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CP Violation at Low and High Energies*!
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CP violation has yet to become a comfortable part of our understanding of the interaction
of the elementary particles, in the way that P violation has. In part this may be because we
do not yet have enough experimental information on C'P violation to constrain the interaction
phenomenologically, and still have too many viable models available. I will describe several ways
of using low and high energy physics to constrain the interaction responsible for C'P violation.

PACS Indices: 11.30.Er (Charge conjugation, parity, time reversal, and other discrete symmetries);
13.40.Em (Electric and magnetic moments); 12.60.Fr (Extensions of electroweak Higgs sector).

1 Prologue

I have decided to reprint in this issue of the Uni-
verse in commemoration of the life Ernest Henley
my paper on the occasion of his 70th birthday.
But I want to preface it with some more mem-
ories of Ernest. As a graduate student I found
his 1962 book with Walter Thirring Elementary
Quantum Field Theory to be a wonderful help in
my efforts to learn that subject, and its chapter
on the lee model, a rare exactly solvable renor-
malisable field theory was so instructive it still
has a place in my fading memories. His books
on Subatomic Physics and Nuclear and Particle
Physics were books I suggested as further read-
ing when I was teaching those subjects.

Ernest and I had overlapping interests in the
physics of parity violation in nuclei and in CP vi-
olation. He was Dean of the College of Arts and
Sciences at the University of Washington from
1979 to 1987. A little later I was Dean of Sci-
ence at Melbourne and I found him to be a very
useful source of advice at that time.

I learned a lot of physics and a lot of insight
into the organisation of Science for Ernest. That
was a great privilege. In recognition of his con-
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tribution to my physics and my career, I dedicate
this republication of my paper on C'P Violation
at Low and High Energies to his memory.

2 Introduction

It is a pleasure and a privilege to contribute to
this First Symposium on Symmetries in Sub-
atomic physics in honour of Professor Ernest
Henley’s 70th Birthday, because this subject has
seen many important contributions from Ernest
over his long career as a physicist. All of us who
work in this field have been greatly influenced by
him.

In this paper I will emphasise the recent con-
tributions of the Melbourne Group to the study
of C'P vioaltion. The other group members are
Dr. Xiao-Gang He, Dr. Jiang-Pen Ma, and
Mr. Arthur Sakellariou. I am glad to acknowl-
edge their vital contributions to our collabora-
tive work.

By the CPT theorem, C'P violation implies T'
violation. That nature is not symmetric under
time reversal came as quite a surprise. Perhaps
the best way to gauge that surprise is by looking
at the feelings of physicists before the years 1956-
1964, which are nicely summarised by a remark
by Eddington in 1929:

The Laws of Nature are indifferent as to the

direction of time. There is no more distinc-

tion between past and future than between
left and right.
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As we learned more about weak interactions, we
realised that nature did indeed make a distinc-
tion between left and right, and between past
and future [1, 2, 3, 4]. However, while the vio-
lation of parity invariance was rapidly incorpo-
rated into the mainstream picture of weak inter-
actions, and now is an integral part of the stan-
dard model, T' (or CP) violation has remained
on the edge of our understanding.

The standard model does incorporate C'P vi-
olation through the intrinsic phase in the KM
matrix [5], which is intimately linked to the ex-
istence of 3 generations. The C'P violating phase
is then just another parameter of the standard
model, and is thus no more calculable than, say,
the top quark mass. Were this to be the case our
understanding of C'P violation at a fundamental
level will be delayed until we discover the theory
to which the standard model is the low energy
effective field theory approximation.

On the other hand it is entirely possible that
the origin of C'P violation is in some non-
standard physics — many possible explanations
have been proposed, including

e Left-Right models
e Multi-Higgs models
e Supersymmetry

In any discussion of C'P violation in flavour-
conserving processes, we must remain alert to
the possibility that C'P violation will occur in
the strong interactions through the so-called 6
term in the QCD lagrangian,

Lo= —Hg—;GWaGWa. (1)

This term is manifestly flavour conserving, and

so ca.nnot contribute to C'P violation in the

KYKD0 system, but it can contribute to the elec-

tric dipole moment of the neutron, and other
AF =0 CP violating effects.

In the K°KO system, the C'P violating decays

K — 7fn7, and

K% Y

have been observed with the amplitudes n*~ and
n% respectively, relative to the corresponding
CP allowed Kg decay amplitude. Experimen-
tally both T~ and n° are of order of magni-

tude 1073, and the difference between them is

zero at the few tenths of a percent level. The-
oreticians prefer to describe these amplitudes in
terms of two other complex numbers, € and €.
The amplitude € measures the C'P violating mix-
ing between K° and K°, a AS = 2, or superweak
process, while ¢ measures the “direct” C'P vio-
lation in the amplitude for K9 — 2. (K3 is the
C P-0dd eigenstate of the KOK0 system.)
The relationship between the amplitudes is
ntT = e+

0 = e—2¢. (2)

The present experimental measurements are [6],

NA31
E731

(23 £6.5) x 1074,

(7.446.0) x 1074, - )

Re(€'/e) = {
While the result of NA31 indicates a non-zero
€’ /e, the value of E731 is compatible with zero.
Nevertheless the results are mutually consistent
at 20 level, and the mean result is expressible as

(4)

While the Kaon system is the only system in
which C'P violation has been observed, it is still
possible to obtain useful information about some
of the possible interactions from it, as we will
see in the next section. However the real op-
portunity for understanding C'P violation is in
the possibility that we can make observations on
other systems, and so develop a phenomenology
of the C'P violating intera.ction. Much work has
been done on what can be found out from the
B-meson system, and that is reviewed in other
papers presented to this Symposium.

Re(¢'/e) < 3 x 1073 at 95% C.L.

I will review our recent work on

(1) The contribution of anomalous triple boson
couplings to €' /e.

(2) Information available from limits on the
electric dipole moments of the neutron and

of atoms.
(3) Tests of C'P violation with a photon collider.

3 Anomalous Triple Boson

Couplings and €' /e
It is well known that the penguin diagram con-

tributes to the direct C'P violating amplitude €.
The original estimates were that €/e ~ 1072,
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but the inclusion of the electroweak penguim dia-
grams and a more sophisticated calculation [7, 8]
reduced the prediction to €'/e ~ 1073 to 1074
The value of € /¢ is a sensitive function of the top
quark mass and has a zero at m; = 220 GeV.

What does not seem to have been widely ap-
preciated is that the value of € /e is not just
a probe of CP violating physics in the stan-
dard model and beyond, but it also probes other,
non-CP-violating, physics. Examples of this are
the anomalous couplings of three vector bosons,
which can be induced by radiative corrections in
the sta.ndard model and in other models, and
which can significantly alter the value of € /e
from the standard model value [9].

The most general WW'V interactions with the
W boson on shell, invariant under U(1)ey,, can
be parametrized as [10]

Ly —igy [V W IW, v

)\V
+ Mz,
+gi (WH W, — WEW =)y,

oy WEW, (0MVY + 9" VH)
+#ﬁv+w*ﬁm”+ggi
H v M‘%/
+93 €uvas(WHOW ™"

—OWTHW VP |

~
~

W(;I;)Wfp(s VZSO'

Wo——l;)W_p(s‘ZsO'

(5)

where W*# are the W boson fields; the fields V
are the v or Z fields, and the coefficients are su-
perscriped appropriately; Wy, and V,, are the
W and V field strengths, respectively; and VW
is the dual to V), viz f/w, = %ewgvaﬁ . The
terms proportional to k, A\, and gf 5 are C'P con-
serving and &, X and g7 are CP violating. For
V=7, Gy =eand for V=2, gy = gcosOy.
g9 is the W boson charge, e, so g]. In the stan-
dard model at the tree level, KV = 1, glz =1, and
all other couplings in Eq. (1) (except g{ = 1) are
zero. The anomalous gauge boson couplings are
AV =KV — 1, A¢f =gf — 1, g, RV, AV, and
95

The CP violating anomalous couplings, &
A\, and gg/, contribute to €'/e at higher order
in the weak interaction, and can be neglected.
The C P conserving anomalous couplings Ax" =
kY —1, Agf = g¢ — 1, and g} change the elec-
troweak penguin contribution, but, as they re-
quire the presence of three electroweak bosons

|4

)
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in the diagram do not affect the gluon penguin.
Since € /e is the net effect of contributions from
the electroweak penguin and the gluon penguin,
which tend to cancel each other, we would expect
that relatively small modifications of the former
induced by the anomalous couplings would have
a significant effect on the value of € /e. That is
bourne out by our calculation.

To obtain numerical estimates we need infor-
mation about the possible magnitudes of the
anomalous couplings, which can be constrained
from a number of experiments. Collider exper-
iments at high energies have put constraints on
some of these couplings [11, 12], as have anal-
yses of rare decays [13, 14, 15, 16, 17]. The
constraints from rare decays are better than
those obtained from the g — 2 of the muon [18].
The most stringent constraints on the anomalous
gauge boson couplings are from oblique correc-
tions to the precision electroweak experiments
[19], but these corrections are quadraticly or
even quarticly divergent. For this reason we re-
gard the constraints from direct W pair produc-
tions [11, 12], and rare decays [15, 16] (where
the divergences are at most logrithmic) as more
reliable. For the C'P violating anomalous cou-
pling, the best constraints are from neutron and
electron electric dipole moments [20].

Details of the calculation are given in Ref. [9].
The important point to emphasise is the €’ /e can
vary by as much as a factor of two and there
is a substantial shift to the position of the zero
as a function of m;. When m; is known with
precision, and €’/e is finally measured, it may be
possible to use the value of € /¢ as a probe of the
physics beyond the standard model.

4 Electric Dipole Moments of
the Neutron and of Atoms

One of the classic tests of P and T violation is the
search for an electric dipole moment of elemen-
tary particles. The transformation properties of
the electric dipole moment d, and the angular
momentum .J, are

under P :
under T :

d——-d J—J
d—d J— —J (6)
But, by the Wigner-Eckart theorem,

d=DJ, (7)
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defining the electric dipole moment (EDM) D. It
is thus clear that the observation of a non-zero
value for D implies the violation of both P and
T (or P and C'P) symmetry.

Experiments have concentrated on the EDM
of the neutron and of neutral atoms. The EDM
of the atom is not simply the appropriate sum
of the EDMs of the constitutents, although one
can write the EDM of the neutron as a sum of
the quark EDMs:

- Du, (8)

Dy = +(4)Dy4
3

at least in the non-relativistic quark model [21].
The difference lies in the fact that the forces in
the atom are dominantly electrostatic. In fact if
the atomic forces were purely electrostatic, and
the charge and electric dipole distributions were
identical, there would be no atomic EDM (to
first order in the constituent EDMs), a result
known as Schiff’s theorem [22, 23]. The result
can be illustrated by considering a single particle
hamiltonian,

P

hj = am; +ejo(ry) +dj-Vo(ry), (9)

2m
where ¢(r;) is the electrostatic potential at the
position of the particle j, containing contribu-
tions from the other charges and EDMs as well
as the external field. With

2
p.
o T ejb(ry)
J

foj = 2m

(10)

one can write the hamiltonian h; as
hj = hoj+ild;-p;,é(r;)
¢'diPs/€i g e Pile 1 O(|d; ) (11)

Thus, neglecting terms of order O(|d;|?), h; and
hoj have the same spectrum, and there is no
splitting of energy levels in the external elec-
tric field which would be produced by an atomic
EDM.

The important feature of Schiff’s paper is not
that it proved the Schiff theorem, but that it
identified the conditions under which the atom
would have an EDM by specifying the conditions
under which the theorem could be proved. Thus

e non-electrostatic interactions,
e relativistic corrections,

e a lack of proportionality of the EDM distri-
bution and the charge distribution, and
e interactions between the electrons, between

the electrons and nucleons, or between the
nucleons, which violate P and T' symmetry,

can all contribute to the atomic EDM.

To be explicit consider a situation in which the
atom has an even Z but an odd N, so there is
no electronic angular momentum, but there is a
nuclear angular momentum. The atomic EDM,
D(4Z), is a nuclear effect, but it is not deter-
mined by the nuclear EDM. Rather the P and
T violating interaction between the nucleus and
the atomic electrons is in the additional electro-
static potential

56 = 4r Q- Vo (r), (12)

where the Schiff moment @ is defined as

Q= %0 <Z(Qj"°j + dj) {7“32 - g<7"2>q}> :

j

(13)

199Hg is an atom of this type for which there

is a good experimental limit [24] on the atomic
EDM,!

D('Hg) < 3 x 107 e.fm. (14)

As [25]
1@l

D(*Hg) ~ 4 x 10~ .k

(15)

we have a limit on the Schiff moment of !°Hg,

|Q(**Hg)| < 0.8 x 107 e.fm.  (16)

What does this tell us about the underlying P
and T violating interaction? Rather than work
at the quark level let us work at the hadronic
level, where one would expect interactions in-
volving meson loop contributions to the nucleon
EDM, and P and T violating meson exchange in-
teractions between the nucleons to be the major
contributions to the nuclear Schiff moment.

Fortunately the 7" and P violating M NN in-
teractions are rather simpler than the P violat-
ing M NN interactions which are perhaps more

! As the size of hadrons is about 1 fm, I prefer to quote
the EDM in e.fm, rather than the more usual e.cm. The
choice of e.fm give a feeling for the degree of supression of
the EDM below the natural scale because of the weakness
of the P and T violating interaction.
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familiar. In the latter case it is well known that
the vector mesons, the p and the w, are as impor-
tant as the w. But in the present case a careful
analysis of the P and T violating interactions at
the QCD level [27] showed that the NN inter-
actions dominate.

Phenomenlogically one may write

Lonn = {95+ 3}T¢ - 9,

where I have, for simplicity, omitted terms cor-
responding to Al =1 and Al = 2 C'P violating
interactions.

An effective one nucleon interaction generated
from the P and T violating NN interactions
gives

(17)

SN

3 egg 1
Q| ~

~|2 99 Ly
80 myro m2U(0) ’

(18)

where 79A5 is the nuclear radius and U (0) is the
shell model potential at the origin. This gives

l9g| S 1077 (19)
However the same interaction gives
€99 my
d, ~ 1 20
" dnlmy <m7r > (20)

as the neutron EDM, and the experimental limit

|dp| < 10712 e.fm (21)

limits the product of the coupling constants to

l9g] S 107 (22)
The atomic EDM, at the present level of ac-
curacy, is thus not quite as stringent a limit
on the NN coupling constants as the neutron
EDM, but the technology is improving rapidly
and one can expect the atomic measurements to
approach the sensitivity of the neutron measure-
ments in the near future.?

Already, with the present limits the are im-
portant restrictions that can be placed on the
CP violating parameters at the level of quarks,
gluons and electorweak bosons [28]. For exam-
ple the 6 parameter of QCD is limited to be less
than 1079,

2The paper by W Haxton reported an improved calcu-
lation of the relationship between @ and g, which shows
that the present experimental limit on D(**°Hg) actually
gives a tighter limit on g than does the limit on d,.

5 CP Violation at a Photon
Collider

At very high energies, such as those at the
NLC with /s =~ 500 GeV, the cross-section for
ete™ — WTW ™ decreases rapidly, and the pro-
duction of WTW ™ pairs may be more efficient
through the process vy — WTW ™. It has been
proposed that the electron-electron collider be
converted to a photon-photon collider by Comp-
ton scattering the electrons from the photons in
alaser. In this way an intense beams of very high
energy photons can be created, and collided to
produce WTW ™ and tt pairs. It is then an ob-
vious question to ask what experiments can be
done to look for C'P violation in the processes
vy — WTW~ and vy — tt. Part of the mo-
tivation for the question is the observation that
a number of the mechanisms suggested for CP
violation become more effective at high energies,
or when particles of a large mass are involved.
The gives rise to the hope that one can limit the
CP violating interaction from these processes al-
though the cross-section is in the 10 pb range.

Take as an example [29] the process vy —
WHW=. The W particles decay with a branch-
ing ratio of approximately 33% to fv, so we look
at the process

’Y’Y—>{

We want to construct C'P violating observ-
ables which do not require the observation of
any of the polarisations of the particles involved.
Such observables are

| /a— £+I/g

W= — (" (23)

o, = == E‘, (24)
my
Oy = (pra.)’— (P a) (25)
O3 = [p- (g —q)l[p- (g x g )] (26)
Here p is the photon 3-momentum, and (E+, q,)

is the 4-momentum of the ¢+, all measurements
being made in the laboratory frame, which is also
the c.m. frame for the photons.

Experimentally one can determine either (O;)
or the asymmetry

N(Oi>0)—N(Oi<O)
N(Oi>0)+N(Oi<O)'

A; = (27)

In the process we are studying the effect of
C'P violation from the minimal standard model
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is zero up to two loop level at least and is thus
too small to be observed. We consider two
Higgs-doublet extensions of the minimal stan-
dard model. In these extensions C'P violation
is due to the complex expectation values of the
Higgs-doublets. The effect of C'P violation from
these extensions has been studied in top quark
decay [30] and in the ¢t system produced at pp
colliders [31] or at ete™ [32, 33] colliders, where
C P asymmetries can be large as 1073, C'P viola-
tion in the interactions between the gauge bosons
is also studied in Refs. [34, 35]. The process con-
sidered here gives another oppertunity to study
CP violation in such extensions.

CP violation in these processes can be ob-
tained at one loop level throughthe process yy —
ff — Higgs — WTW~. At this level the CP
violation is caused by C'P violation in the sub-
process ff — Higgs, and the heaviest fermion
is dominant. In the following we will take only
the top quark into account and employ the no-
tation used in Refs. [34, 35]. In this notation
CP violation due to the neutral Higgs exchange
is paramerized with a 3 x 3 real othogonal matrix
d, the nonzero off diagonal matrix elements d3;
and d;3 (j = 1,2) indicating C'P violation. The
couplings involved are:

my
Lint = egr——7—

tgBds;ditiyst
2MW Sin QWC gﬂ 3J¢] “rs

2 _
—iget’yMtA“
Mw

ey W W R,

S (28)

where ¢; (j = 1,2,3) are the mass eigenstates
of the neutral Higgs fields, ctgf = va/v; is the
ratio of the absolute expectation values of the
two Higgs-doublets. We assume that the ¢ is
the lightest Higgs particle and dominates, giving
the C'P violating amplitude T4:

16 o

3 siné?%,v
\/7

d11d31—7< 5 Dy (8, Mpy)

¢
et (p1)€”2( 2)€,,, (k1)
5V1y2aﬁp1p5

1o (k2)g"

Ty, = ctgf

(29)

with
§ = (p1+p2)?
ﬁ(arcsin(z))a
I(Z) = 1 (1 T ]. z-i-\/ZT)
222 V2-1)
for 2 <1
forz>1" (30)

Here My stands for the mass of ¢1 and Dy is its
propaga.tor. The CP violating part of the quan-
tity R defined above is then obtained through
the interference between T4 and the amplitude
for the process vy — WTW ™ at the tree-level in
the standard model.

In the expression for T4 the coupling parame-
ters ctgf and di1d13 are unknown. From the up-
per bound of the electric dipole moment of the
neutron one cannot obtain enough information
to constrain di1di3. From the fa.ct that the d is
a 3 x 3 real othogonal matrix an upper bound
can be derived:

1
di1d13 < 3

As to the ratio ctgf certain discrete symme-
tries may lead to the so called “natural choice”,
ctgf < 1, based on the observation that m; >>
my. However, not all discrete symmetries, which
can be imposed on the theory to eliminate the
flavour changing neutral currents at tree level,
lead to ctglB < 1, for example, the models I and
III listed in Ref. [32] allow ctg > 1. It is possi-
ble that the ratio ctg8 may be larger than one.

It is important to emphasise that the absorp-
tive part of the Higgs propagator, which can be
significant for My > 2Myy, plays an important
role in the calculations. The width I'z, which de-
pends on unknown parameters, is expected to be
reasonably small for My < 2my;. In this region
one may guess 0 < I'y < 40 GeV, and for these
values we find a narrow width approximation to
the propagator is adequate. For My > 2my
one may expect 'y > 100 GeV, and the nar-
row width approximation is no longer adequate,
results for our observables varying by 50% or so.

Typical numerical results are For My = 100
GeV:

Ay = 1.36 x 10"dy 3 ctgp,
(O1) = 1.46 x 10~ *dy dsictep,
Ay = 1.68 x 10~*dy1dsictgp,
(O3) = 6.5 x 10™°dy1d3;ctgp, (31)
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and for My = 500 GeV:

Ay = —1.35x 1074dy dgctgph,
(01) = —1.53 x 10~ *dy1d3ictgf,
Ay = —1.27 x 107 *d;1ds1ctgp,
(O3) = —4.48 x 10 dyydzictgB.  (32)

Assuming a luminosity in the v collider of
10 fb~! per year one can estimate a, statistical
error of a few tenths of a percent for these ob-
servables in a years running. This suggests that
di1dsz1ctg should be larger than about 10 to be
detectable in a reasonable time. Of course, other
possible C' P violating observables become acces-
sible if the 4y collider has a polarised photon
capability.

Details of the calculations described in this
section are give in Ref. [29].

6 Conclusion

CP violation could simply be a phenomenon of
the standard model, determined in magnitude by
the complex phase in the KM matrix, which is it-
self no more mysterious than the other arbitrary
parameters of the model. However there is the
more exciting possibility that it is the signal of
physics beyond the standard model. That pos-
sibility drives the calculations I have described
above, and the calculations that many other
speakers at this symposium have described.

I hope that, when we gather to celebrate
Ernest’s 80th birthday, we will have at last iden-
tified the source of C'P violation!
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