LEGIBILITY NOTICE

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a smali pottion of this
report is not reproducible, it iIs
being made available to expedite
the availability of information on the
research discussed herein.

1



LA-UR -5t-3568

L0 Aiamos Nautonal Laboratory '3 oparated by 1re University of Calitornia for the Uiited States Department ot Energy uncer contract w-7405-ENG-16

LA-UR--88-3568

DEB89 002298

TITLE T-VIOLATION IN NUCLEAR INTERACTIONS -- AN OVERVIEW

AUTHOR(S) Peter Herczeg, T-5

SUBMITTED TO Invited talk presented at the '"Workshop on On-line
Nuclear tirientation and Related Topics", Oxfcrd, England,
August 31 - September 4, 1988. To appear in the Proceedings
(to be published in Hyperfine Interactioms)

DISCLAIMER

This repott was prepared v an account ol work sponsared by an agenay of the 'nited States
Government Newther the Tmted States Government nor any apency theteol, nor ans of then
cmplovees makes any wartants, eaxpress o anplied o assames ey legal Tabihity o esponsg
by ton the wcatacs completeness, or useluloess ol any intoration, apparatus, prosfuct o
prem e dnddosed or represents that s nse wonhd oot ntomge pos tely owned nights Reter
e beremns v aey speot commeroal posdoor pooscess e servee by tnade aome tnasdlemark,
manatacturer o otherwise doee ot necessanily combitute or unply it endorsement, recom
mendhitim e bovong by the Upted States Conernment or any apency thereol The views
and opmue of authors expressed herein do net necessanly sbate ot rellect thome ol the

Uomited States Goveroment on any agems thereol

Ay acceplance of 1hig article 1he publishier recognizes .nat the U S (iovernmen! retaing a nonesclusive 'oye'ly iree icense 10 publish or reproduce
he pubhshed form af thay contribubion or 1o allow othery 10 do so lor U S Government purposes

"ra Loy Alamon Nationgl L aboratory requests that the pubhisher «dentity 1Me articie as wirk perturmed undes the auspices of the ) § Dapartment of ¢ nergy

i MASTER
LOS AlaMOS tosaemos NatoralLavoratory

'
TOAM N 88 Re b R R
8T ) MY 0 ’ SRART . TR L


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


T-VIOLATION IN NUCLEAR INTEZACTIONS-AN OVERVIEW

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

We discuss tirne-reversal-violation in the nucleon-nucleon interaction, both parity-
conserving and with simultaneous 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 Ky -+ 2.
The interaction responsible for this effect has not been identified yet. Despite the many
searches for C'P- and T-violating effects in various processes, C'P-violation has been sren
so {ar only in the neutral kaon systemn. The present experimental vai:ies of the parameters
¢ and ¢ describing C'P-violation in A — 2r decays (for a review see Ref. /1/) are
| € ]= (2.27£0.02)x 1073 /2/,and €' /e = (3.242.8+1.2)x 1073 /3/; €' /e = (2.3 ¢1.1)x 10 ?
/4/. On the basis of the CPT theorem one expects a CP-violating interaction ‘o violate T-
invariance. There is some indirect 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/. This postulates
the existence of a new interaction of strength 10 °(/ (¢ = Fermi constantj that can change
strangeness by two units. The superweak model predicts a negligible value for ¢'/¢ and
unobservably simall effects also in all other processes. A consequen. = is that if the evidencs
/4/ for a non-null result for ¢'/¢ is confirmed, the superweak model could not ac-ourt for
all CP-violation in the neutral kaon system.

The most economical explanation of the observed CP-violation is within the minial
standard electroweak model (the standard SU/(2);, <U/(1) model /8/ with three generations
of leptons and quarks, containing only left-handed neutrino felds, and with a Higgs sector
consisting of a single Higgs doublet). For three quark generations the quark mixing matrix
contains a ('P-violating phase & (the Kobayashi-Maskawa phase /9/). The parameters ¢
and ¢ are generated in second and first order in the weak interactions, respectively. I'he
model can account for the observed value of ¢, and predicta | ¢'/¢ | 10 2 10 * /1,10,11/,
consistent with the experrmental results,

Alternatively, the interaction responaible for the obaerved C'F violation meay reside in
un extension of the minimal standard model.  Extensiona of the minimal standard maodel
imny also contain new CP.violuting interactions unrelated to the obe -rved effect. Al
this underlines the importance of experiments nearching for C'P and | violating #ffects
outside of the neutral kaon syatem. They probe further manifestations of the interaction

cesponsible for the obarrved C'Poviolation, and also possible new C'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 experiments probe T-violation in the nucleon-
nucleon interaction, in the couplings of thi~ photon to hadrons, and (in J-decay) in the cou-
plings of leptons to hadrons. In the sulsequent two sections we shall discuss T-violation
in the N-N interactions, first with simultaneous P-violation, and then P-conserving T-
violation. In 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 j>-decay, which is
sensitive also to T-violating semileptonic interactions, is not included in the talk. For this
subject we refer the reader to a recent discussion in Ref. /18/.

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

In analogy with the usual treatment of parity-violation in the low-energy nucleon-
nucleon interaction /19/, one can describe simultanecus violation of parity-conservation
and time-reversal invariance (P, T-violation) in terms of nonrelativistic potentials derived
irom single meson exchange diagrams (ignoring two-pion exchange) involving the lightest
pseudoscalar and vector mesons.? In this description P, T-vinlation in the N-N interaction
is parametrized in terms of the strength §W~~ of the N — ¥ M matrix elements of the
various isoapin (I) components of the effective P, T-violating flavor-conserving (A F -0)
nonleptonic Hamiltonian:

« MN | HYLIN ~x ghyun - (1)

The longest range P,T'-violating potential is due to pior-exchange.? Pion-exchange con-
tributes for all possible (I < 2) isospin components of Hpr. ‘This is in :ontrast with
T invariant P violation, where pion-exchange is present only for an isovector Hamiltonian.
The pion-exchange potentials provide therefore a sutficiently compiete deacription of P.'T
violation? in the low-energy N-N interaction, unless the constants QL’,.}N are relatively
suppressed. We shall assume here that this is not the case, and neglect thie contributions
of heavier mesons.

' Early reviews of T-violation in nuclear processes include Refa. /5/, /12/ and /13/. More

recent discunsions of various aspecta of the subject include Refa. /14/./1R/.

* There in also a long-range contribution fiom P, T violating single-photon exchange, which
tn governed by the nucleon elecirie dipole moraent form factor. This term has not heen yet, to
our knowledge, investigated. If PT-violation is die to a term of strength f‘_f' in the electromag
uetic interaction, it in of the order of e2 f'/io/m)f'gann - 10 relative to pion-exchange, and
theretore probably the most important.  ¥or nonelectromagnetic P'T violation it ia of the orier
of " gann 10 2 even then, whether ita effecta in nuclei can he neglected will have to he
inveatigated.  For f' the experimental limit on the electrie dipole moment of the neutron (see

Iy (R)) indicates | f' | - 10 "' wWe hope to dincunn the PUT' violating photon exchange in a

{ortheonung communication.



The P, T-violating pion-exchange potentials V:'T are of the form’
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where M is the mass of the nucleon, gynn is the strong coupling constant; ri, ok
and ri(k = 1,2) are, respectively, the coordinates, spin and isospin Pauli matrices of

the two nucleons, ¥ = ( r} ra)/rand r =| 7y - 3 i The constants j("h),N are defined
by the effective couplings

Loz =giwnnN TN (5)

Ly - gﬁ,‘,ﬂ,N"NNH : (6)

Lap' = ginn N@3rr® 7 )N (7)

What are the empirical constraints on the constants g‘,,Q,N? A stringent bound on

time-reversal violation in flavor-conserving hadronic interactions comez from the experi-
mental limit on the electric dipole moment of the neutron /21/

| Dyjc 2.6 < 10 *Pecm (95% confidance level). (8)

If fr and fr represent the strength of P and T violation in flavor-conserving hadronic inter-
actiona, a rough estimate of D, is given by /22/ D, ~ (e/M)fp fr ~ (2% 10 ') fp fr ecm.

< L3 x 10 1 Given the constants

y",\’,N a well defennsible, model independent calculation of 17, is poasible through the use
of sidewise dispersion relations /23/. Sidewise dispernion relations have been used suc-
ceanfully to calculate the anomalous magnetic momenta of the nucleon /24/  The input
for the ralculation waa the atrong N+ Nr amplitude, and the pion photoproduction
nmplitudes in the region near threshold. ‘The calculation of ), ia analogous, with the P
and ‘T invariant N+ Nr amplitude replaced hy a P/T' violating one.  For a coupling of
the form

Ler vljawn(pnmy | npr ) (9)

Y 'he inoncalar potential (2) waa given in Ref  /20/ and the potentiala (3) and (4) 1in Ref.

IR/



the result is /23/
D,~9x10"'%G, vn ecm . (10)

The contribution of the P,T-violating couplings of the neutral pion (N7, Nn° and N N=°)
have not yet been calculated. The contribution of the Nx° intermediate state to the
dispersion relation is expected to be much smaller than the contribution 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 ')l eem (I=0,2). (L1)
NN
Eqgs. (8) and (11) imply
| gonn | <3 %1071 (12)
-(2) 1 o -11
| gonn | <3 <1071 (13)

For the contribution 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

photoproduction at threshold) D, ~ lO"”ﬁLl,\),N ecm, and therefore*

| g | <3x107'° (14)

L.et us consider briefly the possible size of the constants j;’h),N in rome current models

with C'P-violation. For a more extensive discussion and further references we refer the
reader to Ref. /18/.

Quantum electrodynamics, 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 sources of ('P-violation: the Kobayashi-Maskawa (KM) phase § /9/ in the quark
mixing, and the #-term /26 in the effective QCD Hamiiltonian. 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 U/ enter only through the quantities
| 17,, 1*, which are no! sensitive to a CP-violating phase. The constants _47(,",\)," generated
by & are expected to be therefore of the order of (10 ®)Yedazagss ~ 107 '8(a, = ain A,
ete.; the factor s2aja994 is mandatory in the KM-model for all (‘P violating quantities
/28/).  The 8-term violates both P. and T-invariance. [ts strength is governed by the
parameter #. Being an isoscalar, it contributes oaly to the constant gj('un,,N. The result
of a calculation is | g(_o,:,N | - 0.0278 /29/. ‘'TI'he contribution of the #-term to [),, in the
soft pion limit was caleulated /29/ to be | D, |- 1.3 < 10 '] _(j('oh),N | @cm, which nearly
coincides with the value (11) obtained uring sidewine dispersion relations. ‘I'hus ."'(u"l\)'r' due
Lo ithe #-term can be as large as the upper limit in Fq. (12).

Yl Ref. /187 our gueas was 12, (3 « 10 '“)q(.lh),N ecn and therefore | g"",\:N [

(0 " based on earlier experimental resulta on 1 photoproduction.



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); < SU2)g < Utly -30;. These models shed a new light on the apparent V-A
structure of the charged-current weak interactions. The gauge interactions iz these mod-
els generate a first order A F = 0 P.T-violating nonleptonic (quark-quark) interaction.
This can give a contribution to !7;11\:':\; as large as the upper limit in Eq. (14) 18-,

We shall consider now the information on the constants .‘7;’1\'11\! provided by some
low-energy nuclear processes. As it turns out, the limits (12), (13) and (14) are the best
ones that can be derived at present on P.T-violation in the N-N interaction. It must
be emphasized however, that estimates of ', invuive unknown uncer.ainties (for example,
even though the size of the contribution to D, of a given §;°NN or 522,:”\, is well founded. the
possibility of cancellations with other contributions canrot be ruled out!. Improvements
of limits on §l_1,:,.N 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-1:olation 1in Nuclear v-Decay

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

SixL/x'L'Y=< B||«L||A>/< B <L) A> (15)

are of the form
6:|6|e|(q+(i ‘15)

where the phase ¢ ia due to higher-order electromagnetic contributions® and 7 eviates
from 0 or x only in the presence of T-violation.

Let us consider in a simple case the effect of a P, T-vioiating N-N potential VT, We
shall denote the initial and final nuclear states in th= absence of P- and P,T-violation by
1a > and | b > reapectively. Let | a' ~ be a state of enrgy near that of | a >, of the same
angular momentum as | a >, but of opposite parity. The potentinl VP + VPT where V'°
i8 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 >-]a r[_zl;a ,_q(r ad | VPja . -adjVPT1a o). (17

We shall assume for simplicity that there are no appreaable admixtures of opposite panty

atates into | A -, so that

'R~ b . (1R)
For a review of the theary of nuclear 7 decay aee e g Rer 227 Car - B || L A
widentieal to yin [ ;A - 1) in the notation of that reference W= ahall choose a cenvention in

which the - B Al l] A - are real

A
The phases £ have heen calculated for a wide (ange of tranaitions in Hef 213,



Let the regular electromagnetic transition in | 4 > — | B > +v (i.e. the electromagnetic
transition in the ahsence of VP + VP.T) he pure M2. P,T-violating and P-violating effects
are proportional, respectively, to Op,1 and Op, given by

<BIE2||A><B| M2 A>*
< B E2||A>2%+|<BI|M2|A>|?

Op.r = Im

1 <B| E2| 4>

TTFTeE B MZ[AS (19)
and
Op — Re <B|E2|A><B||M2| A>" _ 1 R..<B||E2||A>
P I<BE2|ASP +I<B|M2||A>?  1+(6)7 <B|M2|4>
(20)
(6 = 86(E2/M2)). We have
<B|M2||A>~<b||M2|a>o(l+ifrms) , (21)
, ' VP ' VP.T
< B E2||A>x<b||E2 ] a >0 (1+ifg) 2 "';t;“ | [a>) (29
so that
’ . ; 1
o b B2 a v (€52 - Eara) <a' | VP [a> + <a' | (-iWVPT |a>] ”
PT Y A M2ave (Ea ~ B )14 7) (23
- b U P rP
OP“’(‘ | E2]la > <a'|V™|a> 1 (24)

) 20650  Ea-Ew 14180

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

It in uselul to formn the ratio Up1/0Op. From Eqgs. (23) and (24) one has

VP .
Opr/Op ~ €~ ( i) ot |VF| s b €ga  €ara . (25)

The P,T-violating interactions that contribute to P, T-violation in the N-N interac-
tion geuerate also a contribution (E'L and M' L) to tha electric and magnetic multipole
operators.  These terms are single-particle operators proportional to the electric dipole
moment of the nucleon Dy. Inspection shows that E',.(Rri") is of the same form as
the spin-depeadent term in the asual ML(F L) operator, but with the factor pare; 2M



replaced by Dy(—Dpy). In the quantity Opr considered above, the effect is a term
<b|| E2 |l a>/ <b| M2 | @ >¢ to be added to the r.h.s. of Eq. (23). This
quantity is presumably of the order cf D, /(1::ve/2M) (unless there is a cancellation be-
tween the orbital and spin-dependent part of M2), and therefore < 107" (cf. Eq. (8)).

2.2, Implications of the 8 Hf Experiment

As seen from Eq. (25), the larger is the P-violating effect, the more stringent limit
can generally be obtained for < a' | V7T | 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 ~-transition
of the 87(1.142 MeV) metastable state of '8°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/

lm < 6% | E2] 8 > <8t |VvPhT |8~ >

- ~ = —-0.7+06 . 26
Re < 6+ || E2| 8~ > <8t |VP |8 > (26)

In Eq. (26) | 87 >=| 87,1.142 MeV >, | 8+ >=| 8%,1.085 MeV >, and | 6% > =
| 6%,0.641MeV >. Eq. (26) implies

<8t |VPT |8~ >
<8+|VP|8'>‘

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

To obtain limits on the constants gi,’,\),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 sv.°ngth gﬁ\;)NN of the P-violating N — N M matrix elements, the

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

VP is not more important for our estimate than the term proportional to gi’(;\),N. The

single particle potential (V:n))»‘-t’- corresponding to the gi)?.‘),‘.',—tcrm is given by (neglecting
the term proportional to (N-Z)/A) by /19/

(Vio))ep. ~ (BW2/2Mm2) (1 + o) gSNN Gonn puc P, (2R)

where g,nn 1s the strong pN N coupling constant, u, is the isovector anomalons maguetic
moment of the nucleon, p, is the nucleon density in the rucleus, ana W#? ~ 0.8, The

“or A review of this experiment and of other possible experiments 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 vur knowledge, have not been yet calculated for any transition.



single-particle potentials corresponding to the two-body potentials (2), (3) and (4) are
/18/

P.T o N-2
(Ve op. = —Gunw —7—Ur (29)
pP.T ~(1)
(Va) Jse. = Gunn v s (30)
»P,T -(2) N e Z
(v*(z))l.P. = —2gﬂ'NN *‘4——”* y (31)
where
v = T genn T F 002 (32)
Mm2 or
T, and T, are single nucleon operators, ¥ = 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

lgiwnl <25x 1077370 (33)
Nl <5 x 107087, (34)
g N <12x 107737, (35)

where -
< 8% | o -7(Bpn/Or)r. |8 >
<8+ |d-ppn |8~ >

A= (36)
In deriving the limits (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
w-exchange due to short range correlations.

To obtain a rough estimate of J we shall use <| o - F(Bpn/Or)ry |> ~
(< pn > /R) <] o1, |>, <| - Ppn |> =<| @ |>< pn > /R (R = nuclear radius)
/37/ and < o1, > / < 0 >~ 1. This implies 3 ~ 1. With this value of 3 the limits
(33-35) are

lgtwnl < 25 %1077, (37)
lgin] < 5x107% (38)
lginl < L2x 107, (39)

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

_q'("h)w comparable to that indicated by 1),,. For the other constents an improvement by
iour orders of magnitude would be requir=d.

Considering 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 experimental result (26), and from Re(< 6% || K2 || 8
/- 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 F2 and M2 operators) we have
| Im(< 6 || E'2 187 >/ <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 interaction is
investigations of polarized neutron transimission 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, (0_) is the total neutron-nucleus cross section for a neutron
polarized parallel (antiparallel) to Fn x < J> (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;_ —a_ )/(cr'+ +o_), where a;(a" ) 15 the total cross-section for a neutron
polarized parallel (antiparallel) to its momentum]|, the better limits can be established on
the constants gi,ﬂ\’,N. An experiment searching for ppr with a sensitivity of 107® (what
appears to be feasible) in a case where pp is say 5 x1072, would set about an order of
magnitude smaller upper limit on §LII\),N (I = 0,2), and about three orders of magnitude
smaller upper limit on g‘,,l,\’,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 talkk 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 H7. The
strength of T-violation is characterized then by the effective coupling coustants gasnn,
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 from p®-exchange /39/.
The exchange of p* generates the isovector T-violating potential /39,40/

— —*

V) = Gonn(peginam2/BMEn)F(r)(ay - a3) x(py - py)-(r1 - ma)(T1 x T2y, (41)

where ¢,;/n i8 defined as

LTuN = GonnUtogonn/ MV ONaN g (plr p TN (12)

In Eq. (41) g,nn(~ 2.79) is the strong pN N coupling ~onstant, ¢, is the momentum of the
pand F(r) - (l/m.pr)(;—i;(e "ot /myr).  Ajp-exchange can generate ‘T'-violating potentials
of nny (I < 2) isospin /39,40/.

A stringent limit on the constants gasnyny comes from the experimental limit (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 107%%)fr ecm, so that
| fr ] <1.3x107°. Judging from the iimit (12) for _(713\)”\,, the bounds for D,, on garnvn
(= 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 | <1070 (43)

A weaker limit than (43) might be in conflict with the experimental results on ¢'/¢ in
Ky — 2w 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 7y-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.

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/r)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 1075,
A calculation /43/ using sidewise dispersion relations, with T-violation introduced in the
A(1236)py vertex in the pion-photoproduction amplitude, yields for g.yn ~ 6 x 107°
(the present experimental upper limit) the value D, ~ 10722 sinfa, where 84 is the T-
violating phase at the Apy vertex. Assuming that sin 5 ~ f one has then from Eq. (8)
| £ <3 x 1073, For such a small value of g, v~ some other contribution (e.g. the contri-

bution involving g;%N) could be more important. Givca the uncertainties, a reasonable
conclusion seems to be | f | < 1072 — 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) | gmMNN | 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 ff-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 "»rof <10°* - 1077 for | fl <1072 -107°% In
Ref. /45/ the my-potential was calculated using the effective T-violating N Ny ‘nteraction
introduced in Ref. /46/. The contribution of this interaction to [),, was calculated in
Ref. /47/. Writing the strength of the N Nrv interaction as gre/m, M the result and the
limit (8) imply | gr | = 1.6 x 1072, [t follows then from the calculation of Ref. /45/ that
the average strength of this my-potential relative to the usual one-pion-exchange potential
i8 -~ 5 x 10 °

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

1O



What are the expectations for tie size of P-conserving T-violation in current models
with CP-violation? In the minimal standard mode! the strength of P-conserviag 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. | gynn | < 10718, Tbhe #-term is both P-and
T-violating, so that it can contribute to jasnn only throvzh irterference with the usual
weak interaction. We expect therefore gasnn 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 | < 10718,

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 gasnn in suck medels
are not likely to be much larger than ~ 1072%,1% In composite models the constants gasvn
might be larger, but probably still much 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.

3.1. P-Conserving T-Violation tn v-Decay

Let us consider the y-transition | A >-~| B > +7v, assuming, for example, that
the dominant muliipole radiations are M1 and E2. T-odd, P-even observables will be
proportional to the quantity O, given by

1 <B|E2| A>
on . Ly <BIE2]A> 44]
T s M IB ML A (44)

(6 = 8(F£2/M1)). Denoting | a > and | b > the initial and final nuclear states in the
absence of VT, the states | A > and | B > are

[N
|A>:1a.>+gjlflf'p?; cd VT la s, (45)

| B >~|b>» (16)

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

1" T'he constants Gasn N can arise in second order (fourth order in the hoson fermion coupling
constanta) through interference of a T-violating P- and/or flavor-violating nonleptonic interacti :n
with the usual weak interaction. If the T-violating A F # 0 interaction conserves atrangenesa,
there are no constraints from ('P-violation in the neutral kaon system, and therefore gasnpn in
allowed to be Iarger, nerhaps of the order of 10 '2 Additional contributions te  P-conserving
T violating O F - 0 nonleptonic (quark-quark) interaction, which we did not anelyre, may come
from CP-violating couplings among the bosons in the theory. In Ref. /50/ it was shown, taking
into account the C'P violating couplings among the hosons, that in renormalizable gauge models
which contain the standard SU/(3), < ST (2);, < /(1) model there ean be no A F 0P cenrerving

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



where | 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 0 we find

_ 1 <b|| E2| a >
0 = 15751 <bji M1l a > (€22 &an)
1 . <b||E2a >0 <b| M1|a >
- . - \VT - ‘ -z . 47
YR, “e b l“>(<b||52||m>0 ~<b1|M1||a>0>] (47)

Thus a search for a T-odd efiect prcvides a constraint on the matrix element(s)
< a' | VT | a > provided that all the other matrix elements involved are known. 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, - 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 gasn v, a calculation of
the matrix element(s) < a' | VT | a > is required. 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 fur only for two caces.

One of these i3 a search for T-odd effects in '2Pt.  From the experimental result
/52/

| sin 1y + 012 sin 1y |~ (4 £5) < 10 ° (48)

(n1 and 5y r~fer to T-violating phases in two y-decays in '°?Pt; the final-state interaction
phases have been neglected) the authors of tef. /53/ deduce

<2'BIVT 2V A 51~ (90 + 110)eV (49)

for the matrix clement of VT between the |24 4 >=]2+,0.612MeV - and the [2' D -

| 2V, 0.31TMeV - states of '°2Pt.  To estimate the matrix element in (49), the single
particle potential'!

~ -~ *

L.
Vi - ("1.v.L‘|,z(P.""d b py) (H0)

was used for V', Assuming that the strong N-N interaction Ho has no other velocity
dependent compoaent than a spin-orbit term, Vi, can be cast in the form /h3/

Vf‘nv. l‘A"("Ln.ll{ﬂvL‘lrtl ) (r)l)

where A is the nucleon mass. The conciusion is /53/

I(V'QA,._ A’l{ i’ (3 + 4) « 10 4 \ (,.’2)
where H - 2B 8,r |2' A4 -, Taking R to be the nuclear radins, one obtains
| Gew |- 310 % (%)

"' The mont general P oeven T odd single particle potential linear in pomoof the torm

(y'\. o . p. iﬂl(") boly(r)r, ) 4 Mool Inay . 00) correaponds to ) (r)
(o /2r, dyry 0



To be able to make some assessment of the significance of the limit (53), one would have
to know how the constant (;,. 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. If we assume— what may uot be unreasonable-

that G /Gpo. gMNN/g;%N, where (7, is the factor multiplying the T-invariant
P-violating single-particle potential o p'in Eq. (28), we obtain

gMaN | <3107 ()

== - athhiitthat woutd-bewenr the bound (33).7 "7 777 T es s T
The other case which was analyzed to some extent 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 >|=(0.4+9.7)eV , (55)

whers 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 considerably suppressed due to
the large difference in the EK-values of the two states.

In discussing T-violation in the y-transition 4 -+ By we have not izicluded so far the
effect of the T-violating interactions on the electromagnetic transitior operators. Denoting
FL(ML) the T-violating contribution to the EL(ML) operator, the effect on 0 (Fq. (44))
isaterm (< b|( YE2|a>/<b|E2la>) (< b|( i)Ml]a>/<b|Ml]a ~),to
be added to the terms in the square bracket in Eq. (47). (In Eq. (44) F2 and MI refer
to the sum of the usnal and T-violating multipole operators; in the subsequent equations
they refer to the usual multipole operators).

As the matrix element of the electromagnetic current hetween physical nucleon states
is not sensitive to T-violation, there is no single-particie contribution to FL and M. The
two-hody contributions have been investigated in Refs. 46/, /48/, and /49/. The ma-
trix element ration « | EL |~/ <« | EL |~ and <« | ML |~/ - | ML | > have been found
to be generally much smaller than 10 * for maximal T-violation in the electronagnetic
interaction.  Given the present limits on ‘I'-violation, they are therefore much smaller
than 102 [ f1 < 10% 10 *(or 10 > Jgpr | « 2«10 *)in the case of electromagnetic

T viclation, and much smeller chan 10 Y [ garnn | < 10 7 for T violation of a nonelec

tromagnetic origin.  Thus L and ML could play a role only in cnres where the matrix
eletnents of the uaual multipole operators are strongly hindered relative to those of 11,

and ML

1.2 Other Processes

T violation in the N N interaction has been searched for also through teats of detniled
halanee in nuzlear reactions and in polarization asymmetry compnarisons in nucleon nucleon
nnd nucleon nuclens seattering. For reviewn of the experimental resulta and anpectn of the
theory we refer the reader to Refa. /12 16/ The bheat upper limit 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 in the reaction 27 Al(p,«)** Mg
/57/. To translate this bound into an upper limit on the coupling constants gasnny 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 through
searches for a term of the form (Er_:, N 7)( k., - T) in the transmission of polarized
neutrons through oriented targets (see the calk by H. Postina in these proceedings). A
T-violating observable is the quantity pr = (4 - .)/(6+ + d_), where ,(F.) 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 io T-invaiiant -aniplitudes. In the vicinity of a compound p-wave resonance in
medium-heavy nuclei pp is enhanced: ppr ~ (10®  10%)¢, where ¢ is, rougily, the ratio of
the matrix elements of the T-violating and T-invariant potentials /58/. To obtain limiis
on the constants gasnn from limits on pp will require here also an analysis in terms of the
T-violating potentials.

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

The experiments that probe P/T-violation in the N-N interaction constrain also P
conserving 'I'-violation, since a P-conserving T-violating interaction can generate a P/l
violating effect through interterence with the usual weak interaction.

1. CONCLUSIONS

In this talk we discussed the information on P/T-violating and 'T-violating interac
tions provided by low energy nuclear processer.  In low-energy nuclear physics P/'I' and
1" violating interactions manifest themeelves through P/ and I’ violating components
in the nuclron nueleon interaction, and through P/I' and ‘I' violating components in the
coupling of the photon and of the leptons to the nucleons and some other hadrons.  We
investigated the available information on these effective P'I' and 'T' violating interactions,
and considered the implications for searches for T violating effects.

The most stringent ocits on PT' violation in the N N interaction come from the
experitiental limit on the elecuice dipole moment of the neutron.  The upper limits on
the PUT violating NN coupling conatanta are roughly four ordera of magnitude sinnller
than the strength of n typical wenk amplitude.  In some current models with C'P violation
the PT violating coupling conatants could have values near these linmita.  P/I" violation
of such strength would produce nnobrervably small effects in strong and electromagnetic
processes, unless there in n strong dynamical amplification of the obrerved effect.  Such
nnenhnncement in expected to occur in n deeny of 0 metastable state in """HI, sinee this
transition exhibite very Inrge P violating effects (see Section 2.2).  Baeed on a rough
estinate we found that the experimental resnlt on PUT violation in this teansition iy ies

: () Co : S ‘
for g v n (e Section 2) an upper innt which in only two ordern of magnitude wenker than

S ‘ () (1 .
that indiented by D0 For g oGy nnd gy 4 the limita are four orders of inagnitude wenker

than those from 1,0 1t would be of intereat to repent this experiment with an inproved



sensitivity, and also to look for other transitions where the P-violating effect is strongly
enhanced. When comparing limits from other processes with those obtained from {7, one
has to keep in mind that the estimmates of D, are subject to unknown uncertainties. Limits
from otber prncesses are therefore important even if they would not be quite as stringent as
those from D, Further experiments which can provide stringent limits on P,T-violation in
the N-N iuirrecuion are searches for P, T-odd effects in neutron transmission and searches
for electric diprole moments of atoms.

Upper lumits on thie P-conserving I'-violating coupling constants gagnn(M
p, Ay, ...) indicated by the experimental limit on D, (and by the experimental value of
¢ /¢) are of the order of 107*, i.e. much weaker than the limits on P,T violation. This
is understandable, since P-violation needed for [J, has to be supolied here by the weak

. . . . . . . _(0)
interaction. These limits are based only on a rough estimate, sitice unlike for g 5y and
2)

g(”NN there i1s no well founded calculation of the contribution of a given gagnn to D,
The best upper limit on T'-violation from tests of detailed balance is 5 « 10 * for the ratio
of the T-violating and T-iuvariant amplitudes. 'The liits from polarization-asyummetry
comparisons are weaker. The constraints o gagnyny from the results of detailsd balance
and 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 T-violating coupling constant
was ilerived. This may not be far from the ons indicated by [2,,, but one cannot be certain
since it was obtained only by a rough estimate, and also because the limit refers to the
coupling constant of a single-particle potential and the relation between this constant and
the constants gagyn has not been esplored. 'oncerning the theoretical expectations for
the constants garnvn, in models within the current theoretical framework they are likelv
to be mwuch smaller than ~ 10 * the strength of a typical weak N > NM amplitude, A
discovery of effects associated with larger values of gagnyny would have far-reaching conse.
quences.  Significant improvements of the existing limits on T violation in various types
of experinianla ars of interest sinee they could lead to a discovery of an effect. For null
results there is interest in unproving the limits on the constants gagnv . These would be
obtaied, of course, only if in the given case a calenlation in terms of 'T' violating potentials
18 tensible,

In addition to PUT' and T violation of nonelectromagnetic origin, we discussed brieily
possible P'T and T violation in the electromagnetic 1ateractions.  For PT violation
the most important contribution to the P/T' violating N-N interaction might be single
photon exchange (see footnote 2).  The strength of this contribution s of the order of
L e2f | - 10 "7 where ¢f' denoten the steength of electromagnetic PUT' violation.  T'he
effects of electromagnetic PT violation (and also of PUT violation of nonelectromagnetic
origin) on the electromagnetic mnultipole operators in nuclear y deeny nre expected to he
negligibly siall. The limit from 1), on the strength o f of electromagnetic 1" violntion

im | ef ] - (102 10 e, The conatanta gagnny nre expected to he of the order of

Y 10 % The average strength of the my exchange potentinl, which in the longest
range contribution to the T violating N N interaction, does not appenr to be lnrger. The
contribution of the T viointing internctions (hoth electrotmagnetic and nonelectromngnetic)
ta the electromagnetic multipole operators in not expect =d to be Inrger than 10 % reln
tive to the contnibution of the T invariant multipole operators, unlesa the matrix elenents
of the Intter are hindered.



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

>

semileptonic interactions.  The coefficients D and R of the correlations < J > -p,
<« p,/E.E, and < o, > - < J > xp./E., respectively (see the talk by F. Boehm in
these proceedinge), coutd be—--both phenomenologically and also i some models-- as large
as the present experimental usper limits (see Ref. /18/).
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