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A'stract

We review briefly the theoretical aspects of time reversal violation in nuclear processes.



‘1. Introduction

CP-violation has been seen so far only in the neutral kaon system. Its origin is still un-
known. If the CPT theorem holds, as is the case in gauge theories, CP-violating interactions
violate also time reversal (T) invariance. Regarding the CPT theorem there is some ex-
perimental evidence!) that the interaction responsible for the observed CP-violation violates
T-invariance.

The observed CP-violation may just be a manifestation of the weak interction of the
Standard Model (SM), or it is due to an interaction beyond the SM. In both cases some of
the new interactions may give rise to observable CP-violation where the SM contribution
is invisible. This underlines the importance of searching for CP-violating and T-violating
effects in many processes.

In this talk?) we shall review what has been learned about T-violating interactions that
can be probed in nuclear processes from experiments outside of and within nuclear physics,
and consider the role of nuclear physics experiments in obtaining further information on such
interactions.

2. T-Violation in the Nucleon-Nucleon Interaction

The T-violating part of the N-N interaction has both a parity violating and a parity
conserving component. The theoretical features of these are different, and we shall therefore

consider them separately.

2.1. Parity Violating Time Reversal Violation

As time reversal invariant parity violation (PV),3) parity violating time reversal violation
(PVTV) in the low energy N-N interaction can be described in terms of a nonrelativis-
tic potential Vp7 derived (ignoring two-pion exchange) from one-meson exchange diagrams
involving the lightest pseudoscalar and vector mesons. PVTV in the N-N interaction is
parametrized in this description by the strength 55\{!);\, n of the N — NM matrix elements
of the various isospin (I) components of the effective PVTV flavor conserving nonleptonic
Hamiltonian:

(MNIHpYIN) o« Ty - (1)

* 70 n, peand w. Thereis a

The set of mesons that can contribute to Vpr includes =
difference here with respect to PV, where the exchange of 7% and 1 does not contribute to
the P-violating potential Vp. Anotker difference is that PVTV pion-exchange exists for all the
possible (I < 2) isospin components of Hp 1, while Vp receives a pion-exchange contribution
only from the isovector component of Hp. In the following we shall consider only the pion-
exchange PVTV potentials, since for comparable PVTV N — NM coupling constants these

provide the dominant contribution to Vp_T.4)



The PVTV pion exchange potentialss) are generated by the three independent P,T-
violating TNN couplingss)

(I=0 —(0) ‘
Lpr" = deun N7N - (2)
I=1 l

where the 7's are the isospm Pauli matrices.

(1)

2.1.1.  Limits on g, 5N from non-nuclear observables.

The most stringent bounds come from the experimental limits on the electric dipole
moment of the neutron d,, and on the electric dipole moment of some atoms and molecules.

Neutron Electric Dipole Moment. The experimental limit on the electric dipole moment
7

of the neuiron is

|(dn)ezpt] < 1.1x 1072 ec (95% c.L. ) (5)

A dimensional argument® gives for the contrlbutlon of g,r NN to dn the size
~ (e/my) g,rIg,IN ~ 2x 10714 1(rIlsz ecm, which would imply lgSrrllel 6 x 10712,

A defensible calculation of dn, in terms of the PVTV NN constants was made in Ref. 9
employing sidewise dispersion relations. The dominant contribution comes from the PVTV
¥ NN couplings. The calculation yielded dy, o~ 9 x 10‘15(52)]:, N— §(2N ) ecm. The contri-
bution of the 70N intermediate state has not beer yet calculated. Although this contribution
to dy, is expected to be small relative to the charged pion contribution (owing to the small-
ness of the experimental cross-section for neutral pion photoproduction at threshold), it is
nevertheless of interest, since the I=1 PVTV coupling does not involve the charged pions.

From “he two independent 79NN coupling constants

Trpp = @ W+ + 275 N) (6)
Trnn = (= 9(0)’N + ?,rl)z,r’N - 2375,212;1\/) (7)

(wkich are the ccefficient of the 7%pp and 7%nr. terms in Eqgs. (2)-(4)) only gny contributes
to dp. Including formally this contribution w-= have
dn 9 x 10715 (@ + KTy — Tomw) (8)
where k is a constant smaller than unity, poss:bly as small as ~ 0.1. The experimental limit
(5) implies
T+ kB — T < 1.2x 1071 9)
In Ref. 10 it was shown that in the m; — 0 limit the most singnl'.r contribution to dn arises
solely from the 7~ p intermediate state. The size of this contribution Lurns out to be very
close to the value in (8).
A new experiment in preparation at the Institut Laue Langevin!!) is expected to improve
the current limit on dn by a factor of 5, and a proposed experimental technique offers the
possibility of an additional improvement by about a factor of 400 (Ref. 12).



Atomic and Molecular Electric Dipole Moments. The electric dipole moments (EDM) of

atoms and 1nolecules are sensitive to PVTV in the N-N interaction through the Schiff moment

of the nucleus, which s induced by the nuclear electric dipole moment, and (for nuclei with

ground state spin larger than 2) through the nuclear magnetic quadrupole - 1oment.!3:14)
(I

The most stringent limit on the constants gy comes from the experimental limit on
the EDM of the 199Hg atom!5)
|d(*99H g)| < 9 x 10728 ecm (95% c.l.) . (10)
Atomic calculations!4.16) yield the relation d('¥Hg) = —4 x 10~17Qg(}*Hg) ecm (efm3)~!
between the 199Hg electric dipole moment and Schiff . oment. Qg(199Hg) has been calculated
in Ref. 14 using the PVTV N-N potential

Wap = (GF/2V2 my) [(Nap Ga ~ Mha b)Va 6(Fa — 7b) (11)

+ ﬂ:,b Ga X Gp{Pa — Pb, 6(Fa —Tp)}+],
where &, 7% and pr(k = a,b; a = n,p; b = n,p) are the spin, coordinates and momenta of
nucleons a and b, obtaining
Qs(1P®Hg) = -1.4x 1078 npp efm? . (12)
The contribution of the PVTV #®NN couplings to the constants 74, and ”:;b can be ob-
tained by comparing the potential (11) with the zero-raage limit of the PVTV pion exchange
potentials given in Ref. 5. We find

(Mpp)ro = —(Tnp)xo = (V2 ganN/GFME) Trpp » (13)
(Man)go = —(Mpn)go = =(V2grNN/GFmM2E) Frnn » (14)
(Mhp)wo = 0 (a=n,p; b=n,p), (15)

where g,y is the strong m NN coupling constant, and '§’,rp,, and Ghy,, are given in Eqs. (6)
and (7). In the local (zero-range) limit the potential (11} accounts also for the charged pion
cortribution,!4) but the corresponding constants 7gp and 7, have not been worked out yet.
Ignoring the charged-pion contribution, we obtain from Eqgs. (12) (13) and (10) the bound
Ty + TN + Nl < 1.8x 1071, (16)
An improvement of the limit (16) by a factor of 10 seems possible. 12) A new calculation
of d(1%9Hg) using the two-body pion exchange potentials is in prngress.") Experimental
limits'®) and the pertinent calculations!?) are available also for the electric dipnle moments
of the 129Xe atom and of the T¢F molecule. The corresponding bounds on the PYTV 7NN
constants are weaker than the bound in (16) by factors of ~ 300 and ~ 25, respectively. It
should be noted however that d(T¢F) probes a comtination of the PVTV # NN constants

which is differeut from the one in (16).

2.1.2. Nuclear Physics Probes of PVTV in the N-N Interaction.

Among nuclear processes the most promising candidate for investigation of PVTV in the
N-N interaction is the transmission of polarized neutrons through polarized targets. In the



presence of a PVTYV interaction the neutron-nucleus forward scattering amplitude contains a
term proportional to (Gn) - kn x (f) (6n and kn are the neutron spin and momentum, J is the
spin of the target nucleus).!9) A PVTV observable is the quantity ppT = (04—0-)/(04++0-),
where 04 (o-) is the total neutron-nucleus scattering cross-section for a neutron polarized
parallel (antiparallel) to kn x (J). A PV effect (due to the (Gn) - kn term) is the quantity
pp = (¢!, — 0.)/(o', + o), where o/ () is the total neutron-nucleus cross-section for
neutrons polarized parallel (antiparallel) to its momentum. Very large values of pp have
been observed near p-wave compound nucleus resonances (7x10~2 for the 0.734 eV p-wave
resonance in '39La).2%) Such large effects are the result of “dynamical” and “resonance”
enhancements.?!) These enhancement factors are effective also for ppr, and therefore one
can expect that the best caudidates for PVTV searches are resonances for which pp s large.

Assuming two-state mixing the ratio A = ppr/pp is given by?li22) A =
ny(¥s|VpT|¥p)/(s|Vp|p), where 15 and v are s- and p-states of the compound nucleus,
and ny is a factor which depends on the p-wave compound resonance spin and on the ratio
of the neutron width of the p-wave resonance for the different channel spins.2%)

Let us consider X for the I=1 PVTV pion exchange potential V;(TE). For Vp it is adequete

to take the I=0 P-violating p-exchange potential v, We shall assure that ny ~ 1 and
P
write
. 0 1 0
A =20 & @l VEDwp)/ Wsl VE 1) = s /00w (17)

where yff}\),’N ~ 2 x 1075 is the 1=0 PV pNN coupling constant. Assumwing that V;(;) and

Vﬁ(o) can be approximated by one-body/?otentials, the constant (1) is given by24)
1) ~31.79, (18)

where

B = (Ys|7 - (F/r) (Opn/OT) 7'2|'/)p)/(1/’a|5 ' ﬁPn|¢r) . (19)
In Eq. (19) pn is the nucleon density in the nucleus, and &, p, 7 and 7; are single-particle
operators; r = |7]. Based on the investigations in the first paper of Ref. 4 and in Refs. 25
and 26, a reasonable value of J to use for estimates appears to be 3 ~ 0.2. With this value

the limit (16) implies
A < 6x1075. (20)
oy (2)

For the g,y and g,y interactions the limits on the corresponding M's are stronger than
(20) by factors of A/(N-Z) and A/2(N-Z), respectively. Assuming that there are no cancel-
lations in Eqs. (9) and (16), the implication is that to compete with the limit (16), pp T has
to be measured for pp = 7 x 10™2 with a sensitivity of 4x10~¢,

A measuremert of pp1 was cartied out in the experiment of Ref. 27, using a polarized
16540 target and 7-12 MeV incident neutrons. The experiment yielded lppr| < 5 x 1073
(95% c.l.). A measurement of the P-violating effect has also been performed, with the result
lopl < 5 x 1074 (95% c.l.). The implications for the P,T-violating NN constants are not

krown. A neutron spin rotation experiment to search for PVTV is under preparation at
KEK.28)



In 4-decay and #-decay PVTYV in the N-N interaction gives rise to contributions to T-odd
correlations in the decay prohability. 'n v-decay PVTV has been searched for in a transition
in 180Hf (Ref. 29), where the PV effect is unusually large. For the 55311”\, interaction the
sensitivity of this experiment would have to be improved by four oiders of magnitude to
compete with the limit (16).24) This appears to be beyond reaca in the foreseeable future.30)
The same is true for an ctherwise attractive case in 182W (Ref. 30).

In 3-decay an enhancement by 2-3 orders of magnitude of the effect due to ®PVTV in the
N-N interaction can occur in some casss for first forbidden beta decays where the beta decay
from the admixed state is superallowed or allowed.3!) The implication of the bounds (9) and
(16) is that even with such enhancements the expected size of the PVTV effect would be
about four ordess of magnitude below where the effects of the nnal state irteractions can be

expected.

2.1.8. PVTV in the N-N Interaction in Mcdels with CP-Violation.

The Standard Model. In the SM thkere are two sources of CP-violation: the Kobayashi-
Maskawa (KM) phase §xps in the quark ~ixing matrix and the PVTV 6-term in the QCD
Langrangian.

The KM phase contributes to PVTV in the N-N interaction only i second order in the
weak interaction. The dominant diagrams have been found to be the K-exchange diagrams
involving weak baryon-nucleon transitions.3?) The strength of the corresponding four-nucleon
interaction is ~ 10”9 G, to be compared with the present limit of ~ 10~3 Gr from d(1%°Hg).

The 6-term is isospip invariant, and therefore it induces only an isoscalar NIV ccupling.

The constant 5532, n hasbeen calculated in Ref. 10 using PCAC and current algebra, obtaining

|§£r012,'N| ~ (0.0271#1 The best iimit on |§STOI3;N{ is from dn (Eq. (9)), which implies

1] < 4x 10710 (21)

Left-Right Symmetric Models. These models3?) provide a framework for the under-

s'anding of parity violation in the weak interactions. The simplest models are besed on the
gauge group SU(2)r x SU(2)gx U(l)g_r. In SU(2)x SU(2)px U(1) g_ models there is a
PVTYV flavor conserving nonleptonic interaction first order in the weak interaction. The part
of this interaction involving the u,d quarks, which presumably dominates the N — N7 ma-
trix elements, is a pure isovector.3) The constant ﬁsrljz;N is of the form '_(79,2,’1\, =Gp m,2rk(_gg
sin (¢ +w), where k is a constant, (g9 = (9R/gL)(cosefz/c050f‘)C, ¢ is the W — Wg mixing
angle, 0{2 and 0{' are quark n:ixing angles in the right-handed and left-handed sectors, a and
w are CP-violating phases. The bound (16) implies

I¢g0 sin(a +w)| < 8.5 x 10 /k. (22)
Calculations®) find values of k in the range from ~ 4 to ~ 270. Quark model calculations of
dn lead to upper limits on |( ;¢ sin(x+w)| as weak as ~ 10~3 ard as strong as ~ 3x 1075, The



- experimental limit on. Ree’/e and the calculation in Ref. 36 yields |(yg sin(a+w)| < 107". An
upper limit of 1073 on ICg6 sin(a + w)|, which is free of theoretical uncertainties, is provided
by teta decay (see Section 3).

Models with Exotic Fermions. A PVTV flavar conserving nonleptonic interaction for the
u,d qusrks of the same structure as in left-right symmetric models can arise’) also in
models with exotic fermions (fermions with noncanonical SU(2)yx U(1) assignments).3)

The parameter (g9 sin(a -+ w) is replaced in tiis case by Im[s’ks‘}g(VR)ud], where s;‘id =

sin0"'d, 0’1‘{“1 are light-heavy mixing angles, and VR is a generation mixing matrix. The limits
on Im[s‘ks‘}?(ffg)ud] are the same as on (g9 sin(a + w).

Multi-Higgs Models. Higgs sectors containing two or more Higgs doublets arise in many

extensions of the Standard Model. Such models can contain CP-violating interactions me-
diated by Higgs bosons. An example is the Weinberg model,39) which contains three Higgs
doublets. In this model flavor changing neutral current Higgs interactions are absent, and
therefore the Higgs bosons can be relatively light, and with unsuppressed couplings. Both
dn and d(19%9Hg) can have values near the present experimental limits (see Ref. 40).
Supersymmetric Models. In supersymmetric models there are new CP-vinlating phases,

which can contribute to the electric dipcle moments. In the supersymmetric standard model
drn and d{(19%9Hg) can have values near the present experimental limits (see Ref. 40).
We note yet that stringent limits frorn the electric dipole moments are available on the

coefficients of various effective PVTV operators.4!)

2.2. Parity Conserving Time Reversal Violation

The lightest. meson contributing to the parity conserving time reversal violating (PCTV
N-N potentials is the p* (Ref. 42). The PCTV pNN coupling has the form43)

NN _ - - —
NN~ G onn/2my) No™ @il v~ - 5 TN, (23)

where g,nn is the PCTV pNN coupling constant. The next meson-exchange contribution
is from the Af'o.

A dimensional a.rguments) suggests for the contribution of (23) the size dn =~ (e/my)
(GFm%v/‘t”)?pNN ~2x10~% FoN N, which would imply [g,vn| < 6x 10~6. A calculation??)
of the contribution of J,nn to dn gives [Foyn| < 1 X 10~2 (95% c.l.). The limits from
d(199Hg) are weaker.*4)

From nuclear processes a limit of [g4, yn| £ 0.17 (95% c.l.) is implied by a study of
a ~v-transition in 3'Fe (Ref. 45). The limit from studies of detailed balance and nuclear
energy-level fluctuations in compound nuclei is [,y v < 2.5. An experiment %) measuring
neutron transmission (the (G - kn x J)(kr. - J) term) in 155Ho yields lFon NI < 23 (Ref. 47).
It is anticipated that the latter limit will be improved by a factor of ~ 150. In suppressed
beta decays it may be possible to obtain limits on g, similar to those from ~-decay.t®)

An example of a PCTV flavor conserving inteiaction at the quark level is

H = (9% /m%)(:/2m )0y (Tourysu)dmrsd, (24)



. where mx is the mass of the boson mediating the interaction. In Ref. 49 a limit of 9?( <
4 x 1079 has been set on 92)( from two-loop contributions to dn, involving the interaction (24)
snd Z-exchange. Similar limits foliow for other PCTV interactions. If §ny =~ (g?\,/mg{)mg.
this implies [Fzy ] < (2 x 107% GeV2)/m% (I7,nn] <3 x 10710 for m,, > my).

In renormalizable gauge theories flavor-conserving (Af = 0) PCTV quark-quark (¢-q)
interactions are fundamentally different from A f =0 PVTV g¢-q interactions: while in some
extensions of the SM (e.g. in left-right symmetric models) Af == 0 PVTV q¢-q int.cactions
can occur in second order in the boson-fermion couplings, this is not so for Af = 0 PCTV ¢-¢q
interactions. For the PCTV case one can prove®® that neglecting the é-term Af =0 PCTV
g-q interactions are aosent to order gc(,,i )gf,j ), where Y, is any boson mass-eigenstate other
than a gluon and a photon from the set {Y,}{a =1,2...) in the theory, and gg) and gg)(i =
1,2,...; j=1,2,...) are the coupling constants of Y, to the bilinears involving the fermion
mass-eigenstates. This conclusion holds to all orders in the CP-invariant component of the
QCD interactions and to all orders in the QED interactions. Consequently, without the 8 term
the lowest order in which Af =0 PCTV g¢-¢ interactions can be induced is the fourth order
in the boson-fermion and boson-boson coupling constants: through diagrams involving three
Y,-fermion and one three-boson couplings (triangle-type diagrams), or through diagrams
with four Y,-fermion couplings (box diagrams). For example, the interaction (24) can be
induced by a triangle-type X-exchange diagrar1.0) The two-loop contributions of (24) to
dn become thea three-loop diagrams and, as we note in Ref. 50, the corresponding limit
from dn will have to be therefore reexamined. The maxim.] size of the strength of a triangle
diagram is of the order of (1/81r2)(q/M)(|§4|/M}), where M is the mass of the heaviest
particle in the triangle, and §* is a product of four coupling constants. A rough estimate of
NN IS GoNN = (1/8#2)(mN/M)(m%/m})|§|4 sing, where ¢ is a CP-violating phase. With
13|* = (e/sinfw)? one would have lg,NNI S 2x 1079 for M > my, My > my . Presently
we are investigating the constraints on some models where X is very light, with a mass of
the order of a few GeV (Ref. 51).

3. Time Reversal Violation in Beta Decay

T-violating contributions to beta decay can arise also from T-violating charged current
quark-lepton interactions. Experimental information is available on the coefficients D and R
of the correlations (J) - F x f,/JEE, and (5) - (J) X pe/JEe(é = electron spin, J = nuclear
spin), respectively.

The D—Coefficient. To lowest order in the new interactions the T-violating contribution
52)

D, to the D-coefficient is given by

Dy =~ apImnpp, (25)
where 1y g is the strength of an interaction involving a V-A leptonic and a V+ A -1uark current
relative to Gp/v/2, and ap is a constant involving the nuclear matrix zlements. The present
experimental limit on Imnyp from beta decay is



\Imnrpl < 1.1 x 1073 (95% c.l.) (26)
In the Standard Model T-violating lepton-quark interactions arise only in second order
in the weak interaction or in order §G g, and therefore they are expected to be unobservably
small. A nonzero Imnp g can arise at the tree level in models irvolving right-handed gauge
bosons (e.g. in left-right symmetric models), in models with exotic fermions, and in models
with leptoquarks.5?) In left-right symmetric models and in exotic fermion models one has
Imnpp = —(ggsin(a + w) and Imn g = Im[s‘ks’fz(f’g)ud], respectively. As we have noted in
Section 2.1.3, there are stringent limits on these parameters from the dipole moments, and
from ¢ /e. Unlike the limit (26), these limits may involve unknown theoretical uncertainties.
For the leptoquark contributions to fmny g there ars no significant limits fromn the electric
dipole moments, nor from ¢ /e. New experiments to search for T-violation in neutron decay>?)
and 19Ne decay®) are under preparation, aiming at improving the limit (26) by about an
order of magnitude.
The R—Coefficient. The R-coefficient is sensitve to T-violating scalar and tensor inter-

actions. Scalar interactions can arise from charged Higgs exchange, slepton exchange (in
R-parity violating supersymmetric models) and from leptoquark exchange.sz) A recent mea-
surement of R in 8Li decay yielded a limit of ~ 10"2G on tensor interactions.>®) Indirect
limits on scalar and tensor interactions derived®641) from the experimental bcunds on PVTV
e-N interactions are more stringent by ~ 2 and ~ 3 crders of magnitude, respectively. How-

ever the theoretical uncertainties associated with these limits could be large.56:41)

4. Conclusions

The PVTV N-N interaction is dominated (for comparable coupling constants) by pion
exchange. The experimental bounds on the electric dipole moment of the neutron and of
the 199Hg atom set stringent limits on the PVTV 7NN coupling constants. It appears that
from nuclear ohysics processes only neutron transmission remains as a possible candidate for
improving these limits. Based on the existing calculations, and barring cancellations in dn
and d(lggHg), in a case where the PV asymmetry is 7 x 10~2 the PVTV asymmetry would
have to be measured with a sensitivity of 4 x 10~% to compete with the existing limits.

The PCTV N-N interaction is governed by p*-exchange and the exchange of hewier
mesons. The best ..mit on the PCTV pNN coupling constant ([gonn| < 10~2, and possibly
a inuch more stringent limit) comes from the electric dipole moment of the neutron. The
theoretical expectation for PCTV in the N-N interaction is that it is small, most likely below
the strength of the weak interaction, and probably considerably so.

Searches for the D-coefficient in beta decay constrain left-right symmetric models, models
with exotic fermions, and models with leptoquarks. The leptoquark contribution to D can
be as large as the present experimental limit for D. In the other models more stringent limits



on Imn g (see Fq. 25) than from the D-coefficient have been derived from the experimental
bounds on d(1?°Hg), dn and ¢//e. However these limits are not as reliable as the direct limits,
in view of the uncertainties in the calculations.

Searches for the R-coefficient provide information on scalar- and tensor-type T-violating
interactions. For such interactions stringent limits have been deduced from the experimental
bound on the PVTYV tensor e-N interactioa. However the theoretical uncertainties associated
with these limits may be large.
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