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1 Introduction 

415 

Nuclear and neutron beta decay played a prominent role in the developments 

that led to the Standard Model (SM) [l]. ’ Th e new possibilities for exper- 

imental studies of beta decay that opened up after the discovery of parity 
violation resulted soon in the recognition of the V-A structure of the weak 

interactions. This period culminated in the formulation of the universal V- 

A current x current theory of the weak interactions. While the V-A theory 

remained consistent with all data, there was strong motivation to search for 

deviations from the V-A structure in beta decay (and other processes). One of 

the reasons was CP-violation, discovered in 1964. The V-A theory could not 

account for this effect. While it was recognized the the observed CP-violation 

could be due to a new force, it was equally possible that with appropriate 

modifications the weak interactions could account for it. Another motivation 

to search for new interactions was the non-renormalizability of the V-A theory. 

Today the motivation to search for new interactions is not weaker. Despite 

the remarkable success of the SM, for many theoretical reasons, and especially 

because of the large number of undetermined parameters of the model, the 

existence of new physics is expected. In fact, we have already the first strong 

experimental evidence, in the form of neutrino oscillations, that some exten- 

sion of the SM is required. The origin of CP-violation is still an open question, 

although one of the possibilities is that the SM can account for it. Regardless, 

among the new interactions there may be new sources of CP-violation. It is in- 

teresting that without some new source of CP-violation the baryon asymmetry 

of the universe cannot be generated. 

In this review article we shall discuss beta decay interactions in extensions of 

the SM [3]. We shall review the existing bounds on new interactions provided 

by beta decay experiments, and consider the constraints on them from other 

sources. The purpose is to assess what sensitivities would be required in beta 

decay experiments, to obtain new information. In the next section we consider 

the general form of possible new d -+ ue_D, interactions, and the resulting 

effective Hamiltonian for nucleon beta decay. In Sections 3, 4, and 5 we focus 

on the time-reversal (T) invariant components of d -+ ue-oe interactions con- 

taining vector and axial-vector quark currents (V,A-type interactions), scalar 

quark currents (S-type interactions), and tensor quark currents (T-type inter- 

actions), respectively. In Section 6 we discuss the T-violating components of 

the d + ue-r?, interactions. In Section 7 we summarize our conclusions. 

’ In the following we shall understand the electroweak component of the Standard 
Model to be the sum x U(1) gauge theory [2], containing three fermion families 
and one Higgs doublet, and only left-handed neutrinos. 
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2 General Considerations 

In the Sv the d -+ ue-i?, (and u -+ de+v,) transition underlying beta decay 

arises from W-exchange, and has the V - A form2 

H = Wk/~)~y~(l - ^/5)veiiyx(1 - y5)d + &. 
, (1) 

where G/d = g2/8M&, and V,d is the ud-element of the Kobayashi-Maskawa 

matrix. The field f(1 - y s V, in the interaction (1) represents a massless two- ) 

component neutrino, which is the T, = +1/2 state of the SU(2)L doublet 

involving the electron. 

In many extensions of the SM there are new contributions to d -+ ue-F,. 
We shall consider here only such contributions from new physics that can be 

represented by nonderivative local four-fermion couplings. 3 The most general 

d + ue-0, four-fermion interaction involving the neutrino states vLL) and $1, 

where vLL) is the neutrino state in the W+ -+ e+@) amplitude and vLR) is a 

right-handed singlet state, 4,5 can be written as 

Ha = &,A + HS,P + HT , (2) 

where 

&-,A = $(l - %)z’:~)[~LL%(~ - Y5)d + ~LR~-J--YA(~ + %,)dj 
+++(I + %i)~~R)[~~~f9~( 1 +%)d+~R~Wx(l - x)dl 

+ H.c. , 

(3) 

2 Our metric, y matrices and 0~~ are the same as in Ref. [4]. 
3 Accordingly, we shall not consider beta decay interactions involving second-class 
currents [5]. Interactions involving second class currents cannot be introduced with- 
out spoiling the renormalizability of the theory or without having to face severe 
theoretical and phenomenological difficulties [6]. For reviews of the present experi- 
mental limits on second-class currents see Ref. [7]. 
4 There is no experimental evidence at present for the existence of right-handed 
neutrinos; the singlet neutrino which may be required by neutrino oscillation data [8] 
can have either helicity. The bound on the number of light neutrinos from standard 
big-bang nucleosynthesis allows still the existence of an additional (singlet) neutrino, 
even if it had interactions as strong as the weak interaction (91. In the presence 
of a large V, - tie asymmetry the number of such neutrinos allowed by big-bang 
nucleosynthesis is much larger [lo]. 

5 Couplings involving neutrino states other than V, (L1 and vLR) are possible, but for 
these in most cases additional constraints apply. 
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f&J = q1 - 75y5)ve @)[ALLQ - 75) d + AL& + Y5)dl 

+e(l+ ~~)vL~)[ARR$~ +Y~)~+ARLG(~ - ys)d] 

+ H.c. 1 

417 

(4 

(5) 

The Hamiltonian (3) has vector (V) and axial-vector (A) structure, the one 

in Eq. (4) has scalar (S)-type (proportional to iid) and pseudoscalar (P)-type 

(proportional to fkysd) terms, and the Hamiltonian (5) contains tensor (T)- 

type interactions. 

In the Hamiltonians (3) - (5) the first and second subscript on the coupling 

constants gives the chirality of the neutrino and of the d-quark. Note that 

there are no tensor couplings of the cr~n- and o!RL-type, due to the relation 
1 0xVy5 = z ZEALOT&@. The interactions (3) - (5) are time reversal invariant if 

the coupling constants are real. 

The fields e, U, and d in Eqs. (3) - (5) are the mass eigenstates. The neutrino 
states viL) and viR) are in general linear combinations of the left-handed and 

the right-handed components of the neutrino mass-eigenstates y: 

ULL) = C UeiUil, , 

uiR) = c v&ViR , 

i 
(7) 

where ViL = f (1 - YS)V~, ViR = f (1 + ys)Vi; U,i and I& are (in a basis where 
the charged leptons are diagonal) elements of the neutrino mixing matrix. 

The constant CXL~ in Eq. (3) contains the SM contribution, and can therefore 

be written as ULL = (ULL)SM + c&, where (QLL)SM = g2Vu&3m~, and uLL 
represents new V - A interactions. Let us consider the decay of the nucleon 

due to the interaction (2). Neglecting the induced form factors6 , the effective 

interaction describing n + pecc, is given by 

where 

6 For a review, see N. C. Mukhopadhyay, Ref. [7]. 
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I$? = E~A(CV + C~y5)ue17yXn 

+%'%(cA +%YdW@'W+ KC. , 

(9) 

HcN) = e(Cs + C;ys)v,p~ + H.c. s (10) 

(11) 

Here we have to remember that the Ci - Ci components of the Hamiltonians 
(9) - (11) involve VLL), and the Ci + Ci components vLR). In Eqs. (9) - (11) 

CV=gV(aLL +%R+aRR+aRL) , (12) 

&=!?V(-%L - %R+aRR +aRL) > (13) 

CA=gA(% - aLR+aRR - URL) > (14 

C;=gA(-%L +%R+aRR - URL) > (15) 

Cs=gs(-h +&R+ARR+ARL) , (16) 

C;=gs(-ALL -&R+ARR+ARL) i (17) 

CT=%T(%L + aRR) , (18) 

C&=%T(-%L +&RR) , (19) 

where the constants gv = gv(O), gs = gs(0) and gT = gT(0) are defined by 

(pluyx~5ysdln)=gA(q2)UpYXY5U, , (21) 

(22) 

(pl~ax,dln)=gT(q2)u,ax~u, . (23) 

CVC predicts gv = 1, and in the absence of new interactions the experimental 

value of gA is gA = -1.2670 f 0.0035 [ll]. The constants gs and gT were caI- 
culated in Ref. [la] in connection with a study of neutral current interactions 

of a general Lorentz structure. Employing a quark model with spherically 
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symmetric wave functions, gs and gT are given by gs = -5 + figA 21 0.6, 

ST = I(; + &4) N 1.46. The uncertainty in these predictions has been esti- 

mated to be about 30% to 60% [12]. Including an uncertainty of this size, one 

has 

0.25 5 gs 5 1 , 

0.6 5 gT 5 2.3 . (25) 

In the Hamiltonian (8) we neglected the contribution from Hp (the part of 

the Hamiltonian (4) involving the pseudoscalar quark current Cysd), since this 

vanishes in the nonrelativistic approximation for the nucleons. The interaction 

(8) is identical with the general beta decay interaction considered in Ref. [13]. 

The general formulas for observables in allowed beta decays can be found in 

this reference. 

With the neutrinos (6) and (7) the observed beta decay probability is the sum 

of the probabilities of decays into the energetically allowed neutrino mass- 

eigenstates. In the following we shall assume that the neutrinos that can be 

produced in beta-decay are light enough that the effects of their masses on 

the decay probability can be neglected. 7 In particular, we shall neglect the 

terms arising from the interference between amplitudes involving neutrinos of 

different chirality. As it is easily seen, under the above assumption the effect 

of neutrino mixing can be taken into account by multiplying in observables 

the coupling constants aLkr ALk (k = L,R) and QLL by @ii, and aRk, ARk 

(k = L, R) and osn by &, where 

21, = glvei12 

i 

(26) 

(27) 

The prime on the summation in Eqs. (26) and (27) indicates that the sum 

extends only over the neutrinos that are light enough to be produced in beta 

decay. 

The terms in the Hamiltonians (3) - (5) involving the right-handed neutrino 

state vLR) can manifest themselves in beta decay only if either the right-handed 

7 An exception could be the end of the ef spectrum , where neutrino masses as 
small as of the order of electronvolts can already be important. The neutrino mass 
effect at the end of the e* spectrum depends also on the structure of the interaction 

involved (see Ref. [14]). Admixtures of heavier neutrinos in ve (L) can be probed 
through searches for kinks in the Kurie plot [15]. 
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neutrinos are sufficiently light, or (for Majorana neutrinos) if there is mixing 
between the heavy right-handed neutrinos and the light ones. In the latter 
scenario the effects of the vi@-terms are expected to be suppressed by the 
light-heavy neutrino mixing angles, which should be small. Note that if all the 
neutrinos are light, we have U, = V, = 1, as a consequence of the unitarity of 
the neutrino mixing matrix. 

When discussing constraints on beta decay interactions, we shall need to con- 
sider also muon decay, and the decays 7r + ev, and K + pup. As for beta 
decay, we shall assume also for these processes that the neutrinos that can be 
produced in them are light enough that in observables their masses can be ne- 
glected. Neutrino mixing in these processes can be then taken into account, as 
in beta decay, by multiplying in observables the coupling constants by square 
roots of sums (in muon decay also square roots of products of sums) analogous 
to (26) and (27). We note that under the above assumption the sums u, and 
V, in muon decay and in K + ev, are equal to u, and v, in beta decay, and 
so are the sums uP and vP (defined as u, and v,, except for the replacements 
U,i + Upi and Vei + V,i) in muon decay and in r + pvIL. 

3 New V,A Interactions: T-Invariant Contributions 

3.1 Model Independent Considerations 

The most general form of the Hamiltonian for d --+ ue-vLLIR) constructed 
from vector and axial-vector currents is given by Eq. (3). For given neutrino 
states @) and V, CR) the Hamiltonian (3) contains 8 real parameters (four 
complex coupling constants). One of these is an overall phase, which does 
not enter the observables. We can choose therefore aLL to be real and posi- 
tive. Defining &k = aik/aLL (ik = LR, RR, RL), a set of the remaining six 
parameters is, for example, IBLRI, ItisRI, l~inL/, the phases eivL = tiLR/JtiLnI, 
ei9R = tiRLti&/ItinnIItinLI and ei’+‘RL = akL/17iR~I. We shall not consider fur- 
ther the phase (PRL since in observables it is involved only in terms proportional 
to neutrino mass. The reason is that such terms arise from the interference of 
amplitudes involving neutrinos of different chiralities. 

The Hamiltonian (9) can be written in the form 



I? Herczeg / Prog. Part. Nucl. Phys. 46 (?OOl) 413-457 421 

where ?iLL = I_&,/(uLL)sM, and’ 

(29) 

aRR+aRL 

2= l+tiLR ' 
(30) 

(31) 

As follows from Eq. (28), normalized observables (asymmetries and polariza- 

tions) can involve 5 parameters: 1x1, IX], Iy], the phase of X, and the relative 
phase of x and Xy. The rate depends also on ULL. As seen from Eq. (28), as 

long as the induced form factors are neglected (as we do here), the number of 

parameters at the nucleon level remains the same as at the quark level, since 

the only change is that 1 + li LR is replaced at the nucleon level by gv (1 + a&, 

and (1 - Tins) and (ass - S~RL) get multiplied by gA. 

In the following we shall keep in X, x, y and Xy only the lowest order terms 

in the Tiik’s. In this approximation we have 

ReX=(gA/gV)(l - 2ReZiLR) , (32) 

ImX=-2(gA/gV)ImcLR 2 -2(&X)lmtiLR , (33) 

XI:~RR+T~RL , (34) 

YEERR-~RL , (35) 

AY=(ReA)(aRR - aRL) , (36) 

Rex*Xy= (Rd)(l&R12 - ITiRL12) , (37) 

Imx* Xy 21- (ReX) ImiikRaRL . (38) 

Recall that if we allow U, # 1, u, # 1 (see Eqs. (26) and (27)), ULL becomes 

8 Note that the parameters 2 and y, defined in Eqs. (30) and (31), are identical to 
the parameters z and y introduced in Ref. [16] only for ?iRL = 7i~~. Note also that 
in Ref. [16] the coupling constants (and therefore z and y) are assumed to be real. 
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in observables 

the replacements for the &k’s are 

(39) 

(40) 

where Ce = v,/u,. 

As seen from Eq. (28), in beta decay information on & can be obtained 

only from the decay rate, through its effect on Vud. If analogous LL-type V,A 

interactions exist for all the three families, and their coupling constants are the 

same in the weak eigenstate basis, a limit on ReTi’,, can be obtained using the 

unitarity of the 3-family Kobayashi-Maskawa matrix, assuming that there is 

no new contribution to muon decay, that u, = 1 for all the processes involved 

and uP = 1 in muon decay.’ In the presence of the new V - A interactions 

the measured G-element v,i (i = d, s, b) of the Kobayashi-Maskawa matrix is 

related then to the true matrix elements V,i as lo 

Iv,il” 21 IV,il”(l + 2Reii’,,) (i = d, s, b) . (41) 

Using the experimental values of Vud, v,,, and v,, recommended in Ref. [ll], 
we find 

c jv,J” = 0.9959 f 0.0026 . (42) 
i 

It follows, using the unitarity relation for V,i (i = d, s, b), and the relation 

(41), that 

-4 x lop3 < Ret&, < 8 x 10P5 (90% c.1.) . (43) 

It should be noted that the value of Vud, and therefore the bound (43), has 

unknown uncertainties, mainly from charge symmetry breaking effects in the 

g For a recent application, see Ref. [17]. 
lo In the general case the right-hand side of Eq. (41) has to be multiplied by 

(Ue)i/UeUp, where (u,)i is the quantity (26) in the process which provides Vui. 
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nucleus [18]. A value of T/,d free of nuclear structure uncertainties is provided 
by the neutron lifetime 7, and asymmetry parameter A,, but at present this is 
not as accurate as the v,, from the ft-values. This gives one of the motivations 
for improving the accuracy in the measurements of 7, and A,. l1 A further 
source of Vud not affected by nuclear structure uncertainties is the beta decay 
of the pion 7r+ -+ 7r”e+v, [20]. A precision measurement of the rate of this 
decay is in progress at PSI [21]. 

An aiL interaction contributes also to the ratio R, E I’(TT --+ ev,)/I’(n + pv,). 
Since Ial,,\ < 1, R, is then given by (see Ref. [22]) 

(44) 

where (&),w is the SM value of R,. 

A lower bound on the quantity u,/u~ follows from a comparison of the pre- 
dicted and the experimental mass of the W 1221. Assuming that there is no 
appreciable new contribution to muon decay, the predicted value (rrzw& of is 
given by 

(mw)p = (g) “’ [sin2 8w(l - AT)]-“’ [t~~u~]~‘~ , (45) 

where Ar represents radiative corrections [23]. Using in Eq. (45) sin2 0~ = 
0.2230 f 0.0004 and Ar = 0.0354 f 0.0012 [ll], and identifying (rn~)~ with 
the experimental value (mw)ezpt = 80.419f0.056 GeV [ll], we find [ue~,J1/4 > 
0.998 (90% c.1.). Since u, I 1, up 5 1, we obtain 

0.992 < u,/u~ < 1.008 (90% c.1.). (46) 

Using the experimental value (Ra)ezpt = 0.12303 f 0.0036 [24], and (&)SM = 
(1.2352 f 0.0005) [25], we find 

-9 x 1O-3 < Reti;, < 5 x 10e3 (90% cl.) . (47) 

For ue = ucl = 1 the bounds are 

-5 x lop3 < Reiii, < 4 x 10e4 (90% c. 1.) . (48) 

l1 Note that the f&values of O+ -+ O+ transitions are needed even then if one wants 
to search for right-handed currents (see Ref. [19]). 
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It should be noted that the bounds (48) would disappear, and the bounds (47) 

would become insignificant, if there is also a contribution from a new LL-type 

V, A interaction to x --+ pvP with a coupling constant equal to aiL. 

We note further that beta decay cannot provide precise information on Reiim, 
because of the theoretical uncertainties in the calculations of gA. However 

IrntiL~ can be accessed through the T-odd D-correlation (see Section 6). If 

the right- and left-handed quark mixing matrices are equal, charged current 

universality implies, under analogous assumptions as the ones required for 

the limits on Reii’,,, limits on ReiiLR. These are the same as the limits (43) 

for Reii’,,. Bounds on ReiiLR are provided also by &. These are the same 

as the bounds for (-Re&) (see Eqs. (47) and (48)); the bounds in Eq. (48) 

disappear, and those in Eq. (47) become insignificant, if there is a contribution 

to rr + puP from a muonic interaction of the same type and with a coupling 

constant equal to ReTiLR. 

It is easy to show that in pure Fermi and pure Gamow-Teller transitions 

normalized observables depend only on 1~1~ and ]y12, respectively. In mixed 

transitions normalized observables can depend also on the other parameters. 

In observables gv and gA are multiplied by the Fermi matrix element MF and 

Gamow-Teller matrix element MGT, respectively. 

Let us consider now ii$$ and ?i$,. The best present limit on 7i$k with 7i$$, = 0, 

and on a$$ with &A = 0 from experiments investigating nuclear and neutron 

beta decays is l2 

]a$$] < 6.3 x 1O-2 (90% c.1.) ) (49) 

and 

1&i] < 3.7 x 1o-2 (90% c.1.) ) (50) 

respectively. An experiment in preparation at CERN-ISOLDE [27], measuring 

the longitudinal polarizations of positrons emitted by a polarized nucleus in 

opposite directions with respect to the nuclear polarization, aims to improve 

the limits (49) and (50) to 3 x 10d2 [26]. Improved limits are expected also 

from the planned new generation neutron and nuclear beta decay experiments 

1281. 

A bound on ?i$$ (Ic = R or L) follows from charged current universality. 

l2 See Figs. 1 and 2 in Ref. [26] (where the limits on zigk and G$ are those gilv(e; 

on b and c). When tiRR and tire are relatively real, Figs. 1 and 2 give limits on cxiR 

and ti$, also when both are nonzero. 
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Assuming uP = 1 and the absence of new muon decay interactions, and that 

u, = 1 for all the pertinent processes, the relations between Vui and Vui (i = 
d, s, b) in the presence of an ank-interaction are 

IV,,]” = ]VUd]2(1 + lag]“) (k = R or L) , 

(51) 

Ii&]” = ]I&]“(1 + ]c$]“) (k = R or L; j = s, b) , 

where c$$ depends on the coupling constants of Rk-type interactions involving 

the second and the third quark family, and on the mixing matrix of the right- 

handed quarks. Independently of the values of c$$, we find 

I?$] < 5.1 x 1o-2 (90% c.1.) (k = R or L) . (52) 

The ratio R, is given by (see Ref. [22]) 

R, = (R,)s,w$(l+ ItiE]“) (k = R or L) , 

yielding the bound 

l&l < 8.9 x 1o-2 (90% c.1.) (k = R or L) . 

(53) 

(54) 

For U, = uP = 1 the bound is Iti&] < 5.4 x 10e2 (90% cl.). 

R, is not sensitive to an am interaction if there is an analogous contribution 

to x --+ 1_1u~ with the same coupling constant. 

If both Zing and ~RL are nonzero, ]7i$$!] in Eqs. (51-52) and (53-54) are re- 

placed by ]$k + 7i$$] and IliCe) RR - a$$], respectively. An observable, which 
vanishes when only one of C~RR and CARL is nonzero, is the ratio P,“/PzT of 

e*-longitudinal polarizations in Fermi and Gamow-Teller decays. For V,A- 

interactions P,“/P,“’ is given by 

PL” - - 1 - 8Reiigkii$$, . 
PF’ - (55) 

Measurements of e+-longitudinal polarizations yielded P,“/PfT = 1.0010 & 

0.0027 [29], which implies 

-6.8 x 10e4 < Reii$$Ti$_$, < 4.3 x 10m4 (90% c.1.) . (56) 
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A stringent constraint on the interactions of light (5 10 MeV) right-handed 

neutrinos comes from the observed neutrino pulse from supernova 1987A 

[30,31]. Th e o b served z?,-luminosity is consistent with the standard supernova 

model, and this implies severe constraints on possible new cooling mechanisms 

of the supernova core. The requirement that the process e-p -+ @In does not 

carry away most of the energy that can be radiated by the supernova, leads 

for V,A interactions to the conclusion [31] that the coupling constants have 

to satisfy either the upper bound 

or the lower bound 

(58) 

For other types of d + ue-fiiR) interactions the constraints are probably 

similar. The bounds (57) and (58) could be evaded if vi”) has some additional 

interaction, which can trap it. A special interaction of this kind has been 

suggested in Ref. [32]. In the following while we shall bear in mind the bounds 

(57) and (58), we shall not invoke them in our discussions, since they do not 

diminish the importance of terrestrial experiments. 

In conclusion, the experimental limit (50) is the best present model indepen- 

dent limit on a$$ (assuming ~iki = 0). For 8$& the best limit is also the direct 

limit from beta decay (Eq. (49)), since (52) is not as rigorous. 

New V,A-type d + ue-fi, interactions involving right-handed currents 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 new fermions 

which have right-handed couplings to the W and which mix with the known 

fermions, and from the exchange of leptoquarks. In all the above cases the 

resulting d + uecfi, interactions can be represented by contact nonderivative 

four-fermion interactions. Such contact d -+ ue-ii, interactions can arise also 

in composite models, from the exchange of constituents. 

New V - A d -+ ue_P, interactions are present, for example, in models with 

leptoquarks, and among contact interactions. 
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3.2 Left-Right Symmetric Models 

Left-right symmetric models (L-R models) [33] are attractive extensions of the 
standard electroweak model, which provide a framework for the understanding 
of the origin of parity violation in the weak interaction. The simplest models 
are based on the gauge group SU(2) L x SU(2)R x U(1). In the following we 
shall refer to sum x sum x U(1) models as “L-R models”. 

The fermions in sub x sum x U(1) models are assigned to representa- 
tions of the group in a left-right symmetric manner. The left- (right-) handed 
fermions are in doublets of sum [ZJ’U(~)~] and singlets of SU(2)R [SU(2)4: 

u’ (): d’ 
L 

U' 

0: 
d’ 

R 

4 

0: 
e' 

L 

4 

0: 
e' 

R 

(TL,TR,y) = (f,o, f) 

(TL,TR,y)= (o>;>;) 

(TL,TR,y)= (;,o,-1) 

(TL,TR,y)= (o,;,-1) 

(59) 

and the same assignments for the second and third family. ?L, ?R, and Y are 
the generators of SU(~)L, SU(2) R, and U( 1)) respectively. The electric charges 
is given by Q = 2’s~ + TSR + BY. 

In addition to the observed gauge bosons W and 2 (called in L-R models IV, 
and Zi), the model contains a second charged gauge boson, W’Z (see Eq. (62)), 
and a second massive neutral gauge boson, 2,. The model requires at least 
one Higgs field of the type $(i, i, 0). In addition, at least one Higgs field of 
a different type must be introduced to break the gauge symmetry down to 
electromagnetic gauge invariance. 

In Eq. (59) the primed fields are the gauge-group eigenstates. They are linear 
combinations of the mass-eigenstates. In terms of the mass eigenstates 
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the coupling of the gauge group eigenstate charged gauge bosons W, and WR 
to the quarks and the leptons is given by 

.tZ = (dh)(&)yxV'Q~) + i2L~AU+EL)WL (61) 

+ (gd@ @k"'rxVRQ$' + fi~y,&'+ ER) WR + H.c. , 

where gL and gs are the sU(2) L and the su(2)R gauge coupling constants, 
respectively; ?JL = f(1 - ys)$, $R = f(1 + y5)$ ($ = &(“I, Qcd), . . .). The 
number of neutrino mass-eigenstates is three in the case of Dirac neutrinos, 
and six if the neutrinos are Majorana fermions. The matrices UL, us and U, V 
are the quark and leptonic mixing matrices, respectively. The fields WL and 
WR are linear combinations of the mass-eigenstates WI and Wz: 

WL = cos CWi + sin <W2 

(62) 
WR = e”“(- sin cwi + cos <wz) , 

where < is a mixing angle and w is a CP-violating phase. 

If the right-handed mixing angles are equal to the left-handed ones and gR = 
gL, parity violation in the interaction (61) is due only to the difference in the 
masses of the W2 and the WI. 

The Hamiltonian responsible for nuclear beta decay resulting from (61) is of 
the form (3) with [34,35] 

aLL 1: (gi cos 9f/BmT) , (63) 

ii~~ N eic’(cos OF/ COS t9f)(gimf/giml$ , (64 
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iiLR ? -e i(a+w)(COS @/ cos of) (gR</gL) , (65) 

ERL = -eiw (gR</gL) , (66) 

where ml, m2 are the masses of WI, W2; cos i3f = (UL)~~ and ei” cos Of = 
(U&d. Note that for the phases cp~ and 9~ (see Section 3.1) one has the 
relation PR = -(pL(= -a - w). 

Let us consider z~RR. Stringent limits on g~rn~/g~rn~ come from the KL - KS 
mass difference Am, if one requires that each individual contribution to AmK, 
corresponding to box diagrams with a given pair of internal quarks, is smaller 
than the experimental value of Am K, and if one assumes some reasonable 

restrictions on fine-tuned cancellations [36]. For models with manifest left- 

right symmetry (where gR = gL, 13~ = 0: (i = 1,2,3)), and there are no 

CP-violating phases beyond the Kobayashi-Maskawa phases in the left-handed 

and right-handed sectors) [37,38] l3 and pseudomanifest left-right symmetry 

(where gR = gL,, r3f = @, but the new CP-violating phases are allowed) [38] 

this limit is T~RR N mflm 4 5 3.6 x lop3 [40,36,34,41]. For general L-R models 

(models with nonmanifest left-right symmetry) [38] the limit depends on the 

form of VR. The conclusion of the analysis in Ref. [36] is that the weakest 

bound is obtained when VR is a unit matrix. Then 

gim4 < 7.5 x 10-2 . ifi~~ N - 

924 N 

Further constraints on g~rn~/g~rn~ can be deduced from the results of searches 

for new charged vector bosons in high-energy pp collisions at the Fermilab 

Tevatron [42]. These experiments set upper limits on the product CT&, of the 

pp --+ WRX cross-section and the WR -+ ev, branching ratio for given values 
of m2. The ratio of CJB,, 
constants) is given by l4 

and (oB~,,)sM (aB,, evaluated with SM coupling 

which for VR = I is uB,,/((TB ey SM = gi/gi. Thus from the experimental ) 
limits on aBe. one can deduce limits on gR/gL. For gR/gL it can be shown 1341 

that the internal consistency of the model equires gR/gL > 0.55. Inspection of 

the experimental results shows that this holds from about m2 = 600 GeV, and 

l3 Investigations of beta decay in manifestly left-right symmetric models include 
Refs. [37], [16], and [39]. 
l4 The dependence of WR-searches on the parameters of L-R models was considered 
in Ref. [43]. 
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that I&J (5 I~RRI) can be as large as the present experimental limit (49) in 

the range [45] 

800 GeV 2 m2 < 1.8 TeV . (69) 

For m2 > 1.8 TeV one would need to have gR 2 6, for which the pertur- 

bative treatment of gR could not hold. l5 The branching ratio would be B,, 

smaller; and therefore the constraints on gkrnT/girn$ weaker, if the WR decays 

also to some new particles [43]. 

Stringent experimental bounds exist also on the mass of the 2,. However for 

L-R models with an arbitrary Higgs sector the masses of the W2 and the Z2 

are not related through known parameters. l6 

For ~RL it can be shown that ]tiRL] < C]iiRR], where C is a constant of the 

order of unity, except for Higgs representations with unreasonably high TR 
[50, 361. This does not mean, of course that zi RL can be neglected relative to 

ERR. A limit 

]&i] < 0.067 (90% c.1.) (70) 

-(e) on or& comes from the experimental value of the pparameter in muon decay 

(Ref. [35]; see also Ref. [51]). 

3.3 Exotic Fermions 

The d + ue-fie interaction can contain terms with right-handed currents 

even from W-exchange, if there are quarks and/or leptons whose right-handed 

components are in non-singlet representations of the SU(2) component of the 

SM gauge group, and which mix with the usual quarks and leptons. Fermions 

with noncanonical SU(2) x U(1) assignments are referred to as “exotic”. Such 

fermions occur in many extensions of the SM [52]. The new fermions, except 

the neutrinos, must be heavy (new charged and heavy neutral leptons heavier 

than about 90 GeV and 45 GeV, respectively, and new quarks heavier than 

about 200 GeV), as dictated by limits on direct production [ll]. 

zdel where gR # gL at the WR scale has been constructed in Ref. [46]. In this 

model gR < gL. However, models with gR > gL are also possible [47]. 
l6 See Ref. [48]. For L-R models with some specific choices for the Higgs bosons, 
data on neutral current interactions imply for gR = gL lower bounds on both mzz 

and m2 of the order of (l-2) TeV [49]. The best lower bound on mZz from direct 

searches for new neutral gauge bosons is 630 MeV (90% c.1.) [ll], assuming that 

the 22 has no decays into final states involving some new particles. 
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We shall assume that the electric charge and color assignments of the new 

fermions are the standard ones, in which case the non-singlet fermions can 

only be in doublets [52]. 

In the presence of ordinary-exotic fermion mixing the coupling of the W to 

charged currents involving the usual quarks and charged leptons and the light 

neutrinos is given by [52] 

+ fi,cRyx(F;;+F;)&$VX + H.c. , 

where a(“) G (G,F,~, Q@) E (&s,b), E = (e,p,r), fieL 5 (vlL, vzL,. . .) 
and I7 m-c 72[R G &, &, . . .) = C(fie,-,)T. In Eq. (71) the matrices Ai and Fk 
(k = IL, d, e, v) relate, respectively, the ordinary and the exotic fermion weak 
eigenstates to the light fermion mass-eigenstates. 

Ordinary-exotic fermion mixing induces generally flavor-changing neutral cur- 

rents (FCNC) between the ordinary fermions. For FCNC transitions among 

the usual charged fermions there are stringent constraints on the strength of 

the corresponding interactions from limits on processes such as p + 3e or 

Kt + pp. The mixing of ordinary fermions with exotic ones leads also to de- 

viations from the SM predictions in flavor-conserving neutral current processes 

and in charged current processes. If one is interested in the latter effects, one 

can work in the limit where FCNC transitions are absent [52]. The matrices 

Ai and Fk (k = u, d, e) have then greatly simplified forms [52]. In such a 
framework the beta decay interaction resulting from the Lagrangian (71) is of 

the form (3), with [52,53,51] 

tiRL N eipe sk , (74) 

tiRRNaRLGLR , (75) 

where sk = sin& (i = U, d, e), 6; are light-heavy mixing angles, and VR 

l7 We follow here the notation of Ref. [52], where all the right-handed neutrinos are 
denoted by n& 
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is a matrix defined in Ref. [52]. The quantities u,\and we are given here by 

ue = Ci I(&)ei12 and w, = ,& ](Fi)ei12 (denoted in Ref. [52] by (~2)~ and 
(.sZ)~, respectively). The CP- violating phase (Pi (which is the phase (PLR here) 
has no detectable effect, as discussed in Sec. 3.1. A further CP-violating phase 
can reside in (p&d. 

Since CLR is small ((liL,R 1 5 10p2; see Ref. [51] for a review of the bounds), it 
follows from the relation (75) that ti RR can be neglected relative to tiRL. 

Global analyses l8 of the constraints on ordinary-exotic fermion mixings yielded 

I&i] < 4.2 x 1O-2 (90% c.1.) . (76) 

The limit (76) originates mainly from muon decay data. Constraints on Eg 
come also from high-energy neutrino-electron scattering, which constrains si 
[52]. Using the experimental and SM value of coupling constants for the V~ - e 

scattering given in Ref. [ll], we find (note that Ge ,$, 1) ]a$$] < 6 x 10e2 (90% 

c.1.). Thus, the best present limit on aRL -(e) in exotic fermion models is the beta 
decay limit (50) [45]. 

3.4 Leptoquark Exchange 

Leptoquarks (LQs) are bosons which couple to lepton-quark pairs [56]. They 
appear in many theories that go beyond the SM, for example in grand unified 
theories [57], superstring inspired models [58], supersymmetric models with 
R-parity violation [59], and composite models [60]. L&s which do not induce 
proton decay could be light enough to cause observable effects in some low 
energy processes [61]. As we shall see, among the possible LQs coupled to the 
first fermion family some can give rise to new beta decay interactions. 

Assuming that the LQ-fermion couplings are dimensionless, the spin of the 
LQs can be only zero or one. 

The most general sum x U(1) x SU(3), invariant lepton number conserv- 
ing (for Dirac neutrinos) and baryon number conserving Lagrangian for the 
couplings of spin-zero LQs to a SM family contains 9 LQ states, characterized 
by definite SM quantum numbers and a definite fermion number [62,63]. If a 
right-handed neutrino is added, as we do here, there is an additional LQ state, 
and two of the LQs can have an additional coupling [63]. Similarly, there are 
9 spin-one LQ states [62] (10 ‘f 1 a right-handed neutrino is included [22]). 

l8 See Refs. [52] and [54]. For a review, see Ref. [55]. 
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The d + ue-Pe transition can be mediated by LQs of electric charge Q = i 
(giving rise to @lR) + u transitions) and Q = f (inducing I/:~,~) + dC 

transitions) [53]. 

Inspection shows that from the possible spin-one LQ states the ones that 
contribute to d + ue-C, are (in the notation of Ref. [62]) are the Q = g 

states Ui and (Ua)s, and the Q = i states (IQ- and (v)z)+ [22,51], where the 
second subscript (0, It) represents the value of T, (T, = 0, ztk). The couplings 
of these LQs to the first SM family, extended by a right handed neutrino, are 

{ 

1 
ca, = -h$YJl- Y5)& 

2 
@) + dy,(l - y5)e] 

+;hlR[dy,(l+ y5)e+ ;h$tiy,(l- y5)Z'LR) uf + H.c. , 
> 

(77) 

-f+,), = 5 'h 3~[~iy,Jl - ~5)$) - &,(l - y&](Udf + H.c. , (78) 

+ $2R"ch(l + ‘ys)e] (h)f + I-IX. 1 (7% 

From the possible spin-zero LQ states the ones which contribute to d + ue-Pe 
are the Q = i states Si and (,!?a)~, and the Q = 2 states (Rz)_ and (A,)+ 
[22,51]. Their couplings are given by 

Cs, = asi~(ti’(l - yS)e - ct”‘(l - ys)@)) 
[ 

,&J~ = --ig3~[11”(1 - y5)e + ct”(l - y5)z@)](S3)0 + H.c. , (82) 

C(R2)_ = ;h2&(1 -Y5)Y dL) - ihSRd(l + y5)e] (&)_ + H.c. , (83) 

The fields in Eqs. (77-84) are the gauge group eigenstates (to simplify writing, 
we have omitted the primes on them). 

In this section we can restrict attention to chiral LQs (LQs that couple to 
left-handed or to right-handed quarks, but not to both), since only such LQs 
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(or the chiral parts of nonchiral LQs) can generate V,A-type beta decay inter- 

actions. The Vi and the Si can be replaced by two-independent chiral LQs, 

the UrL, U~R, and Sly, Sin, where the second subscript-indicates the chirality 

of the quark in the couplings. The _RZ ($2) and Vz (Vz) can be replaced by 

RZL, R~R (fi2~,fi2R) and &L, hR (h~,bR). The (&)o and (&)o are chid 

The beta decay interactions from UiL, SiL, (Us)0 and (&)o are of V-A form. 

UiR and SiR gives rise to aRR interactions. oLR- and aRL-interactions can be 

induced only through LQ mixing [51] lg T o avoid further constraints (see Ref. 

[64]), we shall assume that the right-handed quarks are to a good approxima- 

tion mass eigenstates. The exchange of UiR yields then (see Eq. (77)) 

7 

where MAR is the mass of U~R. We shall write (85) in the form 

(85) 

(86) 

where yv = ~(lhlR12/M~R)(~/GFV~d). A stringent limit on yv comes from a 

recent measurement of parity violation in 133Cs atoms [65]. The hiR-coupling 

of the U~R (see Eq. (77)) gives a contribution 

(Qw)v = 411.5~~ (87) 

to the weak charge Qw of 133Cs Identifying this contribution with the differ- . 

ence2’ AQw = (Qwbpcpt - (Qw)s~ = 0.44 f 0.44 between the experimental 

and the SM values of Qw, we find [45] 

yv < 2.6 x 1O-3 (90% c. 1.) . (88) 

Further constraints come from collider experiments: from searches for LQ pro- 

duction at the Fermilab Tevatron [68], HERA [69,70], at LEP [71], and (for 
high-mass LQs) from searches for neutral-current [72] and charged current 

contact interactions [73,74]. 

lg We shall consider aLR-’ mteractions induced by LQs in Section 6, in connection 
with the T-odd D-coefficient. A discussion of other effects of LQ mixing will be 
included in Ref. [45]. 
2o The experimental value of the weak charge of 133Cs is (Qw)~~~~ = 

-72.65(28),,t(34)theo~ [66]. This result was verified by W. R. Johnson, and in- 
dependently by V. A. Dzuba [67]. The SM value is (Qw)~M = -73.09 f 0.03 [ll]. 
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The Tevatron results set a lower bound of 150 GeV on the mass of U~R (as- 

suming the presence of the hpd coupling). Analysis [45] of the available data 

shows that &R from Urn-exchange can be as large as the present experimental 
limit (Eq. (49)) for MrR in the range 

210 GeV < MAR < 510 GeV ; (89) 

asn = lo-’ (for example) is possible for 150 GeV < MAR < 3.2 TeV. These 
conclusions are set by the Tevatron results [68] and the results of Hl at HERA 
[69] (the other constraints from collider results are either weaker or not rele- 

vant), and by the condition Ihydl < &, which we impose, so that it would 

be possible for the perturbative treatment of h$ to be adequate. Note that a 

large Tisn requires a very large ratio h$/hlR. 

A similar analysis [45] shows that C~RR due to &n-exchange can be at the 
present experimental limit for &R masses in the range 

79 GeV < MAR < 260 GeV ; (90) 

Tiss = lop2 is possible for 79 GeV < MAR < 1.6 TeV. 

3.5 Contact Interactions 

Physics characterized by a mass-scale A > GFrJ2, where GFli2(e 300 GeV) 
is the Fermi scale, can be described up to energies of order A by nonrenor- 
malizable contact interactions invariant under the SM gauge group [75,76]. 
The lowest dimension contact terms relevant to beta decay are dimension 6 
four-fermion interactions. Such contact interactions arise in composite models 
(where the quarks and leptons are bound states of more fundamental parti- 
cles), induced by the exchange of constituents [75]. They can provide also a 
description of processes mediated by the exchange of heavy bosons. 

We shall consider here, and in Sections 4.2 and 5.2, the contribution of contact 
interactions to beta decay [45,77]. The most general SU(2)t x U( 1) x SU(3), in- 
variant contact four-fermion interaction relevant to charged-current processes 
in the first family is given by [78] 
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As in Eqs. (77-84), the fields in Eq. (91) are the gauge group eigenstates. 

L = (v,L,eL), Q = ( UJJ, &) are the left-handed lepton and quark doublets, 
and the ?‘s are the Pauli matrices. With the subscript L on the coupling 
constants we indicate the helicity of the neutrino involved. 

In composite models the coupling constants CYL, . . . ,ff’, . . . are written cus- 

tomarily as #/A~“, wheree=fl,i=QL,...&),...;gisastrongcoupling 

constant taken to be &, and Ai’) is the compositness scale associated with 
the corresponding operator. For contact terms originating from heavy boson 
(B) exchange the coupling constants are proportional to gi/m& 

The first term in (91) yields a V-A d + ue-pe interaction; the other contain 
scalar-, pseudoscalar-, and tensor-type d + ue-fie couplings, which we shall 
consider in Sections 4.2 and 5.2. 

The coupling constant of the V-A interaction is given by (assuming that the 
same contact interaction is present for all the three families) 

tiiL = - & . (92) 

In addition to the bounds (43) and (47) from charged current universality 
and &, the aI,, in Eq. (92) is constrained by experimental results on the 
e*p +‘DLX reaction, obtained by the Hl and ZEUS collaborations at HERA 
[73,74]. An analysis [79,80] of these data yielded ]A*] 2 (2 - 5) TeV for A* 
associated with the CYL- term. This implies 

I&] 5 0.2 to 0.03 ) (93) 

which is weaker than the bounds (43) and (47) from charged current univer- 
sality and h. 

The aL-term in the Lagrangian (91) contains also a neutral current electron- 
quark interaction. Inspection shows that the limit on I& from atomic parity 
violation is weaker than the bounds (43) and (47) 21, and so is the limit from 
other neutral current data [72]. 

If we include among the fermions a right-handed neutrino, four additional 

21 We note that for the aL-term QW is suppressed due to the isovector character of 
the interaction. 
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contact terms are possible [45]: 

As in the Lagrangian (91), the fields in Eq. (94) are the gauge group eigen- 
states. 

The first term in (94) is an aRR- interaction with 

(assuming that mixing in the right-handed sector can be neglected); the re- 
maining terms are, again, of scalar-, pseudoscalar-, and tensor structure. 

Note that aLR and aRL type interactions cannot appear in (91) and (94), since 
these violate SU(2) L x U(1) invariance. 

The data on the e’p +‘z?LX reaction constrain also the aRR-interaction. This 
term was not included in the analysis in Refs. [79] and [SO]. We expect on S~RR 
a limit which is weaker than the limit (93) since, neglecting terms proportional 

to the neutrino mass, there is no interference in the e*p -+‘fiLX cross-section 
between the arm-term and the SM contribution. 

4 Scalar Interactions: T-Invariant Contributions 

4.1 Model Independent Considerations 

The most general scalar and pseudoscalar d + ue-tie interaction is given in 
Eq. (4). The S-type and P-type components of (4) can be written as 

HS = [aLsS(l - ys)@) + a&?(1 + yg)~i~)] fid + H. c. , (96) 

HP = [aLpE(l - TS)@) + aRp’?(l + yS)vLR)] c-ysd + H. c. , (97) 

where 

aLs = ALL+ALR , (98) 
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aRS=ARR+ARL , (99) 

aLp = -ALL +ALR , (100) 

aRP =ARR-ARL (101) 

As mentioned in Section 2, for beta decay only Hs is important. For n -+ pe-De 
it yields the interaction (10) with 

CS - Ci = 2gsoLs , (102) 

CS+C~=%aRS , (103) 

where gs is defined in Eq. (22). 

Scalar-type beta decay interactions would show up in the allowed approxima- 

tion only in Fermi (or mixed) transitions. T-invariant contributions to observ- 

ables can depend on gsReSiLs (through interference with the SM contribution, 

&I&l2 + 1ERSi2) [= $(ICS12+ IC~I")&/GFK& and gg(lhs12 - I~RsI~) 

[= -ReC&g)fi/GFVud], where Ziks = Uksfi/GFVUd (k = L, R). The present 

experimental limit on gsReiiLs is 

IgsReZiLsI < lo-’ (90% c.1.) ) (104 

obtained from the ratio PL/Pz’ of positron polarizations in a Fermi and a 

Gamow-Teller transition [82]. 22 For gszins the experimental limit (deduced 

from a measurement of e - v correlation in 32Ar p decay) is at the 0.1 level 

[83]. New experiments sensitive to scalar interactions are under preparation 

PI. 

Stringent constraints on HP, which we shall use later on, come from the ratio 

I& = l?(n + ev,)/l?(z -+ ~zI,). The Hamiltonian Hp gives a contribution to 

& given by [22] 

(105) 

where23 w, = mi/m,(m, + md) N 2.65 x 103, and Ci$$ = iiRp&. We have 

not included in (105) the contribution w~IImZiLp12 from ImZiLp, which is in- 

22 A limit on gsRe?iLs comparable to (104) follows from ft-values of Fermi beta 
decays, which are modified in the presence of ReSiLs by the Fierz interference term 
[81]. However, because of nuclear structure uncertainties, this limit is not as reliable 
as (104). 
23 We used mzL = 5.1 MeV and md = 9.3 MeV 1851. 
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dependently known to be small (see Section 6). Taking (&),,,,/(&)s~ at 

90% c. l., and using for u,/uP the range (46), the bounds on ReiiLp and c&k 
are [22] 

or 

ReaLp N -7.5 x 10e4 

IRetip] < 3.2 x 1O-6 

if ReaLp alone contributes, 

I&&] < 3.4 x 1o-5 

(106) 

(107) 

if only agk contributes and 7 

] ReTip( < 7.5 x lop4 , 

[@I < 4.0 x 1o-4 

(108) 

if ReaLp and a$ contribute simultaneously. 

For u,/uP = 1 the bound in the second equation in (106) and the bound in 

Eq. (107) are more stringent: (Reiip( < 1.7 x 10e6 and ]fi$] < 2.1 x 10e5, 
respectively. 

-(e) R, is not sensitive to ALP and aRp if there are analogous contributions i;~p 

and b$$ = 6~~6 ( GP = wP/uP) to 7~ -+ PV~ for which iiLp/b~p = m,/m, and 

li$/b$$‘~ = m,/m, [86]. For other cases the constraints from (R?r)ezpcpt could 
still be weakened by accidental cancellations between the electronic and the 
muonic terms. In the following, while keeping this possibility in mind, we shall 
ignore it in our considerations. 

Scalar interactions can arise at the tree level from the exchange of Higgs 
bosons, spin-zero or spin-one leptoquarks, and in supersymmetric models with 
R-parity violation from the exchange of sleptons. They can appear also in 
composite models, in the form of contact interactions. 

4.2 Contact Interactions 

S-type d --+ ue-fie contact interactions are contained in the ,L?f’ terms (i = d, u; 
k = L, R) in Eqs. (91) and (94). This interaction is of the same form as the 
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general Hamiltonian (96). The coupling constants o~,s and aRS are given by 

WI 

(lLS = 1 
4 ( 

pp -pa,>* ) (109) 

The coupling constants of the P-type terms (contained in the same contact 

terms) are 

and 

aRp = a (@ - pk”)) . 

(111) 

(112) 

The constraints from (&)eZr,cpt require that the values of &’ and (-pz”‘) , and 

of ,!?!I and &“ be extremely close. 

In addition to limits from beta decay, bounds on QLS and a$ follow also from 

the analysis [79] of data on the e*p --+’ $X reaction. For ,@’ and &’ the 

lower bounds on the corresponding A’s are at the 1 TeV level. The bounds on 

/JY and &’ (which were not included in the analysis) should be the same. 

It follows that the limits from e*p +‘,G~X are jii~s( 5 0.4 and 17i$$I 5 0.4. 

These are weaker than the limits from beta decay experiments. 

4.3 Lep toquark Exchange 

A possible source of S-type beta decay interactions is the exchange of spin-zero 

or spin-one non-chiral leptoquarks. As follows from Eqs. (77-84), all the LQ 

states that can contribute to beta decay, except (Ss)o and (Us)0 (which are 

chiral), can give rise to S-type interactions. In all cases the S-type interaction 

is accompanied by a P-type one with lakpl = laksl (k = L, R) [53]. Thus the 

scalar interactions from LQ exchange are constrained by the bounds (106-108): 

Eq. (106) for the interaction from (Rz)_ and (I$)-, Eq. (107) for the one from 

(&)+ and (vz)+, and the bounds in Eq. (108) for the interaction from Si and 

24 Ul [22] * The bounds from additional constraints on the LQ parameters are 

24 Si- and Ui-exchange gives rise also to an aiL- interaction, which changes in the 
first term in Eq. (105) the quantity 11 + W&LPI to 11 + fii, + weTi~pI. However, 
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weaker. 
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4.4 Supersymmetric Models with R-Parity Violation 

In supersymmetric models where the superpotential can contain gauge invari- 
ant renormalizable super-symmetric interactions that violate the conservation 
of R-parity (R = (-1)3B+L+2s, where l3 and L are the baryon and lepton num- 
ber, respectively, and s is the spin of the particle; thus R = +l for the particles 
of the SM, and R = -1 for their superpartners), there are contributions to 
processes with the usual particles from the exchange of single sfermions. In this 
section we shall consider d -+ ue-p, interactions of this kind in the framework 
of the minimal supersymmetric standard model (MSSM) [87,88]. 

In the MSSM, unlike in the SM, the conservation of lepton number (L) and 
of baryon number (B) is not automatic: the superpotential can contain renor- 
malizable and gauge invariant L- and B-violating terms. The general forms of 

+ P&K, (113) 

(114) 

where i, j, k = 1,2,3 are family indices, and summations over i, j, k are im- 
plied; Li, Qi (Ef, Uf, 02) are the SU(2)-doublet (singlet) lepton and quark su- 
perfields. The constants Xijk are antisymmetric under the interchange i t) j, 
and X& is antisymmetric under j +) k. 

The couplings in W$ and Wg violate invariance under R-parity. If both the 
X& and the X& terms are present, some of the products Xijk X&, would have 
to be extremely small to prevent too rapid proton decay. One way to deal with 
this problem is to postulate R-parity invariance. This would eliminate both W$ 
and W,. Another possibility is that B is conserved, but the L-violating terms 
are present. This scenario is obtained by demanding invariance under “baryon 
parity” (under baryon parity Qi, U$, and 0: are odd, and the remaining 
superfields are even). The model we shall consider in the following is the R- 
parity violating MSSM (JXMSSM), defined as the MSSM with W$ included in 
the superpotential [88]. 

The first two terms in Eq. (113) give rise to new contributions to the d + ue-fie 
transition. There are two types of contributions. The first, which originate 

since (TiLLI < 1, it has a negligible effect on the first bound in Eq. (108). The second 
bound in Eq. (108) is not affected at all. 
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from the A’-couplings alone, are V - A interactions, proportional to ]X’,,k]2 
(k = 1,2,3) [89]. Th e second type depend on both Xijk and Xijk. These are 
given by [22] 

A*. A’. 
Hj = -,-(l - y&&(1 + ~s)d + H. c. 

4mzj, 
(115) 

(j = 2,3). The H amiltonians in Eq. (115) have both an aLs-type and an OLP- 
type component, with ]aLs] = IaLP]. It follows that the aLs-interactions are 
constrained by K. From Eq. (106) we have (using ]gs] I 1) 

or 

gsRetiLs N -7.5 x 10m4 

(116) 
(gsReTiLs[ < 3.2 x low6 . 

4.5 Higgs Exchange 

A possible source of scalar-type d + ue-fie interactions is the exchange of 
25 charged Higgs bosons . Charged Higgs bosons appear in many extensions of 

the SM. The simplest case is the standard SU(2) x U(1) model with a Higgs 
sector containing two Higgs doublets. We shall consider the version of the two- 
Higgs doublet model, where flavor-changing neutral currents are eliminated at 
the tree level by demanding that only one Higgs doublet couples to the same 
right-handed field [91]. The couplings of the charged Higgs boson H+ to the 
fermions in such a model are proportional to the mass of the right-handed 
fermion involved in the couplings. In the minimal supersymmetric standard 
model the presence of two Higgs doublets coupled this way is required [87]. 

The exchange of H+ gives rise to Hamiltonians of the forms (96) and (97) 
with 

TLLS = --CiLP N mdme tan2 p 
4f 

(117) 

(2R.s = 0, since the model does not contain right-handed neutrinos). In (117) 
we neglected the contibution from the GRdL coupling since for large tan p it is 
suppressed by the factor cot p/ tan /3 [91]. In Eq. (117) mH is the mass of the 
H+, and tanp = v,/vd, where v, and vd are the vacuum expectation values 
of the Higgs fields coupled to uR and dR, respectively. 

25 Effects of charged Higgs bosons in beta decay have been studied previously in the 
papers in Ref. [go]. 
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The H+ couples also to the second and the third family, with couplings pro- 
portional to m,, and m7, respectively. This implies that pimp (and therefore 

sips) is not constrained by (Ra)erpt (see Section 4.1). But &s is small. Even 
for tan ,6 ~65 (which, roughly, is the upper limit on tan ,LI [87]) and mH+ > 69 
GeV (the experimental limit from H+-searches [ll]) one has, 

1&s] 5 4 x 1o-6 (118) 

In models with more complicated Higgs sectors the pattern and size of the 
charged Higgs couplings could be different. In the most general conceivable 
scenario the beta decay interaction from charged Higgs exchange has the same 
form as the one from the &)-terms (k = u, d; i = L, R) in the contact 
interactions in Eqs. (91) and (94). Using the same notation for the Higgs 
interaction as for the contact terms, the corresponding Tins and iiRs are given 
by Eqs. (109) and (110). The constants ti~p and SiRp, given by Eqs. (111) and 
(112), are constrained by the bounds (106-108) from (R?r)eZPept. 

5 Tensor Interactions 

5.1 Model Independent Considerations 

The most general tensor-type d + ue-z?, interaction is given in Eq. (5). We 
can rewrite this in the form 

where 

aLT = 2aLL , (120) 

am = 2aRR . 021) 

The n -+ pe-Ce interaction induced by the Hamiltonian (119) is of the form 
(ll), with 

CT - ch = 2gTaL.T (122) 

CT + c& = 2gTam (123) 
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Tensor-type interactions would manifest themselves in the allowed approx- 
imation only in Gamow-Teller (or mixed) beta decays. T-invariant contri- 
butions to observables can depend on gTReZiLr (through interference with 
the SM contribution), gg(]SiLT(2 + ]zi~~]~)[= h(]C$j2 + IC&j”)&/GFV,,J and 

g$(]ziLT12 - ]tim12)[= -ReCTC;fi/GFVud], where ~ikT = akTfi/GFVud (k = 

L, R). 

The best limits on ReqLT and 77~~ from beta decay experiments are 

IgTReZiLTI < 1.3 x 10m2 (90% c. 1.) (124) 

(from a measurement of F’[/PLGT [82]), and 

[g&s+ < 8 x 1O-2 (68% c. 1.) (125) 

(implied by a limit on g$(]TiLT12 + ]7im12), obtained from 6He /3 decay [92]. 

Constraints on aLT and am of any origin come from the ratio &. Although a 
tensor interaction does not contribute directly to R,, electromagnetic radiative 
corrections to the operators in Eq. (119) induce P-type interactions of strength 

1 
aL,P = -koaL.T 

4 

and 

1 
anp = -koam 

4 

(126) 

(127) 

where ko N -2.8 x 10m2 [93]. Using ]gT] 5 2.3, we have from Eqs. (106-108), 
taking into account the bound (124), 

IgTReSiLTI < 1.1 x lop3 (128) 

if only aLT contributes, 

]g&$] < 1.1 x 1o-2 (129) 

if aLT is absent, and 

IgTReTiLTI < 0.25 , 

(130) 
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if ~LT and am contribute simultaneously. 
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For u,/uti = 1 the bound in Eq. (128) and the bound in Eq. (129) become 

]gTRetiLT] < 6 x 10m4 and ]grc$$] < 7 x 10e3, respectively. 

Tensor-type d + ue-pe interactions can arise from the exchange of spin-zero 
leptoquarks, and as contact interactions in composite models. 

5.2 Contact Interactions 

The ^/L and 7~ terms in (91) and (94) contain tensor-type charged-current 
interactions with [77] 

aLT = -72 , (131) 

aRT=YR . (132) 

The limit on iiLT from e*p -+‘DLX [79] is ItiLT] 5 0.4; for iim the bound 
should be the same. 

5.9 Leptoquark Exchange 

The S- and P-type d + ue-Ce interactions generated by the exchange of 
the spin- zero LQs (I&)_, (fi ) 2 +, and Si are accompanied by tensor-type 
d + ue-ii, interactions. For these ]akT] = ]akP] (= ]aks!) (k = L,R) [53]. 
Consequently, for aLT from (&_-exchange, am from (&)+-exchange and 
for aLr and am from &-exchange, the bounds (106), (107) and (108) apply, 
respectively [77]. 

6 Time Reversal Violation 

At present there is no unambigous direct evidence for T-violation in the fun- 
damental interactions [94]. But T-violation is intimately connected with CP- 
violation by the CPT theorem. Strong evidence for the validity of CPT invari- 
ance comes from the properties of K” - I?O mixing [94]. In the following we 
shall assume its validity 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” + 2n decay amplitudes (through a nonzero value of the param- 
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eter e’/e) [94]. The latter result implies the existence of a non-superweak CP- 

violating interaction. One of the major questions in the field of CP-violation 

is the origin of the observed effects. The most economical possibility is that 

both e and 8/e are due to the Kobayashi-Maskawa phase SKM in the SM. 

Future experimental investigations of CP-violation in B-decays and in some 

rare kaon decays will give further information on this possibility. Another im- 

portant question is whether there are sources of CP-violation other than 6~~4, 

independently of their relevance or lack of it for the observed CP-violation. 26 

As we shall discuss later on, searches for T-violation in beta decay aim to 

contribute to the second question. 

T-violating interactions can be probed in beta decay through searches for 

T-odd correlations in the beta decay probability [13]. Sensitive experimental 

information is available on the coefficients D and R of the correlation < J’> 

.p’, x p’,/JE,E, and < se > . < J’> x&./JE, (~7~ and J’are the electron and 

the nuclear spins), respectively. 

Contributions to T-odd correlations arise not only from T-violating interac- 

tions, but also from (T-invariant) electromagnetic final state interactions. We 

shall write D = Dt + Df, R = Rt + Rf, where Dt, Rt, and Df, Rf are the 

T-violating and T-invariant contributions, respectively. 

The D-correlation is sensitive to V,A-type T-violating interactions; the R- 

correlation probes scalar- and tensor-type T-violating interactions. In first 

order in the new beta decay interactions Dt and Rt resulting from the Hamil- 

tonian (2) are given by [13]. 

Dt N aIrntiLR , (133) 

1 
Rt N ----(a F b)gTIm& - agsImtiLs , 

2gA &Iv 

where a and b are constants containing the nuclear matrix elements. The upper 

(lower) sign in the first term in Eq. (134) is for decays with e-(e+) in the final 

state. 

The best limit on Dt/a comes at present from “Ne decay. For “Ne decay 

a N -1.03. The experimental value (D)N~ = (0.1 & 0.6) x 10e3 [96] yields 

]lmliLR] < 1.1 x 10e3 (90% cl.) . (135) 

Df has been estimated for this case to be N 2 x 10-4pe/(pe)mU [97]. 

26 It is interesting to mention in this connection that the Kobayashi-Mashawa phase 
in the SM is not sufficient to generate the baryon asymmetry of the universe [95]. 
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A new experiment is under way at NIST to measure D in neutron decay with 

an expected sensitivity of 3 x lo- 4. The initial run yielded (D)n = [-0.6 f 

1.2(&t) f 0.5(syst)] x 1O-3 [98]. Dj is smaller in neutron decay than in “Ne 

decay by an order of magnitude [96]. 

For R a measurement in “Ne decay gave [99] 

(R)N~ = 0.079 f 0.053 (136) 

This implies the limits ]gslrnCls] < 0.3 (90% c.1.) and ]gTlmCLs] < 0.5 (90% 

c.1.) on a scalar and a tensor interaction, respectively. 

A recent experiment measuring R in 8Li -+ ‘Be + e- + tie decay yielded [loo] 

(R))Li = (-0.2 f 4.0) x 1O-3 . (137) 

The results (136) and (137) are complementary, since R in lgNe decay can 

have contributions from both scalar and tensor interactions, while in 8Li de- 

cay only from tensor interactions. Subtracting the contribution from Rf, the 

experimental result (137) gives (Rt)~i = (-0.9f4.0) x 10e3 [loo]. This value, 

and Eq. (134) with (u)L~ N 0 and (b)~i = 4/3 gives 

]gTImaLT] < 1.4 x 1o-2 (90% c.1.) . (138) 

The best limit on ]gslmaL,s] from beta decay experiments is about ]gs1mtihs] 5 

0.1, implied by the limit on gi(]BLs12 + ]~iss]~) obtained in the experiment of 

Ref. [83]. 

An experiment to measure R in neutron decay to an accuracy of 5 x 10m3 is 

being developed at PSI [loll. In neutron decay Rf N 10V3; the constants a 

and b in Eq. (134) are a 21 0.87 and b N 2.2. 

For IrntiLs and ImELT (and also for Im&) of any origin the bounds 

Ilm&sl, (ImiiL7-I 5 lop4 (139) 

have been deduced [102] from experimental limits on P,T-violating electron- 

nucleon interactions, provided by atomic and molecular electric dipole moment 

searches. The ImaLs- and ImaLT-interactions contribute to the e - N inter- 

actions through diagrams involving W-exchange in addition to the scalar or 

tensor interaction. 27. The bounds (139) are considerably more stringent than 

27 For an C.z~n interaction no significant limit follows this way, since the corresponding 
diagrams are suppressed by memU or memd [102]. 
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the present direct limits and the expected limit from R in neutron decay. How- 
ever, the theoretical uncertainties associated with them could be large, and 
therefore improved direct limits on Irn~~s and Irnti~~ would be still useful. 
A discussion of Rt in the extensions of the SM considered in Section 4 will be 
included in Ref. [103]. 

In the SM Dt and Rt are extremely small: the Kobayashi-Maskawa phase 
contributes only in second order in the weak interaction, and the contribution 
from the &term in the QCD Lagrangian is constrained by the stringent bound 
]0] 5 4x lo-lo from the experimental limit on the electric dipole moment of the 
neutron. As a consequence, in the SM ]DJa], IRJal 5 lo-l2 [104]. Thus Dt 
and Rt of observable size can come only from sources of CP-violation beyond 
those present in the SM. 

We shall consider now the D-coefficient in extensions of the SM. 

As we have seen in Section 3, an aLR-interaction can arise in left-right sym- 
metric models and in models with exotic fermions. It can arise also from 
leptoquark exchange, if (as expected) LQs of the same electric charge but dif- 
ferent SM quantum numbers mix. In the contact interaction Lagrangian (91) 
an aLE-interaction is forbidden by the requirement of invariance under the SM 
gauge group. 

In L-R models we have from Eq. (65) 1341 

gR cd; 
DJa = --_5- sin(a + w) (140) 

The phase (o + w) generates also a quark-quark interaction, which contributes 
to the electric dipole moment (EDM) of the neutron and to the EDMs of 
atoms and molecules. From the experimental limit on the EDM of the lggHg 
atom d(lggHg) [105] one can deduce [106] 

IQ/al 5 10w4/k , (141) 

where the constant k is expected to be of the order of 10. Calculations find 
values of ranging from k of the order of unity to k of the order of 100. The 
theoretical uncertainty in k is difficult to asses. 

In models with exotic fermions the constant S~LR is given by Eq. (73). The 
elements of I& are complex in general. Dt is given by [53] 

(142) 

where we have written (I?i& = ei’(vR)l& with (p&d real. The limit on Dt/a 
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from d(lggHg) is the same here as in L-R models. 

In models with leptoquarks CP-violation in the effective LQ-fermion couplings 
can originate from LQ mixing and from fermion mixing, and for spin-zero LQs 
also from complex LQ-fermion couplings. 28 Inspection shows that from spin- 

zero LQs Dt can arise from Rz and Rz, if (R2)_ and (&)+ mix; similarly, from 
spin-one LQs Dt can be generated by Vz and Vz, if there is mixing between 
(Vz)- and (G)+ [108,106]. 

Dt from the (Rz)_ - (R2)+ system comes from the h2L and &L couplings 
in Eqs, (83) and (84). The mass eigenstates_Bi and Bz are related to (Rz)- 
and (Rz)+ as (Rz)_ = B 1 cosa + B2sina, (Rz)+ = (-Bi sina + &cosa)ei~. 
Ignoring for simplicity fermion mixing, we obtain for maximal mixing from 
Eqs. (83) and (84) 

where we have written h2L = h’,,ei’+‘L and h2L = k2Lei@~, with h2L and hhL 

real. 

The couplings hZL and ?12~ induce also a P,T-violating quark-quark interac- 
tion, an EDM for the electron, and quark electric and chromoelectric dipole 
moments (which contribute to the neutron EDM). The quark-quark interac- 
tion (which is generated at one-loop level from diagrams involving W-exchange 
and containing a LQ propagator in one of the vertices) does not lead to a sig- 
nificant constraint on Dt/a, since it is suppressed by rn% or rnz. The electron 
EDM and the quark electric and chromoelectric dipole moment 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 
limit on DJa. The discussion and conclusions for Dt from the (V2)- - (V2)+ 
system is analogous. 

7 Conclusions 

In this article we reviewed and discussed new beta decay interactions in ex- 
tensions of the Standard Model. Our aim was to consider the sources and 
the structure of such interactions, and the constraints on them from outside 
of beta decay, to assess what sensitivities would be required in beta decay 
experiments to obtain new information on them. 

28 Leptoquark interactions as a possible origin of the observed CP-violation was 
considered in the papers in Ref. [107]. 



450 I? Herczeg / Prog. Part. Nucl. Phys. 46 (2001) 413-457 

We shall consider first T-invariant contributions. 

From new V, A d + ue-0, interactions T-even asymmetries and polarizations 

probe one- and aRL-type interactions (see Eq. (3)). New V, A interactions 

can arise in left-right symmetric models, in models with exotic fermions, in 

models involving leptoquarks, and also in composite models. We find that for 

all these models improvements of the beta decay limits on URR and/or uRL 

would provide new information. 

There are two types of scalar-pseudoscalar d -+ ue-fie interactions for neu- 

trinos of each helicity: one involving dR and the other containing un (see Eq. 

(4)). If only one type is present, one has laksl = 1~~1 (k = L, R). The ratio 

& - I(7r + ev,)/l?( 7r --+ pvP) sets in such a case stringent limits (the weakest 

being N 8 x 10P4) on ekp (see Eqs. (106-108)), and therefore also on ULS. This 

is the situation in the R-parity violating minimal supersymmetric standard 

model, and in leptoquark models. An exception is charged Higgs exchange in 

models where the ratio of the electronic and muonic Higgs-fermion coupling 

constant is equal to me/m,, (R, is not sensitive to such contributions). But 

then the Higgs contribution to beta decay is extremely small. If both types 

of scalar-pseudoscalar couplings are present, 0~s and oRs are not constrained 

by R,, but the absolute values of the coupling constant of the two types of 

couplings must be extremely close. This is the case for scalar-type interactions 

from Higgs exchange in general Higgs models, and from contact terms. 

There is only one type of tensor d -+ ue-.t?, interaction for neutrinos of each 

helicity. Such interactions can come from contact terms or from spin-zero 

leptoquark exchange. Tensor interactions contribute to & only through elec- 

tromagnetic radiative corrections, and therefore the constraints from R, are 

weaker (see Eqs. (128-130). As a consequence, improvements of the beta decay 

limits on CLLT and URT would give new information on contact interactions. For 

tensor interactions from leptoquark exchange this is not so, because the tensor 

interactions from leptoquark exchange are accompanied by pseudoscalar-type 

interactions of equal strength. Consequently, the same bounds (Eqs. (106-108)) 

apply as for the accompanying scalar interactions. 

Turning to T-violation, the D-coefficient is sensitive to V,A type T-violating 

d + ue-ii, interactions. It can receive tree level contributions in left-right 

symmetric models, in models with exotic fermions, and from leptoquark ex- 

change. In left-right symmetric models and in models with exotic fermions 

the limit on Dt/u from the electric dipole moment of the lggHg atom is better 

than the limit from beta decay by l-2 orders of magnitude, but it is not as 

reliable as the direct limit. For Dt 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/u can be as large as the present experimental limit 
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The R coefficient is sensitive to scalar- and tensor-type T-violating d -+ ue-fi, 

interactions. For these the limits obtained from P, T-violating electron-nucleon 

interactions are considerably more stringent than from R. However, the un- 

certainties in the indirect limits could be large, and therefore improved direct 

limits, even if weaker than from the e - N interactions, are still useful. 

Note Added 

After this article was completed, a new experimental limit, (d(“‘Hg)) < 2.1 x 

10e2’ ecm (95% c.l.), was reported on the electric dipole moment of the lggHg 

atom [log]. This improves the previous limit [105], and therefore the limit on 
Dt/cr from d( “‘Hg) in left- ‘g rl ht symmetric models and in models with exotic 

fermions (Eq. (141)), by a factor of 4. 
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