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Chapter 3

T violation in radiative β decay and
electric dipole moments

In radiative β decay, T violation can be studied through a spin-independent T-odd cor-
relation. We consider contributions to this correlation by beyond the standard model
(BSM) sources of T-violation, arising above the electroweak scale. At the same time
such sources, parametrized by dimension-6 operators, can induce electric dipole moments
(EDMs). As a consequence, the manifestations of the T-odd BSM physics in radiative
β decay and EDMs are not independent. Here we exploit this connection to show that
current EDM bounds already strongly constrain the spin-independent T-odd correlation
in radiative β decay.

3.1 Introduction
The Standard Model of particle physics (SM) cannot account for the baryon asymmetry of
the universe [121, 189, 190, 191], and additional sources of CP violation might be expected
to arise beyond the SM (BSM). Searches for additional time-reversal (T) violation, and
equivalently CP violation, are, therefore, promising probes of BSM physics. Especially
interesting are observables with a very low SM background, such as the electric dipole
moments (EDMs) of hadrons, nuclei, atoms, and molecules.

In β decay, T violation is probed by the triple-correlation coefficients D and R [132].
However, these observables are not independent from EDM measurements [131, 148, 149,
192]. In fact, the stringent neutron EDM limit bounds D more than an order of magnitude
better [148] than current β-decay experiments [134, 135]. Molecular and atomic EDMs
constrain scalar and tensor electron-nucleon couplings [151, 153, 154, 165], which leads to
strong constraints on the R coefficient [149, 192]. These constraints are several orders of
magnitude better than the current best β-decay bounds [138, 193] (Sec. 2.5).

In radiative decays it is possible to study spin-independent T-odd triple-correlations
[144, 145, 146], which are not present in β decay. In this chapter, we consider such a
correlation in radiative β decay generated by high-energy BSM sources of CP violation.
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68 T VIOLATION IN RADIATIVE β DECAY AND ELECTRIC DIPOLE MOMENTS

As in β decay, we find that this T-odd correlation and EDMs are connected, which allows
EDM bounds to strongly constrain the spin-independent T-odd correlation.

We work in an effective field theory (EFT) framework in which dimension-6 operators
parametrize the new sources of CP violation. We first discuss these operators. Then we
consider their contributions to radiative β decay in section 3.3, while discussing the con-
tribution of these operators to the EDM in section 3.4. Finally, we give the current EDM
bounds on these operators while assuming only one coupling is nonzero at a time. We then
briefly discuss the constraints that arise when turning on two couplings simultaneously
and end with a brief discussion.

3.2 Formalism
We consider the effects of new T-violating physics on the correlation Kp⃗ν · (p⃗e × k⃗), where
k⃗ is the photon momentum, and neglect the small T-violating SM contributions generated
by the CP -odd phase of the CKM matrix and the QCD θ-term [41]. Besides these true
SM T-odd sources, there are also electromagnetic final-state interactions (FSI) that mimic
T-violation and that also contribute to the triple-correlation (similar FSI contribute to D
and R). These FSI have been studied for the neutron, 19Ne, and 35Ar [145, 146, 194], and
contribute to the T-odd asymmetry at O(10−3) − O(10−5), depending on the detectable
photon energy and the used isotope.

The effects of new T-violating physics, arising at a high scale Λ, can be studied in
an EFT framework. At low energies, the new physics is effectively described by higher-
dimensional operators. We consider dimension-six operators, for which the complete set
of gauge-invariant operators has been derived in Refs. [7, 195]. We divide the operators
relevant for radiative β decay into two groups.

(i) The first group consists of four-fermion operators that also contribute to β decay
[7, 8, 22]. The relevant part of the effective β-decay Lagrangian is [24]

L(eff)
S,P,T = −4GF√

2
∑

ϵ,δ=L,R

{
Aϵδ ēν

ϵ
e · ūdδ + αϵ ē

σµν

√
2
νϵ

e · ūσµν√
2
dϵ

}
+ h.c., (3.1)

where we have set Vud = 1 for convenience. GF is the Fermi coupling constant and we
sum over the chirality (L, R) of the final states. These four-fermion operators modify the
V −A coupling of the SM, by generating scalar/pseudoscalar (A) and tensor (α) couplings
[23, 40]. Besides contributing to β decay, the operators in Eq. (3.1) also contribute to
radiative β decay after being dressed with bremsstrahlung photons [144, 146].

(ii) The second group of T-violating operators is given in Table 3.11. At the scale of
new physics, Λ, the relevant terms for radiative β decay, are

L6 = CφW̃ B(Λ)gcwv
2

2
iεµναβW+

µ W
−
ν Fαβ + Cφud(Λ) v

2g

2
√

2
ūRγ

µdRW
+
µ

+2vCuW (Λ) (d̄Lσ
µν

↔
DνuR)W−

µ + 2vCdW (Λ) (ūLσ
µν

↔
DνdR)W+

µ

+h.c. + . . . , (3.2)
1In principle, the operator QeW = (l̄σµνe)τ IφW I

µν also contributes to radiative β decay, however, it
does not contribute to K at leading recoil order.
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Qφud i(φ̃†Dµφ)(ūγµd)

QφW̃ B φ†τ IφW̃ I
µνB

µν

QuW (q̄σµντ Iφ̃ u)W I
µν

QdW (q̄σµντ Iφd)W I
µν

Table 3.1: Dimension-six operators that contribute to T-violating radiative β decay. Here τ I are the
Pauli matrices, φ is the Higgs doublet and φ̃ = iτ2φ∗. Furthermore, Dµ = ∂µ − i g

2 τ IW I
µ − i g′

2 Bµ is
the covariant derivative of the Higgs doublet, while W I

µν = ∂µW I
ν − ∂νW I

µ + gεIJKW J
µ W K

ν and Bµν =
∂µBν − ∂νBµ are the field strengths of the SU(2) and U(1)Y gauge fields respectively. Finally, the duals
of the field strengths are X̃µν = εµναβXαβ , where ε0123 = +1.

where v ≈ 246 GeV is the vacuum expectation value of the Higgs field ⟨φ⟩ = 1√
2v, the

photon field is denoted by Aµ and sw = sin θw is the sine of the Weinberg angle (cw =
cos θw). The covariant derivative Dµ = ∂µ − iswgqfAν , where qf is the charge of the
fermion. CX is the coupling constant associated with the operator QX defined in Table 3.1.

Fig. 3.1 shows how these operators contribute to radiative β decay. At low energies,
µ ≈ 1 GeV, after integrating out the W± boson, we obtain

Leff
6 = −8icw

gv2 Vud ReCφW̃ B(Λ) εµναβ(ūLγµdL)(ēLγννL)Fαβ

+ 1
M2

W

Cφud(Λ)(ūRγµdR)Γµν(ēLγννL)

−8isw√
2v
ηqWC

∗
W u(Λ) (ūRσ

µνdL)(ēLγµνL)Aν

−8isw√
2v
ηqWCW d(Λ) (ūLσ

µνdR)(ēLγµνL)Aν + h.c. + . . . , (3.3)

where Γµν = gµνD2 −DνDµ − igswF
µν , whose leading contribution to K arises from Fig.

3.1a. Furthermore, ηqW =
(

αs(Λ)
αs(mt)

)4/21(αs(mt)
αs(mb)

)4/23(αs(mb)
αs(mc)

)4/25(αs(mc)
αs(µ)

)4/27
is a running

factor (numerically, ηqW = 0.39 (0.33) for Λ = 1 (10) TeV), arising from the QCD renor-
malization of the QqW operators [196, 197]. The dots represent terms which are necessary
to maintain gauge invariance, but that do not contribute to K at leading recoil order.

The first term in Eq. (3.3) is similar to the interaction studied in Eq. (2) of Ref. [146].
Although we find that such a term is not T-violating when it arises from a pseudo-Chern-
Simons term (i.e. Eq. (1) in Ref. [146]), it is clear that it can be generated by BSM physics
such as QφW̃ B.

3.3 T-violating radiative β decay
The new sources of T violation contribute to the radiative β decay rate

dΓ = 32e2G2
FMnMpdΓ0

[
Kp⃗ν · (p⃗e × k⃗) + · · ·

]
, (3.4)
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Figure 3.1: The relevant T-violating effective interactions for radiative β decay. The box
indicates one of the BSM interactions of Table 3.1, the dot indicates the SM coupling of
two W bosons and a photon.

where Mn,p are the neutron and proton masses and dΓ0 contains the integral over the
phase space. The dots represent higher-order recoil terms as well as T-even terms that
are present in the SM [198]. The K coefficient can be inferred from the asymmetry
[145, 146]

A = Γ+ − Γ−

Γ+ + Γ− , (3.5)

where Γ+ corresponds to the ϕν range [0, π] and Γ− to the ϕν range [π, 2π] if p⃗e is in the
ẑ direction, such that k⃗ and p⃗e fix the ẑ − x̂ plane [145, 146]. The asymmetry depends
on the Q-value of the interaction and on the threshold energy of the photon detector
ωmin, typically in the range of MeV. The asymmetry grows with increasing ωmin, following
Ref. [146] we evaluate the integrals at ωmin = 0.3MeV. We discuss the form of K and the
contribution to A for the two groups of operators.

(i) The first group contributes to radiative β decay after being dressed with
bremsstrahlung photons [146]. For neutron decay,

K = 2 1
Mp

1
k · pe

Im
[
gTαL(g∗

SA
∗
L + g∗

PA
′∗
L) − gTαR(g∗

SA
∗
R + g∗

PA
′∗
R)
]
, (3.6)

where AL ≡ ALL + ALR, AR ≡ ARR + ARL, A′
L ≡ ALL − ALR and A′

R ≡ ARR − ARL.
The couplings gΛ are defined by ⟨p|ūΓd|n⟩ = gΓp̄Γn, with Γ = 1, γ5, γµ, γµγ5, σ

µν . For
ωmin = 0.3 MeV, the asymmetry is

A = 2.1 × 10−5Im
[
gTαL(g∗

SA
∗
L + g∗

PA
′∗
L) − gTαR(g∗

SA
∗
R + g∗

PA
′∗
R)
]
, (3.7)

which is in part small due to the nucleon mass suppression in Eq. (3.6). The asymme-
try only contains quadratic couplings, which also appear in the R correlation [40]. The
current best β decay bounds are Im gTαL < 3 × 10−3 (90% C. L.) from the pure Gamow-
Teller decay of 8Li [138]. Combining this constraint with the bound on R from neutron
decay [193] gives Im gSAL < 6 × 10−2 (90% C. L.). Given these experimental constraints,
improving these bounds in radiative β decay would require a measurement of the asym-
metry in Eq. (3.7) to better than 10−9. Besides that, the EDM bound on molecular ThO
[154] and the EDM bound on 199Hg [151] also limit the R coefficient [149, 192] and thus
the couplings in Eq. (3.7). Conservative bounds are Im AL < 10−5 and Im αL < 10−6

(90% C. L.) [149, 192]. A similar conclusion was drawn in Ref. [146].
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Figure 3.2: One-loop contributions of QφW̃ B to the quark and electron EDMs.

(ii) At leading order, the interactions in Eq. (3.3) give

K = −16cw

eg

Ee

k · pe

(g2
A + g2

V )Re CφW̃ B − 8sw
1

k · pe

√
2MW

eg
gAgTηqW Im(C∗

W d + CW u)

+sw

eg
ImCφud

(
8 Ee

k · pe

(g2
A − g2

V ) + 4 1
ω

(g2
A + g2

V )
)
. (3.8)

For ωmin = 0.3 MeV, the asymmetry for neutron radiative β decay is

A = −2 × 10−11 Re C ′
φW̃ B + 2 × 10−7 Im(C ′∗

W d + C ′
W u)

+4 × 10−12 ImC ′
φud , (3.9)

in terms of the couplings at Λ = 1 TeV. We used gA = 1.27, s2
w = 0.23, g = 0.64, gT ∼ 1

and MW = 80.4 GeV. For clarity we have redefined C ′ ≡ v2C, such that the couplings
C ′ are dimensionless. Clearly, the contribution of these operators to the asymmetry is
rather small. However, the sensitivity of the asymmetry to the T-odd BSM sources can be
improved by choosing isotopes with larger Q-values. For 37K [199], we find, for example,
that it is 20 times more sensitive than neutron decay. In the next section we discuss the
stringent limit from EDMs on these couplings.

3.4 Constraints from EDMs
The second class of operators also contribute to the neutron EDM (nEDM) and electron
(eEDM). At the scale MW , these operators induce

LEDM = − i

2
∑

f=u,d,e

dfeQfmf ψ̄fσ
µνγ5ψfFµν − i Im Ξ1

[
ūRγ

µdR d̄LγµuL − d̄Rγ
µuR ūLγµdL

]
−i Im Ξ8

[
ūRγ

µtadR d̄Lγµt
auL − d̄Rγ

µtauR ūLγµt
adL

]
, (3.10)

where du,d represent the up- and down-quark EDM, de is the electron EDM (dexp
e ≡ emede),

and Ξ1,8 are CP-odd four quark operators. The contributions from Cφud, CφW̃ B, and CqW

to the couplings in Eq. (3.10) are listed in Table 3.2.

Qφud

Table 3.2 shows that, at leading order Cφud, only contributes to Ξ1. This interaction is
generated after integrating out the W± boson through a tree-level diagram. The relevant
interaction is similar to Fig. 3.1b without the photon, and where the W± should now
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Cφud(Λ) 1
gg′ ReCφW̃ B(Λ = 1 (10) TeV)

√
2vsw

emqQq
ImCqW (Λ = 1 (10) TeV)

du(MW ) − −6.2 (−11) × 10−2 −0.80 (−0.69)

dd(MW ) − −11 (−19) × 10−2 0.80 (0.69)

de(MW ) − −5.3 (−10) × 10−2 −

Ξ1(MW ) 1 − −

Ξ8(MW ) − − −

Table 3.2: The couplings in Eq. (3.10) at the scale MW in terms of the BSM couplings Cφud, CφW̃ B ,
and CqW at the scale Λ = 1 (10) TeV. The row headings are given by the column headings multiplied by
the corresponding table entry, a dash indicates there is no contribution at leading order in perturbation
theory. For more details, see Ref. [155].

be coupled to quarks instead of leptons [148]. As Qφud does not evolve under QCD
renormalization, the relation in Table 3.2 is independent of Λ.

QφW̃ B

In contrast, QφW̃ B does not contribute to the interactions in Eq. (3.10) at the tree-
level, but it induces quark EDMs at the one-loop-level. This operator also contains
Higgs − γγ and Higgs −Zγ interactions. These interactions and the WWγ interaction in
Eq. (3.2) contribute to the quark EDMs through the diagrams in Fig. 3.2 [155, 200]. As
a consequence, the operator QφW̃ B mixes with the quark EDMs when it is evolved from
the scale of new physics, Λ, down to MW . The electron EDM (eEDM) is induced through
the same mechanism. The results in Table 3.2 take into account both the mixing between
CφW̃ B and dq, and the running of dq

2 [196, 197].

QuW and QdW

Finally, the QqW operators contribute to du,d directly, and we have,

du(Λ) = −
√

2vsw

eQumu

ImCuW (Λ), dd(Λ) =
√

2vsw

eQdmd

ImCdW (Λ). (3.11)

After taking into account the running of the quark EDMs, we obtain the results in Table
3.2.

The induced interactions at the scale MW have to be evolved to the low energies where
EDM experiments take place. The renormalization group equations (RGEs) for the quark
EDMs and the four-quark operators give [155, 157, 196, 197, 201]

dq(MQCD) = 0.48 dq(MW ),
Im Ξ1(MQCD) = 1.1 Ξ(MW ), Im Ξ8(MQCD) = 1.4 Ξ(MW ), (3.12)

where MQCD ≈ 1 GeV is the QCD scale, while the eEDM does not evolve under one-loop
QCD renormalization.

2Like Qφud, the operator QφW̃ B does not evolve under one-loop QCD renormalization.
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nEDM Im C ′
φud(Λ) Re C ′

φW̃ B
(Λ) Im C ′

dW (Λ) Im C ′
uW (Λ)

Λ = 1 TeV 1.0 × 10−5 1.8 × 10−4 2.9 × 10−10 9.7 × 10−10

Λ = 10 TeV 1.0 × 10−5 1.0 × 10−4 3.0 × 10−10 1.0 × 10−9

eEDM Re C ′
φW̃ B

(Λ)

Λ = 1 TeV 2.3 × 10−6

Λ = 10 TeV 1.2 × 10−6

Table 3.3: 90% C.L. bounds on the couplings of the dimension-six operators in Table 3.1 (C ′
i ≡ v2Ci)

due to the limits on the neutron and electron EDM. The constraints are shown for two values of the scale
of new physics, Λ = 1, 10 TeV. To obtain these results we employed the central values in Eq. (3.13), and
assumed one coupling to be dominant at the scale of new physics. Only QφW̃ B gives rise to a significant
eEDM.

3.4.1 Constraints on single couplings
We first discuss the bounds on the couplings in Table 3.2, while assuming only one nonzero
coupling at a time. To calculate the nEDM in terms of dq and Ξ1,8 we use the following
lattice-QCD [202, 203] and naive dimensional analysis [204, 205] (NDA) results, respec-
tively,

ddq
n = −0.22(3)du(MQCD) + 0.74(7)dd(MQCD) ,

dΞ
n = O

(
eMQCD

(4π)2

)
Im Ξ1,8(MQCD). (3.13)

The results for ddq
n is in agreement with QCD sum-rule results [206, 125], while the estimate

of dΞ
n agrees with the results of Refs. [92, 129, 156]. Combining Table 3.2, Eq. (3.12), and

the central values in Eq. (3.13) with the upper limit on the nEDM, |dn| ≤ 2.9×10−26e cm
[150], and the upper limit on eEDM from ThO, |dexp

e | ≤ 8.7 × 10−29e cm [154], we finally
obtain the bounds shown in Table 3.3.

3.4.2 Two-coupling analysis
In a specific BSM scenario one might expect several dimension-six operators to be gen-
erated at the same time. To investigate the possibility of cancellations between these
couplings we perform a two-coupling analysis. Because the contributions to hadronic
EDMs, especially of Ξ1,8, have significant uncertainties, we use conservative values for the
relevant matrix elements.

We first consider the interplay between CuW and CdW . To constrain these couplings
simultaneously, both the bounds on the nEDM and on the Hg EDM are needed. The
dominant contribution to EDM of diamagnetic atoms, such as 199Hg, arises from the
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Figure 3.3: Exclusion plots of the two-coupling analysis. The dotted line gives the bound
on the radiative β-decay asymmetry defined in Eq. (3.5).

Schiff moment S [207]. For the Hg EDM, we have [208]

dHg = A
[
1.9(1)dn + 0.20(6)dp

]
fm2 ,

dp = 0.74(7)du(MQCD) − 0.22(3)dd(MQCD) . (3.14)

where the range of the atomic screening is A = −2.8(6) × 10−4fm−2 [209]. In principle
the Hg EDM also depends on the isoscalar and isovector pion-nucleon couplings ḡ0,1,
however, these are not generated by the CuW,dW couplings. Using the smallest allowed
absolute values of the matrix elements, and |dHg| < 2.6 × 10−29 (90% C.L.) [151] we then
obtain Fig. 3.3a.

The second case we consider is that mainly CφW B and Cφud are generated. For the
calculation of the nEDM in terms of du,d we again use Eq. (3.13) with the smallest allowed
absolute values for the matrix elements. For the contribution of Ξ1,8 we use the NDA es-
timate in Eq. (3.13), and conservatively (and somewhat arbitrarily) assign an uncertainty
of a factor of 10 to it. The Hg EDM also depends Ξ1,8 via the isovector pion-nucleon
coupling, ḡ1, which is generated by Cφud. However, there is a large (NDA) uncertainty
related to the size of the generated ḡ1, as well as a large (nuclear) uncertainty related to
the contribution of ḡ1 to dHg [209]. Therefore, in this case, the best constraints come from
dn and de. These constraints are shown in Fig. 3.3b.

3.5 Conclusion
Radiative β decay offers the possibility to study a spin-independent T-violating triple-
correlation coefficient K. We have considered T-violating new physics arising above the
electroweak scale that contributes to this correlation. The leading effects of the new
sources of T violation can then be described in terms of dimension-six operators in an
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EFT framework. We show that the dimension-six operators that contribute to K also
contribute to the spin-dependent EDMs. The EDM limits therefore stringently constrain
these operators. In fact, comparing the EDM bounds in Table 3.2 to Eq. (3.9), we find
that improving the EDM bounds would require a measurement of the neutron asymmetry
better than 10−16. This accuracy cannot be reached in present experiments. In deriving
these constraints we have assumed that only one coupling at a time contributes. In prin-
ciple, therefore, the bounds can be weakened in specific models by arranging cancellations
in the EDMs between different contributions. To investigate this possibility we also per-
formed a two-coupling analysis, taking the uncertainties related to the neutron and Hg
EDMs into account. Figure 3.3 shows the constraints on the radiative β-decay asymmetry
resulting from this analysis. Improving these constraints still requires a measurement of
this asymmetry better than 10−15. Therefore, significantly weakening or evading these
constraints requires more complicated cancellations than those possible in the scenarios
considered in Figure 3.3, which would imply large amounts of fine-tuning. We only con-
sider new physics above the electroweak scale, such that in general our bounds do not
apply for models involving new light degrees of freedom. In conclusion, barring very
finely tuned scenarios of BSM physics, the T-odd correlation K is not “EDM safe” when
considering CP-violating dimension-6 operators arising above the electroweak scale.
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