Physics Letters B 732 (2014) 241-243

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

The electroweak vacuum angle

Pavel Fileviez Pérez, Hiren H. Patel *

@ CrossMark

Particle and Astro-Particle Physics Division, Max-Planck Institute for Nuclear Physics (MPIK), Saupfercheckweg 1, 69117 Heidelberg, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 9 March 2014

Received in revised form 29 March 2014
Accepted 31 March 2014

Available online 4 April 2014

Editor: M. Cvetic

We reveal a new source of CP-violation in the electroweak sector that is free of any experimental bounds,
and we highlight the possible implications for baryogenesis.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

Presence of CP-violating interactions is crucial to explain the
observed baryon asymmetry of the universe [1]. The standard
model features just two independent sources of CP violation: one
as a phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2,3],
and the other in the form of the QCD vacuum angle, 0gcp [4]. In
this letter, we address the possible existence of a new source of
CP violation in the electroweak sector in direct analogy with that
of the strong sector, which we call the electroweak vacuum angle
OEw.

We demonstrate that in the standard model, the weak vacuum
angle can be removed via the Adler-Bell-Jackiw (AB]) anomaly
[5,6] thereby establishing that it has no physical consequences.
We subsequently show that the necessary condition which renders
Oew physical is the presence of simultaneous explicit violations of
baryon and lepton conservation in the combination B + L. This is
in contrast with a previous study in Refs. [7,8], where it was indi-
cated that only explicit baryon number violation is sufficient.

At energies and intensities accessible to modern laboratories,
the CP violating effect of 6gw which proceeds via the electroweak
instanton is severely suppressed, and offers no hope of measuring
the parameter. However, at the high temperatures present in the
early universe, sphaleron rates are significantly enhanced, and the
electroweak vacuum angle may provide a potentially large source
of CP violation for baryogenesis. Recently [9], the possibility that
an axion associated with fgw might account for the cosmological
constant was explored.

Before discussing the nature of the weak vacuum angle, we
briefly review the situation concerning the QCD vacuum angle in
the strong sector. As is well-known the CP-violating term in the
QCD Lagrangian
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is a total divergence. Despite that, the term does not vanish on
account of the existence of Yang-Mills instanton field configura-
tions [10-12]. But, the ABJ anomaly in the singlet axial current
may be invoked to remove 6gcp by a corresponding axial rotation
qi — e~@¥s5q; with the Lagrangian changing as
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However, with non-zero quark masses the axial symmetry is ex-
plicitly broken. Thus, one accomplishes only in transferring 6gcp
from the topological term in Eq. (1) into the quark mass matrix,
as indicated by the second term in Eq. (2). Clearly, to eliminate
fqcp one must search for a current whose divergence contains just
the anomaly with no other contributions; and then, make the cor-
responding field transformation. But, because there are no such
currents in QCD, it is impossible to eliminate Ogcp.

In the electroweak sector of the standard model the often-
neglected topological term
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analogous to Eq. (1) may be included. While the Higgs condensate
modifies the EW instanton tunneling rate [13], the basic structure
of topological vacua in the SU(2) sector remains unaltered [14].
As in QCD, Ogw can be similarly adjusted if there are currents
sensitive to the anomaly in weak isospin. In the standard model,
there are the well-known baryon and lepton currents. Because
these are classically conserved, under the corresponding vector
U(1) transformations

LEw = —
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the only change in the Lagrangian arises from the anomaly’

1 For clarity, the contribution to the anomaly from the hypercharge gauge fields
is omitted.
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amounting to a shift in the electroweak angle

Oew — Ogw + 1y (ag + o). (6)

Therefore, in the renormalizable standard model, any combination
of transformation parameters satisfying o + o = —6gw/ny can be
chosen to remove the topological term from the Lagrangian.

We now discuss the effect of explicit baryon and lepton number
violation. For concreteness, we shall treat the standard model as
an effective field theory, and investigate the effect of adding the
following operators to the Lagrangian
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Written schematically, the first operator is responsible for Majo-
rana neutrino masses and violates total lepton number; the second
operator mediates proton decay and violates baryon and lepton
numbers. This time, the four-divergence of the baryonic and lep-
tonic currents acquire additional terms. The variation of the La-
grangian under the transformation given in Eq. (4) is
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This time, any choice for ap or «; would induce a phase in the
couplings of the B and L-violating interactions, as indicated by the
additional terms in Eq. (8). Because there are no other currents
in the standard model whose divergence contains just the SU(2)
anomaly, it is impossible to remove 6w, paralleling the situation
in QCD.

We emphasize that explicit non-conservation in only one of ei-
ther baryon or lepton number is insufficient to render 6gyw physical
because of the additional parameter of transformation offered by
the other current which is still conserved. Therefore, only in the
case of simultaneous explicit violation of both baryon and lepton
number, in the combination B + L, would 6w become a physical
phase. This is in contrast with the results of Refs. [7,8] where they
indicate baryon number violation is sufficient.

Here we illustrate how Ogw enters into physical processes fo-
cusing, for simplicity, on the presence of one B + L violating oper-
ator

A
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Because of the large power suppression in Ap. accompanying this
operator, bounds on its presence is weak. We may therefore con-
sistently consider App ~ TeV. Such a large suppression may be
worrisome if we hope to see any effects of 6gw. However, it should
become clear by the following discussion that, for experiments at
the intensity frontier (searches for electric dipole moments) and at
the energy frontier (collider searches), an even bigger suppression
renders this concern moot.

This large power suppression may be alleviated by considering
the lower-dimension operator

Cijkl i j
(AéL)Z ubuhdiel (10)

derived from the GUT theory described in Ref. [15]. The underly-
ing group theoretic structure in the Yukawa coupling implies the

coupling cjjy must be antisymmetric under the generation indices
i <> j, and consequently does not mediate proton decay. Therefore
the scale A} may be as low as ~ TeV.

CP-violating effects of the electroweak vacuum angle would ap-
pear in physical observables only through an interference of the
non-perturbative instanton process with the perturbative operator
in Eq. (9) or (10). Achieving interference with Eq. (10), however,
would require numerous chirality-flipping Higgs insertions, leading
to additional suppression by powers of Yukawa couplings.

An illustrative example of the interference at work is the CP-
conjugated pair of instanton-mediated B + L-violating processes at
a hadron collider

I g+q—30+7]
II: q+q—3¢+7q. (11)
The amplitudes for these processes take the approximate form
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The first term is the perturbative contribution, and the second
term is the instanton mediated non-perturbative contribution con-
taining dependence of the electroweak vacuum angle. Interference
among these two terms generates an asymmetry between the two
processes in Eq. (11) characterized by the asymmetry parameter

Acp oc Im(re®w). (14)

It is important to observe the basis independence of the asymme-
try parameter: a vector transformation as in Eq. (4) shifts Ogw into
the explicit B + L-violating coupling A so that it acquires a com-
plex phase. The value of the asymmetry parameter Acp, now the
imaginary part of A, remains unchanged.

Unfortunately, any CP-violating effects derived from 6Ogw are
expected to be normalized by the enormous semi-classical sup-
pression factor e~87°/&" ~ 10160 together with powers of inverse-
cutoff scale Ap;. Atomic and nuclear electric dipole moments are
also suppressed in the same way. Thus, the prospects for observ-
ing effects of Ogw in laboratory settings is bleak.”? However, this
also implies the existence of a new source of CP-violation with no
phenomenological constraints.

This new source of CP-violation may play a significant role in
early universe cosmology in connection to baryogenesis. Follow-
ing the above discussion we can say that there are two relevant
scales: the electroweak scale Tgw ~ 100 GeV and the scale of B
and L violation App ~ TeV. The exponential suppression disappears
at temperatures above Tgw, and above Ag; CP-violating reactions
should proceed rapidly. We expect the rate law for baryon number
density np to be modified as follows:

0 4 3Hny = —k(Tons + [T, Aco). (15)
where H is the Hubble constant, k(T) is the CP-symmetric rate
constant for B violation, and f(T, Acp) is the effective CP-violating
rate whose detailed form depends on the underlying UV-complete
theory. This avenue for baryogenesis appears to be promising, but
certainly requires a detailed investigation.

2 We point out, however, that by considering a more inclusive reaction involving
the production of W and Higgs bosons, the exponent is corrected by the so-called
‘holy grail function,” and may mitigate the suppression. See Section XIII B in [4] and
references therein for further details.
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We conclude this letter with a brief summary. We have pointed
out a potentially new source of CP-violation in the electroweak
sector, and determined the conditions on the underlying La-
grangian that renders it physical. We have provided an illustrative
example of how it affects physical processes. Finally, we high-
lighted its role in early universe cosmology.
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