-
trinos are active rather than sterile.

2.2.2. Nucleon dipole moments

The neutron and proton are known to have large anomalous magnetic dipole
moments due to their composite structure. Current values are listed in
Table 2.3 in units of the nucleon Bohr magneton, e/2mN .

Since P and T symmetries are violated in Nature, it is quite likely
(almost certain) that nucleons also have electric dipole moments = dN in
their spin direction. In fact, all spin 1/2 Dirac particles should have, albeit
tiny, EDMs. Indeed, the Standard Model predicts, on the basis of CKM
quark mixing [53, 54],

|dN | ' 10°32 e · cm Standard Model (2.36)

which (unfortunately) is more than six orders of magnitude below the ex-
isting neutron EDM bound in Table 2.3 and experimentally unobservable
in the foreseeable future. Of course, our inability to confirm the Standard
Model prediction can be viewed as fortuitous. It means that any discovery
of a nucleon EDM with |dN |¿ 10°32 e·cm is providing direct evidence for
New Physics. Furthermore, that New Physics would be an additional source
of CP violation and might help explain the matter-antimatter asymmetry
of our Universe, an exciting possibility.

We see from Table 2.3 that the nucleon magnetic dipole moments (par-
ticularly the proton’s) are very precisely measured. In fact, the uncertainty
in the proton’s anomalous magnetic moment, ±28£ 10°9, is only a factor
of 44 worse than the muon’s aexp

µ

°
±63£ 10°11

¢
. If the proton were an

Very suppressed 
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1. Neutron EDM in SM = O(10^{-32})e cm
 (Seng, Phys. Rev. C91, 025502 (2015) and previous slide)

2. Electron EDM in SM = O(10^{-39})e cm
 (Yamaguchi et al., Phys. Rev.
Lett. 125, 241802 (2020))

3. Nuclear EDM in SM = O(10^{-31-32})e cm
 (Yamanaka et al., JHEP 02 (2016) 067.)

4. Diamagnetic atom EDM in SM = O(10^{-32-36})e cm  
(Yamanaka et al., JHEP02 (2016) 067.)

5. Paramagnetic atom EDM in SM = O(10^{-33-34})e cm  
(Pospelov et al.,Phys. Rev. D 89, 056006 (2014).)

6. Theta term in SM = O(10^{-19})
 (Khriplovich, Phys. Lett. B 173, 193 (1986).)

7. Quark EDM in SM = O(10^{-35})e cm
 (Czarnecki et al., Phys. Rev. Lett.78, 4339 (1997).)

6

Result 95% u.l. ref.
Paramagnetic systems

Xem
dA = ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e cm a

Cs dA = (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e cm b

de = (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e cm
CS = (2.5 ± 9.8) ⇥ 10�6 2 ⇥ 10�5

Qm = (3 ± 13) ⇥ 10�8 2.6 ⇥ 10�7
µNRCs

Tl dA = (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e cm c

de = ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e cm
YbF de = (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e cm d

ThO de = (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e cm e

CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
de = (0.9 ± 7.9) ⇥ 10�29 1.6 ⇥ 10�28 e cm f

Diamagnetic systems
199Hg dA = (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e cm g
129Xe dA = (0.7 ± 3.3) ⇥ 10�27 6.6 ⇥ 10�27 e cm h
225Ra dA = (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e cm i

TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e cm j

n dn = (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e cm k

Particle systems
µ dµ = (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e cm l

⌧ Re(d⌧ ) = (1.15 ± 1.70) ⇥ 10�17 3.9 ⇥ 10�17 e cm m

⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 1.6 ⇥ 10�16 e cm n

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When de is presented
by the authors, the assumption is CS = 0, and for ThO, the
CS result assumes de = 0. Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear
spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-

Electromagnetic Dipole Moments and New Physics 23

Table 2.3. Comparison of the neutron and proton anomalous magnetic mo-
ments (in units of e/2mN , mN = (mn + mp) /2). Also given are the current
bounds on neutron [51] and proton [52] EDMs in units of e·cm and e/2mN .

N F2N (e/2mN ) |F3N |

n °1.913 042 7 (5) < 0.29£ 10°25 e·cm ' 1£ 10°13e/2mN

p +1.792 158 142 (28) < 7.9£ 10°25 e·cm ' 3£ 10°12e/2mN

however, transition moments between diÆerent mass eigenstates which lead
to ∫i ! ∫j∞ [32] or spin-flavor precession in magnetic fields [48–50]. The
direct bounds in Table 2.2 from ∫e scattering, solar neutrino oscillations
and the astrophysical plasmon decay constraint can be applied to such
transition moments, but the astrophysical and cosmological constraints are
significantly diluted (or rendered inapplicable) because the final state neu-
trinos are active rather than sterile.

2.2.2. Nucleon dipole moments

The neutron and proton are known to have large anomalous magnetic dipole
moments due to their composite structure. Current values are listed in
Table 2.3 in units of the nucleon Bohr magneton, e/2mN .

Since P and T symmetries are violated in Nature, it is quite likely
(almost certain) that nucleons also have electric dipole moments = dN in
their spin direction. In fact, all spin 1/2 Dirac particles should have, albeit
tiny, EDMs. Indeed, the Standard Model predicts, on the basis of CKM
quark mixing [53, 54],

|dN | ' 10°32 e · cm Standard Model (2.36)

which (unfortunately) is more than six orders of magnitude below the ex-
isting neutron EDM bound in Table 2.3 and experimentally unobservable
in the foreseeable future. Of course, our inability to confirm the Standard
Model prediction can be viewed as fortuitous. It means that any discovery
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ticularly the proton’s) are very precisely measured. In fact, the uncertainty
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µ

°
±63£ 10°11

¢
. If the proton were an

Thanks to N. Yamanaka for this summary
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dn = αn θ̄ + β j
n ( v2

Λ2 )∑
j
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θ̄ = θ0 + arg det(MuMd) ℒinstantons ∝ θ0 GμνG̃μν → ⃗E ⋅ ⃗B

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

7

Historical Introduction 7

moment must be along the spin. We can write an expression similar to
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¥
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where ¥ is a dimensionless constant that is analogous to g in Eq. (1.1).
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particles with spin, electric dipole moments (EDMs) are forbidden both by
parity and by time reversal symmetry.

The search for an EDM dates back to the suggestion of Purcell and
Ramsey [35] in 1950, well in advance of the paper by Lee and Yang [36],
that a measurement of the neutron EDM would be a good way to search
for parity violation in the nuclear force. An experiment was mounted at
Oak Ridge [37] soon thereafter which placed a limit on the neutron EDM
of dn < 5 £ 10°20 e-cm, although the result was not published until after
the discovery of parity violation.

Once parity violation was established, Landau [38] and Ramsey [39]
pointed out that an EDM would violate both P and T symmetries. This
can be seen by examining the Hamiltonian for a spin one-half particle in
the presence of both an electric and magnetic field,

H = °~µ · ~B ° ~d · ~E. (1.5)

The transformation properties of ~E, ~B, ~µ and ~d are given in Table 1.1, and
we see that while ~µ · ~B is even under all three symmetries, ~d · ~E is odd under
both P and T. Thus the existence of an EDM implies that both P and T
are not good symmetries of the interaction Hamiltonian, Eq. (1.5). In the
context of CPT symmetry, an EDM implies CP violation.
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j

Im (Cj) + ⋯, αn ∼ 10−16 e ⋅ fm βn ∼ 10−21 e ⋅ fm

(dn)exp ≲ 1.8 × 10−26e ⋅ cm

(dHg)exp ≲ 7.4 × 10−30e ⋅ cm

θ̄ ≲ 10−10 ( v2

Λ2 )∑
j

Im (Cj) ≲ 10−5 (10−6 Mercury)
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THESE NAIVE BOUNDS GETS RELAXED 
WHEN CONSIDERING SEVERAL EDM 

SYSTEMS 
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The minimal left-right symmetric model 
(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975);  G. Senjanovic and R. N. Mohapatra,  

Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B153, 334 (1979). 

)

• Extends the SM gauge group  
 

 
• The Higgs sector  

 

   
One bidoublet and two complex triplets   
 
 
 

SU(3) × SU(2)R × SU(2)L × U(1)B−L × Z2

W

uR dR

dL uL

Figure 1: Leading tree-level diagram contributing to the neutron EDM in the mLRSM.

3. The minimal left-right symmetric model

The mLRSM [15, 16, 17] extends the SM gauge group to SU(3)£SU(2)R £

SU(2)L£U(1)B°L, where B and L denote the SM abelian baryon and lepton quan-

tum numbers. In this model the SU(2)R gauge group is broken once the triplet

field

¢R =

0

@ ¢+/
p

2 ¢++

¢0 °¢+/
p

2

1

A

R

(8)

takes a vacuum expectation value (VEV) vR along with its neutral component,

breaking the above gauge group down to the SM gauge group. At the next step

of symmetry breaking, the SM gauge group is broken down to U(1)QED once the

bidoublet field
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takes a VEV along its neutral components h©i = diag{v1,v2eiÆ}. Notice the ap-120

pearance of the phase Æ. This is the so-called spontanous CP phase, which gives

an EDM contribution, as we discuss below.

In the mLRSM one has, in addition to the µ̄ contribution to the EDMs, a

contribution from the tree-level diagram shown in Fig.1, which is due to the in-

teraction
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The minimal left-right symmetric model 
(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975);  G. Senjanovic and R. N. Mohapatra,  

Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B153, 334 (1979). 

)

• Extends the SM gauge group  
 

 
• The mixing between the  bosons give 

 

 
 

 and  are the v.e.vs of the light and heavy doublets 
 
 
 

SU(3) × SU(2)R × SU(2)L × U(1)B−L × Z2

W − WR

tan ξ = −
v1v2

v2
R

e−iα ≃ (
M2

W

M2
WR

)sin 2βe−iα, tan β ≡ v2/v1

v1 v2
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The minimal left-right symmetric model 
(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975);  G. Senjanovic and R. N. Mohapatra,  

Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B153, 334 (1979). 

)

•  from K and B meson systems (Bertolini, Nesti 
and Maiezza 2019. ArXiv: 1911.09472) 
 

 (SM  boson) 
 
 

 
 
 
 

tan βmax ∼ 0.5

W+
L = cos ξW+

1μ − sin ξe−iαW+
2μ W

W+
R = sin ξeiαW+

1μ + cos ξW+
2μ
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uR dR

dL uL

tan ξ = −
v1v2

v2
R

≃ −
M2

W

M2
WR

sin 2β ,
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The minimal left-right symmetric model 
(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975);  G. Senjanovic and R. N. Mohapatra,  

Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B153, 334 (1979). 

)

The effective CPV Lagrangian valid below the electroweak scale is 
given by 
 

ℒCPV = −
g2

3

16π2
θ̄ Tr (GμνG̃μν) − i

4GF

2
κLR (ūRγμdR ūLγμdL + h . c . ),

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

W

uR dR

dL uL

Tree level leading contribution κLR = sin ξIm (VL
udV

R*
ud e−iα) ,

 is the CKM quark mixing matrix and  its RH versionVL VR
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EDM of hadronic and atomic systems 
• The EDM of diamagnetic atomic or molecular system is given by  

 
 

 
 : sensitivity to individual nucleon EDMs 

 
 : sensitivity of the atomic of molecular system to the Nuclear Schiff 

moment  
 

  
 
for detailed assessment see Engel, Ramsey-Musolf, van Kolck arxiv: 1303.2371

dA = ∑
N=p,n

ρN
Z dN + κSS − [k(0)

T C(0)
T + k(1)

T C(1)
T ],

ρN
Z

κS

S ≃
mNgA

Fπ
[a0ḡ(0)

π + a1ḡ(1)
π ],

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

14

 and  calculated using nuclear many-body methodsa0 a1



EDM of hadronic and atomic systems 
• The couplings  parametrize the T-violating, P-violating pion-nucleon 

interaction in the chiral Lagrangian 
 

 
 
where  
 

 
 
Leading tree-level contribution give CP violation dim-6 interaction 
 

ḡ(i)
π

ℒLR
χ = N̄ [ḡ(0)

π ⃗τ ⋅ ⃗π + ḡ(1)
π π0] N

ḡ(i)
π = λiθ̄ + γφud

i
v2

Λ2
Im(Cφud), i = 0,1

−i
Im Cφud

Λ2 [d̄LγμuLūRγμdR − ūLγμdLd̄RγμuR] .
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Global analysis using EDM of nucleons, 
atoms and molecules

• We perform a global fit (with 2 d.o.f.):  
 

 
 

:  number of the EDM systems, 
 

 and  denotes the experimental centroids and the theoretical 
values  

 denotes the experimental error of the EDM for the system , Hg, Xe, Ra, 
TlF. 
 

χ2 =
N

∑
i=1

[(di)exp − (di)th]
2

σ2
i

N

(di)exp (di)th

σi i = n
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Theoretical uncertainties

• Vary the parameters  and between the best theoretical ranges doing a range 
fit 

 
 
(taken from Ramsey-Musolf and Chupp arXiv:1407.1064 ) 
(Engel, Ramsey-Musolf, van Kolck arxiv: 1303.2371)

a0, a1

12

System @dexp/@de @dexp/@CS @dexp/@CT @dexp/@g0⇡ @dexp/@g1⇡
199Hg -0.014 �5.9⇥ 10�22

�2⇥ 10�20
�3.8⇥ 10�18 0

-0.014 - (-0.012) (�5.9� (�2.0))⇥ 10�20 (�27� (�1.9))⇥ 10�18 (�4.9� 1.6)⇥ 10�17

129Xe -0.0008 �4.4⇥ 10�23 4⇥ 10�21
�2.9⇥ 10�19

�2.2⇥ 10�19

(4� 6)⇥ 10�21 (�26� (�1.8))⇥ 10�19 (�19� (�1.1))⇥ 10�19

TlF 81 2.9⇥ 10�18 1.1⇥ 10�16 1.2⇥ 10�14
�1.6⇥ 10�13

neutron 1.5⇥ 10�14 1.4⇥ 10�16

TABLE V: Coe�cients for P-odd/T-odd parameter contributions to EDMs for diamagnetic systems. The ḡ(0)⇡ and ḡ(1)⇡ coe�-
cients are based on data provided in Table VI.

Our estimates of the constraints are presented as ranges in Table VII. Finally, we use the ranges for CT , ḡ
(0)
⇡ and

ḡ
(1)
⇡ to determine their contribution to the EDM of 199Hg and subtract to isolate the de/CS contribution as described
above.

System S = d
S (cm/fm3) a0 = S

13.5ḡ0⇡
(e-fm3) a1 = S

13.5ḡ1⇡
(e-fm3) a2 = S

13.5ḡ2⇡
(e-fm3)

TlF �7.4⇥ 10�14 [37] -0.0124 0.1612 -0.0248
Hg �2.8/� 4.0⇥ 10�17 [38, 39] 0.01 (0.005-0.05) ±0.02 (-0.03-0.09) 0.02 (0.01-0.06)
Xe 0.27/0.38⇥ 10�17 [38, 40] -0.008 (-0.005-(-0.05)) -0.006 (-0.003-(-0.05)) -0.009 (-0.005-(-0.1))
Ra �8.5(�7/� 8.5)⇥ 10�17 [38, 41] -1.5 (-6-(-1)) +6.0 (4-24) -4.0 (-15-(-3))

TABLE VI: Best values and ranges (in parenthesis) for atomic EDM sensitivity to the Schi↵-moment and dependence of the

Schi↵ moments on ḡ(0)⇡ and ḡ(1)⇡ as presented in Ref. [1].

IV. EXPERIMENTAL OUTLOOK & THEORETICAL IMPLICATIONS

Anticipated advances of both theory and experiment would lead to much tighter constraints on the TVPV param-
eters. The disparity shown in Table VII between the ranges provided by the best values of the coe�cients ↵ij and
those provided by allowing the coe�cients to vary over the reasonable ranges emphasizes the importance of improving
the nuclear physics calculations, particularly the Schi↵ moment calculations for 199Hg.

On the experimental front, we anticipate the following:

1. Increased sensitivity of the paramagnetic ThO experiment [6]

CT ⇥ 107 ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Exact solution 1.265 �6.687⇥ 10�10 1.4308⇥ 10�10 9.878⇥ 10�24

Range from best values of ↵ij (�7.6� 9.5) (�5.0� 4.0)⇥ 10�9 (�0.2� 0.4)⇥ 10�9 (�5.9� 7.4)⇥ 10�23

Range from best values
with ↵g1⇡

(Hg) = �4.9⇥ 10�17 (�7.6� 8.4) (�7.0� 4.0)⇥ 10�9 (0� 0.2)⇥ 10�9 (5.9� 10.4)⇥ 10�23

Range from best values
with ↵g1⇡

(Hg) = +1.6⇥ 10�17 (�9.2� 12.4) (�4.0� 4.0)⇥ 10�9 (�0.4� 0.8)⇥ 10�9 (�5.9� 5.9)⇥ 10�23

Range from full variation of ↵ij (�10.8� 15.6) (�10.0� 8.1)⇥ 10�9 (�0.6� 1.2)⇥ 10�9 (�12.0� 14.8)⇥ 10�23

TABLE VII: Values and ranges for coe�cients for diamagnetic systems and the neutron. The first line is the exact solution
using the central value for each of the four experimental results; the second line is the 68% CL range allowed by experiment
combined with the best values of the coe�cients ↵ij ; the last three lines provide an estimate of the constraints accounting for
the variations of the ↵ij within reasonable ranges of the coe�cients ↵ij [1].
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Theoretical uncertainties
• Hadronic uncertainties: , , ,  and  

 

 and  

 
 

•  
 

 
 

     (Ramsey-Musolf and Chupp 2014) 
 

   
 

 

αn βφud
n λ0 λ1 γφud

1

dn = αn θ̄ + β j
n ( v2

Λ2 )∑
j

Im (Cj) + ⋯, ḡ(i)
π = λiθ̄ + γφud

i
v2

Λ2
Im(Cφud), i = 0,1

γφud
1 ∈ (254 − 552) × 10−7

λ0 ∈ 0.013 − 0.018

λ1 ∈ (0.5 − 4) × 10−4

αn ∈ 0.0005 − 0.004 e ⋅ fm−1

βφud
n ∈ (1 − 10) × 10−8 e ⋅ fm−1
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Coupling between the pions and the nucleons
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Best fit values 

• For each point in the space spanned by , , , , ,  
and   we minimize the  with respect to the  and  

•  From all possible values of the , we choose those values that 
give the most conservative bound (this is what we call our best fit 
values)

a0, a1 κs αn βφud
n λ0 λ1

γφud
1 χ2 θ̄ κLR

χ2
min
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Best fit values 
• Best fit values for the atomic, nuclear and hadronic  parameters 

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

Figure 3: Ranges represent the 68% and 95% confidence level interval resulting from the best fit for

the diamagnetic systems including the neutron EDM. The blue star indicates the position of the best

fit point.

Atomic and nuclear parameters

EDM System ∑S(fm°2) a0 a1

Mercury (Hg) °2.8£10°4 0.022 0.0029

Xenon (Xe) 2.7£10°5 -0.036 -0.024

Radium (Ra) °7.6£10°4 -3.45 5.1

Thallium Fluoride (TlF) -0.74 -0.012 0.16

Table 2: Best fit values of the Schiff moments and the dependence of the Schiff moment on ḡ(0)
º and

ḡ(1)
º that give the more conservative bounds in the allowed ranges reported in Ref. [19]. These are the

values used to obtained the confidence level intervals shown in Fig. (3).

12

Hadronic parameter Best fit value

Æn[e · fm] 0.5£10°3

Ø
'ud
n [e · fm] 8.4£10°8

∏0 0.017

∏1 2.7£10°4

∞
'ud
1 311£10°7

Table 3: Best fit values of the hadronic parameters that gives the more conservative bound for their

allowed ranges reported in Table 7 of Ref. [9]. The range of the parameter ∞1 has been updated to

include the RGE effects and the short distance uncertainty reported in Ref. [38]

are not interesting to report.

5. The Strong CP problem in the minimal LR symmetric model

The strong CP problem within the mLRSM has been recently discussed Refs. [42,

43, 44, 45]. For the sake of completeness and to emphasize the usefulness of our

fit we highlight the main points here. As a concrete example take the expression

of the neutron EDM

dn 'Æn µ̄+Ø'ud
n

µ
v2

§2

∂
Im

°
C'ud

¢
, (14)

where µ
v2

§2

∂
Im

°
C'ud

¢
= ∑LR (15)

and Æn and Ø'ud
n are given in Tab. 3. In what follows we discuss the situation for

both P and C as the LR symmetry.210

Parity as the left-right symmetry. For P , one has V L
ud =V R

ud +O (tan2ØsinÆ) [46,

44], and at leading order in v2/v1 we have the following relation

dn 'Æn µ̄°Ø'ud
n

√
M2

W

M2
WR

!

|V L
ud |

2 sin2ØsinÆ+O (v2
2/v2

1) (16)

Under the hypothesis that P is an exact symmetry, µ0 = 0. In this case

µ̄ ' mt
2mb

tan2ØsinÆ [43], where mb and mt are bottom and top quark masses,

13
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          and                  “sole-source” limitsθ̄ ≲ 10−10 ( v2

Λ2 )∑
j

Im (Cj) ≲ 10−5 (10−6 Mercury)

We see roughly one order of  
magnitude relaxed limits



Interplay with  T-violation in beta decays 
• We examine the relation with the “ ” coefficient in beta decays 

 
(J. Jackson, S. Treiman, H. Wyld, Possible tests of time reversal invariance in Beta decay, Phys. Rev. 106 (1957) 517–521) 
 
 

  
 
 
 

 ,  (fsi) and  is fundamental CPV 
 
 
 
Experimental limit (arXiv:1104.2778 ):  
 
 
 

 
 
Theoretical value and uncertainties (arXiv:0902.1194 ) 
 

 with a  accuracy (window for NP )

D

dΓ/dΩ ⊃ D ⟨ ⃗J ⟩ ⋅ ⃗p e × ⃗p ν

D = Df + Dt f t

Dn = (−1.0 ± 2.1) × 10−4,

Df ∼ 10−5 1 % 10−4 − 10−7

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 
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• We examine the relation with the “ ” coefficient in beta decays 

 
(J. Jackson, S. Treiman, H. Wyld, Possible tests of time reversal invariance in Beta decay, Phys. Rev. 106 (1957) 517–521) 
 
 

 
 
The effective Lagrangian  
 

  

 
 

 
 

D

dΓ/dΩ ⊃ D ⟨ ⃗J ⟩ ⋅ ⃗p e × ⃗p ν

exotic fermions [31], and leptoquark (LQ) models [32]. Most of these scenarios, and the
resulting constraints from EDMs, have been studied previously [6, 33, 34]. Here, we provide
several improvements:

• We take into account recent improved computations of dn [35] and dHg [36]. Large un-
certainties in the sensitivity of dHg to the CP-odd isovector pion-nucleon coupling [36]
have weakened this constraint, and the dn bound currently provides the strongest limit
on Dt.

• In the literature, LQ contributions to Dt are regarded as being safe from EDM con-
straints [6, 34]. We argue that Dt is in fact more constrained than previously thought.
We also study implications for D from LQ searches at hadron colliders.

• We compute for the first time Dt in the R-parity violating MSSM (with baryon-number
violation), arising at one-loop order.

• We provide a (partially) model-independent analysis that applies to all the aforemen-
tioned models except LQs, for which the current limit on dn implies Dt < 3× 10−7.

We emphasize that D is much cleaner theoretically than the EDMs constraining it, which
rely on hadronic and nuclear computations. Moreover, any realistic model may contain
many different CP-odd phases, to which Dt and EDMs are sensitive to different linear
combinations. The bounds we derive may be negated if there exist accidental cancellations
between phases entering EDMs, and we neglect this possibility in our analysis.

Our work is organized as follows. In Sec. II, we review CP violation in β-decay. We
also summarize theoretical computations of neutron, mercury, and deuteron EDMs from
underlying CP-violating operators most relevant for constraining Dt. In Secs. III and IV,
we study constraints on Dt from EDM bounds in several scenarios beyond the SM, focusing
in particular on LQ models. We present our conclusions in Sec. V.

II. CP-VIOLATING OBSERVABLES

A. Beta decay

The most general set of β-decay interactions can be parametrized at the quark level by
an effective Lagrangian [5]

Lβ = −
4GFVud√

2

∑

α,β,γ

aγαβ ēαΓ
γνe ūΓγdβ + h.c. (3)

The chiralities (L,R) of the electron and down quark are labeled by α, β. The index γ =
S, V, T labels whether the interaction is scalar (ΓS ≡ 1), vector (ΓV ≡ γµ), or tensor
(ΓT ≡ σµν/

√
2). CP invariance is preserved in β-decay if all ten complex coefficients

aSLL, a
S
LR, a

S
RL, a

S
RR, a

V
LL, a

V
LR, a

V
RL, a

V
RR, a

T
LR, a

T
RL (4)

have a common phase (aTLL, a
T
RR terms are identically zero). At leading order in the SM, all

parameters vanish except aVLL=1. SM radiative corrections and new physics contributions
to aVLL can play an important role in the extraction of Vud (see, e.g., Refs. [37]), but for

3

exotic fermions [31], and leptoquark (LQ) models [32]. Most of these scenarios, and the
resulting constraints from EDMs, have been studied previously [6, 33, 34]. Here, we provide
several improvements:

• We take into account recent improved computations of dn [35] and dHg [36]. Large un-
certainties in the sensitivity of dHg to the CP-odd isovector pion-nucleon coupling [36]
have weakened this constraint, and the dn bound currently provides the strongest limit
on Dt.

• In the literature, LQ contributions to Dt are regarded as being safe from EDM con-
straints [6, 34]. We argue that Dt is in fact more constrained than previously thought.
We also study implications for D from LQ searches at hadron colliders.

• We compute for the first time Dt in the R-parity violating MSSM (with baryon-number
violation), arising at one-loop order.

• We provide a (partially) model-independent analysis that applies to all the aforemen-
tioned models except LQs, for which the current limit on dn implies Dt < 3× 10−7.

We emphasize that D is much cleaner theoretically than the EDMs constraining it, which
rely on hadronic and nuclear computations. Moreover, any realistic model may contain
many different CP-odd phases, to which Dt and EDMs are sensitive to different linear
combinations. The bounds we derive may be negated if there exist accidental cancellations
between phases entering EDMs, and we neglect this possibility in our analysis.

Our work is organized as follows. In Sec. II, we review CP violation in β-decay. We
also summarize theoretical computations of neutron, mercury, and deuteron EDMs from
underlying CP-violating operators most relevant for constraining Dt. In Secs. III and IV,
we study constraints on Dt from EDM bounds in several scenarios beyond the SM, focusing
in particular on LQ models. We present our conclusions in Sec. V.

II. CP-VIOLATING OBSERVABLES

A. Beta decay

The most general set of β-decay interactions can be parametrized at the quark level by
an effective Lagrangian [5]

Lβ = −
4GFVud√

2

∑

α,β,γ

aγαβ ēαΓ
γνe ūΓγdβ + h.c. (3)

The chiralities (L,R) of the electron and down quark are labeled by α, β. The index γ =
S, V, T labels whether the interaction is scalar (ΓS ≡ 1), vector (ΓV ≡ γµ), or tensor
(ΓT ≡ σµν/

√
2). CP invariance is preserved in β-decay if all ten complex coefficients

aSLL, a
S
LR, a

S
RL, a

S
RR, a

V
LL, a

V
LR, a

V
RL, a

V
RR, a

T
LR, a

T
RL (4)

have a common phase (aTLL, a
T
RR terms are identically zero). At leading order in the SM, all

parameters vanish except aVLL=1. SM radiative corrections and new physics contributions
to aVLL can play an important role in the extraction of Vud (see, e.g., Refs. [37]), but for

3

CP-violating observables they can be neglected as subleading effects. We also hereafter set
Vud = 1; correlations between D and EDMs depend on |Vud|, but the O(few%) deviation
from |Vud| = 1 is irrelevant compared to other theoretical uncertainties. We neglect possible
flavor constraints by considering only couplings between first generation fermions. Lastly,
we assume that β-decay processes involve a single neutrino flavor eigenstate νe, and we
allow for both L,R chiralities. Coefficients involving (sterile) right-handed neutrinos are
only relevant provided these states are kinematically allowed in β-decay.3

In terms of the parametrization in Eq. (3), D is given by [4]

Dt = κ Im
(
aVLRa

V ∗
LL + aVRLa

V ∗
RR

)
+ κ

gSgT
gV gA

Im
(
aSL+a

T∗
LR + aSR+a

T∗
RL

)
(5)

where aSL+ ≡ (aSLL + aSLR) and aSR+ ≡ (aSRL + aSRR). For initial (final) state nucleus of spin J
(J ′), the coefficient κ is

κ ≡
4gV gAMFMGT

g2VM
2
F + g2AM

2
GT

√
J

J + 1
δJJ ′ "

{
0.87 for n
−1.03 for 19Ne

, (6)

where gV = 1, gA ≈ 1.27 [40], and MF (MGT) is the Fermi (Gamow-Teller) matrix element.
Scalar and tensor form factors gS,T , originally estimated in Ref. [41], have been computed
using lattice techniques (see Ref. [42] and references therein). In this work, we neglect
the scalar-tensor term in Eq. (5). The R coefficient, corresponding to the T-odd β-decay
correlation 〈J〉 · σe × pe where σe is e± polarization, has greater sensitivity to scalar- and
tensor-type CP violation [5, 6]. Moreover, these couplings are correlated with CP-odd
tensor and scalar electron-nucleon couplings, which are strongly constrained by 199Hg [23]
and 205Tl [24] EDM bounds, respectively [43, 44, 45, 46, 47].

B. Electric Dipole Moments

EDM searches are sensitive to a wide class of CP-violating operators that can arise beyond
the SM: CP-odd quark and lepton dipole moments, Weinberg’s three-gluon operator [48],
and four-fermion operators. Here, the most relevant one is a CP-odd four-quark operator
OLR, given by

Leff = −
4GF√

2
kLR OLR , OLR ≡ i(ūLγ

µdL d̄RγµuR − d̄Lγ
µuL ūRγµdR) (7)

where kLR is the operator coefficient (normalized to 4GF/
√
2). Within the context of left-

right symmetric models, this effective interaction arises from CP-violating W -W ′ mixing
and has been studied previously [49, 50, 51, 52]. We show in Fig. 1 that, by connecting
the leptonic legs in a one-loop diagram, the same interference terms aVLRa

V ∗
LL and aVRLa

V ∗
RR

contributing to Dt also generate OLR. Moreover, this diagram does not involve any chirality-
changing mass insertions, and therefore is not suppressed by any light fermion masses. Other

3 Sterile neutrinos with eV-scale mass have been studied recently in connection with various neutrino

anomalies (see, e.g., Refs. [38]), and important constraints are provided by cosmology [39]. We do not

attempt to accommodate these issues here.
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Interplay with  T-violation in beta 
decays 

• The same dim-6 coefficient that induces EDM in the mLRSM also 
generates the D coefficient and  (Ng and Tulin  arxiv: 1111.0649) 
 
 

 
 

 for the neutron 
 
 
We update Ng and Tulin work.  They concluded 
 

 (Excluding mLRSM contribution to D coefficient)

dn ≃ αnθ̄ + βφud
n ( Dt

κ ) ,

κ ≃ 0.87

Dt(mLRSM) ≲ 10−7
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W

uR dR

dL uL→ (eL)→ (νL)



Interplay with  T-violation in beta 
decays 

• The same dim-6 coefficient that induces EDM in the mLRSM also 
generates the D coefficient and  (Ng and Tulin  arxiv: 1111.0649) 
 
 

 
 

 for the neutron 
 
From our global fit: 
 

 at  C.L, 

dn = αnθ̄ + βφud
n ( Dt

κ ) ,

κ ≃ 0.87

Dt

κ
≤ 2.0 × 10−5 95 %
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Interplay with  T-violation in beta 
decays 

• Reasons are:  
 
1) Smaller chiral EFT sensitivity to the neutron EDMs ( value  bigger as 
concluded by Engel, Ramsey-Musolf, van Kolck arxiv: 1303.2371) 
 
2) Global fit gives a weaker constraint 

• We find that there is still room for observation of  
CPV within mLRSM in beta decays

βφud
n
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Conclusions
• We perform a global fit using several EDM systems  within the 

mLRSM (applicable to any BSM setup) 

• We find relaxed bounds with respects to the “sole source” limits 
usually done in the literature 
 
                                     
 
                      

• We analyse the relation with the beta decay and find that in the 
light of our global fit, there still room for observation of mLRSM 
CPV in beta decay

θ̄ ≲ 10−10 → θ̄ ≲ 10−9

( v2

Λ2 )∑
j

Im (Cj) ≲ 10−6 → ( v2

Λ2 )∑
j

Im (Cj) ≲ 10−5
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Correlations between  and mLRSM 
parameters

χmin
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Uuu

• Quark Chromo-EDM suppressed by small Yukawa 
couplings of light quarks  
(Engel, Ramsey-Musolf, van Kolck arxiv: 1303.2371) 
 

•  Three-gluon operator arises at two loops and can be 
neglected  (arXiv:0910.2265, 1802.09903, 1911.09472) 
 

• The tree-level exchange of  through the LR mixing 
gives the leading contribution

W

Different contributions

W

uR dR

dL uL
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Uuu

• Electron EDM gives a bound to  
 

 MeV (Tello Ph.D. thesis SISSA) 
 
in addition  
 

 e. cm (arXiv:1310.7534) 
 
which implies a contribution  
 

 e.cm   
 
below the current sensitivity  
 

  
 
phys. rev. lett. 116, 161601 (2016) 

• The  EDM of diamagnetic atoms receives a 
contribution from the semi-leptonic dim-6 
four fermion operator 
 

  

 
No tree level exchange of any scalar or vector 
can induce it. Electron EDM is not relevant for 
our analysis

MD

MD ≲ (10−2 − 1)

(de)exp < 10−29

dA (199Hg) ≲ 10−31

dA (199Hg) = (2.20 ± 2.75( stat ) ± 1.48(sys)) × 10−30e ⋅ cm

ℒNSD
eN =

8GF

2
ēσμνevνN̄ [C(0)

T + C(1)
T τ3] SμN + ⋯ .

Different contributions
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Correlations between  and mLRSM parametersχmin
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FIG. 1: A schematic of the emiT detector illustrating the alternating electron and proton detector segments. The darker shaded
proton detectors indicate the the paired-ring at z = ±10 cm. The cross section view illustrates, in an exaggerated manner, the
effect of the magnetic field on the particle trajectories and average opening angle. A P2E3 coincidence event is shown.

FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-
point energy of 782keV. The proton and beta detectors
were periodically calibrated in situ with gamma and beta
sources respectively. Details of the apparatus are pre-
sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October
2002 through December 2003. Typical count rates were
3 s−1 and 100 s−1 for single proton and beta detectors,
respectively, while the coincidence rate for the entire ar-
ray was typically 25 s−1. Of the raw events, 12% were
eliminated by filtering on various operational parameters
(e.g. coil currents) and by requiring equal counting time
in each spin-flip state. A beta-energy software threshold
of 90 keV eliminated detection efficiency drifts due to
changes in PMT gain coupled with the hardware thresh-
old. This was the largest single cut, eliminating 14% of
the raw events. A requirement that a single beta be de-
tected in coincidence with each proton eliminated 7% of
events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into
two timing windows: a preprompt window from -12.3 µs
to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from
-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton
has an endpoint of 750 eV. On average it is delayed by
∼ 0.5 µs. The average signal-to-background ratio was
∼ 30/1. The energy-loss spectrum produced by mini-
mum ionizing particles in 300 µm of silicon is peaked at
approximately 100 keV and, being well separated from
the proton energy spectrum, yielded an estimated con-
tamination below 0.1%. The final data set consisted of
approximately 300 million accepted coincidence events.
A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The programPene-

lope [18], which has been tested against data in a variety
of circumstances of relevance to neutron decay [19], was
embedded within a custom tracking code. All surfaces
visible to decay particles were included. The Monte Carlo
was based on the measured beam distribution upstream
and downstream of the fiducial volume [15] and incorpo-
rated the magnetic field and electron energy threshold. A
separate Monte Carlo based on the package SIMION [20],
incorporating the detailed geometry of the proton cells,
was used to model the proton detection response func-
tion.
Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the
extent that this symmetry is broken, corrections must be
applied to the measured result. These corrections are
listed in Table I and are discussed below. To extract D,
coincident events were first combined into approximately
efficiency-independent asymmetries

wpiej =
N

piej
+ −N

piej
−

N
piej
+ +N

piej
−

, (2)

whereN
piej
+ is the integrated number of coincident events

in proton detector i = 1...64, beta detector j = 1...4,
with neutron spin + (−) aligned (anti-aligned) with the
guide field. For uniform polarization, P, the asymme-
tries, wpiej , can be written in terms of decay correlations
as
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We report the results of an improved determination of the triple correlation DP · (pe × pv) that
can be used to limit possible time-reversal invariance in the beta decay of polarized neutrons and
constrain extensions to the Standard Model. Our result is D = (−0.96 ± 1.89(stat) ± 1.01(sys)) ×
10−4. The corresponding phase between gA and gV is φAV = 180.013◦ ± 0.028◦ (68% confidence
level). This result represents the most sensitive measurement of D in nuclear beta decay.

PACS numbers: 24.80.1y, 11.30.Er, 12.15.Ji, 13.30.Ce

The existence of charge-parity (CP) symmetry viola-
tion in nature is particularly important in that it is nec-
essary to explain the preponderance of matter over an-
timatter in the universe [1]. Thus far, CP violation has
been observed only in the K and B meson systems [2–
4] and can be entirely accounted for by a phase in the
Cabbibo-Kobayashi-Maskawa matrix in the electroweak
Lagrangian. This phase is insufficient to account for the
known baryon asymmetry in the context of Big Bang
cosmology [5], so there is good reason to search for CP
violation in other systems. As CP and time-reversal (T)
violation can be related to each other through the CPT
theorem, experimental limits on electric dipole moments
and T-odd observables in nuclear beta decay place strict
constraints on some, but not all, possible sources of new
CP violation.
The decay probability distribution for neutron beta de-

cay, dW , can be written in terms of the beam polariza-
tion P and the momenta (energies) of the electron pe

(Ee) and antineutrino pν (Eν) as [6]

dW ∝ 1 + a
pe · pν

EeEν
+ b

me

Ee
+

P ·

(

A
pe

Ee
+B

pν

Eν
+D

pe × pν

EeEν

)

. (1)

A contribution of the parity-even triple correlation DP ·
(pe × pν) above the level of calculable final-state inter-
actions (FSI) implies T-violation. The PDG average of
recent measurements is D = (−4± 6)× 10−4 [7–9], while
the FSI for the neutron are ∼ 10−5 [10, 11]. Comple-
mentary limits can be set on other T-violating correla-
tions, and recently a limit on R has been published [12].
Various theoretical models that extend the SM, such as
left-right symmetric theories, leptoquarks, and certain
exotic fermions could give rise to observable effects that

are as large as the present experimental limits [13]. Cal-
culations performed within the Minimal Supersymmetric
Model, however, predict D ! 10−7 [14].

In the neutron rest frame, the triple correlation can be
expressed as DP · (pp × pe), where pp is the proton mo-
mentum. Thus one can extract D from the spin depen-
dence of proton-electron coincidences in the decay of cold
polarized neutrons. Our measurement was carried out
at the National Institute of Standards and Technology
Center for Neutron Research [15]. The detector, shown
schematically in Fig. 1, consisted of an octagonal array of
four electron-detection planes and four proton-detection
planes concentric with a longitudinally polarized beam.
The beam, with a neutron capture fluence rate at the
detector of 1.7 × 108 cm−2 s−1, was defined using a
series of 6LiF apertures and polarized to > 91% (95%
C.L.) by a double-sided bender-type supermirror [15]. A
560 µT guide field maintained the polarization direction
throughout the fiducial volume and a current-sheet spin-
flipper was used to reverse the neutron spin direction
every 10 s. The symmetric octagonal geometry was cho-
sen to maximize sensitivity to D while approximately
canceling systematic effects stemming from detector ef-
ficiency variations or coupling to the spin correlations A
and B [8, 16]. Each of the four proton segments consisted
of a 2×8 array of silicon surface-barrier detectors (SBDs)
with an active layer 300mm2× 300µm. Each SBD was
contained within an acceleration and focusing cell con-
sisting of a 94% transmitting grounded wire-mesh box
through which the recoil protons entered. Each SBD,
situated within a field-shaping cylindrical tube, was held
at a fixed voltage in the range −25kV to −32kV. The
sensitive regions of the beta detectors were plastic scin-
tillator measuring 50 cm by 8.4 cm by 0.64 cm thick, with
photomultiplier tube (PMT) readout at both ends. This

Taken from emiT paper  
arXiv: 1104.2778.



Semileptonic interaction and the 
electron EDM in paramagnetic systems 

• For semileptonic interactions in paramagnetic systems  
 

 
 
This interaction is suppressed at the tree level by either small Yukawa coupling of 
the SM 85 Higgs or by the mass of the heavy neutral scalars of the mLRSM 

3

(i) The QCD vacuum angle ✓̄ enters most strongly through ḡ
(0)
⇡ and d̄n. From Table I and the analysis of hadronic

matrix elements in Ref. [1], we conclude that |✓̄|  ✓̄max with 2 ⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6 ⇥ 10�6, where the bound

is dominated by the constraint on ḡ
(0)
⇡ and where the range is associated with the theoretical, hadronic physics

uncertainty. We observe that this limit is considerably weaker than would be obtained under the “single-source”
assumption.

(ii) The quantities de and CS are most naturally expressed in terms of (v/⇤)2, where v = 246 GeV is the weak scale;

the electron Yukawa coupling Ye; and a set of dimensionless Wilson coe�cients �e and C
(�)
eq . Since the electron

EDM is a dipole operator, it carries one power of Ye whereas the semileptonic interaction does not. For a given

value of the BSM scale ⇤, the results in Table I implies a constraint on C
(�)
eq that is roughly five hundred times

more stringent than the bound on �e. In the event that C
(�)
eq and �e arise at tree-level and one-loop orders,

respectively, the corresponding lower bound on ⇤ from CS is roughly a thousand times greater than the limit

extracted from de. Thus, for BSM scenarios that generate both a nonvanishing C
(�)
eq and �e, the impact of the

semileptonic CPV interaction on paramagnetic atom EDMs may be considerably more pronounced than that of
the electron EDM.

(iii) The bounds on ḡ
(1)
⇡ are roughly ten times weaker than quoted in earlier theoretical literature, owing in part to

use of a theoretically consistent computation of its contribution to the neutron EDM[15]. For some underlying
CPV sources, such as those generated in left-right symmetric models, the dependence of diamagnetic EDMs on

ḡ
(1)
⇡ may be relatively more important than the dependence on ḡ

(0)
⇡ due to an isospin-breaking suppression of

the latter. Consequently, one may expect more relaxed constraints on CPV parameters in left-right symmetric
extensions of the Standard Model (as well as scenarios that yield sizable isovector quark chromo-EDMs) than

previously realized, given these less stringent bounds on ḡ
(1)
⇡ .

In the remainder of this paper, we discuss in detail the analysis leading to these conclusions. In Section II, we
summarize the theoretical framework, drawing largely on the study in Ref. [1]. Section III summarizes the present
experimental situation and future prospects. We discuss the observables and their dependence on the six parameters
in Table I. In Section IIIA we present the details of our fitting procedure. We conclude with an outlook and discussion
of the implications in Section IV.

II. THEORETICAL FRAMEWORK

A. Low-energy parameters

The starting point for our analysis is the set of low-energy atomic and hadronic interactions most directly related
to the EDM measurements. We distinguish two classes of systems: paramagnetic systems, namely, those having an
unpaired electron spin, and diamagnetic systems, or those having no unpaired electron (including the neutron).

Paramagnetic systems:

The EDM response of paramagnetic atoms and polar molecules is dominated by the electron EDM and the nuclear
spin-independent (NSID) electron-nucleon interaction. The EDM interaction for an elementary fermion is

L
EDM = �i

X

f

df

2
f̄�

µ⌫
�5f Fµ⌫ , (II.1)

where Fµ⌫ is the electromagnetic field strength. In the non-relativistic limit, Eq. (II.1) contains the TVPV interaction

with the electric field ~E,

L
EDM

!

X

f

df �
†
f~��f · ~E , (II.2)

where �f is the Pauli spinor for fermion f and ~� is the vector of Pauli matrices. The NSID interaction has the form

L
NSID
eN = �

GF
p
2
ēi�5e N̄

h
C

(0)
S + C

(1)
S ⌧3

i
N (II.3)
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