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T-VIOLATING EFFECTS IN NEUTRON PHYSICS
AND CP-VIOLATION IN GAUGE MODELS

P. Herczeg
Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

We review and discuss further the subject of T-violation in
the transmission of polarized neutrons through polarized and
oriented targets. We consider the possible size of the
T-violating effects both from a phenomenological point of view,
and also in gauge models with CP-violation. A brief discussion of
T-violating effects in B-decay is included.

INTRODUCTION

CP-violation has been observed so far only in the decays of
the K
CP-violation found to be ncn-zero is the parameter £ involved in
the KL-state.1
possibility is that it is a manifestation of the electroweak

L The only CP-violating quantity associated with
The source of this effect is unknown. One

interactions of the minimal «tandard mode].2 Or it may be due to
a rew interaction containec in some extension of the minimal
standard model.

On the basis of the CPT theorem one expects a CP-violating
interaction to violate time-reversal (T) invariance. There is
some indirect experimental evidence that this is indeed the case
for the interaction responsible for the observed CP-violation.3
The presence of CP- and T-violaticn in the neutral kaon system
implies that it must occur at some level also in other systems.
CP-violating and T-violating effects have been searched for in
many processes. The results of the experiments set constraints on
the thoeretical possibilities. More sensitive experiments of this



kind, which would probe further the origin of CP-violation and
the existence of new sources of CP- and T-violation, are of great
importance.

In this talk we shall discuss the information one could
obtain from some low-energy processes involving neutrons.4 One
observable associated with the neutron, which already played an
important role in investigatinns of CP-violation and which will
continue to do so, is the neutron electric dipole moment. Here
we shall focus on a new class of experiments, involving the
transmission of neutrons through polarized and oriented targets.
These experiments probe time-reversal violation in the
nucleon-nucleon interaction. We shall also discuss briefly
T-violating effects in B-decay.

P,T-VIOLATION IN NEUTRON TRANSMISSION

The existence of a P-violating T-jnvariant comnonent in the
N-N interaction is firmly established.5 A1l data are consistent
vwith the interpretation that the observed P-violation is due to
the flavor-conserving (AF = 0) nonleptonic weak interaction
contained i the minimal standard model. At Jlow energies
P-violation in the N-N interaction can be described (ignoring
2n-exchange) in terms of a nonrelativistic P-violating N-N
potential derived from single meson excnange diagrams involving
the lightest pseudoscalar and vector mesons.5 P-violation in the
N-N interaction is characterized in this description by the

strength gééa' of the N > NM matrix elements of tha various
isospin (1) components of the P-violating Hamiltonian6
P (I),
<NM|H<I)|N>0< IMNN (1)

The CP-invariant P-violating N » NM vertex vanishes for M = no,n.
n',5,8 and other C = +1 neutral spinless mesons.7 From the

remaining mesons those usually included ace the nx. 01,0 and the

w. The experimental evidence indicates that8



(0),

6
95NN

~ (2-3) x 10°° . (2)

For the other constants the data set only upper bounds. Thus for
g ny (which is due entirely to the I = 1 component of HP) one has
IgANNI<6x10"8; the other constants could have values comparable

(0),
to the value of gpNN .
The characteristic size of P-violating effects in non-

6 10'7. However, in some

leptonic nuclear processes is 10
transitions the affects are enhanced. One class of experiments
where large (of the order of 10-2) P-violating effects were
observed are studies of low energy polarized neutron transmission
through unpolarized targets.9 A P-violating observable in

transmission experiments is the quantity
pp = (o, = 0)/(oy + o) , (3)

where o (a!) is the total cross-section for a neutron polarized
parallel (antiparallel) to its momentum in' Values of Pp &S
large as a few percent (7 x 10_2 in 139La) have been observed for
9

The

non-zero p, is due to the presence of a 5n°in term in the

neutron energies near a p-wave compound nucleus resonance

neutron-nucleus elastic forward scattering amplitude. The large
effects have been explainedlo'll as due to dynamical enhancement
(by a factor <wslvplmp>/0, wher- ws and wp are s~ and p-states of
the compound nucleus, and 0 = IEs " Epl), combined with resonance
enhancement (by a factor Dz/rprs. where Fp and FS are the total
width of the p-wave and the s-wave resonance).

In the presence of interactions which violate simultaneously
P- and T-invariance, the neutron-nucleus elastic forward

scattering amplitude contains (for polarized targets) a term

proportional to Gn ‘ in xJ = spin of the target nucleus).12
A P,V-violating observable is the quantity
pP,T (v, = o M (o, +a)) , (4)



where o (o_) 1is the total neutron-nucleus cross-section for a
neutron polarized parallel (antiparallel) to Kn x J. The
quantity pP,T is enhanced near a p-wave resonance by the same
factors as Py (Ref. 13). The ratio A = Pp T/pP is given for

two-state mixing approximately by13

A= = Pp T/pp=<¢ |V 4’>/<41 IV N’) ; (5)
where Vp’T is the P,T-violating potential (to be discussed
shortly).14

Several groups are onsidering or actively planning
experiments to search for the 0 ﬁ x J correlation in neutron

15

transmission. The idea is to search for pp T where Pp is

large. A statistical accuracy as good as ~ 10 -6 is feasible for
a measurement of Pp T Thus if Pp = 10 "2 10 1, the measurement
would be sensitive éo A =10 "4 10 5.
P,T-Violating N-N Potentials

In analogy with the treatment of P-violation, one can
describe P,T-violation in the 1low-energy N-N interaction
(ignoring 2m-exchange) in terms of a nonrelativistic
P,T-violating N-N pctentiai (VP‘T) generated by the exchange of
single light mesons. The size of P,T-violation in the N-N
interaction is characterized then by the strength g(l) of the N

MNN
» NM matrix elements of the P,T-violating Hamiltonian

<MN|H(I)IN>°t gh(“ﬂa . (6)

As the exchange of a neutral C = +1 spin-zero meson is not
forbidden for HP’T, the set of mesuns employed to describe
T-invariant P-violation has to be extended by a least the no. The
longest range interaction is generated by pion-exchange which is
present for a P,T-violating Hamiltonian of any (Is2) isospin (see
Eqs. (10), (1l1) and (12) below). Pion-exchange 15 expected
therefore to dominate P, T-vio]itgng effects in the N-N

interaction, unless the constants drny 3TE relatively



suppressed. Here we shall assume that this is not the case and
include pion exchange only.

The possible P,T-violating NNm coupiings (with all the
particles on their mass-shell) are7

L3 =gl RN (7)

29 - w0
and

LR = alB N -1 AN, (@

where the t's are the isospin Pauli-matrices. The selection
rules for P,T-violating pion-exchange ba2tween nucleons, reflected
by (7), (8), and (9), are summarized in Table 1.16
included in Table I for comparison the selection rules for

We have

T-invariant P-violating pion-exchange.

TABLE I.
The pion states contributing to the on:-pion-exchange N-N po-
tential for various isospin (I) components of the P,T-violat-
ing and the P-violating T-invariant Hamiltonian.

I1=0,2 I=1
P,T-violation nt , no no
P-violation - nt

The P,T-violating N-N potentials generated by (7), (8) and

me ’ m.r
Vii0) = T B I S T17T2001 7 80P S (o)
n

(10)

(¥4



NN 9NN [201"’2)'? (11,%7p,) #

-m_r
n
> > ~ _ e 1
(0170 T (11y719) | i (55D (11)
n i
and
2 v m_r
PT __ 1™ -(2), n
n(2) =7 B W anw gnNN(3rlz 227 T1 1) (81-8,) “'(1 m ) -
(12)
In Eqs. (10), (11) and (12) M is the mass of the nuc]eon 9NN is

the strong NNt coupling constant; ?k’ 3k and T (k—l 2) are,
respectively, the coordinates, spin and isospin Pau11 matrices of
the two nucleons.

Representégg P-violation by the term V 5(0) in VP pro-

portional to gpNN , we can write Eq. (5) for A as

A~ Ar(to) + )\r(tl) + AT(IZ) : (13)

where

(D) P,T p
A= SV /U IV gy 1> (1)

Phenomenological Bounds on A (D)
The absolute values of the matrix elements of VP T and V
between compound nuclear states, appearing in Eq. (14), can be
. P, T -3 P, T ~%
approximated by [|<V °? p.’Nc and <V >s.p.'Nc , where

P,T P
v >s.p. and <V >s.p~ are average single-particl> matrix

p

elements, and Nc is the number of single-part1c! states
contained in the expansion of the states of the compound

18 P, T
To estimate <V (I) 5.p. /< Vp(O) 5.p.
P.T P

proximate the two-body potentials V (1) and Vv 0(0) by effective
single-particle potentials. The single- part1c1e potentials are

nucleus. we shall ap-

obtained by summing the matrix elements of the two-body



potentials over the nucleons in a closed spin-zero core (see
Ref. 5). For the potentials (10), (11) and (12) we find

p,T ) -(0), L) N2 2(i) o(1) %0
Vato))s.p. = Mz 9NN 9N Tz T RO F MOR
71'
(15)
P,T - Lo () ) a6 2
(Vn(l))s p. Mm 2 9NN 9NN T gpCi)
7'(
(16)
_ 2 -(2) (1) N-Z 2(i) (1)
(Vn(Z))s p. g—? 9NN OnNN T -K— (1)
(17)

In'Eqs. (}5-17) ?(i), 3(f) and t(]) are single-nucleon operators,
A1) - ;(1)/r(1)’ and r{1) = |r(1)|;

the nucleus, Z and N(= A-Z) are the atomic number and the number

Ph is the nucleon density in

of neutrons, respectively.

A f2ature of the single-particle potentials (15-17) is that
they all originate from the direct term in the sum over the core
nucleons., and they are not suppressed therefore by the factor
W'~ 0.14 (see Ref. 5), which appears in the P-violating
T-invariant pion-exchange potential. Another feature to be noted
is that the isovector potential (Eq. (16)) is not suppressed by
the factor (N-Z)/A.

The single particle potential corresponding to Vg(O) is
given (neglecting the term proportional to (N-Z)/A) by5

Vpy)s.p. = Wr2mdy(1 v ) gl g 0, 6300

(18)

where g NN is the strong pNN coupling constant, My is the

1sovector anomalous magetic moment of the nucleon, and W ~ 0.8.

It follows that the contribution of Vzi}) to \ﬁl) is given by19



A=l e P a=o0 1,2 (19)
where

€0 = (D= (D vy (20)

8 = (02 /m2) (g 9o (273130 WP alBl (21)

In Eq. (21) a is a factor which accounts for the suppression of a
p-exchange relative to a pion-exchange contribution due to
short-range correlations, and B is given by

— *.A S
B = <o-F (9p /or) 1> / 3p Pr’s.p (22)
For a rough estimate of B we shall use <3-?(apn/8r)tz>
~ (<pn>/R)<otZ>, <3-B P> & <o><pn>/R (R=nuclear radius),20 and

<GIZ>/<0>z1. This implies B ~ 1. Taking o = 2.6 (the value

found for the case of T-invariant P-violating potentialss),
ggga’ = 2x 1075 (cf. Eq. (2)), and (N-Z)/A = 0.18 (which is the
value for 139La and approximately the value for A x~ 130 - 170),

. (0) - (D) (1)
we obtain Kn ' = Kn /2x12, Ka ~68, and

A0 2 6 x 105158801 (23)
(1) 6y,5(1)),

AP = 3a < 105580 (24)

D1 = az x 109880 (25)

The best 1imit21 on the strength of P,T-violation in the

flavor-conserving hadronic interactions comes from the

experimental 1imit on the electric dipole moment of the neutron22

23 oem

Dr < 2.6 x 10 (95% confidence level) .(26)



Let fp and fT be, respectively, the strength of P- and

T-violation in hadronic interactions. Dimensional arguments give

then the estimate23

D, = (e/M) fpfr = (2 x 10714 fofy ecn (27)

where M is the nucleon mass. The limit (26) implies

[fpfrl < 1.3 x 1071 (28)
If we take §&;&' to represent fyfr, it follows that
(I), -11
IMNN | < 1.3 x 10 . (29)

More defensible bounds on the P,T-violating NNa couplings can be
obtained from a calculation of Dn based on sidewise dispersion

24

relations The latter were successfully used to calculate the

“nucleon magnetic moments. For ?ﬁNN defined by the coupling

Lo 1 = V2 Ty (B0 7, + om) (30)
the authors of Ref. 24 obtain

-15

Dn ~ 9 x 10 f’ NN €, (31)

implying

-1 (32)

|f N| < 3 x 10

Adding the term anN N Ty N nO to the coupling (30) would

not appreciably change the result (31), since the pion photo-

production amplitude near threshold, which is involved in the

calculation, is relatively small for the neutral pion (the

cross-section is roughly an order of magnitude smaller than the
cross-section for charged pion photoproduction).25 Hence



1g¢0)/ -11
g’ | S 3% 10 : (33)

For the same reason we have also

A calculation analogous to the one in Ref. 24 would yield a
somewhat lass stringent limit for g(N%, since the correspondihg
coupling involves only the neutral pion. Taking as a guide the
ratio of the experimental cross-sections near threshold for the
photop~oduction of the neutral and the charged pions,25 we expect

the bound

(1)
IgnNNI <1070 (35)
. e . 26 (1)
Using the 1limits (33), (34) and (35) we obtain for An
from Eqs. (23), (24) and (25)
AP cax10t C(3)
B cax (37)
B caxw0t (38)
. - (0 (1 (2)
and for A =~ An + An + An
Al < 4 x 1073 (39)

We shall turn now to consider the possible values of gié& and A

in current models with CP-vio]ation.z7

M) in Models with CP-Violation
The minimal standard model

In the minimal standard model there are two sources of CP-
violation: the

10



Kobayashi-Maskawa (KM) phase 6 ir the quark mixing matrix, and a
P,T-violating term in the effective QCD Lagrangian.2
The KM phase. The coupling of the W to the quarks is given

by

L= LBy (1 - yuNW + Hoe |, (40)
2J2

where P =(u, c, t), N=(d, s, b). The matrix U can be

parametrized by three mixing angles (el, 6, and 63) and the

CP-violating phase &.

The Lagrangian (40) generates in fourth order (second order
in the weak interaction) an effective AS =2 nonleptonic
CP-violating interaction which contributes to the parameter ¢ in
KL + 2n decays. Whether this mechanism can acccunt for the
observed value of ¢ is at present an open question.

The AS =1 nonleptonic weak interaction contains a CP-
violating component; one of its effects is g contribut.ion ;o the

The

AF = 0 nonleptonic weak interaction, which is the relevant one
28

parameter &’ describing CP-violaticn in K = 2n decays.

for the N-N interaction is, however, CP-conserving. The reason
is that this interaction is composed of terms with a structure

a P + = 2- - - = -
U?jqiquj(U’ijqiquj) = |U]-J-| qiquququ'i(' L= YA(I YS)) and
therefore not sensitive to CP-violating phases. A T-violating
AF = 0 nonleptonic interaction ari.es only in second order in the
weak interaction (this, in part, is the reason why the KM contri-
bution to D is of the order of 1073 to 10732 (Ref. 29). One
expects therefore the order of magnitude of §§ﬁa’ to be
-6,2_2 -16 . -3

~(10 7) 51525355 = 10 (assgm1ng $,835g = 2 x 10 7) (Ref.30).
Then (cf. Eqs. 23-25) A =~ 5x10

9 , which is, of course, unobserv-
ably small. Other diagrams contributing to the P,T-violating N-N

interaction include K-pole diagrams. The corresponding N-N

potential can be written as31
ap
ol = L @er 52 (41)
J2

11



The contribution (Ak) of (41) to the quantity A (using B=1 and
Eqs. (2) and (18)) is

A = (6% 10°%) . (42)

The authors of Ref. 31 find n = 8 x 102, with the dominant
contribution provided by neutral kaon exchange. This would imply
Ak ~ 5 x 10_10. A recent paper32 notes however that the
calculation of the P-conserving T-violating N » NK vertices in
Ref. 31 1is inconsistent with constraints imposed by chiral
invariance. To correct this, additional diagrams have to be
included which leads to a result for n roughly 20 times smaller
than the original value,32 implying Ak ~ 3 x 10‘11.
The 6 term. The QCD Lagrangian contains the term

Lo = -e(g§/32n2)s“vaBF$VF?B . (43)
which violates simultaneously P- and T-invariance. Since this
interaction is isospin invariant, the resulting P,T-violating
couplings are isoscalar. The P,T-violating NNt coupling (which is
of the form (7)) was estimated in Ref. 33 to be 13400 = 0.0276.
The 1imit on 6, and therefore on éﬁgN is dictated by the
experimental 1limit on the neutron electric dipole moment. The
contribution of (43) to Dn in the soft-pion limit is33
10,1 (1.3 x 10-14)|§ég&’|. Given aégg', the sidewise dispersion
relation calculation of Ref. 24 yields the nearly identical value
(31). The P,T-violating N-N potential is of the form (10),3* and
its contribution to A satisfies the bound(36):

Al = A0 2 O <2 x 107t ag)

The superweak model

The observed value of =« can be oxplained hy a new
interaction which is CP-violating, has a AS = 2 component, and

strength of the order of 10_9 of the usual weak interactions.35



Assuming that this interaction has also a P-violating AS = 0

component, one expects §(i%é =~ 10-16 and (assuming the presence
of an I=1 component)
Il x4 x 12077 (45)

(see Eq. 24).

Horizontal interacticns

A pocsible source of CP-violation is the exchange of
horizontal gauge bosons.36 The gauge symmetries underlying the
horizontal interactions act on fermion generations. They have
been proposed to cistinguish the generations and to reduce the
number of undetermined parameters of the minimal standard model.
The superweak interaction considered above could be generated by
the exchange of horizontal gauge bosons of mass ~ 104 TeV. The
horizontal gauge bosons could be lighter, and consequently the
AS =1 and the AF = 0 components of the horizontal interactions
stronger than superweak, if the contribution of the horizontal
bosons to £ is suppressed by a small CP-violating phase (and/or
small mixing angles) and/or if their contribution to the K9o-K°
amplitude is suppressed by cancellations. Inspection shows that
in order to have CP-violation in the AF = 0 nonleptonic horizon-
tal interactions the horizontal current involved must contain
quark mass-eigenstates of different flavor. Since the current
involves quarks of the same charge, the T-violating AF = 0 inter-
action has only I=0 and I =1 components. For an
interaction involving the d and s quarks, which is likely to
dominate the N+Nmt matrix elements, there is in general an I =1
component. In the scenario given in Ref. 37 the strength GH of
the horizontal interactions obeys 10" 16Gey™2 <Gy g 10" Hgev-2,

[f we assume the same strength for the AF = 0 component of the

. . -(1), 0), . 38

interaction, and also that GH/GF = géN& /géN& , we obtain
7x 1070 ¢ ap <7 X107 (46)

Somewh-t larger values of |A| cannot be ruled out.

13



SU(Z)LXSU(g)RXU(l) mode]ls.

SU(Z)LXSU(Z)RXU(I) mode]s39 are attractive extensions of the
standard modei which shed a new light on the apparent V-A
structure of the charged current weak interactions.

The charged current weak interactions of the quarks arise
from

g - gLﬁrLuLNwL + gRﬁrRuRNwR.+ H.c. (47)
where FL = YA(l-ys),rR = yA(1+y5); WL and WR are linear

combinations of the mass-eigenstates wl and w2:

wL = cosgw1 + sin§w2
Wo = (=sinlwW; + coscwz)e‘“ . (48)
UL and UR are quark mixing matrices. UR contains new

CP-violating phases. The neutral current interactions conserve
CP. The model rcan account for the observed CP-violation already
at the four-quark 1eve1.40

For £ =0 the first-order AF = 0 nonleptonic weak

40 (the interaction consists of

interactions are CP-conserving
terms involving either products of V-A currents or products of
V+A currents; hence neither of these terms is sensitive to
CP-violating phases), and A is therefore unobservably small. For
(20 there is a P,T-violating AF=0 nonleptonic interaction in
first order of the form41

HAF=0 2,.L ¢

o 10 = - (g2/16n2) cosZe] ¢ gisinanu){ired,dn ul,

ge
+ H.c. + ... (49)

where m, is the mass of Wi Cge = C(gR/gL)(cosegfcosek); a is a
CP-violating phase from UR' The additional terms in Eq. (49)
contain other gquarks and CP-violating phases.

Inspection shows that the term written out in Eq. (49)
transforms as a pure isovector. It contributes therefore only to

éﬁhﬂ'- The remaining part. of HQF?O has both [=0 and I=1 (but no

14



-(l)l

I=2) components. Considering 9NN @ @n important diagram is the
wL-wR exchange diagram (containing a left-handed and a
right-handed vertex) for the ud>du transition.*?  The

corresponding 5(1)’can be written as
nINN

gl =« GFmﬁcge sin(otw) = (2><10'7)kcg6 sin(atw) , (50)

where, presumably, 1 < k < 10 because of the Teft-right structure
of the operator.42 From the bound (35) one has
|kt;ge sin(u+w)|§5X10-4, which is consistent for k < 5 with the

11mit41 'Cge sin(a+w)|510-4 from the experimental bound on €',
and the bound (26) used with a quark model calculation of Dn (it
is also consistent with the bound on { 9 sin(a+tw) from the
experimental limit on the D-coefficient in B-decay (see Eq. (60)
further on)). For lkl;ge sin(a+tw)| = 5><10-4 one would have
A=d4x10"3 The value A =~ 4x 1073 is pc.sible even for k
smaller than 5, since a value of |Cgesin (a+w)| larger than 10-4
(but smaller than 2 x 10'3 [c¥. Eq. (60)]) cannot be ruied out

Hence we conclude that43

IAl < 4x 1073 . (51)

Weinberg's Higgs model

This is the standard model extended to contain three Higgs
doub1ets.44 The model can account for the observed CP-violation
and is consistent with other data on CP«violation.45 A
P,T-violating AF = 0 nonleptonic interaction appears in first
order. Both charged and neutral Higgs exchange contribute, The
P,T-violating NNmt couplings have been estimated in Ref. 42. For
the neutral pion coupling, which in general has an I =1
component, the authors obtain §ﬁ°NN ~ 4 x 10-4(ImB) GeV4. where
ImB is associated with the mixing of the neutral Higgs bosons.
Using the bound |ImBl < 8 x 1072 Gev™® (Ref. 45) we obtain
Ig ony! S 3% 10732 (the bound on the coupling of the charged
pions is comparable). This iwplies (cf. Eq. (24))




Il <107 (52)

P-CONSERVING T-VIOLATION IN NEUTRON TRANSMISSION

In a way analogous to P- and P,T-violation, one can describe
the strength of a T-violating, P-conserving component in the
low-energy N-N interaction by the effective NoNM coupliny
constants aMNN defined by

I'd T pe
MNIH [M> o< gy (53)

where HT is the T-violating, P-conserving Hamiltonian. The
T-violating P-conserving N-N interaction has a short range, since
there is no contribution from pion exchange.46

The best 1imit on the constants aMNN comes from the

experimental 1limit (26) for D . Taking in Eq. 28 f, =~ 1078 and
fr = aMNN’ one obtains

- ; —5

Gyl < 1.3 < 107 . (54)

Judging from the limit (33) for the pion coupling, the bounds
from Dn on aMNN are probably weaker (perhaps by an order of
magnitude) than (54), because of the higher mass of the mesons
involved and also because of the relatively small strong NNM
couplings.

Other experiments, such as studies of detailed balance in
nuclear reactions, polarization-asymmetry comparisons in
nucleon=nucleus scatvering, and studies of T-odd correlations in
nuclear y-transitions all set a weaker limit, not better than
~5 x 10°% [Refs. 1 and 47]. A Tlimit ot the order of 1073 is
indicated by the experimental value of & and the experimental
bound on &'/c.

16



As emphasized in Ref. 11, a neutron transmissicn experiment
searching for P,T-violation probes also the presence of a
T-violating P-conserving interaction, since the interference of
the T-wviolating interacticn with the usual weak interactions
generates a P,T-violating effect. Thus a measurement of A with a
sensitivity of 10'4-10-5 would give a more stringent bound on
aMNN than (54) by 1-2 orders of magnitude.

The presence of a P-conserving T-violating interaction can
be probed in neutron transmission experiments also directly, i.e.
through a P-conserving T~violating observable. In the presence
of T-violation the elastic neutron-nucleus forward scattering
amplitude contains for targets of spin > | a term of the form
(an'in x 3)(?n-3)[Ref. 48]. A T-violating P-conserving
observable is the quantity

pr = (3, = GG, +3) (55)

where o (o) is the neutron-nucleus total cross section for
neutrons polarized parallel (antiparallel) to in x J with the
angle between En and J fixed at n/4.

In the vicinity of a p-wave resonance one can have11

Py = sin ¢ (56)

where ¢ is approximately given by thae ratio of the average
magnitudes of the matrix elements of the T-violating and the

T-invariant potentials. Thus the bound (54) corresponds,
roughly, to Pt < 10-5. Searches for Py are considered or planned
15

in several laboratories. A measurement of Pr with a
statistical accuracy as good as ~10°° is feasible.

What are th2 expectations for th2a size of P-conserving
T-violation in tre N-N interaction in the models considered in
the previous section? In the minimal standard mudel the strength
of P-conserving T-violation is expected! o be comparable to tle

-16

strength of P,T-violation, i.e. of the urder uf 10 relative to
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the strong interactions. The 6-term violates bothh P and T, and
can therefore contribute to the constants aMNN only through
interference with the usual weak interactions. Hence we expect
aMNN < 10716 - 1077 1n the remaining models a T-violating AF=0
four-quark interaction appears already in first order (second
order in the quark-boson couplings), but, as simple inspection
shows, in none of the models does it have a P-conserving part.
As a result, we expect in the horizontal model considered in
Ref. 37 anNN =108 - 1078, in SU(2) xSU2)pxU(L)  models
aMNN < 1073 and in Weinberg's Higgs model NN S 107 - 10718,
The absence of a first order P-conserving T-violating AF=0
nonleptonic interaction is a general feature of gauge models with
4 The constants aMNN in_lzuch models are
therefore not likely to be much larger than 10 *~. In composite
models aMNN may be larger, but most likely still much weaker than
the weak interaction.

elementary quarks.

T-VIOLATION IN BETA-DECAY

The effects we discussed so far arise from T-vinlation in
the nonleptonic interactions of the quarks. Semileptonic
processes probe the T-violating interactions in the nonleptonic
sector in a different way, and can also be sensitive to
additional sources of T-violation which involve the leptonic
sector. Among the most sensitive tests are searches for T-odd
correlatioris ig B-decay, and .i” particular searches for the
correlation D<J>'sex3v/EeEv (<J>=polarization of the decaying
nucleus) in 19Ne and n-decayl'so. The D-coefficient, which was
searched already at the level of ~10-3 is sensitive to a V,A-type

T-violating interaction:

D Im(C,Ch + CUCAY) - (57)

An experimentil result, though considerably less accurate, is

available on the correlation Rg : <J> x Se/Ee (0 = electron
polarization), which is sensitive to scalar-type couplings:
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R o Im(CSCA + C¢ CA) . (58)

T-odd correlations in B-decay, unlike the correlations discussed
for neutron transmission, receive contributions also from
T-invariant electromagnetic final state interactions. The
present experiments have not yet reached the level where they
enter.

Let us consider the possible size of the T-violating
contributions to D and R in the models discussed earlier.

T-violation due to the KM phase & of the minimal standard
model arises in semileptonic processes only in second order in
the weak interactions.51 Hence its contribution to D and R (and
to other T-odd correlations in B-decay) is negligible - of the
order of ~10 S{ Sp833, ~ 10-10. The O-term is expected to give
a contribution which is comparable or smaller. The contribution
of T-violating horizontal interactions 1is alsc negligible:
horizontal interactions are mediated by neutral gauge bosons, and
their contribution to B-decay arises only at the one-loop level.

In SU(2)L><SU(2)R xU(1l) models the D-coefficient receives a
T-violating contribution in first order, proporticnal to the
W wR mixing angle { (see [q. 48). 52 To 1owest order in the
parameters involving { and the parameter ml/m2 (m and m, are the
masses of w1 and w ) it is given by 2,41

D = - a, Cge sin(a+w) (59)

where aD = -1.03 for 13

Ne, and ap = 0.87 for n-decay. The
factors Cge and sin(a+w) are those encountered in Eq. (49); hence
D probes e of the phases involved in the nonleptonic
interaction (49). The best limit (D = (0.4£0.8) x 10°3) on O
13 53. implying

comes from an experiment on ~~“Ne-decay

-3

'Cge sin(atw)|<1.7 x 10 (90% confidence level) (60)
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The most accurate neutron-decay experiment54

bound on |§ge sin(a+w)| of 4.5 x 1073,

An upper bound on lcgﬁ sin(a+w)| of ~10-4 can be derived
from the experimental 1limit for ¢’/c¢ and also from the
experimental limit for Dn (Ref. 41). These bounds are however
not as reliable as the bound (60).

The next generation experiment on

yields an upper

19Ne-decay hopes to

achieve a sensitivity of 5 x 10-5 (Ret. 55). A new experiment is
planned to measure D in n-decayso, which expects to improve the
existing neutron-decay result by an order of magnitude. Beyond
.hese experiments the neutron-decay experiments will have
ultimately the advantage of a smaller final-state interaction
(~2><10-5 compared to ~2><10-4 for 19Ne).

In Weinberg's model there is a first order T-violating
semileptonic interaction involving a scalar-type coupling,
generated by the exchange of charged Higgs bosons. Its
contribution to R (resulting from the interference of the scalar
interaction with the usual weak .nteractions) is expected to be
however too small to be observable, since it is proportional to
the product of the electron masc¢ and the mass of the u- or the
d-quark. In models with a more involved Higgs sector a
contribution to R near the presant experimental 1imit cannot be
ruled outss. Let us consider for illustration the Higgs-fermion
interaction

,z¢ = f' vep + f" ud¢ + H.c. (61)

where ¢ 1is a charged Higgs field. The complete Higgs-fermion
Lagrangian will contain further couplings and other Higgs fields.
We shall be assuming that all the dangerous couplings, such as
those assoriated with flavor-changing neulral currents are
suppressed. Note that the term (61) does not contribute in
lowest order to the electric dipole momeat of the neutron, nor
to T-violation in neutron transmission.
The coefficient R generated by (61) is given by

20



R = = ap Im hS , (62)

where hs = J?(f’)*f“/Gmﬁ(mH = Higgs mass, G = Fermi constant);

aR=0.26 for 19Ne and ap = 0.22 for the neutron57. The
experimental result R = -0.079%0.053 (Re?. 58) implies
IRl < 0.17 (90% confidence level) , (63)

or, equivalently, iIthI <0.64. Eﬁ;ns is constrained Eé the limit
as lRehsl <1.1x10 ©, so that
lhsl <0.64. The best timit on lhsl :%ﬂeslzrom+the expgrimentgl
value of the ratio of the rates for "0+"'Newv and n > n v
decaysso, implying |h_1< 0.4. Tt follows that |R| < 0.1.
Returning to the Lagrangian (61), in models with more than
one Higgs doublet {which 1is necessary to have here), the
Higgs-fermion couplings are undetermined. In particular, they

need not be proportioral to the masses of the fermions the Higgs

on the Fierz intertarence term

couples to. Consider the special case, when they are proportional

to large fermion masses (Mz’Mq) in the theoryso, and take

£ro= 2 N[} My a o1V

o= 2t T Mg b s (64)
where a and b are some combinations of mixing angles in the
fermion and Higgs sectors, and ¢ is a CP-violating phase. It
follows that hS = 2M2Mq abe’w/mﬁ, and

R = MM aq ab sinw/mﬁ . (65)

With |sinyl = 1, a,bul Mguz GeV, Mq:40 GeV, and mHzZO GeV one
would have |R| x 0.1, There is, of course, no compelling model
with the features usecd here. The purpose was to show that a
modest improvement of Lhe present experimental limit on R would



provide alrea'y new information. Searches for R in 13

Ne-decay
with a sensitivity of 10-2 - 10-3 appears to be feasible.55 The
final state interactions are of the order of 10-3 (Ref. 58). In
neutron decay a search for R with a significant sensitivity would

be exceedingly difficult.
CONCLUSIONS

Equations (36)-(39) summarize our conclusions concerning the
possihle s3ize of P,T-violating effects in neutron transmission
f ints, allowed by the available experimental information on
L rength of P,T-viclation in the N-N interaction. The bounds
(36)-(39) Jepend on the size of th2 parameter B (Eq. (22)), which
we have set equal to one, as suggested sy a rough estimate.
Detailed calculations may yield other values for B. The bounds
(36)-(39) are also subject to the uncertainties in the limits
from the neutron electric dipole momert and in the various
approximations that were used. Based on (36)-(39), an experiment
sensitive to A (Eq. 5) at the level o7 10-5 would improve the
bound (35) on agég' by a factor of 400 and the other
P,T-violating NNm constants by facturs an order of magnitude
smaller. In several models with CP-violation A could be in the
observable (A 2 16™% - 107%) range. In SU(2) xSU(2)pxU(1) models
we find that A could be as large as the upper bound (39).

The 1limits on the constants ﬁéaA' can also be improved
through more sensitive searches for the electric dipole moment of
the neutron. Efforts to lower the limit for Dn are continuing;
improvements of the present 1imit by 1-2 orders of magnitude can
be foreseen. 1

A further class of experiments which can provide information

on P,T-violation is searches for electric dipcle moments of
1

atoms™. Electric dipole moments of certain atoms are sensitive
“ ~ "

probes of P,T-violating N-N forces>*'®<. The dipole moments of

l29Xe and 199Hg atoms have been :zearched for with a sensitivity

of 10"26 (Refs. 63 and 64). The calculations of Ref. 65 and the
present limit on d(lggHg) imply a limit on the P,T-violating



coupling g’'ppn® which is only an order of magnitude weaker than
the bounds (33)-(3%) fg; the constfgss §§ﬁa' from D.. The
existing limits on d(""“Hg) and d("““Xe) can be improved by
several orders of magnitudess.

It should be noted that while all three types of experiments
mentioned above are sensitive to P,T-violation in the flavor con-
serving nonleptonic interactions, they measure different matrix
elements, subject to different theor2tical uncertainties.

Neutron transmission experiments, as well as more sensitive
searches for the neutron electric dipole moment and for the
~electric dipole moment of atoms can imprcve also the limits for
P-conserving T-violation in the N-N interaction. In gauge models
with elementary quarks the flavor conserving NMM coupling
constants aMNN are not expected to be much larger than 10_15.
Observation of P-cunserving T-violation at levels that can be
presently reached would be evidence for new physics not present
in extensions of the minimal standard model considered so far.

Searches for T-violation 1in pB-decay give complementary
information on T-violation in the ~onleptonic sertor, and probe
also different types of T-violating interactions. Among the
models we considered observable effects are possible in
SU(Z)LXSU(Z)RXU(I) models and for T-violation mediated by charged
Higgs-exchange.
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