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T-VIOLATION IN NUCLEAR INTEXACTIONS-AN OVERVIEW

Peter Herczeg

Theoretical Division, Los Alamos National Laboratory. Los Alamos, NM 87545

We discuss time-reversal-violation in the nucleon-nucleon interaction, hoth parity:
conserving and with simmultaneous parity violation, and consider its effects in some
low-energy nuclear processes.

1. INTROBUCTION

('P-viclation was discovered twenty-four years ago through the decays K; -+ 2.
The interaction responsible for this effect has not been identified yet. Despite the many
searches for (:P- and T-violating effects in various processes, (‘P-violation has been sren
so {ar only in the neutral kaon systemn. The present experimental vai:ies of the paraineters
¢ and ¢ describing C'P.violation in K — 2x decays (for a review see Ref. /1/) are
| €= (2.2740.02)x 1073 /2/, and €' /e = (3.242.8+1.2)x107% /3/; €' /e = (2.3 +1.1)x 10 ?
/4/. On the basis of the (!PT theorem one expects a ('P-violating interaction ‘o violate T-
invariance. ‘T'here is some iudirect experimental evidence that the interaction responsible
for ¢ has a T'-violating component /5,6/.

A zimple explanation of € is provided by the superweak model /7/. T'hin postulates
tlie existence of a new interaction of strength 10 °(/ ((¢ = Fermi constantj that can change
strangeness by two units. The superweak maodel predicts a negligible value for ¢'/¢ and
unobservably smal! effects also in all other processes. A consequen.e is that if the cvidencs
/4/ for a nou-null resunlt for ¢'/¢ is confirnved, the superweak model could not ar-om:t lor
all (!P-violation in the neutral kaon systent.

The most economical explanation of the observed C'P-violation is within the mininal
standard electroweak model (the standard $U/(2), x /(1) model /8/ with three generations
of leptons aud qaarks, containing only left-handed neutrino felds, and with a Higgs sector
consisting of a single Higgs doublet). For tliree quark generations the quark mixing inatrix
contaius a ('P-violating phase 6§ (the Kobayashi-Maskawa phase /9/). The paranieters ¢
and ¢ are generated in second and first order in the weak interactions, respectively. ‘I'he
todel can account for the observed vahie of ¢, and predicts [ «'/¢ | 10 2 10 * /110,117,
cansistent with the experimental results,

Alternatively, the interaction respousible for the observed (P violation ey reside in
nn extension of the minimal standard model.  I'xtensions of the minimal standard niodel
may also contain new CP-violuting interactions nurelated to the obe -rved effect.  All
this nunderlines the importance of experinents nearching for CP and ' violating #ffects
outside of the nentral kaon aystem. I'hey probe further manifestations of the interaction

ceaponsible for the obarrved C'Poviolation, and also possible new (‘P .violating interactions.



la this talk we shall discuss the information provided by searches for T-violating ef-
fects in low-energy nuclear processes.! Such experiinents probe T-violation in the nucleon-
nucleon interaction, in the couplings of the photon to hadrons, and (in J-decay) in the con.
plings of leptons to hadrons. In the sul:sequent two sections we shall discuss T-violation
in the N-N interactions, first with sinultaneous P-violation, and then P-conserving T-
violation. Iu both cases we consider the implications for P,T- and T-violation in nuclear
v-decay, which have not been to our knowledge discussed recently. Effects in other pro-
cesses are considered only very briefly. In the last part we summarize our conclusions.
Apart from some general remarka a discussion of T-violation in nuclear y-decay, which is
sensitive also to T-violating semileptonic interactions, is not included in the talk. For this
sub ject we refer tlie reader to a receut discussion in Ref. /18/.

2. P T-VIOLATION IN THE N-N INTERACTION

In analogy with the usual treatient of parity-violation in the low.energy nucleon-
nucleon interaction /19/, one can describe simultanecus violation of parity-conservation
aud time-reversal invariance (P.T-violation) in terms of nonrelativistic potentials derived
froin siugle meson exchange diagrams (ignoring two-pion exchange) involving the lightest
pseudoscalar and vector mesons.? [n this description P, T violation in the N-N interaction
18 parainetrized in terms of the strength §(1»:)~~ of the N — VM matrix elements of the
varions isoapin (1) components of the effective P /T-violating flavor-conserving (A F -0)
nonleptonic Hamiltonian:

« MN | HRF | N “x Gynn - (1)

The longest range P/I'-violating poteutial is due to pior-exchange.? Pion-exchange con-
tributes for all possible (I < 2) isospin components of Hpr. ‘I'his is in -ontrast with
Tinvariant P violation, where pion-exchiange is present only for an isovector Hamiltonian.
The pion-exchauge potentials provide therefore a sutficiently zompiete description of P'T".
violation? in the low-energy N-N interaction, unless the constanta gjL',.),N are relatively
suppressed. We shiall assume here that this is not the case, and neglect the contribntions
of lieavier mesons.

' Farly reviewn of T-violation in miclear processes incliude Refa. /5/, /12/ and /13/. More

recent dincussions of varions aspecta of the mithject include Refs. /14/./1R/.

* There in also a long-range contribution f.om P.T-violating single.photon exchange, wlich
in governed by the nucleon electric dipole montent forin factor.  This term has 1ot heen yet, to
our knowledge, inveatigated. 1f P, T-violation is due to a term of atrength ¢ f' in the electrmnag
vetic mteraction, it in of the order of e2f'/ia/m)f'gunn - 10 relative to pion exchange, and
therefore probably the moat important.  ¥or nonelectromagnetic P violation it is of the anler
of =7 gann 10 2 even then, whether ita effects in nuclei can he neglected will have to he
imveatigated.  For f' the experitnental lintit on the electric dipole moment of the neutron (see

'y (R)) ndicates | f' |« 10 1w, hape to dincuss the PI violating photon exchange in a

it heonung conmmmnication.



The P, T-violating pion-exchange potentials | (,T; are of the form®
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where M is the iass of the nucleon, gynyn is the strong coupling constant; ri, o

aud ri(k == 1,2) are, respectively, the coordinates, spin and isospin Pauli matrices of
the two nucleous, 7 = (v} r3)/rand r =| ¥} - 73 {. The constants g'(",\),N are defined
by the effective couplings

L(l:o) ..(0) N N

PT T 9xnNNOT T (5)

(I=1) _ (1 5F .

Ler = GennNN®®, (6)

Lo’ = §wvn N@3rr® 7 N . (7)

' . . _(I .

What are the empirical constraints on the constants g(,,\),N? A stringent bound on
tinte-reversal violation in flaver-conserving hadronic interactious comez from the experi-
mental liniit on the electric dipole moment of the neutron /21/

| Dpje 2.6 x 10 **ecm (95% confid=nce level). (8)

If fr aud fr represent the strength of P and T violation in flavor-conserving hiadronic inter-
actions, a rnugll estinate of ), is given by /22/ D ~ (e/M)fpfr ~ (2% 10 ") fp fr ecm.

Taking q NN to represent fp fr one cbhtains | q NN | < 1.3 =10 ' Given the constants

tnh .
g .nn 8 well defensible, model independent cnlculntmn of I, is poasible throngh the nse

nf sidewise dispersion relatious /23/. Sidewise dispernion relatious hiave heen used sue
censfully to calculate the anomalous magnetic maments of the micleon /24 The input
for the calenlation waa the strong N+ Nnr amplitude, and the pion photoproduction
nmplitides in the region near threshold. ‘I'he calculation of 1), is analogous, with the I
and ‘1" invariant N+ ¥r awplitnde replaced hy a U1 violating one.  For a conpling of
the form

Ler  v24unn(pnmy | npr ) (9)

Y I'he inoncalar potential (2) was given in Ref 720/ and the potentials (3) and (4) in Ref.

1R/



the result is /23/
D, ~9x 10"5§,N-N ecm . (10)

The contribution of the P, T-violating couplings of the neutral pion (NTZNNO and N Nn?)
have not yet been calculated. The contribution of the Nx? intermediate state to the
dispersion relation is expected to be much smaller than the contributiim of the Nn* state,
since the neutral pion photoproduction cross-section at threshold is about two orders of
magnitude smaller than the thresholc: cross-section for charged-pion photoproduction /25/.
(‘onsequently, the contribution of the couplings (5) and (7) to D, is about the same as
the contribution of (9). Hence,

D,~(9x10"'%)g 0 eem  (I=0,2), (11)

FEqs. (8) and (11) imply
|ginn | <3107, (12)
|giwn | <3 <107 (13)

For the coutribution of the isovector coupling {6), which involves only the neutral pion,
we guess (from the ratio of the experimental cross-sections for neutrai and charged pion

hotoproduction at threshold) D, ~ 10-15g't) ecm, and therefore*
p 9xNN

|¢QN|53x10*°, (14)

[.et us consider briefly the possible size of tlie constants §L',\),N in rome current models
with (:P.violation. For a more extensive discussion and further references we refer the
reader to Ref. /18/.

Quantum electrodynaniics, which is incorporated in all gauge models of the funda-
mental interactions, obeys P, C, and T-invariance. In the minimal standard model there
are two rources of (‘P-violation: the Kobayashi-Maskawa (KM) phase § /9/ in the quark
mixing, and the #-term /26 in the effective QCD Hamiltonian. The KM phase gives nn
contribution to the first order flavor-conserving nonleptonic weak interactions /27/, since
in the latter the elements of the quark mixing matrix {7 enter only through the quantities
| 17,, 1%, which are not sensitive to a (!P-violating phase. The constants _47(_'[,\)," generated
by & are expected to be therefore of the order of (10 ®)2s3aja595 ~ 107 '%(a, = sin 8,
cte the factor -’f“zﬂn-’d is mandatory in the KM-model for all ('P violating quautities
J28/). 'Fhe #-term violates both P and T-invariance. Its strength is governed by the

parameter 8. Being an isoscalar, it coutrilutes only to the constant .‘i(wu)\)lN' The resnlt
of a calenlation is | _q'(__o,\',N - 0.0270 /29/. ‘T'he contribution of the #-term to 1), in the
soft pion linit was calculated /29/ to be | D), |- 1.3 < 10 | !i(..oz\)JN | ecin, which nearly

coincides with the value (11) obtained uring sidewise dispersion relations. 'hus g'(:;\l.,.. due
to ihe #-term can be an large as the upper limit in Fq. (12).

Yl Ref. /187 our giuess was 1), (3 « 10 '“)q('lh',N ecin and therefore | y’LIIJN |

m : : ) -
1 77, based on earlier experimental results on #° photaproduction.



New CP-violating interactions are present in rany extepsions of the minimal stan-
dard model. An example is the class of left-right symmetric models based on the group
SU2) < SUt2) g < Utl) -30:. These models slied a new light on the apparent V-A
structure of the charged-current weak interactions. The gauge interactions ir: these mod-
els generate a first order A F = 0 P.T-violating nonleptonic (quark-quark) interartion.
This can give a contribution to g'-rl)\'i,v as large as the upper limit in Eq. (14) 187,

We shall consider now the information on the constants §;IA’,,\, provided by some
low-energy nuclear processes. As it turns out, the limits (12), (13) and (14) are the best
oues that can be derived at present on P.T-violation in the N-N interaction. It must
be emphasized however, that estimates of I’,, invuive unknown uncer.ainties (for example.
even though the size of the contribution to D, of a given g',,‘}vN or §L2,:,N is well founded, the
possibility of cancellations with other contributions canrot be ruled out). Improvements
of limits on §|-’l\iiN from sources other than D,, are therefore important even if they would
not quite reach the sensitivity of (12), (13) or (14).

2.1. P.T-V:olation in Nuclear v-Decay

Searches for T-violating effects in nuclear y-decays are based on Lloyd’'s theo-
-m ;31/. which states that in a T-invariant theory the reduced matrix elements
< B llxL |l 4 > (x = E M) of the electromagnetic multipole operators between given
nuclear states are relatively real.® (‘onsequently, the nuxing ratios

L/ x'L'Y=< B xL||A>/<B|&x'L'| A> (15)

are of the form
6:'6!8“',_'“ ‘715)

where the phase £ is due to higher-order electromagnetic contributions® aad n eviates
from 0 or x only in the preseuce of T-violation.

l.et us consider in a simple case the effect of a P, T-vioiating N-N potential V/*T, We
shall denote the initial and final nuclear states in th- absence of P- and P.T-violation by
ja > and | b > respectively. Let } a' > be a state of en~rgy near that of [ @ >, of the same
augular momeutuni as | a >, but of opposite parity. The potentinl VP + VPT where V'°
18 the T-inveriant P.violating force due to the usual nonleptonic weak interactions, has the
eifect of changing | 2 > to a state | 4 >, given by

A =>-la ’r-?!;a ;( VP a e d VT a ) )

We shall asainme for sunplicity that there are no appreaable adimxtires of opposite panty
atates mto | b ., so that

B~ b t1R)

For a review of 1the theary of nnclear vy rlecay see e g Het 27 Car - B || L] A
widentieal to yia l: A4 - ) i the untatinn of that referenice W= aliall channe a cipvention m
which the - H || ALl A - are real

The phases £ have Lieen calculate] for a wide ange of tranmitions m Ref 13,



Let the regular electromagnetic transition in | 4 > — | B > ++ (i.e. the electromagnetic
transition in the ahsence of VP + VP.T) be pure M2. P,T-violating and P-violating effects
are proportional, respectively, to Op 7 and Op, given by

<BIE2(|A><B| M2|| 4>
<B||E2|A>3+|<BIM2[A>]

Op‘r = Im

1 <B| E2|| A>

ST e B M2[AS (19)
and
<B|E2|A><B| M2|A>" 1 <B|E2|A>
OP: RC = Re ,
I<B|E2[A>P+|1<B[M2[[A>2 1+ |67 ~<B|M2[A>
(20)
(6 =6(E2/M2)). We have
<B|M2|A>~<b||M2]|a>0(l +1fma) , (21)
, ' VP ' VP‘T
<BIE2| A >x<bl E2a > (1+igg) ST 12T IV 182) )
so that
v - B 1
o b B2 o v (€62 - Eaa) <a' | VP la>+ <a' |(-WVPT |a>] 2
PT = S M2 a> (Ea - Ear)(1- |8 12) (%)
- b s o P
Op~-< | E2||a" > <a'|V' |a> 1 (24)

"o b|| 42 |[a >0  E. -Ea L1+]8]7°

In Eqs. (21-24) we have dencted the matrix elements first order in the electromagnetic
interaction by a subscript zero. As seen from Eqs. (23) and (24), the observed effects are
enhanced if E, - E, is small, and/or if the regular transition is hindered relative to the
svmmeiry-violating one. Note that the factors which enhance the P, T-violating effects
enhance also the effect of the final-state interaction.

It is uselul to forin the ratio Up1/0Op. From Eqs. (23) and (24) one has

o a|VPT|a. ' )
Opr/Op ~ €~ ( 1) S VP a s b €ga  €nra . (25)

T'he P/T.violating interactions that contribute to P, T-violation in the N-N interac-
tiait geuerate also a contribution 1?5'11 and M,L) to tha electric and magnetic multipole
operators. ‘These termu are single-particle operators proportional to the electric dipole
monent of the nucleon Dy.  luspection shows that E I( M,') is of the same form as
the spin-depeadent terin in the usual ML(F L) operator, but with the factor pae,; 2M

O



replaced by Dy(—-Dn). In the quantity Op 1 considered above, the effect is a term
< b E2 |l a>/ <b| M2]| a > to be added to the r.h.s. of Eq. (23). This
quantity is presumably of the order c¢f D, /(1::ve/2M) (unless there is a cancellatien be-
tween the orbital and spin-dependent part of M2), and therefore < 1071 (cf. Eq. (8)).

2.2.  Implications of the '8 Hf Ezperiment

As _een from Eq. (25), the larger is the P-violating effect, the more stringent limit
can generally be obtained for < o' | VPT | a > for an experiment of given sensitivity. This
was the idea behind the experiment of Ref. /34/, - the only one where a P, T-violating
effect in y-decay was searched for. The transition studied was the 501 KeV ~v-transition
of the 87(1.142 MeV) metastable state of '°Hf.” The large P-violating effects observed
in this transition (1.7% forward-backward asymmetry and 0.2% circular polarization of
7-rays) can be accounted for in terms of the usual weak interactions /35/. Neglecting
final-state incoractions,® the experiment yielded /34/

ln < 6% || E2| 8" > <8t |VPT |8~ >

- ~ = -07+06 . 26
Re <6+ || E2]| 8~ > <8t |VP |8~ > (26)

In Eq. (26) | 87 >=| 87,1.142 MeV >, | 84+ >=| 87,1.085 MeV >, and | 6t > =
|6%,0.641MeV >. Eq. (26) implies

<8t | VAT |8~ >,
<8+|VP|8—>‘

< 1.7 (90% confidence level). (27)

To obtain limits on the constants §L11\)/N from the bound (27), a calculation of the
matrix elements involved is required. Such a calculation is not available yet. We shall give
a rough estimate of the ratio of the matrix elements in (27) (see Ref. /18/), approximating
the two body potentials VPT and VP by effective single-particle potentials.

(‘oncerning the su.>ngth g(/\;)NN of the P-violating N — N M matrix elements, the

experimental evidence indicates thai /36/ QL%N ~ 2 x 107%. For the other constants the
data set only upper bounds; the bound for gxnn is such that the pion-exchange term in
VE

1s not more important for our estimate than the term proportional to gij\}N. The

single particle potential (V:M),_p_ corresponding to the gi:.'),,.'.-tcrm is given by (neglecting
the term proportional to (N-Z)/A) by /19/

(Vo))ap ~ (BWP/2Mm2) (1 + o) gonn GoNN Puc P, (28)

where g,nn 18 the stroug p NN coupling constaut, u, is the isovector anomalons maguetic
moment of the nucleon, p, is the nucleon density in the vucleus, ana W# ~ 0.8, The

vor a review of this experiment and of other possible experimenta on P.'T' violation in 7
decayn nee the talk by F. Boehm in these proceedings.
The effect searched for in this experiment involves also the final-state interaction phases

Eag2 and gy which, to onr knowledge, have 1ot been yet caleulated for any transition.



single-particle potentials corresponding to the two-body potentials (2), (3) and (4) are

/18/

(ol N -Z

(Vi he. = ~Funnw ——Vn (29)
P.T ~(1)

(Ve Jap. = Gunn Un (30)

+P.T, 2y N-2
(‘/w(Z)"P = —20,NN T Un (31)

where ) 5
Dy = Mm 2 geNN T2 F% y (32)
T o and 7, are single nucleon operators, 7 = 7/r, r =| 7 |; Z and N(= A-Z) are the

atomic number and the number of neutrons, respectively.
From Egs. (27-31) we obtain

lgtwnl <25%x107737" (33)
G wn] <5 x 107437 (34)
giynl <1.2x107737" (35)

where

<8t | o F(Opn/Or)r. |8 >
<8+ |d-ppn|8 >

B = (36)
In deriving the liunits (33-35) we included a factor 2.6, found for the case of T-invariant
P-violating potentials /19/, which accounts for the suppression of p-exchange relative to
r-exchange due to short range correlations.

To obtain a rough estimate of 3 we shall use <| o : F(8pn/0r)r. |> =~

(< pn > /R) <| o1, |>, <| & Ppn |> ~<| @ |>< pn > /R (R = nuclear radius)
/37) and < o1, > / < ¢ >~ 1. This implies 3 ~ 1. With this value of 3 the limits
(33-35) are

13w n] < 25 %1077, (37)
lgenn] < 5x107% (38)
1G22 0 < 12x 1077 . (39}
«NNI|

Comparing the limit (38) with the bound (14), it follows that an improvement of the
sensitivity of the "*°Hf experiment by two orders of magnitude would yield a limit for

glwll\)’N comparable to that indicated by [),,. For the other constents an improvement by
ioier orders of imagunitude would be requir=d.

Cousidering the contribution of the P, T-violating multipole operators one has pre-
sumably | Im (< 6% || E2' || 8- ~ / <« 6% || M2 || 8~ ») | <10 ', as we dis-
cussed earlier.  From the experumental result (26), aud from Re(< 6% || E2 || B
/o« 6Y | M2 8 ) ~ 0.04 (obtained from experimental results on P odd effects;



see Ref. /38/; E2 and M2 refer to here to the total E2 and M2 operators) we have
| Im(< 6 || E2(/ 8 >/ <6%| M2 8 >)| <0.7,i.e. a much weaker limit.

2.3. Other Processes

Another class of experiments sensitive to P,T-violation in the N-N iuteraction is
investigations of polarized neutron transmission through polarized targets see the talk
by H. Postma in these proceedings|. A P,T-violating observable is the quantity ppr =

(04 —0_)/(04+0_), where o, (o) is the total neutron-nucleus cross section for a neutron
polarized parallel {antiparallel) to Fn x < 7> (Fn = neutron momentum, J = spin of
the target nucleus). The larger in a given case is the T-invariant P-violating cross-section
asymmetry pp|= (a'+ -0 )/(a'+ +o_), where a;(a'_ ) is the total cross-section for a neutron
polarized parallel (antiparallel) to its momentum], the better limits can be established on
the constants §("IA),N. An experiment searching for ppr with a sensitivity of 10~% (what
appears to be feasible) in a case where pp is say 5 x107%, would set about an order of
magnitude smaller upper limit on §LI,\3N (I = 0,2), and about three orders of magnitude
smaller upper limit on g‘,,',\}N than the limits (12-14) from D,, /18/.

A further class of experiments sensitive to P,T-violation in the N-N interaction is

searches for electric dipole moments of atoms {see the taik by P. G. H. Sanders in these
proceedings).

3. P-CONSERVING T-VIOLATION IN THE N-N INTERACTION

In the same way as P- and P,T-violation, one can describe P-conserving T-violation
(referred to often in the following as simply T-violation) in the low-energy N-N interaction
in terms of nonrelativistic potentials, corresponding to single-meson exchange diagrams,
with one of the N — NM vertices involving the T-violating Hamiltonian HT. The

strength of T-violation is characterized then by the effective coupling constants gayrnn,
defined by

<MN|HT|N >x gunn - (40)

U'nlike in the case of P,T-violation, one-pion-exchange does not contribute to the T-
violating N-N interaction /39/. Also, there is no contribution fromn p°-exchange /39/.
The exchange of p* generates the isovector T.violating potential /39,40/

V) = GonN(peginam2/BMEn)F(r)(ay - a3) x (P~ pa)-(r1 - mr2)(Ty x T2y, (41)

where §,:sn 18 defined as

Linn = GoNN(egonn /MV2INa g (pir pr !N (42)

Iu Fq. (41) g,nN(~ 2.79) 18 the strong pN N coupling -onstant, ¢, is the momentum of the
pand F(r) - (l/mpr)(%_(e et /myr).  Ajp-exchange can generate ‘I'-violating potentials
of any (I < 2) isospin /39,40/.

A stringent limit on the constants gagyny comes from the esperimental linit (8) for
D,.. Denoting, fr the strength of T-violation in the A F —~ 0 hadronic interactions, a



rough estimate of D, is /22/ Dn ~ (e/M)(GM?/4m\fr ~ (2 x 1072%)fr ecm, so that
| fr | < 1.3 x 1075, Judging from the iimit (12) for gfﬁfw, the bounds for D, on garny
(= of the order of fr, presumably) are probably weaker perhaps by an order of magnitude,
since the masses of the mesons involved are higher. Thus a probably better guess of the
implications of the limit (8) is

| gmnn | <107 (43)

A weaker limit than (43) might be in vonflict with the experimental results on €'/¢ in
Ky — 2m decays.

The exchange of a single photon does not contribute to th= P-conserving T-violating
N-N interaction since the T-violating part of the matrix element of the electromzgnetic
current between nucleon states on the mass-shell vanishes due to current conservation
/41/. The longest range P-conserving T-violating potential arises from my-exchange. If T.
violation originates from nonelectromagnetic interactions, the strength of this contribution
is suppressed by the factor e? relative to the single-meson-exchange diagrams.

L.et us consider now the case when the source of T-violation is the electromagnetic
interaction. This possibility was proposed originally /41,42/ to account for the observed
CP-violation. The parameter ¢ would receive through radiative corrections a contribution
of the order of (a/7)f, where we have denoted ef the strength of the T-violating electro-
magnetic coupling; for maximal T-violation (corresponding to f =~ 1) it would have the
observed order of magnitude. The present limit on D, (Eq. (8)) indicates however that,
if present, T-violation in the electromagnetic interactions cannot be maximal. The rough
estimate of D, is D ~ (e/M)f(GM?/an) ~ 2 x 1072°f ecm, 50 that | f | <13 x 10~°.
A calculation /43/ using sidewise dispersion relations, with T-violation introduced in the
A(1236)py vertex in the pion-photoproduction amplitude, yields for gryn = 6 x 107°
(the present experimental upper Limit) the value D, ~ 107?? sinfa, where 84 is the T-
violating phase at the Apy vertex. Assuimning that sin 5 ~ f one has then from Eq. (8)
| £ <3 x 1073, For such a small valie of g v~ some other contribution (e.g. the contri-

bution involving gi,(xN) could be more important. Givea the uncertainties, a reasonable
conclusion seems to be | f | < 10-2 — 1073,

For electromagnetic T-violation the constants Gasnn are expected to be of the order
of (a/r)f, and therefore (with | f | 510‘2 - 1073%) | gmnnN | 510—5 —107%.  The
T-violating my-exchange potential was investigated in Refs. /44/ and /45/. In Ref. /44/
T-violation is introduced in the NN+ vertes where one of the nucleons is «fl-shell; the
average strength of the my-exchange potential relative to the P-conserving T-invariant
one-pion-exchange potential was then found to be of the order of 107 for maximal T-
violation, i.e. presumably it is of the or "srof < 107 - 1077 for | f | < 10°2 -10% In
Ref. /45/ the my-potential was calculated using the effective T-violating NV VN my ‘uteraction
introduced in Ref. /46/. The contribution of this interaction to D, was calculated in
Ref. /47/. Writing the strength of the N Nrv interaction as gre/m M the result and the
limit (8) imply | g7 | < 1.6 x 1072, It follows then from the calculation of Ref. /45/ that
the average strength of this my-potential relative to the usual one-pion-exchange potential
i85 - 5x 10 °.

An effective T-violating interaction leads also to a T-violating three-body potential
/16,48,49/, which in heavy nnclei might be more important than the two-body 7y exchange
poteutial because of the long range of the Coulminb potential /46/.

L0



What are the expectations for the size of P-conserving T-violation in current models
with CP-violation? In the minimal standard model the strength of P-conserviang T-
violation in A F = 0 nonleptonic weuk interactions is expected to be comparable to the
strength of A F = 0 P,T-violation, i.e. | gmMnnN | < 10°'®. Tbhe #-term is both P-and
T-violating, so that it can contribute to gasnn only throrzh irterference with the usual
weak interaction. We expect therefore gasvn due to this term to be < 10715, In left-right
symmetric models the first order A F = 0 nonleptonic interaction has no P-conserving T-
violating coinponent (while it does contain a P,T-violating part). One expects therefore
| gunn | <1071,

The absence of a first order flavor-conserving P-conserving T-violating ronleptonic
(quark-quark) interaction turns out to be a general feature of renormaiizable gauge models
with elementary quarks.® We expect therefore that the constants gasn v in such medels
are not likely to be much larger than ~ 107!'*.'% |n composite models the constants Gasnvn
might be larger, but probably still rmuch smaller than the strength of the weak interaction.
A A F =0 P-conserving T-violating quark-quark interaction in these models would he due
to T-violating interactions at the preon level, which conceivably could induce T-violating
derivative couplings at the quark level.

J.1. P.Conserving T.Violation in v-Decay

Let us consider the y-transition | 4 >--| B > ++, assuming, for example, that
the dominant muliipole radiations are M1 and E2. T-odd, P-even observables will he
proportional to the quantity Or, given by

1 <B|E2| A>
0 - g S BLE21A> 44)
T s M"TE MIAS (44)

(6 = &(F2/M1)). Denoting | a > and | b > the initial aud final nuclear states in the
absence of VT, the states | A > and | B > are

1A > =]a>+ S o VTla >, (45)

1B >~lb> . (46)

% This was noted in Ref. 17 Recently [ learned that this feature was noted also by J.
Kammbor, D. Wyler and M. Simonius /50/.

" I'he constants dM NN can arise in seconcd arder (fourth order in the boson fermion coupling
constantsa) through interference of a T-violating P- and/or flavor-violating 1onleptonic interacti :n
with the usual weak interaction. If the T-violating A F # 0 interaction conserves atrangeness,
there are no constraints from CP.violation m the neutral kaon system, and therefore gagn v in
alloweil to be larger, nerhaps of the order of 10 '?2 Additional contributions te¢  P-connerving
T violating O F - 0 nonleptonic (quark-quark) interaction, which we did not anelyre, inay come
frin CP-violating couplings among the bosona in the theory. In Ref. /50/ it was shown, taking
mto acconnt the CP.violating conplings minong the hosona, that in renorinalisable gange models
which contain the standard ST/ (3),. < ST (2); < /(1) model there canbe no A F 0P cennerviug

T violating foree hetween the quarks at a level stronger than the usual weak interaction.



wlere | a' > is a state of the same angular momentum and parity as | a >, and we have
assumed that only one state dominates the mixing in | A > and that there is no appreciable
mixing in | B >. For Or we find

1 <b| E2] a>

0T = T5757 <o) ML a > [(Ee2 &)

1 ' T <b|[E2|a" > <b| Ml]a > -
— ' (i)W = A L ] ] 1
A S '“>(<b||82||a>0 ~<b||M1||a>o> (47)

Thus a search for a T-odd efiect prcvides a constraiut on tlie matrix element(s)
< a' | VT | a > provided that all the other matrix elements involved are knowu. As
emphasized in Ref. /51/, the sensitivity of an experiment to < a' | VT | a > is larger if
the a — by multipole amplitudes are suppressed relative to those in a' — by (unless | & | is
too small), and also if £, -- E,' ir small. Note that the final-state interaction effects are
not enhanced by tl.ese factors.

To obtain constraints on the T-violating coupling constants garnvn, a calculation of
the matrix element(s) < @' | VT | a > is :equired. P-even T-odd effects have been searched
for in many nuclei (see the talk by F. Boehm in these proceedings). To our knowledge, an
interpretation of the experimental result obtained was attempted so far only for two caces.

Oue of these is a search for T-odd eflects in '*2Pt.  From the experiniental result

/52/

sin g +0.12 8in 1y [~ (4+5)x 10 ° (48)

(m1 and 5y rfer to T-violating phases in two vy-decays in '°?Pt; the final-state interaction
plhases Liave been neglected) the authors of ref. /53/ deduce

<2'BIVT2Y A 5~ (90 £ 110)eV (19)

for the matrix clement of V7 between the [2YA >=2Y,0.612MeV ~ and the |2V 3 -
P2V 031TMeV - states of '°2Dt, ‘1o estimate the matrix element in (49), the single
particle potential®!

~ ’

. | I
V'.m B ("'.)‘.St.z( P;’ Ty t ry P,‘) (r,())

was used for V' Assuming that the strong N-N interaction Hy has no other velocity
dependent compoaent thau a spin-orbit terin, Vi, can be cast in the form /53/

Vi MG, He (51)

where M is the nucleon maas. The conciusion is /53/

P Gow MR (3 v 4) 10 4, (h2)
where It - 2V B Y, 124 -0 “I'aking R to he the unclear radins, oue obtaina
PGw o310 (H3)

1 o e , , . . ' 8 .
Fhe most general P even. ‘I add amgle particle potential hinear m p s of the tor

(v, " . p' Bhr) & h(rir, | v Mool 1may tq. 1 00) eorreaponds to ()
G 2r dyir)y 0



To be able to make some assessment of the significance of the limit (53), one would have
to know low the constant G,,.. is related to the strength of the two-body potentials.
This has nov been yet, to our knowledge, explored. For the two-body potential (41) we
find that in the approximation used in Ref. /55/ to derive a P-violating single-particle
potential, its contribution to G, ,. vanishes. [f we assume- what may uot be unreasonable-

that (v',,,.,/('v'p_,,, ~ gMNN/gL%N: where (7, .. is the factor multiplying the T.invariant
P-violating siugle-particle potential o p'in Eq. (28), we obtain

| gman | <3< 1074, (54)

""""" ~a ittt wontd-bewear the bound (33).7 "7 7 T TTm s o memmm T T
T'he other case which was analyzed to some exteut is the experimen’al result (sin n =
0.048 + 0.087) for the 501 KeV-transition in *®Hf {the same transition where a P, T-odd

effect was searched for) /56/. The authors of Ref. /56/ find

<8 |HT |8 >|= (04 +9.7)V , (55)

wher 8 is a K = 2 or K = 3 octupole vibrational state. Although the limit (55) is
two orders of magnitude smaller than (49), the implied bound on (., may not be more
stringent, since the matrix element in (55) is likely to be cousiderably suppressed due to
the large difference in the K-values of the two states.

In discussing T-violation in the y-transition 4 -+ By we have not i:icluded 3o far the
effect of the 'I'-violating iuteractions on the electromaguetic transitior operators. enoting
FEL(ML) the T-violating contribution to the EL(ML) operator, the eftect on 0p (F.q. (44))
isaterm (< b|( )E2|a>/<b|E2la>) (~b|( iYMLl]ja>/<b|Ml|a ~),to
be ndded to the terms in the square bracket in Eq. (47). (In Eq. (44) 2 and M1 refer
to the smn of the usnal and T-violatiug mnltipole operators; in the subsequent equations
they refer to the nsual mnltipole operators).

As the matrix element of the electromaguetic current between phiysical nncleon states
is not sensitive to ‘1'-violation, there is no single-particie contribation to £'L nud ML. The
two-body contributions have heen investigated in Refs. 46/, /48/, and /49/. The mn-
trix element ration « | EL |~/ «| EL |~ and « | ML |~/ - | ML |~ have been fonnd
to be generally much sialler than 10 ? for maximal T -violation i the electron.agnetic
mteraction.  Given the present lintits on I'-violation, they are therefore nuch smaller
than 10 3| f | < 10 510 Cfor 10 Ygp | - 2« 10 %) in the case of electromagnetic

T violation, and nuch smeller Jhan 10 Y | gaenn | - 10 7 for T violation of a nonelec

tromagvetic origin.  Thus KL and M, coild play a role ouly i1 cnres where the mnatrix
cletnents of the nsual nltipole operators are atrougly hindered relative to those ot K.

and AL
1.0 Other 'rocesses

1" violntiom in the N N interaction has beent searched for also throngli tests ot detniled
bunlanee i nuzlear reactions and in polarization asynnnmetry comparisons in mieleoic nnelean
and nneleon niclens seattering. For reviews of the experintental results and nspects of the

theory we refer the reader tao Refs. /12 167 The heat upper Lt from such studies for



the ratio £ of the T violating and T-invariant amplitude is | £ |< 5 x 107* (80% confidence
level), obtained in a search for violation of detailed balance iu the reaction 27 Al(p,«)** Mg
/57/. To translate this bound into an upper limit on the coupling constants gasnn would
require an analysis in terms of the T-violating N-N potentials.

Another possible way to probe the presence of P-conserving ‘I'-violation is throngh
searches for a term of the form (?,, B —J_’)( k., - .T) in the transmission of polarized
neutrons through oriented targets (see the talk by H. Postina in these proceedings). A
T-violating observable is the quantity pr = (6, - &.)/(64+ + d-), where ,(5..) is the
neutron-nucleus total cross-section for neutrons polarized parallel (antiparallel) to k;, x J.
Such experiments may be able to improve considerably the existing limits on the ratios of
viotating o ‘T-mmvaiiant ‘aniplitudes. In the vicinity of a compound p-wave resonance in
ntedium-heavy nuclei pr is enhanced: pp ~ (103 - 10°)¢, where ¢ is, rougiily, the ratio of
the matrix elements of the T-violating and T-invariant potentials /58/. ‘l'o obtain liniis
oun the constants gasnn from limits on pp will require here also an analysis in terms of the
T-violating votentials.

»

A T-violating N-N interaction can induce T-odd correlations (such as e.g. - J
. p. < p.; see the talk by F. Boehun in these proceedings) in nuclear 3-decay, of size geuerally
of the order of gagyn. It isospin hindered (3-decays the effect could be amplified by n
factor of ~ 100 /59/. Note that the effect of a P, T-violating N-N interaction would be
negligible, of the order of . 10 * eveu with such amplification.

The experiments that probe P, T-violation in the N.N interaction constrain also I’
conserving 1" -violation, since a P-couserving T-violating interaction can genernte a ’'1"
violating effect throngh interference with the nusual weak interaction.

4. CONCLUSIONS

In this tulk we discnssed the information on P'I-violatiug nnd T-violating imterac
tions provided by low energy miclear processes.  lu low-energy unclear physics I'’I" nnd
T violnting interactions manifest themeelves throngh P’T' and ‘I' violating components
in the nnelron micleon interaction, and throngh ' and 'I' violating components in the
coupling of the photon and of the leptons to the nucleons and some other hiadrons.  We
mvestigated the nvailable information on these effective P'I" and T' violating mternctions,
nid considered the nuplications for searches for ‘1" violating effects.

The most stringent orits on Pl violation in the N N interaction come from the
experimentu] it on the eleciic dipole moment of the nentron.  T'he npper limitx on
the Pl violnting NN coupling constanta nre ronghly fonr orders of magnitinle sinnller
thun the atrength of a typieal weak mmplitnde. i some current maodels with P violation
the I violating coupling coustauts conld have valnes near these hnts. 11 violatiom
of such strength would prodince nnobaervably smnll effects in strong and electromngnetic
processes, nnless there is a strong dyunmicnl nmphification of the obrerved elfect.  Such
i enhntcement in expectel to ocenr in noleeny of nometastable state in " HE, since ths
transition exliulata very fnrge 1" violating effects (aee Section 2.2). Based on a vongh

cstimnte we lovnd that the experimental resnlt on PV violation in this teansttion nnypaes
\ (1 o . . Sy ‘
tor donon Lee Section ) an apper hint which i only two orders o) immagimtinle wenker than

o . qay (21 .
thut indiented by Do Far gy U0 and gy 4 the nita nve lone orders ol mingimtude wenkes

than those from 1,0 1t woull bhe ol intereat toepent this experiment with an vprovedd



sensitivity, and also to look for other transitions where the P-violating effect is strongly
enthanced. When coniparing limits from other processes with those obtained from (7,,, one
lias to kesp in mind that the estimates of D,, are subject to unknown uncertainties. Limits
from othear processes are therefore important even if they wounld not be qnite as stringent as
those from D,.. Further experiments which can provide stringent limnits on P, T-violation in
the N-N tuirrecuion are searches for P,1'-odd effects in neutron trausmission and searches
for electrie dijole moments of atoms.

Upper lnaits on the P-conserving T-violating coupling coustants gasnn(M
Py Aq,...) indicated by the experiirental limit on D, (and by the experimental value of
¢ /¢) are of the order of 1074, .o, much weaker than the limits on P,1-violation. T'his
is understandable, since P-violation needed for [J, has to be supolied here by the weak
interaction. These limits are based only ou a rough estimate, sitice unlike for .‘71(:\)1.'\1 and

g(:,\),N there is no well founded calculation of the contribution of a given gagnny to D,,.
T'he best upper hmit on T -violation from tests of detailed balance is 5 « 10 * for the ratio
of the I'-violating nud T-iuvariant amplitudes. ‘I'he lunits from polarization-asyimnmetry
comparisons are weaker. ‘I'lie constraints oa gagny from the results of detail=d balance
aud polarization asymmetry tests are not known. Fron, the many experimental resnlts on
T-violation in y-decay only for one case (!1°2Pt) a limit on a I'.violating coupling constant
was derived. This may not be far from the on= indicated by [2,,, but one cannot be certain
since it was obtained only by a rongh estimate, and also becanse the lunit refers to the
coupling constant of a single-particle potential and the relation between this constant and
the constauts gagnyny has not been esplored.  'oncerning the theoretical expectations for
the constants garnn. i models within the current theoretical framework they nre tikely
to be wmch sinaller than - 10 * the strength of a typical weak N » NM amplitude. A
discovery of effects associated with larger values of gagnn would have far-reaching conse.
quences.  Significant improvements of the existing linits on ‘I violation in varions types
of experini g ares of interest since they conld lead to a discovery of nn effect. For null
results there i3 iterest in unproving the limmits au the constanta gagy . These wonld he
obtnined, of conrse, only if 11 the given ense n calenlation i terms of ‘1" violating potentinls
18 lensible,

In addition to ' and ‘T vielntion of nonelectromaguetic origin, we discissed brieily
possible P'TY and T violation in the electromagnetic rateractions.  For PI' violation
the most iunportant contribution to the P/ violating N-N interaction might he single
photim exchange (see footnate 2).  The strength of this vontribution s of the vnder of
| e2f 1« 10 "1 where ¢f' denotes the strength of electromagnetic P1° violation,  I'he
elfecta of electrotuagnetic P violation (nnd also of 11 violation of nonelectramingnetic
originn) on the electromagnetic naltipole operatora in unelear y decny nre expected to bhe
negligibly sinall.  The linmit from 1), on the strength ¢ f of electromngnetic 1 violntion
ww loef ] - (10?2 10 e The conntants gagnny nre expected to he of the order of

I 10 % The avernge strength of the ny exchinuge potentinal, which in the hingest
range contribution to the ’I" violating N N interaction, does not appenr to be lnrger. Fhe
vontribution of the 'l vimsnting interactions (hoth electromagnetic nml nonelectromngnetic)
ta the electronagnetic mmltipole aperators in not expect =d to be Inrger than 10 % peln
tive to the comtribntion of the 1" invnrimnt mueltipole operators, nnless the mntrix elements
of the Intter ave lnndered.



Given the limits on P, T-violation in the N-N interaction, the effects of a P, T-violating
N-N force on d-decay observables are negligible.  The contribution of P-conserving 1'-
violating N-N interactions to T-odd (and P,'T-odd) ¢nrrelations could be of the order of
10 4, or larger if a dynamical enhancenient of the observed effect occurs. In addition
to T.violation in the N-N interaction J-dccay probes also T-violating and P,'I‘-Liolating

+

semileptonic interactions.  The coeflicients D and R of the correlations < J > -p,
< p./E.E, and < 7, > - < J > x p./E., respectively (see the talk by F. Boehin in
these proceedinge), coutd be—-both plienomenologically and also i souie models-- as large
as the present ¢xperimental usper limits (see Ref. /18/).
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