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CP-VIOLATION IN EXTENSIONS OF THE STANDARD
MODEL AND TIME REVERSAL VIOLATION IN LOW
ENERGY NV CLEAR PROCESSES

Peter Herczeg

Theoretical Division

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

We review and discuss time reversal violation in beta-decay and in

the nucleon-nucleon interaction.

1. INTRODUCTION

('P-violation has so far been seen only in the neutral kaon system. In the
light of the standard model! neithsr the ohserved effect, nor the elusive character
of CP violation elsewhere are unexpected.  This is so because the Kobayashi.
Maskawn phase should be different from zero unless a new symmetry exist | and
bhecanse even if CP.violation in the standard model is strong enongh to explain
¢, the contzibution of the Kobayashi-Maskawa phase to other ohservables where
CP violation has been s far looked for is either known to be too small to he
ween teg. i the case of the electrie dipole moment of the nentron), or can he

atnall tas i the case of ' f),

[he tandard model has been pectacabindy <oceessfal v, aceounting for the
existing data. Nevertheless, for many theoretical reasons the existence of new
phyatcs i expected  Nmong the new interactions wnme of them may have €

violating components. Some of the Tatver may even he pesponable for the



observed effect. Whether this is so or not, the new C'P-violating interactions
may give rise to ohservable CP-violation where the standard model contribution
is invisible. This underlines the importance of searching for C'P-violating and

time reversal violating effects in many processes.

In this talk we shall discuss time-reversal violation in beta-decay and in

the nucleon-r.ucleon interaction.?

Our aim is to consider the possible sources
of T-violation in the beta-decay and the nucleon-rucleon interaction, and to
assess the sensitivities required for experiments to provide new inforination on

the underlying physics.

In the next section we discuss time reversal violation in beta-decay. Section
3 deals with time reversal violation in the nucleon-nucleon interaction. The last

section contains our conclusion.

2. TIME REVERSAL VIOLATION IN BETA-DECAY

Time reversal (T) violating components in the beta-decay interaction wonld
manifest themselves in contributions to T-odd correlations in the beta-decay
probability.? Experimental information is available on the coefficients I) and

I —

R of the correlations <« J > .p, % p,/ JEE, and 0. < J » <xp/JE (7 =
electron spin, J = nuclear spin), respectively. D and R can he written na D) -
Do Dpnnd R - Rt Ry, where Dy, Ry represent the T-violating contribution,
and D¢, Ry are the T-invariant contributions due to electromagnetic final-state

internctjons.

In the standard model the effective internction deseribing ‘he d - we 1,

faned v < de b, ) transition is the V- A interaction

l"“
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There are twe sonrees of CP oviolation in the standard model; the Kobayashi
Maskawa phase d ia the quark wixing matric, and the POF violating # termoan

the effective QCD Lagrangian,  Both of them vive negligible contibutions to



the T-odd correlations. The contributions of the Kobayashi-Maskawa nhase are
second.order in the weak interaction (the Hamiltonian (1) is T-invariant: more
generally a T-violating phase in a V-A interaction can only be an overall phase,
which does not contribute to beta-decay it lowest order), and therefore they are
expected to be of the order of ~ 107852575395 < 10719 s, = sin 8y, etc.; 6, are
the quark mixing angles). The upper limit for the contributions of the §—termn
is also expected to be of the order of 107% — 107! (since 8 is constrained by
the experimental limit on the electric dipole moment of the neutron; see Ref. 4,

and Eq. (37) below).

We shall consider now contributions to [); and R, from possible new inter-
actions. In allowed transitions and in lowest order in the new interactions D,
is sensitive . nly to T-violating interactions built up from vector (V) and axial-
vector (A) quark and lepton currents, while R is sensitive only to T-violating
interactions with scalar (S) and tensor (T) quark and lepton currents (see Ref.
3).

2.1 THE D- COEFFICIENT

The most general interaction for d -~ ue 1> constructed from vector and

axial-vector currents can be written in the form

Hiao ey (1 ‘75)(}_:"n"r)l”l,l.lw\(l Yy )d

\ ’

Cappiya(l b oyg)d)

. (2)
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boey (1 + 7.3‘(\.‘_"n"'v)\”l”,“)\(l 75)‘{
o
Vappival Fagal v Hoe
Fhe contribution of (2) to 1 s given by
Do ap lingru o e, ve) {4

where o ag aypyp ko LROKHLCRE)Y and v, AN DA oo (e

antmation is over the matrix elements assocated with the neatrinos that are

liwht enough to be produced i beta decay: the neatrino masses are negiected ),



The constant ap contains the nuclear matrix elements. For '*Ne and for n-
decay ap ~ —=1.03 and ap =~ 0.87 reapectively. The best limit on Dy/ap comes
from '*Ve-decay. The experimental value D = (0.1 + 0.6) ¥ 103 (Ref. 5)
vields

0.86 < 1073 < T jap < 1.O5 < 107°  (90% ¢.l.), (4)

The contribution Dy of the electromagnetic final-state interactions has been
estimated to be of the order of 2 x 107*(pe/(Pe Jmax ) (Ref. 6). A new experiment

under way =t Princeton expects to measure D with a sensitivity of 5 « 107°

(Ref. 7]

Right-handed interactions can arise in beta-decay at the tree level in left-
right symmetric models (or other models involving new gauge bosons with right-
handed couplings to the fermions), in models with new quarks and leptons which
mix with the usual ones and which have right-handed couplings to the 1", and

in models involving leptuquarks.

Left-Right Symmetric Models. Left-right tymmetric models are attractive

extensions of the standard electroweak model, which provide an understanding

of the origin of parity-violation in the weak interactions.?

The simplest models
are based on the gauge group ST7(2j, « S{°(2)p - I'(1). In these models there
are two distinet charged gauge boson field Wy and IWg. Their coupling to the

fermions is described by the Lagrangian

. ki L0 e e
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where g; and gy are gauge “””P““K constants, [y t whln (1 s,
. . LN . .

and I e N doa O E e and Y (g oy Ty g andd

o4 e the quark and lepton micing mnteices reapectively The febla 10l

W are linear combinations of the mass ergenstates 10 and 1
iy vos (T

Wy R BNTY g”, PRI | R {h)

where s o nang angle, and s o CP oviolating phase,



The quantity npgr is given by

R
o+ ) g_’i cos 91

NLR = - €
gL cos 8{‘

. (7)
where a is a ('P-violating phase in I'p ({({'r)uqd = €' cos Of). Assuming that
grm™M} gimj3 can be neglected relative to one (m; and m; are the masses of |1,
and IV, respectively), as indicated by the analysis of Ref. 9, it can be shown
that the second term in Eq. (3) can be neglected, so that D, is given by!?

gR cos OF .

D, == —a (sin (o v w) . (R)

D— T3
gL cos (9{‘
The phase a + w contributes also to the electric dipole moment of the neutron

D, and to ¢ ¢. The upper limits on | D, ap | from these ohservables are

=3 <« 1075 (Ref. 11). but they are not as reliable as the limit (1).

Exotic Fermions. The interaction responsible for d — we~ 1. can contain

tecms involving right-handed currents even in models where the gauge group
remains the standard SU(2)<U(l) group. This happens if new quarks and
leptons exist which mix with the usital ones, and whose right-handed components
are in non-singlet representations of SIT(2) (Ref. 12). The new fermions have to
he heavy (heavier than about 20 GeV) in view of limits from direct production

at aceelerators tsee Ref. 13).

A comprehensive analysis of constraints on mixings between the usual and
possible new fermions was made in Ref. 13 in a frainework where the electrie
charge and color assigniments of the new fermions are assumed to be the standard
ones, and which requires that the hght -heavy fermion mixing does not lead to
Havor changing nentral currents involving the usual quarks and charged leptons

twhich are severely constrained hy experiment ),

Fhe grantity gy o such models s aven hy

"Nrn */,-"‘;'N\u" P {4

o o .
where <, anc A HT and Hare the el heavy mnang angles assooated

with the w caark and the d quark, and Vo omatnxs The elements of Vyyoore



in general complex. The phase in (‘7,;),“1 contributes to Dy (Ref. 14). Writing

-~

(VR )t = €' rn Jud. where (Vg), 4 is real, we have
Dy = aDs}‘?s';q (i\'}’})ud sing . (10)

An upper limit of ~ 3 v 1075 on | s}‘qs‘g(l’\'};)ud sing | follows again from D, and

'
[ I

Leptoquark Exchange. Leptoquarks are bosons (spin-one or spin-

zero) which induce quark — lepton transitions. They appear in many ex-
tensions of the minimal standard model.'®> In models where they do not induce
proton decay, leptoquarks could be light enough to cause observable effects in
some low-energy processes. The couplings of leptoquarks to fermions may he

('P-violating and could even be responsible for the observed (!P-vivlation.!'®

The d — ne v, transition can be mediated by either leptoquarks of Q (=
electric charge) = % or Q = % (Ref. 17). We shall denote spin-one and spin-
zero leptoquarks of charge Q by X, and Y ), respectively. Assuming lepton-

nuiber conservation, the most general four-fermion interaction for d — we 1,

generated by the exchange of these leptoquarks can be written as!®

Hyiiao = N foy énulidiy' Uy, o Heo (1)

=V, A
Hyy 5 ‘\_: hy ey P d" Y " Thre « Heel, (12)

1=V A

Hy a4 E: f,,f[",du'{‘_,l’,. N (13

0¥
My oo N by el d Uoe o Hee. (1-4)

)

where 7y AT T S S At Ioand s N the Relds i Fogso HE 1T
are mass aagenstates. After Fierz transformations the taomlonians o1 0120
take the form of heta decay itevactions involving Voo LS and 1 conplings, and
the Hannltomans ¢ 150, (14} the form of heta decav interactions with Vo4 8

and eonphngs. The VA part of these interactions has the followig featupes: ™

o the product aypag,, vashes forall the Hanultonans o100y o1 1



e arg = 0 for X(,3, and Y, ,»,— exchange.

It follows that only X,,;, - Y1/3, - exchange can contribute to D, and
also that D, receives contributions only from terms involving the left-handed

neutrino. For Xy 3, - and Y{,/;, - exchange one has'!

ap 1
- 1 - 2 Uit h n
Dt (921/8;‘1%";)62‘& 4 [m(hVV+hAA hyA AV) ‘l))
and
=TT o in - fop — .
CE U 8 (M Uss — fep — fsp+ fes)
respectively.

Including only the fermions contained in the standard model, and assuming
lepton-number conservation, there can be nine types of spin-one and nine types
of spin-zero leptoquark states for a given fermion generation (see Ref. 19): two
weak isospin singlets. two doublets and a triplet in each case. The X,,3,
and Y., 5, - type leptoquarks are the weak isospin doublet states (Rg)_,(ﬁz'u

0

and (V5,) (V). respectively.?® Their couplings to the ferizions are given

in Ref. 19. Let us consider (V3,)- and (Va,).. Their couplings relevant for

d -~ ue”i7, are given by

1 i1 . ! [ v
Lo goped™y* (1 -5 ve(Vou) o v S ger @™y (1 + 9s)e(Vy,)

2 -
. (v

, "1‘_'1,”;14 WAl g e ({:3“). s Hoeo

where 9, Jp and 9, are products of fermion mixing matrix elerents. Inspec:

tion shows that if (V5,,)  coincides with the mass-eigenstate, the contnibution of

{173 to ay; p vanishes. A nonzero ap g can arise die to (V) (Vo) mixing.
j et
{ ‘.3” ) cos o Xy, an oo\
1] %)
“‘iv“), R AN \.1” . Cers N \‘-“

where Y. and ,’\.-_.“ chu'r]lw lc‘phn]\l:ll'k\' of masses m v and X [‘v‘;|n'q'1i\'¢\|~\',

v

From Fq. o150 we find for the contribution of 1170 to D,

i ) ' | | |
1, , . sin o cos A (Chmgay g ' 1 1, . . AN
] ‘*,\1““ W FAhm o



For (Ry)-,(Ra)+ the couplings involved in d — ue~ v, are given by

1 1 -
L= 5h2L7Lﬁ(1 - 35 )Ve (R2)- — -hapyrd(l + ¥s)e(Ha)_
2 2
1 . N (20)
—5772L‘7L {1 —vs)e(R2)y + Hoc,,

where 47 .7r and ¥, are products of fermion mixing-matrix elements. Again,
a contribution to D, arises only if there is a mixing between the two leptoquark

states. It is given by (see Eq. 16)

ap . ~* ~ 1 ], 1
D, = - — : s (Im hpp k ~ - . (21
t (9%, 8ME )T sin v cos ¢ (Im haphyryryy) 8<m§1 "’52) (21)
where ' is the (Ry) . ~ (ﬁgh mixing angle, defined in a way analogous to (1R),

and my,.m:, are the masses of the mass-eigenstates.

As ke couplings (17) and (20) do not contribute in lowest order in
leptoquark-exchange to nonleptonic processes, D¢ is not constrained significantly

by D, and € .e. i D, | due to leptoquark-exchange could therefore be as large

as the experimental limit (4).
22 THE R—-COEFFICIENT

For a scalar type interaction R, is given by (ke ‘ng only terms linear in the

coupling constants of the new interactions)

{Ri)s = arg Im (e ('$"Y), (22)

! 2

where (' (' ¢° R,\IE‘.)(_'UA,( I S B R‘\[E‘.)('”,i. and ag 1s a con-
stant containing the nuclear matrix elements (ap - 0,26 for '*Ne decavi. (¢

aned L are defined by
H . el (""'--kll’, P 123

\ direct neasurement of 1in U Necdecay vielded 0,079 0 0,053 (Refl 21,
e

It 0N I IS 2



A comprehensive analysis of beta-decay data yields?? (| Cs |* + | (s’ |?) < 0.2
(95% c.l.). It follows that | [m(-(qs -C4') | < 0.28, and thus

(R)si< 7.3 x 1077 (957 c.l) . (:

[S™]
v
~—

For a tensor interaction
(R)r = ar'Im(Cr-~C1"), (26)

where C'1 = Cr/’(——gz,/'BA'[fV)Uud,FT' = (YT'/'(~92/81\13V)Uud;an' ~ 0.18 for
Ne-decay. ('r.(Cr' are defined by

g\u

_T\pu ' . ! - © -
Hr = é——=(C1t + Crsjvep —= n (27)
v2 o2

Data on ¢* -longitudinal polarizations imply*® | Im(Cr - C1') | < 9.1 «

1072 (95%c.l.), and therefore

A possible source of scalar-type couplings is charged Higgs-hoson exchange.
(‘harged Higgs bosons are present already in the standard model if the Higgs
sector is extended for example by adding additional Higgs doublets. (‘harged
Higgs bosons that contribute to R will contribute also to the electric dipole mo-
meunts of the electron (D, ) and the neutron (I2,), resulting generally in stringent
hounds on K. [t is possible, however, that these contributions are suppressed.

Let us consider for illustration the interaction

I s floll v yghe o - fido + Hoeo (20)
where o s the charged Higgs field.  The conpling constants " and " ave
generallv nndetermined. We have (75 L ga T e owhere g gstn)
is defined by - p.ud n -~ gslg7huyun. Contributions from (29) to 1), and

D, arise only in order ¢° £ f", through two loop diagrams which m the case of
DD vinvolve a nucleon -loop telectron loopr attached to the electron (neatron)

line by a Higgs and a W propagator. \ crnde estiinate of these diagrams™!



leads to the conclusion that the limit on ( R,)s from the experimental limit o1z D,
{see Fiq. (37) in Section 3) is weaker than {21), but that the new experimental

limit on De{{Delexpe = { -2.8 =8.3) x 107" eciu (Ref. 20)) implies a limit

(Re)si o< 3x1077, (30)

The upper limit on | (R,)r | from D is ~ 2 x 107?, The contributin Ry of

electromagnetic final-state interactions is ~- 107% (Ref. 26).

Another possible source of scalar-type beta-decay couplings is the exchange
of spin-one or spin-zero leptoquarks. Spin-zero leptoquark-exchange leads si-
multaneously to tensor-type effective interactions. In renormalizable gauge
theories with elementary ferinions this is the only mechanism which can gener-
ate tensor-tvpe beta-decay couplings at the tree level. There is an upper limit
of a few times 10°* for the leptoquark contribution to R,, due to a constraint
from the experimental result on the ratio of # — ev to # — v rates (see Ref.
i

This concludes our discussion of T-violation in beta-decay. Another po-
tential source of information on T-violating interactions, this time on those
imvolving the mimon, is nuclear muon-capture. Nimai (. Mukhopadhyay and [
are currently investigating the available constraints on T-violating muon-quark

. Ve . . i
couplings, and the sensitivity of muon capture observables to such conplings.”’

3. TIME REVERSAL VIOLATION IN THE NUCLEON-NUCLEON
INTERACTION

Fhe T oviolating part of the NN interaerion Tas hoth o pavity violating aned
a varity conserving part.  The theoretical posabilities for these are different.

an aerefore we shall diseuss them separately,

10



3.1. T-VIOLATION IN THE N-N INTERACTiON WITH SIMULTANEOUS
PARITY VIOLATION

Simultaneous violation of parity-conservation and time-reversal invariance
( P.T-violation) in the N-N interaction can be described, in analogy with the

28 in terms of nonrelativistic potentials, derivec

description of parity-violation,
(ignoring two-pion exchange) from single-meson exchange diagran -involving the
lightest pseudoscalar and vector mesons. P, T -violation in the N-N interaction
is parametrized in this description by the strength 9&113\1;\1' of the vV — V)M ma-
trix elements of the various isospin (I) components of the effective P, T - vioiating

flavor conserving nonleptonic Hamiltonian

) . (] . _th ' .

< MNIHpp ! N >xgyvn - (31)
We shall consider ouly tlie contribution of pion exchange. In contrast with
T-invariant P-violation, where pion-exchange contributes ouly for an isovector
Hamiltonian. a P, T —violating pion-exchange force exists for all the possible

(I < 2) isospin components of Hpr. The P.T —violating couplings {with the

nucleons and the pion on their mass-shells) are?®
(1=0) _10) T Ty -+ ,
Lot = Goyn YTN 7, (32)
tT=1) (10 i 0 .
LPT — g”:\"\v' ‘\ ‘\Tr N (‘;)
=2 (2 T — .
L'p‘r o= q{.,‘\»‘\,' Ni3r, 7. ?).\ X (3.4)

where the r's are the isospin Pauli matrices. Note that for an isovector Hamil-
tonian only the neutral pion contributes.  The isovector potential, for example,

ts given hy??

n r
0T L j”' / (T Yo oo orT T}
- - s s NV Ty (F . try. - v
-] : NN AT - -
e M i -
R
. ;o |
iy Tyl riry L i )
[ rn o
where v o and =k 102) are the coordimates: spim and isospin Panh matn
cosof the twa nncleons, ey ra) rand e Py o Yosoche mass of the

. . ' 1 0
nneleon. o« L 1s the strong conpling constant The isosealar’ and 1sotencor’

. v
potentials have a sinpdar torm.
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Let us consider the empirical constraints on the constants §_y '

Stringent limits on ﬁ;;’,N' follow from the experimental limit on the electric
dipole moment of the neutron D,. The contribution of the charged pion-
nucleon, P, T - violating couplings to DD, has been calculated in Ref. 33 employ-
ing sidewise dispersion relations. 3idewise dispersion relations have been used
successfullv to calculate the anomalous magnetic moment of the nucleors.>* The
input for these calculations was the strong NV — Nr amvnlitude, and the pion-
photoproduction amplitude in the region near threshold. The calculation of 1),
is analogous, with the P- and T -invariant .V — Nx amplitude replaced by a
P, T —violating one. The contributions of the P, T —violating 7 N N couplings
have not ween yet estimated. Judging from the ratio (~ 10~2) of the experimen-
tal cross-section for neutral and charged pion photoproduction at threshold,®®
we shall assume (see Ref. 36) that the contributions of the neutral pion cou-
plings are suppressed relative to the charged pion ones by about an order of

magnitude. This assumption and the results of Ref. 33 yield
(0) ! _i2) -
Ly =910 159(‘111(‘(];‘.\,_\,' i l).lg("‘\)v-v' : g:rNN') {36)
. . il e . .
for the contribution of §.« ' to Dy, The experimental limit*?

25

Dy 1200 Peem (08l (37)

to

imphes

Lty AR I ] AR '

Jeny ¢ Dldewy gvn 0 B -t (3R)

Another <onree of information on the constants _q"".:.l.\.' is the class of exper.
ments searching for electrie dipole moments of atoms and molecules (see Ref.
310 The best fimit comes from a search for an electrie dipole moment of ™ Hy
atom< " The expermment has vielded 07 Her 07015010 7% ven The
dipole moment 0V He) can be related throneh atanne phyaecealonfations 1o
the Schitf moment of the nuciens: the Tatter oo cenative ta 01 colation i the
N Noaateraction. The calenlations of Refo 39 and the above experinental resalt
nnply e Rof 320

BN ' ! ' . ' '

l/_'\.\ v l/w LN . .Al]"\.\ i { ,b‘)'



The experimental result d(!?°Xe) = (=0.3 £ 11) x 1072® for Xe atoms (Ref.
40) gives A weaker limit (hy abont a factor of 6) on the same quantity.?  An
experiment vu P, T —violation in TIF (Rel. 41) sets a linit comparable to (39),

but the corresponding calculations involve large uncertainties.*®

A new version of the mercury experiment is under way, and is expected
to improve the accuracy of the previous experiment by at least an order of

. 2
magnitude.*?

Among nuclear transitions higily hindered y —decays, where the initial or the
final state hes a nearby state of opposite parity, can be sensitive to P, T-violation
in the N-N interaction. Only one experiment of this kind has been performed
so far, studving the y—decay of a metastable state of **Hf (Ref. 43). A rough
estimate of the effect?® indicates that an improvement of the sensitivity of the
experiment hy about a factor of 500 would result in a limit for g("l‘,\',N comparable
to the limit from (38). For the other constants an improvement by four orders

of magnitude would be required.

P. T -violation in the N-N interaction can also be probed in studies of po-
larized nentron transmission through polarized targets.** A P T violating ob-
servable is the quantity ppr = (7, a ), + 7 ), where #, (7 ) 1s the
total newtron-nuclens cross-section for a neutron polarized parallel (antipar-
aliel) to R, - J. (kS - neutron momentum, J spin of the target nu
cleust. One would like to searci, for ppopoat an isolated p wave componnd
nuelens resonance, whose parameters are known, and which exhibits a large

parity -violating etfect pp (r.' () o Yy e N is the total

cross section for a nentron polarized parallel (antipaeallel) to k)0 Valies
of ppoax large as 7" have been observed near a p wave compound nuclens

resonans e Such a large effect 15 a result of the <o called “dynanncal enhianee

tment” and Cresonance enhancement™ caee Reto 1 The Tatter are eflective
also tor gy Fhe tatio Ny pye dor two state nxang, 1 proportioaal o
T A P where V5D and " the

ol violatme and oviolating potentials recpectivelvs ogandd e are < andd

[

postates ot the componnd vadens HEpyp 10 FO T measnrement of pyop

"

with o senstivity of 0 wonld be cenotive 1oy o ! [ Cwe are



assuiming that the nuclear factor involved in A, which in general could change
the expectations (Ref. 45) is of the order of one). A rongh estimate®® indicates

that for g, vy’ = 10710

one would have A = 4 v [0, For g’*‘f\’.‘\.’ and g:j\'w' A
is (barring cancellations in (38)) smaller by about a factor of 20. A measure-
ment of pp r with a statistical accuracy of 107° - 10 % appears feasible at the
LANSCE (see Ref. 44) facility, but some difficulties involving systematic effects

have not been eliminated yet.

In the standard model the contiibution of the Kobayashi-Maskawa phase to
§;{C.N' is too small to be observable: a T violating flavor-conserving nenleptonic
interaction arises only in second order in the weak interaction. Oune expects
therefore g‘,,"\}y’ ~ (107"%)% 83308385 = 107'% A detailed estimate finds the
P.T - violating 7 VN coupling constant to be of the order of 107!, The §-
term gives rise to g'{,,?\:.N' (Ref. 4). This contribution can be as izrge as allowed

(barring cancellations) by the limit (38).

P. T --violation in the N-N interaction conld also be large in some extensions
of the standard model.*” An example of a class of models where there is a
P. T - violating flavor-conserving nonleptonic interaction first order in the weak
mteraction 1s SU(2)p - SU2)g « 11 1) models with ¢ = 0 (see Eq. 6). The part

of this interaction involving only the u,d - quarks is

2 R
q 21, KR cosBR o e .
Hpr ' jrus“l)"‘ R %"g isinta s w) {us, Ppdody"Tpule o Hoeo (10)
[6my gL cos8|

. . . . . s . [
['he Hamiltonian (140) is a pure isovector.® The corresponding constant g_y '

comld e as Targe as allowed (harring cancellations) by the linut (38%) (see Refs,

. N . . . r
300and 1 The additional terms i the interaction contribnte to g " and
"o )
EESANEN
We note that an mveraction analogon to o0 can be present alaom mddel
with exotie fernnons (see Section 2.0 The drnetare of thas ireraction o the
sane asthat of ©100, nxu")t that the Mty tygyy gy l|(-.sNVH lu\”( Joosthnber o utd

: o
teoreplaced In \‘,".»4';',1 Vi s vee g The vesnlting constant TN \" Can

agaim be as Large as allowed hy (3%,



3.2 PARITY CONSERVING T-VIOLATION IN THE N-N INTERACTION

In a model where P-conserving T-violation in the N-N interaction is de-
scribed by single meson exchange diagrams, the strength of T-violation is char-

acterized by the effective coupling constants garnvw. defined by
<MN IHTIN > x ganw (11)

where HT is the P-conserving T-violating Hamiltonian.  The lightest single

meson state that can contribute in this case is the p* (Ref. 43).

The experiments that probe P, T-violation in the N-N interaction constrain
also P-conserving T-violation, since a P-couserving T-violating interaction can
give rise to a P, T-violating eflect through interference with the weak interaction.
The most stringent limit on gagyn from such expeciments comes from the limit
{37y on D,. There is no well founded calculation of the contribution of a
given gayva to D, Taking garva to represent the strength of T-viotation in
the flavor-conserving hadronic interactions, a rough estimate of D, is*® D, -
(e M)y (GM? Amiga v~ (M = nucleon mass), so that | garvw | < 6 ~ 1079,
Allowing an order of magnitude for the uncertainty, we shall take the limit from
D, to he

IR Ul (12)

A weaker limit than (42) might be in conflict with the experimental result )

'
4 [

Limits from tests of detailed balance in nuclear reactions, polarization.
asymmetry comparisons, nuclear 3 decay, nucleon nucleon and nueleon nuelens
seattering, are not hetter than (12), The hest upper limit from such experiments
for the ratio Eof the T violating and T invaviant amplitndeis £ 0 0100 syt
e, obtained from a detadled halance <tudy i 7 Vop o™ Yy oRets 5000
analyss of this vesult in terms of T violating potentials s not heen vet to onr

knowledge, carned out,

Ihe effects of a P oeonserving 1 violiting N Nanteraction can alvo be ctadied

i the transmission of polarized nentrons throngh oreated targets, looking for



the presence of a (0, - kn x J) (kn-J) term.** In the vicinity of a compound
p-wave resonance in medium heavy nnclei the corresponding cross-section asym-
metry pr is enhanced: v = (103 — 10%)¢, where & is, roughly, the ratio of the

matrix elements of the T-violating and T-invariant potentials.®!

To derive lim-
its from an experimental limit on pr will require hiere also an analysis in terms

of T-violating potentials.

In the standard model the constants gasyn are negligibly small: the con-
tribution of the Kobayashi-Maskawa phase is expected to be of the order of
< 107 18 (like the contribution to the P,T-violating constants); jagnn due to the
#—term is also negligible ( < 1071%), since the #—term can contribute to garnn

only through interference with the weak interaction.

The first orcder flavor-conserving nonleptonic interaction in SU(2)
SU(2)rx U(1) models, and in models with exotic fermions has no P-conserving
T-violating part. One expects therefore | garvy | < 10 18 The absence of
a first order Aavor-conserving P-conserving T-violating quark-quark interaction
turns out to be a general {eature of renormalizable gauge models with elemen-
tary quarks. One can prove that iv a renormalizable gauge theory with elemen-
tary quarks a coupling of a boson of any kind to fermion pairs cannot generate
a flavor-conserving P-conserving T-violating quark-quark interaction to second

order in the boson-fermion couplings.3?

The size of the constants gasnvn in such
models is therefore expected to be generally much below the present lhmit. In
models with composite quarks flavor-conserving P-conserving T violating effec-
tive quark-quark interactions may be induced by four-preon interactions that

53

do not conserve flavor, We find that in such models gagyn of the order of

105 10 * are not ruled out.®?

CONCLUSIONS

In this talk we disenssed possible sonrees of tine reversal violation i beta
decay and o the uneleon nucleon imteraction, and considered the avilable em

preical mformation on the corresponding mteractions. Our aim was to consider

14



what type of new physics can be probed by experiments searching for T-violation
in low-energy nuclear processes, and to assess the sensitivities required for ex-
periments to advance our knowledge about the new interactions. Below we

suimmarize our conclusiouns.

e The T-violating component of the D-coefficient in beta-decay can receive a
tree-level contribution in left-right symmetric models (or other models involving
new gauge hbosons with right handed couplings), in models with exotic fermions,
and in models with leptoquarks. Experinmients on the D-coefficient have excluded
the presence of the associated interactions with strength above ~ 1073G. The
leptoquark contribution can be as large as the present upper limit for D. In
left-right symmetric models and in models with exotic {erimions more stringent
limits than the present experitnental limit on D follow \rom the experimental
result on D, and ¢//¢. However these bounds are not rigorous, in view of the

uncertainties in the calculations.

o The R-coeflicient in beta-decay can receive tree-level contributions from
charged Higgs bosons and from leptoquarks. DBased on a rough estimate, the
bound 1 Re i+ 3 « 10 ¥ follows on these contributions from the present exper-
imental limit on the electric dipole moment of the electron. This is about two
orders of magnitude better than the limit obtained from a direct measurement,
For the leptoquark contribution to Ry there is also an upper limit of a few times

10 * from the experimental result on the ratio of 7 « e to m 1 races.

o Searchies for the electric dipole moment of the neutron and for electric
dipole moments of atoms and molecules set stringent bounds on the possible
size of PUT violation in the N.N interaction.  The upper imits from [),, on the
PUT violating pion-nucleon couplings are tonghly fonr to five orders of magnitude
stnaller than the strength of 0 typical weak amphtude, The present lanits from

atonne dipole moment searches are only 12 avders of imagntode weakes

In some carrent mmodels with CP owolation the POT violating pron nueleon

coupling onstants conld have values jear the liits from D,

In nuelear proce ses the exasting it on PO violation cannot he unproved,



unless there is a strong dynamical amplification of the studied effect. Possible
candidates are some hindered y—decays, and neutron transmission experiments
in some medium-heavy nuclei. When compariug limits from other processes
with those obtained from the electric dipole moments, one has to keep in mind
that the estimates of the dipole moments are subject to unknown uncertainties.
Litnits from other processes are therefore important even if they would not be

quite as stringent as those from the dipole moment.

e The upper limit from D, on the P-conserving T-violating meson-nucleon
coupling constants gasn v is of the order of 107%, This limit is based only on
a rough estimate, since unlike for the P,T-violating £ NN couplin,; constants,
there is no well founded calculation of the contribution of a given gagnn to D,,.
The best upper limit on T-violation from nuclear processesis 5 x 1074 (from a
detailed balance test) for the ratio of the T-violating to T-invariant amplitude.

Tlie implication for garn v is not known,

On the theoretical side, the size of the P-conserving T-violating meson-
nucleon coupling constants is expected to be much below the present limit from

D, . although values not tar from this limit cannot be ruled out.
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