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ABSTRACT

In view of the recent and future electroweak precision data accumulated at LEP and SLC,
we systematically analyze possible new physics effects that may occur in the leptonic sector
within the context of SU(2)r x SU(2)r x U(1)p-r theories. It is shown that nonobser-
vation of flavour-violating Z-boson decays, lepton universality in the decays Z — II, and
universality of lepton asymmetries at the Z peak form a set of complementary observables,
yielding severe constraints on the parameter space of these theories. Contributions of new-
physics effects to B, = I'(Z — bb)/T(Z — hadrons) are found to give interesting mass

relations for the flavour-changing Higgs scalars present in these models.
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1 Introduction

The Large Electron Positron collider (LEP) at CERN and the Stanford Linear Col-
lider (SLC) are powerful ete™ machines operating at the Z peak, which can confront
theoretical predictions of the minimal Standard Model (SM) with experimental results to
a high accuracy. A full analysis of all the electroweak precision data including those of the
year 1995 will either establish the SM up to one-loop electroweak level or signal the onset
of new physics. In this context, analyzing electroweak oblique parameters [1] has become
a common strategy to test the viability of models beyond the SM. The electroweak oblique
parameters are sensitive physical quantities, when the new-physics interactions couple pre-
dominantly to W and Z bosons. However, it is imperative to explore additional observables

that could be particularly sensitive to other sectors of the SM.

In this paper, we will study a new set of complementary leptonic observables and
explicitly demonstrate the severe limitations that can impose on model building of three-
generation extensions of the SM. The set of observables comprises flavour-changing leptonic
decays of the Z boson [2,3], universality-breaking parameters Uy, for the diagonal decays
Z — Il [4], and universality-violating parameters A.4;,;, based on lepton asymmetries
measured at LEP and/or SLC [5]. For the sake of illustration, we will consider a minimal
left-right symmetric model (LRSM) [6] described in Section 2. Such a model can naturally
generate vector-axial (V-A) as well as V+A flavour-dependent ZIl couplings leading to
new physics effects that can be probed via the leptonic observables mentioned above. This
set of observables will be discussed in some detail in Section 3. In Section 4, we will give
numerical estimates of these leptonic observables within the framework of a minimal LRSM
and investigate their potential of effectively constraining this model. Furthermore, attention

will be paid to possible LRSM contributions to R. Section 5 contains our conclusions.

2 The LRSM

Left-right symmetric theories based on the gauge group SU(2)r x SU(2)r X
U(1)p-r [7,6] were motivated from the fact that the spontaneous breakdown of gauge and

discrete symmetries can be accomplished on the same footing. Such models can naturally



arise from SO(10) grand unified theories via the breaking pattern [7,8]
SO(].O) — SU(4)ps X SU(?.)R X SU(2)L — SU(3)c X SU(2)R X SU(2)L X U(l)B_L — SM.

We will, however, focus our analysis on the LRSM described in [6].

In the LRSM, right-handed neutrinos together with the right-handed charged leptons
form 3 additional weak isodoublets in a three generation model. The classification of the
quark sector proceeds in an analogous way. To be specific, the assignment of quantum
numbers to fermions under the gauge group SUg(2) x SU(2)r x U(1)p-r is arranged as
follows:
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where the prime superscript of the fermionic fields simply denotes weak eigenstates. In

order to break the left-right gauge symmetry down to U(1). [6], we have to introduce one

Higgs bidoublet,
( (1) T)
® = g (2.3)
¢z 42

that transforms as (1/2*,1/2,0) and two complex Higgs triplets,

_ (V2 T _ [ %RIV2 ST
AL = ( 52 _62'/\/5) and AR = ( 5% _52/\/5)’ (2.4)

with quantum numbers (0,1,2) and (1,0, 2), respectively. For simplicity, we will consider
that only (#?) = k1/4/2 and (6%) = vr/+/2 acquire vacuum expectation values (vev’s). In
practice, this can be accomplished by imposing invariance of the general Higgs potential
under judicious discrete symmetries of the bidoublet ® and the Higgs triplets Ap g [9]. In
fact, we will concentrate on case (d) of Ref. [10], to which the reader is referred for more
details. In case (d), it is (§2) = (¢3) = 0, implying that the charged gauge bosons Wy,
and Wh represent also physical states with masses My = My and Mpg, respectively. The
massive neutral gauge bosons Z; and Zg mix one another with a small mixing angle of
order k2/v% ~ 1072, To a good approximation, we will therefore neglect Z; — Zg mixing

effects in our calculations.



Such a minimal LRSM allows the presence of baryon-lepton (B — L) violating oper-
ators in the Yukawa sector. In fact, the B — L-violating interactions are introduced by the
triplet fields Az g and give rise to Majorana mass terms myy;; in the following way:

2myy. . - -
ﬁﬂ;r‘ = —[%l(h;jLﬁ EijALLILJ, + Lﬁ E;jARL’Rj) + H.C. (25)
Here, ¢;; stands for the usual Levi-Civita tensor and the parameters h;; = 1 if left-right
symmetry is forced explicitly. However, a phenomenological analysis of muon and 7 decays
shows that h;; < 1 [10]. As a result, §] and §i* loop effects have been found to be

negligible [11].
In case (d), the neutrino mass matrix takes the general seesaw-type form

MY = ( OT i ) (2.6)

mD mmy

where M" is 6 x 6-dimensional matrix. In Eq. (2.6), mp is a Dirac mass term connecting the
left-handed neutrinos with the right-handed ones. Relevant theoretical and phenomenolog-
ical aspects related to such neutrino mass models may be found in Ref. [12]. The matrix
M" can always be diagonalized by a unitary 6 x 6 matrix U” according to the common pre-
scription U*T MYU¥ = M. After diagonalization, one gets 6 physical Majorana neutrinos

n; through the transformations

! mg JIC 2ng
( ,Ié) = YUY nz; and ( . ) = XEU:; nR;j- (2.7)
i i =

VR j=1 VR
The first ng = 3 neutral states, v; (= n; for¢ = 1,...,ng), are identified with the known ng
light neutrinos, while the remaining ng mass eigenstates, N; (= njing for j = 1,...,n¢g),

are heavy Majorana neutrinos predicted by the model. In addition to the leptonic sector,

the quark sector.of such an extension contains non-SM couplings of the fermionic fields to
the gauge and Higgs bosons. Part of the LRSM couplings has been listed in Ref. [9,10,13].

Relevant Feynman rules and additional discussion is given in Appendix A.

Adopting the conventions of Ref. [12], the interactions of the Majorana neutrinos, n;,
and charged leptons, /;, with the gauge bosons Wi (= W*) and Z; are correspondingly

mediated by the mixing matrices
g g
Bi =) VU and CE =Y ULUL, (2.8)
k=1 k=1
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with I =1,...,ng and 4,5 = 1,...,2ng. By analogy, there exist mixing matrices BF and

Cg given by

2hg 2 1¥e]

Y ; - Ryrvx R _ vV FTV%

Bl:i - E V;kUkj and Oij = E Uki kj > (2.9)
k=ng+1 k=ng+1

which are responsible for the couplings of Wi and Zg to charged leptons and Majorana
neutrinos. In Egs. (2.8) and (2.9), the unitary ng X ng-matrices VX and V® are responsible

for the diagonalization of the charged lepton mass matrix via biunitary transformations.

Due to the specific structure of M¥ in Eq. (2.6), the flavour-mixing matrices BL and
CZL satisfy a number of identities that may be found in [14] These identities, which result
from the requirement of unitarity and renormalizability of the theory, turn out to be very
useful in deriving model-independent relations between the mixings B, C,-I; and heavy

neutrino masses. In a two generation mixing model, we have [15,16]

1/4 v -y
BE, = ==t Bk, = ——E_ (2.10)

J14 2] 14 p12°
where p = m}, /m}%, (> 1) is a mass ratio of the two heavy Majorana neutrinos Ny and N,

present in such a model, and s7' is L-violating mixings defined as [17]

2Ng 1
(8 = Y |BE? ~ (m},—zmp) ; (2.11)
i=ng+1 Myr I
Furthermore, the mixings C¥, n; are determined by
i p1/2 g . = 1 ng .
Cyny, = T+ ;(81}), Cr,y, = 117 ;(SL') ,
L i ip1/4 g ixd
CNlNz —+] _CNle = W ;(31:) i (2.12)

At this stage, it should be noted that M" of Eq. (2.6) takes the known seesaw form [18]
in case mpy > mp. Nevertheless, this mass-scale hierarchy can dramatically be relaxed
in a two-family seesaw-type model, which can radiatively induce light-neutrino masses in
agreement with experimental upper bounds [12]. The light-heavy neutrino mixings s7'
of such scenarios can, in principle, scale as s} ~ mp/mps rather than the known seesaw
relation s7' ~ y/m,,/my. This implies that high Dirac components are allowed to be present
in M" and only the ratio mp/mpy (~ si') gets limited by a global analysis of low-energy
data. Recently, such an analysis has been performed in Ref. [19], in which the combined
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effect of all possible effective operators of the charged- and neutral-current interactions
is considered. Although a careful analysis can provide some model-dependent caveats, we

will, however, consider the following conservative upper bounds for the L-violating mixings:
(s7)% (s7*)* < 0.010,  (s7)® < 0.040, and  (sf)*(sy')* < 1.107°. (2.13)

For example, the last constraint in Eq. (2.13) comes from the nonobservation of decays of

the type p — e7, eee, or the absence of u — e conversion events in nuclei.

In LRSMs, the mixing matrices B*, C¥, B® and C® obey the useful relations

2Ng Ng
Y BLBE =0, BB} =Cj, Cf + Cf = &;. (2.14)
i=1 =1
In a two-generation mixing model, Eq. (2.14) together with Eq. (2.9) can be used to obtain
the mixings
Ble = cosfry/1 — O N, Bf:tl\,1 = —sinfpy/1 - Cx N,
Ck 1-Ck v )1 - Ch ) — 1k x P\
BRy = —cosfp—=2M__ _ isindg (( v )( f’zN*) 1O, | ) ,
v1—Ck n, 1-Cpn,
ch 1—0F 5 )1 — 08 5 ) — 0% 5 P\
BII'I:I\,2 = sinfp——2%__ _ jcosfp (( v )( ivaz) O, (2.15)
”1 = OJ{IHNI X — 0N1N1

Consequently, the leptonic sector of this two generation scenario depends only on five free
parameters; the masses of the two heavy Majorana neutrinos, my, and mpy, [or equivalently
mpy, and p], the mixing angles (s7)?, which are, however, constrained by low-energy data,

and an unconstrained Cabbibo-type angle 6g.

3 SLC and LEP observables

In this section, we will define more precisely the framework of our calculations. In the
limit of vanishing charged lepton masses, the amplitude responsible for the decay Z — I;1,
can generally be parametrized as

9w -
7; = %aguhvﬁ[g%lzpl} + Q%IQPR]'U!” (31)



where g,, is the usual electroweak coupling constant, € is the Z-boson polarization vector,
u (v) is the Dirac spinor of the charged lepton ! (l3), Pr(Pr) = (1 — (+)vs)/2, and
2 =1—s2 = M /M%. In Eq. (3.1), we have defined

Ll _

9 =gLn+6g8a gh=vm(1-28), gh=-2ypm5, (3.2)

where py, 3y, 6g’L' r (E 5gf,f, r) are obtained beyond the Born approximation and are renor-
malization scheme dependent. It should be noted that p;, 8, introduce universal oblique
corrections [1], whereas 6g are flavour dependent. Obviously, an analogous expression

will be valid for the decay Z — bb, as soon as b-quark mass effects can be neglected.

It is convenient to reexpress the flavour-dependent electroweak corrections in terms

of the loop functions I‘,’i ;, and I‘{ﬂ as follows:

141 i1
6 = Fhlg’ 5952 = 2 Plllz

The nonoblique loop functions I‘,ll2 and I'f; depend on whether the underlying theory is
of V-A or V+A nature. In Appendix B, we have analytically derived the loop functions
I'f,, and T}, in the context of LRSMs. It is then straightforward to obtain the branching
ratio for the possible decay of the Z boson into two different charged leptons

_ N 3
B(Z - Lz + ) = — [|r,1,2|2+|r,1,2|] (3.3)

with a,, = g2 /4w. Such an observable is constrajned by LEP results to be, e.g., B(Z —
e'r)rS 10~° [20].
Another observable that has been introduced in [4] is the universality-breaking pa-

rameter U(l1 2 To leading order of perturbation theory, U,, (i) 46 given by

P(Z — 1171) — P(Z g lzlz) Ui
plala)  _ a 2) _ ) p
N (Z — L) + T(Z - L) Uy (E4)

g5 (692 — 8g2) + gh(6gi — 693)

= 12 _I_ 12
T 9r
= UMW(LH) + UM(RE), (3.4)

where Ug_ll’)(PS) characterizes known phase-space corrections coming from the nonzero

masses of the charged leptons /; and I, that can always be subtracted, and
g

1 1y la
(hlz) _ gL(59L -y 59L) Qy
Ub‘r 2 (LH) = (gle + gg = 21‘- g + 12 Re(rllh Fﬁlz) (35)
1 I I3 l
N gr(bgr — 49 Qy
Uzsf 2)(RH) — R(gfﬁ+ 3 A) = = g” + 7 §Re(I‘,1,1 ,2,2) (3.6)



To make contact with the corresponding observable given in [20], one can easily derive the

relation

I(Z — 1)

Y _opW 44
I(Z — I'l) L.

The results of a combined analysis at LEP/SLC regarding lepton universality at the

Z resonance can be summarized [21,22] as follows:

™| < 5107 (SM:0),
A(P,) = 0.143+0.010  (SM:0.143),
A(P;) = 0.13540.011,
ALD = 0.0170 £0.0016  (SM : 0.0153),
Arr(SLC) = 0.1637 £ 0.0075. (3.7)

In parentheses, we quote the theoretical predictions obtained in the SM. From (3.7), we
find that the experimental sensitivity to AA,. is about 7%, (4%) for LEP (SLC). Note
that A, should equal the left-right asymmetry, Azg, measured at SLC. Furthermore, it is

worth mentioning that ongoing SLC experiments are measuring the observable

Ao(eget — ff:)FB — Aco(eget — f'f)FB
Ao(eget — ff)rp + Ao(eget — ff)rB

The forward-backward left-right asymmetry for individual flavours will be an interesting

ATR(f) =

= %PeAf, (3.8)

alternative of establishing possible deviations from SM universality in lepton asymmetries.

Lepton asymmetries [or equivalently forward-backward asymmetries] can also play
a crucial réle to constrain new physics. Here, we will be interested in experiments at
LEP/SLC that measure the observable
L(Z—ll) - T(Z—1sl) _ g8 — g
I(Z = Il Y
9 — 9i + 2(91,891, — 9rdgp)
9t + g8 + 2(989% + grdgR)

In view of the recent discrepancy of more than 20 between the experimental results of Arg

A =

(3.9)

at SLC and A, at LEP, we are motivated to use the nonuniversality parameter of lepton

asymmetries [5]

A - A 1 ) (k) (taka)
AA,, = e s (UF@E) - USP(RE)) - U5, (3.10)
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where A; may be given by the mean value of the two lepton asymmetries A;, and A,,.
At this point, it should be stressed that requiring Ugll’) = 0 does not necessarily imply
AA,;,, = 0. As we will later see, in LRSMs one can naturally encounter the possibility,
in which Ui (LH) ~ —U,(RH) while AA;,;, becomes sizeable. Moreover, the physical
quantities Uﬁ*’*’ and AA;;, do not depend explicitly on universal electroweak oblique
parameters, especially when the latter ones may poorly constrain such three-generation

scenarios [4].

Another observable which will still be of interest is
Ry, = 0.2202 4 0.0020 (SM : 0.2158). (3.11)

If the measurement at LEP is correct, R, turns out to be about 20 off from the theoret-
ical prediction of the minimal SM. New physics contributions to R can be conveniently

calculated through [23]
Ry = 0.22[1+0.78V{"™(m,) — 0.064p5M)(m,)], (3.12)

where VgSM)(mt) and Ap(SM)(m,) contains the m,-dependent parts of the vertex and
oblique corrections, respectively. Practically, only V,(,SM)(mt) gives significant negative
contributions to Rj, which behave, in the large top-mass limit, as [24]

2 .2
20ay 8, ™4

SM
v Ome) &~ Mz

(3.13)

If there are new physics effects contributing to VgSM)(mt), these can be estimated by

aw g Re(T(me) — T5(0)) + gpRe(Ti(me) — TE(0))

(new) -
VvV, (me) = o 9%2 T g%z (3.14)
where g8 = 1 — 252 /3 and g% = —2s2 /3. In the next section, we will analyze numerically

the size of new physics effects expected in LRSM.

4 Numerical results and discussion

Since there is a large number of free parameters that could vary independently in the

LRSM, we have fixed to typical values all of them except of one each time and investigated



the behaviour of our observables as a function of the remaining kinematic variable. More ex-
plicitly, we have found that §}* quantum corrections to the effective ZIglg coupling shown
in Fig. 1 are very small, since M, st+ > 5 TeV for phenomenological reasons [10]. The very
same lower mass bound should obey the flavour-changing scalars ¢3" (= Re(¢9)/+/2) and

% (= Sm(¢3)/v/2) [10]. However, the mass difference between the two flavour-changing
scalars should not be too large because the latter would lead to large negative contributions
to Ry (we will discuss the consequences from a large mass-difference realization between
the flavour-changing scalars at the end of this section). In our estimates, we have assumed
that #3" and ¢ are nearly degenerate and heavier than 5 TeV. In such a case, loop effects

involving flavour-changing scalars are found to be vanishingly small.

In order to increase the predictability of our LRSM but still keep our analysis on a
general basis, we shall consider a two-generation mixing scenario. Then, the free param-
eters of our minimal model are: the lepton-violating mixings (s7)? [which are, however,
constrained to some extend by a global analysis of low-energy data], the two heavy neu-
trino masses my, and mpy, [which have been taken to be at the same mass scale myl],
the masses of the charged gauge boson Mg and its orthogonal associate scalar M}, and a
Cabbibo-type angle fg that rotates the right-handed charged leptons to the corresponding

mass eigenstates.

In Figs. 2(a)-(d), we present plots of B(Z — e~ 7% 4 e*77) as a function of my, Mg,
My, and 6g while keeping fixed the remaining kinematic parameters. In Fig. 2(a), we see
the characteristic quadric, m};/My,, dependence on the branching ratio [3,14]. The dashed,
dotted and dash-dotted lines represent results coming purely from the SU(2)g sector for
(s7)% = 0.040, 0.030, and 0.020, respectively. The solid lines %, 41, and 444 correspond to
a complete computation for the three different lepton-violating mixings mentioned above.
If we assume some typical values for the rest of the parameters, i.e. Mg = 0.4 TeV,
M, = 30 TeV, and g = 0, we find that B(Z — e~ 7t + e‘**r‘)fs 2.107® for my = 3 TeV.
Although the size of new physics effects may be probed at LEP, the reported value is
B(Z — er) < 107° and it does not yet impose rather severe constraints on the parameter
space of the theory. This conclusion is also supported by Figs. 2(b)~(d). In Fig. 2(c), it
is worth observing the logarithmic dependence of the mass ratio M/Mp on the branching
ratio, which can also render the decay channel Z — er measurable. In Fig. 2(d), one can

further see the strong dependence of 6g on B(Z — e~ 71 + e*r~). However, a similar,
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though complementary, behaviour will be found to be present in the observables U, and

AA.

We are now proceed by examining numerically the dependence of the universality-
breaking parameter U, as a function of various kinematic variables shown in Figs. 3(a)-
(d). Again, we observe the nondecoupling behaviour of the heavy neutrino mass in the
observable Uy, [4]. The size of new physics becomes significant for my Z 3 TeV, i.e.
Uy, ~ 4. —5. 1072, In Fig. 3(b), we see that the value of U, decreases rapidly as Mg
increases. In Fig. 3(c), we remark again the logarithmic dependence M?/M% on U,,. In
our estimates, we have used a Cabbibo-type angle g = 45°, which turns out to be a
rather moderate value as is displayed in Fig. 3(d). As has been mentioned above, the
electroweak corrections originating genuinely from the SU(2)g sector depend on the angle
6r. Looking at Fig. 3(d), one can readily see that the choice 8 = 45° gives smaller effects of
nonuniversality in the leptonic partial widths of the Z boson. If we had chosen 6 = —45°,
we would have obtained much stronger combined bounds on the mass parameters and

L-violating mixings of the LRSM.

One may get the impression that new-physics effects can be minimized by selecting
fr to lie in a specific range. This is, however, not true, since the universality-breaking
parameter AA;,;, will play a complementary réle as is shown in Figs. 4(a)~(d). In Fig. 4,
we list the results after adding both contributions coming from SU(2)r and SU(2)r gauge
sectors. Thus, we may be sensitive up to my< 1.5 TeV for (s7)? = 0.04 and (s7)? = 0.01
(see Fig. 4(a)). In Fig. 4(b), we display the decoupling effect of a very heavy Wg. In
Fig. 4(c), we find again the logarithmic enhancement caused by the nondegeneracy between
W3 and h*. In addition, it should be noted that interesting phenomenology can only arise
for relatively light Wg bosons, i.e. M RS 1 TeV. The latter observation can also be verified
from Fig. 4(d), in which AA is drawn as a function of 6g for Mg = 0.4, 0.6, and 0.8
TeV. Furthermore, one can easily recognize the complementary réle that B(Z — l1l5), Us,,
and AA play as far as 0g is concerned, when comparing Figs. 2(d), 3(d), and 4(d). For
example, the choice g = —45° would make A.A more difficult to observe, whereas Uy,
becomes larger for this value of §r. Of course, scenarios where Mp is at the TeV scale may
not be compatible with K — K¢ phenomenology if we assume an exact left-right symmetry
in the Yukawa sector of the model. Nevertheless, in LRSMs that possess nonmanifest or

pseudomanifest left-right symmetry, such a constraint is not valid any longer [25].’
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In the following, we will try to address the question whether there exist possibilities
of inducing positive contributions to R, within our LRSM. As has already been noticed
in Section 3, only positive contributions to R, are of potential interest, which will help to
achieve a better agreement between theoretical prediction and the experimental value of R;.
In LRSM, we first consider the Feynman graphs 1(m) and 1(n), where the external leptons
are replaced by b-quarks and virtual down-type quarks are running in the place of charged
leptons. The interaction Lagrangians of the flavour-changing scalars ¢3" and ¢3° with the
d, s, b quarks can be obtained by Eq. (A.17) after making the obvious replacements.
These couplings are enhanced, as they are proportional to the top-quark mass. In fact, the
flavour-changing scalars generate effective Zbb couplings of both V-A and V+A nature. In
the limit Myg-, Myoi > Mz, the effective Zbb couplings take the simple form

Re(Tf(me) ~TH0) = LV (2(?5*};1)1 Y-1) @
Re(Ch(m) ~THO) = —gWPE (2 tenl -1), )

where Ag and )A; are defined in Appendix B after Eq. (B.1). The analytic function in the
parentheses of the r.h.s. of Eqs. (4.1) and (4.2) is always positive and equals zero when the
two scalars ¢J7, ¢ are degenerate. Substituting Eqs. (4.1) and (4.2) into Eq. (3.14), one
easily finds that the SM value of R; is further decreased. This leads automatically to the
restriction

The mass relation (4.3) has been used throughout our numerical estimates.

Another place that may lead to positive contributions to R, are due to diagrams

similar to Figs. 1(h) and 1(d). Indeed, an analogous calculation gives

m; A+ A A
Re(TR —I‘R0=——V2*22—"—L “ : ’
e(Thm) ~TB0) = ~VEP a3 (e mdt 1),
However, the Lh.s. of Eq. (4.4) is proportional to s} = M} /M yielding a rather small
effect. If we insist in cancelling the negative SM vertex correction V™ (m;) through the
contribution (4.4), we find the highly unnatural mass ratio
My, ro
Mgp =

12
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The latter also demonstrates the difficulty of obtaining radiatively positive contributions
to R, within the LRSM. In Ref. [26], it has been shown that Z; — Zr mixing effects could

help in producing contributions of either sign to R,. We will not pursue this topic here.

5 Conclusions

We have shown that lepton-flavour violating Z-boson decays, lepton universality in
the decays Z — ll, and universality of lepton asymmetries at LEP/SLC represent a set
of complementary observables and can hence impose severe limitations on model-building
in the leptonic sector. For our illustrative purposes, we have considered a LRSM with
two-generation mixing. We have found that the observables B(Z — [l,), U and AA;,,
are sensitive to different parameter-space regions of this minimal scenario. For instance,
if (s77)? = 0.03, (s%°)? = 0.01, Mg = 0.4 TeV, and M, = 30 TeV, then heavy neutrinos
are found to have masses that do not exceed 2 TeV for any value of the Cabbibo-type
angle fr. On the other hand, constraints on new physics from R} prefer scenarios, in which

flavour-changing scalars are degenerate in mass.

It may be worth remarking again the fact that LRSMs can naturally predict Uy, =~ 0,
for some choice of parameters, which could naively be interpreted that lepton universality
is preserved in nature. As has been shown in this paper, universality violation can manifest
itself in lepton asymmetries AA4;,;, as well. This is, however, not an accidental feature of
the LRSM but may have a general applicability to unified models, such as supersymmetric
extensions of the SM [5]. In general, such theories can naturally generate both nonuniversal
V-A and V+A Z ff-couplings yielding effects that may be detected by current experiments
at LEP and SLC.

Acknowledgements. I wish to thank Richardo Barbieri, Jose Bernabéu, Roger Phillips,

and John Thompson for discussions and comments.
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A Feynman rules in the LRSM

Although some of the Feynman rules required in our problem were given in Ref. [9,10],
we list all the relevant Feynman rules and Lagrangians governing the interactions of the
gauge and Higgs bosons with leptons and neutrinos, as well as the trilinear couplings of

the bosons. The covariant derivative acts on the Higgs multiplets as follows:

D& = 9,8+ i%’i&’WL,@ —~ i%“wvffm, (A1)
D,Apr = O0,Apr+ igRT'L[&'WR,Lm Agz] +19'B AR, (A.2)

where o; are the known 2 x 2 Pauli matrices, and g, (gr) are the SU(2)r (SU(2)r) weak
coupling constants which will be set equal to g, = gr = gr (gw is the usual SU(2)L weak
coupling constant in the SM). To facilitate our computational task, we will further assume
that the corresponding neutral gauge boson Zy, is the Z of the SM to a good approximation.
Also, we will list the novel LRSM interactions together with the SM couplings in order to

avoid possible ambiguities between relative signs.

The trilinear couplings of gauge, Higgs, and would-be Goldstone bosons may therefore

be obtained by (all momenta flow into the vertex)

Zo(rWhH@EWi.(9) : —igucwfua(r,q,p), (A.3)
ZrWAEWRQD) ¢ 952 fun(r,a,0), (A4
ZArGE Wi (0) + —iguMw Seg, (4.5)
TG OWi0) © igubly T2, (A.6)
Ze(M OWaA) © —igeMw g, (A7)
Zuu(r)GE(P)GL(@) ¢ ~ig(1—282)(p — 0w, (A.8)
Ziu(r)GA(PIGR(D) : ~iy (5~ 260)(p — ) (4.9)
Zou(rF R (@) ¢~y (ch~ 26L)(p— 0w (4.10)
Zuu(MIGREIF(Q) © Fipspes(p — D (A1)
Zuu(r)8T (0)93(a) + 5o~ D (A12)
Zuu(M)SE ()8R (2) ¢ %8P~ ) (A.13)
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Here, we have defined s3 = /1 —c} = Mw/Mp and the Lorentz tensor fy,a(r,q,p) =
(r — 98w + (¢ Phvtru + (P~ 7)u8in-
The corresponding couplings of the gauge, Higgs, and would-be Goldstone bosons to

the charged leptons and neutrinos can be read off from the Lagrangians

£he = —g\—f‘"—Wg“ B IyPrn; + Hec, (A.14)
Go, Guw
‘Cinltl = _\/Q-M Sp GR Bl; l[mlPR - mn.PL] n; + H. C., (A15)

= Guw _—— C}li*
Lh, = \/§Mw cgh™ 1 [Bf?mzPR - B (55; = é) mn,'PL] n; + Hec., (A.16)

@3 "
‘C'Lnt = 2M ll [-Bll_frn"n,;,-B[2 PR + B’ JanBI”PL]lz
Zgw 1 *
T 83 T [ B jmn, B PR — Bfyma, BEPL] by, (A.17)
++ L 8
CE = gy wS B Blma BliPal 4 He, (.18

where the mixing matrices BF and CF are defined in Section 2. The couplings of Z, (= Z)

to Majorana neutrinos may be found in Ref. [12].

B The nonoblique ZII vertex

We analytically evaluate the loop amplitudes in the limit of vanishing external lepton
masses. We adopt dimensional regularization in conjunction with the reduction algorithm
of Ref. [27]. Unlike the metric notation of Ref. [27], we use the Minskowskian metric,
g* = diag(1,1,...,,—1).

The nonoblique effective ZIl' vertex function is similar to the one obtained in [3]. Its

analytic form is given by (summation over repeated indices implied)

I, = BEBE {5,3 [cﬁ,)\z(on()\,-, 1,1) + Cas(Ai, 1,1) — Cas(X;, 1,1))
+6¢2 Caa(Ni, 1,1) — 82 X,Co( N, 1,1) + %(1 ~ 233")(,\,-024(,\,-, 1,1)
+%A.-Bl(0, iy 1) + By(0, X, 1))]

1
+C‘I; [ — Caa(1, Aiy Aj) — EAZ (00(1’ Xi; Aj) + (1, A, A;)
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1
+023(1aAi)AJ') - 022(]-,Ai1 A,‘1)) - ZAiAJCO(lvA‘HAJ)]

1 1
+3C5" i) [00(1,)\,-,Aj) + 322 (Cas(1, 2, 45) = Coa(1, 04, 45)) + 024(1,)\,-,/\_,,-)]

1 1
_Cﬁ\//\i)\j [2024(0, As, Ar) — C4(2As,0,0) — C24(A1,0,0) +5

+32,(B1(0,0,Xs) + B1(0,0, A1) — —Az(ozs(xs,o 0) — C2a(As,0,0)

+C3s(A1,0,0) — Cpa(Ar,0, 0))] } , (B.1)

where \; = m?/M%, Az = MZ/ME, As = Mzg,/Mpzv, and A\; = Mzg.-/MfV. Note that
there is a contribution proportional to C’g that originates solely from the Higgs sector of
the LRSM. In the notation of [28], the first three of the six arguments of the C' functions
are always evaluated at (0, Az,0).

In the LRSM, virtual neutrinos and Higgs scalars induce a nonuniversal Z boson

coupling to right-handed charged leptons, I'?, as shown in Fig. 1. The contributions of the
individual graphs to I'® are listed below

”,(a)

TR(b+c)
Tji(d)
Tii(e + f)
Ti(9)

TR (h + 1)

u'(J )

Ty (k)

BEBf*s? [)\z (sz(Ai,AR,/\R) — Caa(Xiy AR, Ar) — 011(/\i,AR,/\R))

I'; Sy
_6024(Ai7 AH, AR)] y (B2)
BB (st — s5)AiCo(Mi, AR, AR), (B.3)
1 3
5311331';' s5(85 — 252)X:Cas(X, Ar, AR), (B.4)
1

—5 BEBI (8550 — VAN CE) (ColXi, Ar, Mn) + Co(Xj, Am, Mn)),  (B.5)

1 2
-2-B£Bl%.* YD (1 :B ) ( ﬁ6k, C,ﬁ)(sf;&m — 01-1,'1)024(/\,', AR, Ah), (B6)

1 *
—EB,I}B,,j VAiX;s5(s56:; — C,-I_,; (024(Ai, AR, An) + C24(Xj, AR, )\h))a (B.7)

1
—3 ﬁBﬁ*{C,-I}* \1 —2C24(Ar, Ai, A5) — Az (Co(/\R, iy Aj) + Cii(Am, Asy Aj)

+Ca3(AR; Aiy Aj) — Coz(Ar, A, )\j))] + 0{3\/)\;'/\3'00()\11, Agy )‘j)}; (B.8)
435311, 8y Aid; { [2024(/\11,/\1,/\ )— = +/\z (Czs(/\n,/\n)\ )
(i, ;\,-,)\J-))l — OB rrColdms N, AJ-)}, (B.9)
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1
TR() = Bf,fB A 2(sﬁa,,, CE)(s560; — (J,.L,,){C,.g[2024()\,.,)\.-,A,-)--5

+Az (Czs(Ah, /\,', )«j) - sz(z\h,A;,/\j))] CL*\/A A s Co(Ah,A,,A,)} (B 10)

Th(m+n) = BEBECE[X:);C24(0, A5, A1), (B.11)
1
TR(o+p) = ngfB,,j*C’f;(l — 282 )4/ M) [2024@5, 0,0) + 2C24(2r,0,0) — 1

+AZ (023(AS’ 0) 0) i 022(AS) 0) 0) + 023(/\17 07 0) . CZZ(AI’ Oa 0))] ) (B12)

1
TE(q) = BRCRs? ﬂ,/x 2;C34(0, As, As), (B.13)
1 —
”r(’l‘) = SB{}B *Cg* 12” f A A [2024 AJ,O 0) = + Az(023(A5,0 0)
—-022(,\6,0,0))], (B.14)

where A\, = M}, /My and A\s = M}, /M. In addition to the irreducible three-point
R
functions, we should take wave-function renormalization constants into account (Figs. 1(A)-

(F)). These additional nonuniversal corrections generated by the selfenergies are calculated

to give
TR(4) = —%B}}B,,j*sf”(l+2Bl(0,)\;,,\n)), (B.15)
I'R(B) = —%B,{?B,,rszsf,xBl(o Xi, AR), (B.16)
rR(C) = —lB{}Bﬁ; ';\/A,,T (261 — CE)(828m — CE)By(0, M, M), (B.17)
I2(D+E) = B}}Bﬁ*c,’; 222 (Bi(0,0,xs) + By (0,0,Ar)), (B.18)
TR(F) = SBEBECES: M—A B1(0,0, %) (B.19)

The sum of Egs. (B.2)-(B.19) should be free from UV divergences, when ! # I'. This can
easily be verified by employing the identities that the mixing matrices BX® and CL'® obey
(see also discussion in Section 2). An ultimate check for the correctness of our analytic
results is the vanishing of all terms involving s2 in the limit Az — 0, due to electromagnetic

gauge invariance.
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Fig. 1:

Fig. 2:

Fig. 3:
Fig. 4:

Figure Captions

Feynman graphs contributing to the effective nonoblique ZIgrlg coupling in

the LRSM.
B(Z — L + L, # l;) in a two-generation LRSM as a function of (a)

the heavy neutrino mass my(= my, = mp,), (b) Wg-boson mass Mg, (c)
charged Higgs boson Mj, [for the L-violating mixings (s%77)? = 0.04 (curve-i),
0.03 (curve-iz), 0.020 (curve-iii) and setting (s7°)? = 0.01, (s7*)?> = 0], and
(d) a Cabbibo-type angle 8 [for Mg = 0.4 TeV (curve-i), 0.6 TeV (curve-iz),
and 0.8 TeV (curve-ii¢)]. Numerical estimates coming solely from the SU(2)g
sector are also shown. The results analogous to the curves—i, iz, and i, are
correspondingly given by the dashed, dotted, and dash-dotted lines.

Numerical estimates of Uj: for the same set of parameters as in Fig. 2.

Numerical estimates of AA;,;, for the same set of parameters as in Fig. 2.
Only the total LRSM contribution to A4, is shown, where the correspond-
ing curves—i, ¢, and i¢¢ are now given by the solid, dashed, and dotted lines,

respectively.
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