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

Peter Herczeg

Theoretical Division

Los Alamos National Laboratovy
Los Alamos, New Mexico 87545

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

the nucleon-nucleon interaction.

1. INTRODUCTION

C'P-violation lias so far been seen ouly in the nentral kaon system.  In the
light of the standard model! neither the observed effect, nor the elusive character
of CP. violation elsewhere are nnexpected.  This is so because the Kebayashi
Muskawn pliase should be different from zero nuless a new sytnmnetry exist | and
hecanse even if CP.oviolation in the standard model is strong encngh to explain
o, the cantsibarticar of the Kobayashi-Maskawa pliase to other abservables where
CP violatiear hias been sc far looked for is either known to be too sumall tecle
seen tegl e the case of 'he electrie dipole moment of the uentron), or can be

sall vasp the ease of (),

Flie cviaedaed model has been jeetaenlindy ovceessbnl v accomtmg lor the
exasting sl Nevertheless, for niany theoretical reasons the existence ol new
pliveaes s expected  Nmong the new mteracnane some of thenr may e €

violiting compenents, Seane of the Tatter iy even be pespanstble for the



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

tune reversal violating effects in many processes.

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

the nucleon-1.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 experunents to provide new inforination on

the underlying physics.

In the next section we discuss tinie reversal violation in beta-decay. Section
3 deals with time reversal violation in the nucleou-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 would
manifest themselves in coutributions to T-odd correlations in the beta-decay
probability.? Experimnental inforination is available on the coefficients 1) and

— —

R of the correlations = J = -p, % p./ JEE, and a- < J » xpjJE, (@ :
electron spin, I" = nuclear spin), respectively. 1) and R can bhe written ns ) -
Doy Dpnnd R - Re v Ry, where Dy Ry represent the T-violating contribution,
and Dy, Ry are the T-invariant contributions due to electromagnetic fual-state

miternctions,

n the standard model the effective internction deseribing the - ue e,

tand v de ') transition is the V-A tutreraetiem

l’.:

" -
CRVEY

,',,,u 7\|| N, ol e yd o e th
There are twes sonvees of CP oviolntion i the standurd noelels the Kodaynshi
Maskiows pdiase & v the puark mixig meateic, and the POV vinlating # ternn i

the edlevtive QCD Lagrnngian,  Both of them give neghigible contidartions to



the T-odd correlations. The contributions of the Kobayashi-Maskawa oivase are
second.order in the weak interaction (the Hamiltouian (1) is T-invariant; imore
generally a T-violating phase in a V-A interaction can only be an overall phase,
which does not contribute to beta-decay in lowest order), and therefore they are
expected to be of the order of ~ 107852555345 < 107'%(s, == sin 8y, etc.; 6, are
the quark mixing angles). The upper limit for the contributions of the §—term
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 D, and R, from possible new inter-
actions. In allowed transitions and in lowest order in the new interactions D,
is sensitive vnly to T-violating interactions buiit 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 -~ we"i» constructed from vector aud

axial. vector currents can be written in the ferm

Mya eyl 75)(\_:"nl"-)f"r.r.u‘ml ¥y )d
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it emootele to he produced e beta decavs the nentring masses ave negiected),



The constant ap contains the nuclear matrix elements. For ' Ne and for n-
decay ap ~ —=1.03 and ap >~ 0.87 reapectively. The hest lintit on D¢/ap conies
from !'*Ve-decay. The experimental value D = (0.1 + 0.6) x (03 (Ref. 5)
vields

~0.86 x 1073 < I' jap < 1.05 = 107° (90% c.l.), (4)

‘The contribution Dy of the electromagnetic final-state interactions has heen
estimated to be of the order of 2 x 1074(pe/(Pe Jmax ) {Ref. 6). A new experiment

under way ct Princeton expects to measure D with a sensitivity of 5 x 107°

(Ref. 7

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

in models invoiviug leptuquarks.

Left. Right Symnetric Models. Left-right syinmetric models are attractive
exteusions 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 ST(2) - SU(2)g -~ U'(1). In these models there
are two distinct charged gauge hoson field Wy and W, Their coupliug to the

fertmions is deseribed by the Lagrangian

Lo WP, N N E)
‘:}\;z"' , (R D] . ) 1')
T WRPYERURN N, UV R b Hoe
-\ &
where g; and gy oare gange conpling constants, 1 (l w5 ) Uw (1~ yal
el 1 (e )V 1"--’---).1‘.. (t‘./l‘..lnnll .\-'l'“ (reg ot Iy and

U4 arve the guavk and lepton miding motvw e ovespectively The Bl th ol

oy are linear combuations of the mass egenstotes 10 and 1
I ! oS !” to+ o~ ‘H .

Wy, NI TI | EEETTST | S {t

where o osa meang angle, and wooas a U1 violahiag pliase.



The quantity np g is given by

e .’Zﬁ cos f)ln
gL cos Of‘

NLR > -€ o (7)
where a 1s a ('P-violating plase in I'g ((I'r)uqd = €'" cos Of). Assuming that
grmi gims3 can be neglected relative to one (m; and m, are the masses of 1
and V5, 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 €os Oln )

Dy = —ap™=— ——( sin(a + . (8
/ ar_)gL cos ong st (¢ w) )

The phase a + w contributes also to the electric dipole moment of the neutron
D, and to ¢ ¢. The upper limits on y 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 — ue~ 1, can contain

tecins 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
leptous exist whiclh mix with the usial ones, and whose right-handed coniponents
are m non-singlet representations of SE(2) (Ref. 12). The new fermions have to
he leavy (heavier than about 20 GeV) in view of limits from direct produection

at neeelerators (see Ref. 13).

A compreliensive analysis of constraits on mixings between the nsual anel
possible new ferniious was made in Ref. 13 i1 a frainework where the electric
clinrge el color assiginments of the new fernmons are asstmed to be the standard
ones, and winelt vequures that the hight -heavy fermion mixing does not lead to
lavor clhanging netral eurrents ivolving the nsunl quarks and ciraeged Teptons

vwhinlt ave weverely constrained hy experiment),

Fhe spiantity gy o suchmaodels s anven by
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in general complex. The phase in (‘7&)“ contributes to D, (Ref. 14). Writing

'

(VR )ut = €' fn Jud. where (Vg)yq is real, we have
D, = uDs‘,‘za';q (‘A',;)ud stivy . (10)

An upper imit of ~ 3 v 107% on | S}‘;S';;(‘A};)ud sing | follows again from D, and

‘
(SN

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 <ould be light enough to cause observable effects in
some low-energy processes. The couplings of leptoquarks to ferniions may be

CP-violating and could even be responsible for the observed ('P-violation,'®

The d — ue v, transition can be mediated by either leptoquarks of Q (=
electric charge) = % or Q = 1 (Ref. 17). We shall denote spin-one and spin-
zero leptoquarks of charge Q by X, ) and Y, respectively. Assuming lepton-

ntnmber conservation, the most general four-ferinion interaction for d — we v,

generated by the exchange of these leptoquarks can be written as'®
IIA\’I'.' LT E flj @;'7"[.'(Il}-y"l‘."1' ‘- ’I.". . |||)
(y=V.A
Hyyo a ‘\_: My ey oy " e v e, (12)
1=V, A
Hyos - fo o Uid el (13)
"
Hyooo S by el d T s Hoe, (1)
“
wlhere [y sl ves Ue oand e s N the Tiebds o Fgse 01 1

are nres crgenstites, After Frerz translormations the Honnltcaians v 11, v
take the Sem of beta decay mtevactions mvolving Vo UL S amd 1 vonphings, ol

the annltonns cEo, (8B the form of heta decay mteractions with §0 1 8 ]

awed eonphings The VU jart af these tnreractions has Che followtng Teatnres

o the pronbuet g agy vashes for oll the Hannltonans (80 o



e arp = 0 for X{,;3) and Y|, ,», - exchange.

[t follows that only Xy, - Y23, - exchauge can contribute to D, and
also that D, receives contributions ounly from terms involving the left-handed

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

ap 1 r
De= (g2 8MZ)Uug 4 Im (hvv +haa —hva - hav) (15)
and
b = ' (f f fsp + fps) (16)
—_—— - n _ , _ ‘
T (g2 8ME . 8 tifss —Jfrp = JsPp T JPS) .
respectively.

[ucluding only the fermions contained in the standard model, and assuming
lepton-nuinber 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 siuglets. two doublets and a triplet in each case. The X,,,3, -
and Y., 4, - type leptoquarks are the weak isospin doublet states (Rz)-,(ﬁz'u

% Their couplings to the feriu:ions are given

and (V5,). . ( 1.73,, ).. respectively.®
in Ref. 19. Let us consider (V5,). and (‘73‘,);. Their couplings relevant for

d -« e v, are given by

L j 1
L - g2 30d™>* (1 = ashve(Vou) o & Sgurdpii™y " (1 & gs)e(ly,)

)
-

. . (17)
:'1_11."114“"’.““ vs)e (Vay)e & Hoeo

where 9, dp and 3, are products of fermion mixing matrix clertents. Inspec:

tion shows that if (V) coincides with the nass-eigenstate, the contribution of

y lT) th IR vanishes. f\ nonzero a; p can arise 'l.l", to ( ‘-:“) H:;l,. " nlixing.
(I
[ ‘.y',' cOs h .\'!“ . .i“ I l\'”“
V]
|";|,_ l. S \.l,. C e \“”

where Xy and o, deserthe Teptogquarks ol nrasses oy and g respectively,
Froue Feog. 0170 we dind for the contribution of 00y to D,
iy

v I |
1), B , s eceos st hingag g 3 100 ( . . ) S
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For (Rz)_,(ﬁg)» the coupliags involved in d -— ue~v, are given by

1 .
L= -hypyru(l —vs)ve (Ra2)- — éhzn‘md(l + ys)e(Ha) -

(20)

O p Ot r—

Rar3d(1 — ys)e(Ra)s + Hee,

t=~

where ~7.7r and \7L are products of fermion mixing-matrix elenients. 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 1
D, = - - —— ccos y (Im hap k —( — - — ), 21
‘ (g% 8MZH U ya i ur cos v | 2LharrL ) 8\mi, my, (2h
where y' is the (Hy) . — (ﬁz )+ mixing angle. defined in a way analogous to (1R),

and m;,.my, are the masses of the nass-eigenstates.

As tice couplings (17) and (20) do not contribute in lowest order in
leptoquark-exchange to nonleptonic processes, Dy is not constrained significantly
by D, and ¢, e. « D¢ ! due to leptoquark-exchange could therefore be as large

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

For a scalar type interaction Ry is given by (ke ‘ng only terins linear in the

coupling constants of the new interactions)

(Ri)s = ag Im (s (&), (22)

] ]

where (' s 1 ¢° r“.\lf" Wa Cs' = ' o qF SMA g, and ag is a con
stant containing the mclear matrix elements (a0 - 0.26 for '*Ne decav). ('«

] 0 ave defined by
He o ott's o 2 e 123

\ direct wreaorrenent of 1o PNedecay vielded B 0059 0 0,053 (Rell 21,
e

o N L ICR T P 2



A comprehensive analysis of beta-decay data yields®* (| Cs |* + | Cs'|?) < 0.2
(9570 c.i). It follows that | Im(Cs —Cg')y| < 0.28, and tlus

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

bt
|
~—

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

where C'r = (’rx'(—gz,-'SAffV)Uud.Fr' = (C1'/(-g¢°/8M{y)va;ap’ =~ 0.18 for
Ne-decay. ('r,C7' are defined by

_T\u . ) _ 0\“ -
Hr = é——=(Ct + Crs)vep —= n (27)
v2 v 2

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

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

A possible source of scalar-type couplings is charged Higgs-boson exchange.
(harged Higgs Losons are present already in the standard model if the Higgs
sector is extended for example by adding additional Higgs doublets.  (‘harged
Itiggs bosons that contribute to R will coutribute also to the electric dipole mo-
ments of the electron (0, ) and the neutron ( [, ). resulting generally in stringent
botwnds on R, 1t is possible, however, that these contributions are suppressed.

Let us eonstder for tllustration the interaction

e floll w ygdem o fMido o M, 29)
where s the charged [higgs held. e vonpline constants f awd M are
generatly nudetecmined. We have €7 L g e s where g st

is defined by - poud n - gs(eP luyua. Contnibutions from (29) to 1), and
D.oarise only ancoveder @7 £ F" throngh tw loap dingrams whicl m the case of
DD vmvolve o llll('ll‘l!ll‘l()!!‘) {electron lnnpl attiached to the electron tunentron)

he By Higgs aned a0 o propagatos. N conde estinate of these diagrinms-!



leads to the conclusion that the limit on (R,)s from the experimmental limit o1: D,
{see Fq. (37) in Section 3) is weaker than (24), but that the new experimentnl

imit on De({Delexpe = (-2.8 =8.3) « 10~ ecin (Ref. 25)) tmiplies a limit

(R)si < 3x107°. (30)

The upper limit on | (R,)r | from D, is ~ 2 x 1072, The contributin Ry of

electroinagnetic 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 gnuge
theories with elemmentary ferinions this is tlie only mechanism which can gener-
ate tensor-tvpe beta-decay couplings at the tree level. There is an upper liniit
of a few tunes 107* for the leptoquark contribution to R, due to a constraint
from the experiinental result on the ratio of # — ev to ¥ — pv rates (see Ref.
i),

This concludes our discussion of T-violation in beta-decay. Awnother po-
tential source of information on T-violating interactions, this 1ime on those
mvolving the union, is nuclear muon-capture. Nimai (". Mukhopadhvay and [
are cigrently investigating the available constraints on T-violating muon-quark

couplings, and the sensitivity of inuon capture observables to snch couplings.®”

3. TIME REVERSAL VIOLATION IN THE NUCLEON-NUCLEON
INTERACTION

Fhee T vinlating part of the NN titerachion hos Lty o patty viedating o
a vavtty vonserving part. The theareticid posalalities Tor these are dillerent

areaerefore we shiall disenss thien separately,

10



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

Sintultaneous violation of parity-conservation and tinie-reversal invariance
( P. T —violation) in the N-N interaction can be described. in analogy with the

28 in termis of nonrelativistic potentials, derived

description of parity-violation,
(1gnoring two-pion exchange) froni single-nieson exchange diagran - involving the
lightest pseudoscalar and vector mesons. P, T-violation in the N-N interaction
is parainetrized in this description by the strength g‘_k’,f\w' of the NV — V. ma-
trix elements of the various isospin (I) components of the efective P, T - vioiating

flavor conserving nonleptonic Hamiltonian

< MNTHYLL N >x s’ - (31)
We shall consider only the contribution of pion exchange. In contrast with
T-invariant P-violation, where pion-exchange contributes only for an isovector
Hamiltoman. a P, T -violating pion-exchange force exists for all the possible
(I +« 2)isospin components of Hpr. The P.T —violating conplings (with the

nucleons and the pion on their mass-shells) are??

Lpi'' = glen' V7NV -7, (32)
L'pll;-l| . ng.'\""\.n .V.\'WO ‘ ‘{l)
Lipl.-;-?‘ = ‘le?\|"v' .-\Tl :;T: TTO - T ?L\ ) (34

wlere the r's are the isospin Pauli matrices. Note that for an isovector Hamil-
toman only the nentral pion contribntes. The isovector potential, for example,

is given by??

i
prr Lo jnl } ii T ) oot T
R A VI I VRV NI AR . - i
-1 : NN T .
1h=r \[ v : -
. Vot
. !
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wleere oo v and =k o2y are the coonliates, sporawd sospin Panle nratn
vl s twa soncdecars, e v ey ea e r e s W s e nass ol the

wcleon. g, s the strong eomphng vonstant . The peseatar Y and satessope !

petentials have a smlar o,
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Let us consider the empiitical constraints on the constants GuNN -

Stringent limits on .‘7;{\'/.'\!' 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 D, lias been calculated in Ref. 33 employ-
ing sidewise dispersion relations. 3Sidewise dispersion relations have been used
successfullv to calculate the anomalous magnetic moment of the nucleors.** The
input for these calculations was the strong NV — N amnlitude, and the pion-
photoproduction amplitude in the region near threshold. The calculation of 17,
is analogous, with the P— and T ~invariant N — Nm amplitude replaced by a
P, T—violating one. The contributions of the P, T —violating 7® NN couplings
liave not ween yet estimated. Judging from the ratio (~ 107%) of the experimen-
tal cross-section for neutral and charged pion photoproduction at threshold,®*
we shall assume (see Ref. 36) tnat the contributions of the neutral pion cou-
plings are suppressed relative to the charged pion ones by about an order of

magnitude. This assutnption and the resnits of Ref. 33 yield

Ry w9« 107 Peem(glyy' « 00 vy grn’) (36)
hor the contribution of j};[;_-\,' to Do, The experimmental it
Dy o B2 1) Peem (05¢.1) (371
implies
N N I O N T K R [ R (3R)

Another sonree of mformation on the constants g};{.l..\.' is the class ol exper.
tirents searching [ electric dipole mowents ol atoms el wolecales (see Ref,
310 The best fimit cotes from a searveh Tor an electrie dipole moment of " Ny
atens ™ The expermrent s vielded ¢V " Her 0007 1050 10 ™ eene The
drpole mcanent dC0 " gy can be velated Chroorgh atonme ply ae o calinlations to
Che Sotndl noanment of the weosdens: the lotter v ewative G 00 vialotion e the
NN nteraction, he calenlations of Retlo 39 ol (e alsove experinental resnlt
tply paee RT3

'I"\\ ) I"'..\.\ ) l“'l"\ N ! vith



The experimental result d('?®*Xe) = (=0.3 £ 11) x 1072% for Xe atoms (Ref.
10) gives A weaker limit (by about a factor of 6) on the saine quantity.®®  An
experintent vn P, T —violation in TIF (Ref. 41) sets a limit 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

magnitude,*?

Among nuclear transitions highly hindered y —decays, where the initial or the
final state heas 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, studying the 7 —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 by about a factor of 500 would result in a limit for g‘"l_,\),N comparable
to the limit from (38). For the other coustants an improveiment 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 teansmission through polarized targets'* A P T violating ob-
servable is the quantity pppr = (@, o ) (a, i a ), where o, (7 ) is the
total uentron-nueleus eross-section lor a nentron polarized parallel (antipar-
alieh) to k- J. (k- neutron momentunt. J spint of the target un
clews)y, One wonld like to seareis for ppep at an isolated p wave componnd

mielens resonanee, whose parameters are kinown, and which exhibits a large

parity -violating etfect py. (r' o ga e Y (e s the total
rrass section Tor a nentran polarized parallel Cantipoallel) to k1o Valies
al e o darge as 770 have been observed near a p wave compound nnelens

resotane e Sinel a lavge elfeet s a0 result of the sovalled Slvian al enlianee

et ol Cvesananee enhancement” e el T The Totter are ctlectye
also Lo gy Fhe ratio N\ oy e Do twa state vy, e propeatoal to
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assunving that the nuclear factor involved in A, which in general could change
the expectations (Ref. 15) is of the order of one). A rough estimmate?® incdicates
that for g','..l._\.' =~ 107'% one would have A== 4 ~ [07%. For g‘,‘f\'._\.' and g:.:,‘w.' A
is (barring cancellations in (38)) smaller by abont a factor of 20. A njeasure-
ment of pp r with a statistical accuracy of 107° - 10 7% 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 contribution of the Kobayashi-Maskawa phase to
g‘w’_{._\,’ is too simall to be observable: a T-violating {lavor-conserving nenleptonic
interaction arises only in second order in the weak interaction. One expects
therefore g',’_\',_\,' ~ (107%) 57508385 = 107'% A detailed estimate finds the
P.T - violating 7 V'V coupling constant to be of the order of 107", The §-
terin gives rise to g",ro‘\:._,\.' (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 i some extensions
of the standard model.*"  An example of a class of models where there is a
F. T - violating flavor-couserving nouleptonic interaction first order in the weak
mteraction 1s SU(2)p - SUL2)g « U1 1) models with ¢ = 0 (see Eq. (). The part

of this interaction involving only the v d - guarks is

N . e s,,’)R ] _
H, r "./I' ;,t‘ns‘l)ll' R n L asinto sown) {rus, Upd.dy" Ui}y« Hoeo (140)
16mg KL oS {

Flie Thanthtowian (100 15 a pure isovector® The eorresponding constant ‘q',l‘\'- N
combl beoas Lirge s allowed (harring cancellations) by the linnt (3%) (see Refs,

A and Ty Phe additional terms e the interaction contribute to :1':.\.‘\.' andd

i f

o
fen
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with exotie lernnons (see Sectwear 2000 Fhe oo tbee od s nveractn o te
satnre des e o0 10 exorept that the anannty Yy oy ||(-(\Hl“ ...-JJ." bt o« )
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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 garnn. defined by
< MN |HTIN > x gunwy, (-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 effect through interference with the weak interaction.
The most stringeni hmit on gagyn from sucli expeciments comes froimn the hinit
(37) on D,. ‘T'here is no well founded calculation of the contribution of a
given ganv .y to D,. Taking garva to represent the strength of T-violation in
the flavor-conserving hadronic interactions. a rough estitnate of D, is*® D, -~
fe M) (GM? amigayvy (M = nucleon mass), so that | gasvy | < 6 ~ 1079,
Allbwing an order of magnitude for the nncertainty, we shall take the limit from

l)., to he

cgaan s 10T (121

A weaker linnt than (42) might be in conflict with the experitnental resnlt « 1

Limits from tests of detatled balauee in unelenr renctions, polarization-
asvinnetry cotparisons, nnelear y  decay, moleon waeleon and nneleon nnelens
seattering, are oot better than (12). The hest npper hnnt from sich experiments
for the ratio & of te P oviolating and T invaciant mnplitade s £ 5 ) Hesn™
v, obGined from adetailed Dhalonce <tbnby s ™ Voo™ Vg rRels 300 An
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e the transmssion of polarized weatvon thooogl oreated targets, lookine for



the presence of a (o, - ky x J) (kn+J) term,** In the vicinity of a compound
p-wave resonance in mediuni heavy nticlei the corresponding cross-section asym-
metry pr is enhanced: v = (103 - 10%)®, where & is. roughly, the ratio of the

5 To derive lim-

matrix elements of the T-violating and T-invariant potentials.
its from an experimental limit on pr will require hiere also an analysis in terins

of T-violating potentials.

In the standard model the constauts gasnvn are negligibly small: the con-
tribution of the Kobayashi-Maskawa phase is expected to be of the order of
< 107 '8 (like the contribution to the P,T.violating constants); gasnvn due to the
#—term is also negligible ( < 107'%), since the @—term can contribute to gagnn

only through interference with the weak interaction.

The first oraer flavor-conserving nonleptonic interaction in SU(2)g
SU(2)rx U(1)inodels, and in models with exotic feriions has no P-conserving
T-violating part, One expects therefore | gagvy | < 10 1% The absence of
a first order flavor-conserving P-conserving T-violating quark-quark interaction
turus 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
a1 flavor-conserving P-conserving T-violating quark-quark interaction to secon

order in the hoson-fermion couplings.®?

The size of the constants gagn n it such
iodels is therefore expected to be generally mnch helow the present limit. In
models with composite quarks flavor-conserving P-conserving T violating effec-
tive quark-qnark interactions may be induced by four-preon interactions that
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Jdount conuserve flavor., We find that in such models gagvy of the order of

10" 10 " are uot ruled ont.®?

CONCLUSIONS

ln this tilk we lli'\'('”'&,\'(‘(l I)U,\',\'“ilt‘ sonrees nf tite l'(‘\'l‘l'\'.‘ll violittton })l".‘l
decav aned or the uneleon unelean mteraction, and consedered the avinlable e

preeal mioriration on the eorresponding mteractms, thar ann wis to cottsteler



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

stmmarize our conclustons,

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 hosons with right handed couplings), in models with exotic feriions,
and in models with leptoquarks. Experimentson 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 {erniious more stringent
limits than the present experiinental limit ou D follow irom the experimental
result on D, and ¢';¢. However these bounds are not rigorous, in view of the

uncertainties in the calculations.

e The R-coethicient in beta-decay can receive tree-level contributions from
charged Higgs bosons and from leptognarks. DBased on a rough estimate, the
bonud 1 Re i 3 « 10 Y follows on these contributions from the present exper-
nental limmit on the electric dipole moment of the electron. This is about two
orders of immagnitude better than the imit obtained from a direcc measurentent.
For the leptogiark coutribution to Ry there is also an upper limit of a few tines

I 1 from the experimental result on the ratio of 7 < v to® e races,

o Searchies for the electric dipole moment of the nentron auned for eleetric
dipole nmoments of atcans and molecules set stringent bounds on the possible
stze of PVT violation i the N.N internction,  The npper lunits from D, on the
T violating prou-nucleon ccnplings vre ronghly fonr to five ceders of nagnitde
stivaller thian the strength of n typieal weak mnphitude, The present anits from

atonne shipale moment searclies are anly 12 arders of gt ade wenken

In soues current odels with CP ovoltor the U1 violating pron nelean

contpling onstants canld liave vabies aear the Tonots frome 1),

Iu nuelear prrace e the exastg, Tt on PO violition canno! be mproved,



unless there is a strong dynamical aniplification of the studied effect. Possible
candidates are some hindered 4 —decays, and neutron transmission experimnents
in some mediuti-heavy nuclei.  When comparing linits from other processes
with those obtained from the electric dipole moments, one has to keep in nind
that the estimates of the dipole moinents are subject to unknown uncertainties.
Lumits from other processes are therefore important even if they would not be

quite as stringent as those from the dipole motnent.

e The upper linit from D, on the P-conserving T-violating imeson-nucleon
coupling constants gasnn is of the order of 1074, 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 < 10°* (from a
detailed balance test) for the ratio of the T-violating to T.iuvariant amplitude.

Tle implication for gara & 1s 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 linit from

D.. althongh values not lar from this limit cannot be ruled ont.
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