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Time-Reversal Violation In Beta Decay 

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

Abstract. We review and discuss the current status of T-odd correlations in beta decay. 

1. Introduction 

At present there is no unambigous direct evidence for time-reversal (T) violation in the 
fundamental interactions [ 11. But T-violation is intimately connected with CP-violation by 
the CPT theorem. A stringent bound on possible violation of CPT invariance comes from 
the properties of KO - I?’ mixing [I] .  In the following we shall assume that CPT violating 
interactions, if present, can be neglected, and use the terms “T-violation” and “CP-violation” 
interchangably. 

CP-violation has been seen in the mixing of the neutral kaons, and recently also in the 
K“ --t 27r amplitudes (through a nonzero value of the parameter € ’ / E )  [2]. The latter result 
implies the existence of a non-superweak CP-violating interaction. Last year CP-violation 
was observed also in the decays of the neutral B-mesons [3]. A major question in the field 
of CP-violation is the origin of the observed effects. The most economical possibility is 
that they are due to the Kobayashi-Maskawa phase S K M  in the Standard Model (SM).S The 
experimental information is consistent with this explanation. Another important question is 
whether there are sources of CP-violation other than 6 1 ( ~ ,  independently of their relevance 
or lack of it for the observed CP-violation. It is interesting to mention in this connection that 
~ K M  is not sufficient to generate the baryon asymmetry of the universe [4]. The most suitable 
observables to probe the existence of new CP-violating interactions are those for which the 
contribution from d ~ u  is small. Examples of observables of this kind are the electric dipole 
moments of the neutron and of atoms, T-odd correlations in muon decay, beta decay, and the 
transverse muon polarization in K+ -+ 7r0p+v,. 

In this talk we shall review and discuss the status of T-odd correlations in neutron and 
nuclear beta decay. In the next section we review the expressions for the coefficients of D- and 
R- correlations for a general d -+ ue-0, interaction. In Section 3 we summarize the available 
experimental results for D and R, and the limits they set on the d ---f ue-P, interaction. In 
Section 4 we consider D and R in extensions of the SM. Section 5 contains a summary of our 
conclusions. 

2. General Considerations 

Time-reversal (T) violating components in the d --f ue-0, interaction manifest themselves 
in beta decay through contributions to T-odd correlations in the decay probability [ 5 ] .  

$ In the following we shall understand the electroweak component of the Standard Model to be the standard 
s U ( 2 ) ~  x U(1) gauge theory, containing three fermion families and one Higgs doublet, but we shall allow the 
neutrinos to be massive and to mix. 
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Sensitive experimental information is available on the coefficients D and R of the conelations 
(J? * j'e X &/JEeE, and a' * (J? x ge/JEeE, (a' E electron spin, J = nuclear spin), 
respectively. The T-odd correlations are present even in the absence of T-violation, induced 
by final state interactions. The latter are dominated by contributions from the electromagnetic 
interaction. We shall write D and R as D = Dt -I- D f  and R = & + R f ,  where Dt, Rt 
represent the T-violating contribution, and Df, Rf  are the T-invariant contributions due to the 
final state interactions. 

In the SM the d -+ u e T e  transition arises from W-exchange, and has a V-A form 5: 

-4 

If = (Gf.V,,d/fi) E y ~ ( 1  - y5)viL)Gyx(l - y5)d + H.c. , (1) 

where GF/& = g 2 / 8 M $ ,  and V& is the ud-element of the Kobayashi-Maskawa matrix. 
The neutrino state 74,) accompanies the left-handed electron in a doublet of s U ( 2 ) ~ .  It is a 
linear combination of the left-handed components of the mass eigenstates: 

where  vi^ = f(1 - y5)vi. 
The interaction (1) is CP- (and T-) invariant. In the quark and gluon sector of the SM there 

are two sources of CP-violation: the Kobayashi-Maskawa phase ~ K M  in the quark mixing 
matrix, and the &term in the QCD Lagrangian. Dt and Rt from these sources are extremely 
small, of the order of 10-12a [7], where a is defined in Eq. (10) below. The reason is that ~ K M  

contributes only in second order in the weak interaction, and the &term is constrained by the 
stringent bound (81 54 x from the experimental limit on the electric dipole moment of 
the neutron. In the SM with massive neutrinos CP-violation can be present also in the mixing 
of leptons. The effect of this in beta decay would not show up in first order in the weak 
interaction either. Thus D, and Rt probe sources of CP-violation beyond those present in the 
SM. 

To first order in new d --+ the- ije interactions Dt and Rt arise from interference between 
the SM amplitude and the amplitude from the new interactions. We shall neglect in Dt and & 
terms proportional to neutrino masses. All the remaining terms must come from interactions 
involving left-handed neutrinos. The most general d -+ ue-ijiL) interaction involving the 
neutrino state (2)(1 can be written as T 

where 

5 Our metric, y matrices and 
I( Couplings involving neutrino states other than vdL) are possible, but for those in most cases additional 
constraints apply. Also, the choice vdL) in El. (3) guarantees for Dt and Rt maximal overlap in the interference 
with the SM amplitudes. 

are the same as in Ref. [6]. 

For a recent review of possible new interactions in beta decay see Ref. [8]. 



Time-Reversal Violation In Beta Decay 3 

The fields e, u and d in Eqs. (4) - (7) are the mass eigenstates. The coupling constants arc 
in general complex, in which case the Hamiltonians violate T-invariance. The constant CGLL in 
Eq. (4) contains the SM contribution, and can therefore be written as , c l ~ ~  = (aLL)SM + aLL, 
where ( ~ L L ) S M  = gZV,d/8M$ and akL represents contributions from new interactions. 

The contribution of the Hamdtonian (3) to Dt and Rt in allowed beta decays is given by 
[51 

Dt N aImiiLR , (8) 

where the upper (lower) sign in the first term in Eq. (9) is for decays with e-(ec)in the final 
state. In Eqs. (8) and (9) tiiik = aik/aLL ( ik  = LR, LT, LS);  a and b are constants containing 
the Fermi and Gamow-Teller matrix elements MF and MGT: 

1 (10) 
a = -  46J'JMFMQT[J/(J  1)]1'2gVgA 

g$lMFI2 f g41MGTl2 

In Eq. (1 1) X r J  is an angular momentum factor, defined in Ref. [ 5 ] .  The quantities g k  ZE g k  (0) 
( k  = V, A,  S, T )  are defined by 

(pl@Yxdln) = gv(42)%fYxun. > (12) 

(Pl%Y,d(n) = 9A(42)~ipYXY5~n , (13) 

(Pladl.) = ss(c12)'ii,un 1 (14) 

(P(aflA,idln) = !JT(q2)apgAp% * (15) 

CVC predicts gv = 1, and (neglecting the effects of the possible new interactions) the 
experimental value ofgA/gv is g ~ / g v  = 1.2670 f 0.0030 [9]. The constants gs and g~ were 
calculated in Ref. [lo] in connection with a study of neutral current interactions of a general 
Lorentz structure. Employing a quark model with spherically symmetric wave functions, gs 
and g~ are given by gs = -5 + $ j g ~  N 0.6, g~ = + &A) N 1.46. The uncertainty in 
these predictions has been estimated to be about 30% to 60% [lo]. Including an uncertainty 
of this size, one has 

0.25 <, gs 5 1 , 
0.6 <, 9~ <, 2.3 . 

(16) 

(17) 
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3. The Experimental Situation 

We shall summarize now the available information on I ~ Z ~ L R ,  ImZiLs, and I m i i ~ , ~  from beta 
decay experiments. 

The best limit on D,/a comes at present from a measurement of D in 19Ne decay. For 
this decay a N -1.03 [ l l ] .  The experimental value D N ~  = (0.1 f 0.6) x [ l l ]  yields 
therefore 

l ~ ~ i i ~ ~ l  < 1.1 x 10-3 (90% c.1.) . (20) 
Df has been estimated for this case to be D f  N 2 x 10-4pe/(pe)maz [121. 

sensitivity of 3 x lob4. The initial run yielded D, = [-0.6 f 1.2 (stat) f 0.5 (syst) ] x 
[ 131. D f  is smaller in neutron decay than in IgNe by an order of magnitude [ 121. 

For R, a recent measurement in 8Li -+ 8Be + e- + Pe decay yielded R L ~  = (1.6 f 
2.2) x [14]. The transition studied is a Gamow-Teller decay, and is sensitive therefore 
only to a tensor type interaction. One has a N 0, b = f ,  so that Rt N - ( 2 / 3 g ~ ) g ~ I m Z i ~ ~  N 

-0.53ppImii~~ , Subtracting the final state interaction contribution, which in this case is 

A new experiment is under way at NIST to measure D in neutron decay with an expected 

N- 7 x [14], yields Rt = (0.9 f 2.2) x This implies the limit 
‘t 

IgTImiiLTI < 8.6 x (90% c.1.) . (21) 
A measurement of R in l gNe  decay gave R N ~  = (0.079 f 0.053) [15]. The effects of the 

final state interactions can be neglected at this level of accuracy. For the transition involved 
a = -1.03, b =: 1.93 [15], and therefore 

(&)jve N 0.52gslmZi~s + 0 . 3 4 g ~ l m i i ~ ~  . (22) 
The experimental result gives 

)gslmiiL,s + 0 . 7 g ~ l m i i ~ ~ )  < 0.3 (90% c.1.) . (23) 

Igs~m~LsI  <, 0.1 , (24) 
The best current limit on gs.lmiiLs from beta decay experiments is about 

obtained from a limit on gi(( l iLs12 + /Ti~s()  [16], where GRS is the coupling constant of a 
scalar interaction involving a right-handed neutrino. 

is being 
developed at PSI [17]. In neutron decay Rf N [17]. As seen from Eq. (19), such a 
result, combined with the bound (21), will set a limit of about 2 x lo-’ on gsIrniiLs . 

An experiment to measure R in neutron decay to an accuracy of 5 x 

4. Dt and Rt in Extensions of the Standard Model 

4.1. Dt 

New V, A type d 4 ue-Pe interactions involving right-handed currents, such as the ~ L R -  

interaction relevant for Dt, can arise at the tree level from the exchange of new charged 
gauge bosons (as, for example, in left-right symmetric models +), in models with “exotic” 
fermions, which have right-handed couplings to the W and which mix with the known quarks 
and leptons [19,20], and from the exchange of leptoquarks [20,8]. In all the above cases the 
resulting d 4 ue-ii, interaction can be represented for beta decay by contact nonderivative 
four-fermion interactions. Contact interactions can arise also in composite models, from the 
exchange of constituents [21]. 

+ Ref. [ 181. For a review of aspects relevant for beta decay see Ref. [8]. 
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The alpinteraction is not invariant under the gauge group of the electroweak interaction 
of the SM, and can therefore arise only through effects involving the vacuum expectation 
value of the SM Higgs boson. In left-right symmetric models the symmetry breaking effect is 
the mixing of the left-handed arid right-handed charged gauge bosons, in models with exotic 
fermions the mixing between the ordinary singlet and new doublet fermions, and in leptoquark 
models the mixing of leptoquarlcs of differing SM quantum numbers. 

In left-right symmetric models Dt/a  is given by [22] 
gR c o d R  Dt/a E --f,- sin(a+w) . 
gL cos6f 

In Eq. (25) gL and 9~ are the s U ( 2 ) ~  and s u ( 2 ) R  gauge coupling constants, respectively; 
cos 6; = (VL)ud, eia cos = (v&d, where VL and VR are the mixing matrices of the left- 
handed and right-handed quarks; is the WL - WR mixing angle, and w is the CP-violating 
phase in WL - WE mixing. 

In models with exotic fernlions Dt/a is [20] 

(26) 
where si = sin 6k (i = u, d) ,  Ok are light-heavy quark mixing angles, $',R is a matrix defined 
in Ref. [19], (VR) = e''($',R):d with ( V R ) l d  real. 

Leptoquarks (LQs) are bosons which couple to lepton-quark pairs. Analysis shows that 
from the possible LQ species [23] an aLR-interaction can arise only from the (mixed) spin- 
zero LQs (&)- and (&)+ (in the notation of Ref. [23]; the second subscript represents the 
value of the weak isospin T, = &$), and the spin-one LQs (V2)- and (v2)+ [24]. CP-violation 
in the effective LQ-fermion couplings can originate from LQ mixing, fermion mixing, and for 
spin-zero LQs also from complex LQ-fermion couplings *. We shall consider Dt from the 
(R2)- - ( f i 2 ) +  system. The discussion and conclusions for (V$- - (v2)+ are analogous. 

u d  A Dt /a  N - s R s R ( v R ) l d  Sin $' , 

The couplings of the (R2)- and (&)+ are [231 

,c(~~),. = 3 i Z L i ( 1  - ys )e (~z )+  + H.C. (28) 2 
To avoid further constraints, we shall assume that the mixing of the right-handed quarks and 
of the charged leptons can be neglected. Thus u, d and e in Eqs. (27) and (28) are the mass 
eigenstates; vLL) is given in Eq. (2). 

We shall allow for (R2)-  - (Az)+ mixing # , and write 
(R2)- = & c o s a + B 2 s i n a  

(R2),- = ( - B ~  sin a + B~ cos &)ei@ , 
(29) 

where B1 and B2 are the mass eigenstates. For Dt/a we obtain 
-1 Dt/a N - 1 (L .- 4) sin 2a [h$& sin(& - $L - $J)] (-) GFKd , (30) 

16 m i  m2 4 
where ml and m2 are the masses of B1 and Ba, and we have written h 2 ~  = hiLei4L, 
L ~ L  = k2Lei4L with h 2 ~  and hkL real. 

* CP-violation in LQ interactions has been considered in the papers in Ref. [25]. 
fl Mechanisms for (R2)- - (R2)+ mixing have been considered in the papers in Ref. [26]. 
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The CP-violating phases in Eqs. (25) and (26) induce also contributions to the electric 
dipole moment of the neutron, and to quark-quark interactions that violate simultaneously 
parity and time-reversal invariance. For Dt /a  in left-right symmetric and exotic fermion 
models the most stringent constraint comes from the electric dipole moment of the Ig9Ng 
atom From the experimental limit ld(199Hg)I < 2.1 x 10-28ecm (95% c.1,) [27] 
one can deduce [28] 

(31) 
where the constant IC is expected to be of the order of 10. 

For Dt /a  from LQ exchange the constraints are weaker 1291. The P,T-violating quark- 
quark interaction, which is generated at one loop level from diagrams involving W-exchange 
and containing a LQ propagator in one of the vertices, is suppressed by mi or mi. The 
electron electric dipole moment and the quark electric and chromoelectric dipole moments do 
not arise at the one loop level. Based on dimensional estimates of the dipole moments, the 
conclusion is that they allow Dt /a  to be as large as the present experimental limits on Dt/a. 

I n l a 1  5 (2 x 1 0 - 5 ) / k  1 

4.2. Rt 

Ihi this subsection we shall report on an analysis of Rt in extensions of the SM, which is 
currently in progress [30], 

Let us consider the most general s U ( 2 ) ~  x U(1) invariant contact scalar, pseudoscalar, 
and tensor type four-fermion lepton-quark interaction relevant to charged current processes in 
the first family, and involving vdL). This has the form [31] 

where 

eL = (1 -ys)e, eR = $ (1 +y5)e, etc. The products LQ and LQ in Eq. (32) are such that each 
term is an SU(2)L  singlet. The fields in Eq. (32) are supposed to be the weak eigenstates. But, 
to avoid further constraints, we are assuming (as earlier) that the mixing of charged leptons 
can be neglected, and also that this is so also for the mixing of the right-handed quarks. The 
left-handed quarks (or at least one of them) are mixtures of the mass-eigenstates, and we have 
indicated this with a prime on Q. 

The Lagrangian (32) contains a d -+ ue-Ue interaction of the forms (5) - (7), with 

(36) 

where V’z) and V$) are the uu- and dd-elements of the quark mixing matrices for the Q = 5 
and Q = --: left-handed quarks, respectively. Thus ~ L S - ,  a ~ p - ,  and aLT- type d -+ ue-Ce 
interactions can appear already in the gauge invariant part of the contact Lagrangian. 

As a consequence of gauge invariance, the Lagrangian (32) contains also an electron- 
quark (e  - q )  interaction. This has a P-conserving, T-invariant part, and a part which violates 

(4 
~ L T  --~i& 
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both parity and time-reversal invariance. We shall be concerned only with the latter. The most 
general such interaction for the first family is [32] 

+kTqFiT5gpXCqgpXq) 

where ksq, kpq ,  and I G T ~  are real constants. The P,T-violating interaction in the Lagrangian 
(32) is given by the Hamiltonian (37), with 

kPu =: ksu , (40) 

kPd = -kSd , (41) 

kTu = I ~ ( ~ L v J : ) * )  , (42) 

kTd - 0  , (43) 
Scalar and pseudoscalar type interactions of the form (32) can arise at the tree level from 
the exchange of Higgs bosons, spin-zero or spin-one leptoquarks, in supersymmetric models 
with R-parity violation from the exchange of sleptons, and in composite models; tensor type 
interaction can arise from the exchange of spin-zero leptoquarks, and in composite models. A 
discussion of these special cases will be included in Ref. [30]. 

For the interaction (37) there are strong bounds from the results of searches for 
electric dipole moments of atoms and molecules. The interaction (37) contributes to atomic 
and molecular electric dipole moments (EDMs) through P, T-violating electron-nucleon 
interactions. The general form of the latter is the same as (37), except for the replacements 
u -+ p (= proton), d --+ n (=: neutron) [32]. Among the limits the most stringent for given 
types of couplings are [32] 

10.4ksp + O.Cik~,l < 1.4 x lov7 , (44) 

IIcpnJ < 3.7 x , (45) 

lkTnl < 1.1 x . (46) 
The limit (44) has been deduced from the experimental limit on the EDM of the 205T1 atom 
[33]; the limits (45) and (46) come from d(Hg)  [27]. An assumption made in deriving the 
limits (44) - (46) is that there is no cancellation in the EDMs among contributions of different 
types. 

The coupling constants ICsu, ksd, . . are related through Eqs. (38) - (43) and (34) - (36) 
to the imaginary parts of aL3, a ~ p ,  and ~ L T .  Let us consider the scenario, where Vi:) and 
VJ;ld) are real, and assume (as one can expect) that 

ksu = KdIrn (Z iLS  - 6 L P )  , (47) 

kSd - V u d l m ( a L S  + a L P )  , (48) 

kTu V q d I m a L T  . (49) 

N V$) N 1. We obtain then 
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Expressing the electron-nucleon constants ICs,, ICs,, kp,, and Icr, in terms of ICszl, ICsd, e . -tt 
and using the relations (47) - (49), the experimental limits (44) - (46) yield 

(50) (.TmZi~s + 0.3lmZi~pI < 2 x lov8 , 

respectively. 
The bounds (50) and (5  1) imply 

(ImZiL,gl < 3 x IO-' , (53) 
and also IlmZil,p( < 2 x lo'-'. The limits (52) and (53) are stronger than the present 
experimental limits by 6 and 7 orders of magnitude, respectively. Can these bounds be 
evaded? It can be shown that in the general case, when Vi:) and v&$' are complex, it is 
possible to supress, or even eliminate, the constraints from the contnbutions (38) - (43) 
to the e - q interactions. Nevertheless, stringent limits on ImZi~s  and 1mZi~~ from the 
e - g interactions, albeit considerably weaker than (52) and (53), apply. The reason is 
tkat electroweak radiative corrrxtions to a beta decay Hamiltonian of any origin also induce 
contributions to the e.- q interactions (through diagrams involving W-exchange, in addition to 
the new interaction) [38,32]. For an aLR-interaction involved in Dt no significant limit follows 
from these, since the corresponding diagrams are suppressed by memu or memd [38,32]. But 
for ImliLs and 1mZi~~ the limits (using the new experimental results in Refs. [27] and [33], 
and setting the logarithms conservatively, as in Ref. [38], lo be unity) are [38,32] 

jimiiLsl 5 3 x 10-5 , (54) 

5. Conclusions 

In this talk we have considered the time-reversal violating contributions to the T-odd 
correlations D and R in neutron and nuclear beta decay. A major question is what 
experimental sensitivities are required to obtain new information on the new interactions 
involved. 

The D-coefficient is sensitive to aLR-type d+ue-De interactions (see Eq.(4)). It can 
recieve tree level contributions in left-right symmetric models, in models with exotic fermions, 
from leptoquark exchange, and can arise also in composite model, in left-right symmetric 
models and in models with exotic fermions one can derive a limit on Dt /a  (see Eq. (8)) 
from the experimental limit on the electric dipole moment of the l g g H g  atom, that is better 
than the direct limit from beta decay by two, possibly three orders of magnitude. However, 
the size of the theoretical uncertainties in this limit are difficult to assess. For Dt/a from 
leptoquark exchange the conclusion based on dimensional estimates of the relevant two-loop 
contributions to the electron electric dipole moment and the electric and chromoelectric quark 
dipole moments is that Dt/a can be as large as the present experimental limit on Dt/a. The 
same conclusion may hold in some composite models. 

ttFor example, ksP = f?)ksu f f$")ICSd, where fj"' and fad) are given by the proton matrix elements of iiu 
and dd. For the nucleon matrix elements of Qq we used the estimates in Ref. [34]. To obtain < nlqiiysqln > we 
have taken the estimate of the nucleon matrix element of the gluonic operator T T G ~ , , & ~  from Ref. [35], and 
the values of the axial-vector current matrix elements from Ref. [36]; for the quark masses we have taken the 
values given in Ref. [37]. For < n(ii~+"uln >= hk)Gn~fiUu,, we have assumed h k )  N 1. 
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The &coefficient is sensitive to scalar-and tensor-type T-violating d-me-De interac- 
tions. For these interactions limits stronger by three orders of magnitude than those from 
beta decay follow from experimental limits on P,T-violating electron-nucleon interactions. 
However, the uncertainties in these limits could be large; also, accidental cancellations in 
the electron-nucleon interactions and the atomic electric dipole moments cannot be ruled out. 
Improved direct limits, even if weaker than from the electron-nucleon interactions, would 
therefore be still useful. 
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