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Four different supersymmetric models based 8&W(2) XU(1)gXU(1)g_, and SU(2), XSU(2)g
XU(1)g_,. gauge symmetry groups are studiéi(1)s_, symmetry is broken spontaneously by a vacuum
expectation valu¢VEV) of a sneutrino field. The right-handed gauge bosons may obtain their mass solely by
a sneutrino VEV. The physical charged lepton and neutrino are mixtures of gauginos, Higgsinos and lepton
interaction eigenstates. Explicit formulas for masses and mixings in the physical lepton fields are found. The
spontaneous symmetry-breaking mechanism fixes the triliRgearity breaking couplings. Only some special
R-parity breaking trilinear couplings are allowed. There is a potentially large trilinear lepton number breaking
coupling — which is unique to left-right models — that is proportional to$té{2) gauge couplingg. The
couplings are parametrized by few mixing angles, making spontarikpasity breaking a natural “unification
framework” for R-parity breaking couplings in supersymmetric left-right models.

PACS numbse(s): 12.60.Jv, 11.30.Pb, 11.30.Qc

[. INTRODUCTION breaking this kind of model developes a minimum that vio-
latesR parity. As there are no neutral fields carrying baryon
A major problem in supersymmetry is related to the lep-number, it will always remain unviolated. Electrically neutral
ton and baryon numbers, which seem to be conserved to gneutrinos, however, carry lepton number, so that a nonvan-
very high precision. In the standard mod8&M) lepton- or  ishing vacuum expectation valu/EV) of a sneutrino
baryon number violating renormalizable interactions do nowould lead to lepton number violation and breaking of he
exist due to the particle content and gauge symmetry. In thparity [5]. In some versions of SUSYLR model a nonvanish-
minimal supersymmetric standard mod®ISSM), instead, ing sneutrino VEV is in fact unavoidab[é,7]. The R-parity
given all the supersymmetric partners of standard model pawiolating interactions are then determined by the spontaneous
ticles, one would expeca priori both lepton and baryon symmetry-breaking mechanism.
numbers to be violated. On the baryon and lepton number- Much work onR-parity breaking by sneutrino VEV has
violating couplings there are, however, strong experimentabeen done in the framework of MSSM with expli&tparity
constraints. The most notable of the limits follows from thebreaking termg8]. One of the main differences between
nonobservation of nucleon decay, which sets extremely strinR-parity breaking MSSM and SUSYLR models are that
gent limits on the products of lepton and baryon numberphysical spontaneous symmetry breaking is very nontrivial
violating couplingg1]. in SUSYLR models, strongly restricting the parameters of
One can cure the problem by assuming that so-cdled the model. SUSYLR model has more gaugino and Higgsino
parity is conserved. R parity is defined by R fields than MSSM, and as a result, there is a seR-pfrity
=(—1)3B-L*2S whereB andL are the baryon and lepton Violating Yukawa interactions that are unique to the
numbers of respective fields arflis spin. If R parity is SUSYLR models. Left-right models give also a solution to
conserved, the proton is stable. Also the lightest supersynihe neutrino mass puzzle: the neutrino mass is naturally
metric particle(LSP), which usually is a neutralino, does not Small due to so-called seesaw mechanism. IfRhgarity is
decay and is thus a good candidate for dark matter. Becauggoken spontaneously the nature of the seesaw mechanism
of conservedR parity the supersymmetric particles can bethat gives the neutrino mass changes, as the neutrino is
only produced in pairs in collider experimerf&]. Conser- Mixed with Higgsinos. . _
vation of R parity is a much stronger assumption than is " [7] the Higgs sector of the left-right models with spon-
phenomenologically necessary. It suffices that either baryofN€0UsR-parity violation was studied in detail. In this work
or lepton number violating interactions are strongly sup-l. Will study the mass spectrum and couplings of the Higgs
pressed to avoid proton decay, and that the remaining inteFlﬁgjihrggrgéﬂtgeg?gé:(i\’r‘]’g gljsfpll?r:/gess,tilr??ﬁ?str(]:?a];esrrgéor?w jgeclt:r
actions are small enough not to have been'dlrectly observed' In this work a bottom-up approach will be used: first |
If the R parity were a gauge symmetry, it would be pro- d

! o L efine four phenomenologically viable models having
tected against violations arising, for example, from quantu”baugedB—L symmetry. | discuss the Higgs sector of these

gravity. Attractive alternative to a global symmetry would 1, o5 Ther-parity breaking manifests itself in the fact that
thus be a locaR parity. This can be realized in a theory some scalar and fermion mass eigenstates are mixtures of
based on a gauge group that f&s L symmetry as a dis- fie|ds with differentR-quantum numbers. | give mass formu-
crete subgroup. An interesting low-energy theory with thisjas and compositions for physical charged and neutral lepton
property is the supersymmetric left-rigfBUSYLR) theory  fields in terms of the model parameters, and analyze their
obeying the gauge symmetr$U(3)cXSU(2) XSU(2)r interactions with Higgs fields and gauge bosons. A summary
XU(1)g-L, where theR parity is a discrete subgroup of of resultingR-parity breaking Yukawa interactions is given.
U(1)g_,. gauge symmetry. This model can be embedded irin order to handle large fermion mass matrices we need to
a supersymmetriS O(10) theory[3,4]. use some approximative methods, which are described in the
It is possible that in the process of spontaneous symmetrnjppendixes.
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II. DESCRIPTION OF MODELS

Wia=N, 31 oL vr+ Neb1i oL €
The minimal left-right models involving gaugedi(1)s_ a.aTi raaTi dot T: 2
symmetry can be divided into two classes: either the right- ub2 T2QUUIRT Radil T2QudRT g daiTadz, (2)
handed symmetry breaking is accomplished by the VEV ofyhere generation indices have been suppressed. The result-

the right-handed sneutrino VEVmodels 1a and 3bin g scalar potential is minimized by the following set of
which case the right-handed scale is limited to the TeW/Egys:

range; or there ar8U(2)y, triplet fields that contribute to the
symmetry breakingmodels 2a and 2bin the latter case the (3, y = g~y p, (L) =0k
right-handed scale, and thus the mass of the extra gauge 3)
bosons, can be arbitrarily heavy.

By minimal we mean that the models have minimal phe-The symmetry breaking proceeds at two stages: at scale
nomenologically acceptable supersymmetric particle contentg U(1)grXU(1)g_. is broken by sneutrino VEVR to the
for a chosen gauge symmetry group and for a chosen scale bfpercharge symmetri (1), of the standard model. The
vacuum expectation values. We do not, however, setaany residual SU(2), X U(1)y symmetry is further broken to
priori constraints on the couplings of the model. In the fol-U (1), at the weak scale. The gauge couplings of respective
lowing, we list the particle content of four such models. Thesymmetry groups obey relationgy 2(vg) =9g *(vR)
spontaneoudR-parity violation is unavoidable in three of +g|;EL(UR)-

these models: in models 1a and 1b a nonvanishing sneutrino The ¢ appears irD terms in squark mass-squared matri-
VEV is needed to give phenomenologically acceptableces. The VEVor is at most of the order of the soft super-

mazslesz b{“ %]d;re\/) to the rigljht-rg)anded gauge b?s%nsl-( In symmetry breaking mass squared terms of the SM quarks
model 2b theR parity must also be spontaneuously broken, ~ > 2\ it the U(1)..X i
unless the model is expanded with nonrenormalizable interc @, andmag). ifthe L_J( Jen< SU(3)c gauge symmetry is
action terms or extra Higgs field$,7]. Model 2a has both tO rémain unbrokefg]:

R-parity violating and conserving physical vacuum solutions.
In this work we, however, concentrate solely on Bparity

violating solutions.

(1) =va, (d2)=vu,

1, 1, - 2
§QR|D|s§(mQL+mQR)~(1 TeVv)?, (4)

wherem, andmg,_are the soft mass squared terms for the
squarks and where tHe term is in model la

A. Model 1a: U(1)g and vg~1 TeV

The minimal SUSYLR model obeying gauge symmetry
SU(2)  XU(1)rXU(1)g_  XSU(3)c has the same chiral
superfields as the MSSM, except that there are additional
right-handed neutrino superfields. The superfield content of

_ 2
D:UR.

©)

the model is thus the followingi €1,2,3):
er(L3.3,1),

o[l
QIL: i (210!_(1513)1

(15(1)1)

= 21_11011 1

b1 (¢I1( 5,0,1)
¢+

¢2=< 32)(2,%,0,1>. (1)
b2,

The sneutrino VEW vg) = o contributes, along with the
VEV’s of the Higgs doublets, to the mass of the right-handed
gauge boson®Vg andZy:

2

1
T 2( 24 22
M= 5 IR(ORTVGFOL),

1
mz =5 (gr+05-)(0r+vg+oy).

(6)

The VEV of the left-handed sneutrino, )= o contrib-
utes to the mass of thé&/, boson, which is given by

)

1
2 _t 2.2, 2. 2
mWL—EgL(Uu+Ud+UL)-

The physical top quark mass is related to the Yukawa cou-

pling \; by the modified minimal subtraction scheme (MS
relation m¢/(1+4a¢/3m)=Nw,. If the mass of the top
quarkm; is taken to ben,=175 GeV, the requirement that
the Yukawa coupling\; is in perturbative region)(t2<47-r)
yields the limito <168 GeV. This limit could be further
improved to by requiring that the top Yukawa coupling re-
mains perturbative up to some higher scale. Requiring per-

The most general renormalizable superpotential for thesturbativity up to the grand unified theory scale?2

fields can be written as

X 10'® GeV sets the limit to abour;, <90 GeV.
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B. Model 1b: SU(2)g and vg~1 TeV The minimal anomaly-free addition to model 1a that can-
In order to make the parity symmetry explicit the right- cels the large contributions to ttizterm related tdoth the
handed gauge group can be promoted fidfi )g of model ~ Y(1)r and U(1)g-, gauge symmetries is a pair éffields:

latoSU(2)g. Explicit parity symmetry thus motivates one Se(1,—1,11)
to extend the gauge group ®U(2), X SU(2)gX U(1)g_. RS ol
X SU(3)c. As in model 1a, the left-right symmetry group is Ar(1,1,-1,1). (10)

broken to the MSSM symmetry group at scalg=1 TeV.
The chiral superfields of the minimal version of the modelThe most general gauge-invariant renormalizable superpo-

are (=1,2,3): tential is
Li_:( VL) (21— 1.1) Woa=Wia+ frgVRART ARORAR- (1)
I 1= ’ ’
& These fields will obtain VEV's(dg)=v,, and (Ag)
. eiR =Vag The D term related toU(1)gr and U(1)g_, gauge
Lr= i (1,2,3,1), groups is then
R
u‘ ID|=|og+ 203 —20% |<MEysy. (12
Ql = - (2,1,—%3 . . .
L di 8O0 Model 2a has been studied extensively in the case of con-
servedR parity in [10].
[ d
Qk= ( UF) (1,2,%,3%), D. Model 2b: SU(2)g and vg>1 TeV
) In this case, as in model 2a, tBeterms can be at most of
O b the order of the supersymmetry breaking scale. As before, in
b= ( _ 0 ) (2,201) (k=1,2. (8  orderto cancel the contributions both to theerm related to
b1 Pk the bothSU(2)g andU(1)s_, gauge symmetries one must

introduce extra fields in addition to those appearing in model

The fields obtain VEV's as in model 1a, E(). Equations 1, ‘rhe minimal addition is a pair of triplet superfields:

(4) and (5) for the D term as well as Eqs6) and (7) for

gauge boson masses are valid also in this case. As in model 1 .
1a, the sneutrino VEVvg) = o contributes to the masses of EAF; A
right-handed gauge bosons. Note that as long as the right- Ao= (1,3,—11)
handed scaleg is close to the supersymmetry breaking scale R o 1 T
Msusy, as defined by Eg4), the SU(2) triplet fields are Ag - TAR
not needed for symmetry breaking. The superpotential can be 2
written as .
. T ot 6++
Wip=L[i72(N, o+ Nepr)Lr \/§5R R
, Or= 1,3,11). (13
+Q[iTa(Ngba+Nyh1)Qr R 1, (
2 Ro— OR
V2

+ X W Trgiinaglin, 9
hi=1 Model 2b has been studied [i#,7,9,11,12 In the minimum

where lepton and quark family indices have been suppresse@:zthe scalar potential these fields acquire nonvanishing
) 0\ _ — i -
We have checked that there is a realistic radiative sym- V'S (AR =Uag and<§%)—v5R. One can, in order to pre

metry breaking by explicitly calculating the full physical sca- S€ve explicit left-right symmetry, add corresponding
lar spectrum. SU(2), triplet fields A and §, . With suitable choice of

parameters they decouple from the scalar and fermion mass
matrices. Therefore, for simplicity, they will not be taken

C. Model 2a: U(1)g and vg>1 TeVv into account in the following discussion.

In order to have a physical symmetry breaking the The superpotential of the model is
terms can be at most of the supersymmetry breaking scale.
All squarks would not have physical masses, if iderm W2b=Wlb+fRL;i ToARLR+ uaRTI AROR. (14

related toU(1)g andU(1)g_, gauge symmetries would be

large [see Eq.(4)]. In order to facilitate the right-handed The spontaneouf-parity breaking is unavoidable in this
symmetry breaking at some large scaje>Mssyone must model [6], the sneutrino having necessarily a nonvanishing
add fields that cancel out the large contributions to Ehe VEV, (vg)=og#0, in all minima of the scalar potential that
terms. conserve the electric charge. One could, however, modify the
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model in such a way that the sneutrino VEV vanishes and 1

there is noR-parity violation. This could be done, for ex- M§1=§(QE+9§)MECO§2I3,

ample, by adding on&U(2)y triplet that is singlet under

U(1)g__ or by introducing some nonrenormalizable opera- 1

tors to the superpotentié?,13]. M2,=M2,= —2\>M M Rsin2,8x2+§g§M L Mg(—cos28),
In Appendix A we have found a global minimum for the

models 2a and 2b. At the limit of the large right-handed scale

vg the right-handed VEV's 5, v, ., andog are typically of M§2=5(9§+ 05 )ME+ 24f g s gy soX2

the same order

16uArBARV ARV sR

—12f RARU ARXZ_ >
M R

O'R"‘U[sRNUA ~UR, (15)

R
_ _ +4f2x3(03—8v3R), (19
while the D term (12) is of the order of the supersymmetry

breaking scaleM2,sy~(1 TeV)?’<vZ. In particular, it where the scalar fields are taken to the light directid

would be natural to have the sneutrino ViB\4 of the order and to the direction N[ZUARRE(Ag)—ZU 5RRe(5g)

of the right-handed scaieg . —ogRe(vr)] corresponding to the heavy Higgs, which we
The large VEVorg takes the model away from the Super- i giscyss fater in this section. We have usitf=uv>
symmetric minimum of the scalar potential. This could result+vzz 2m2. /a2 M2= o3+ 4v3x+4v3=2m3 /(g3
in the need for fine tuning in model parameters. Fine tuning ¢ w, 9L RTTRTTVAR oR z/\9r
is not needed, however, if the couplings obey the following™9s-1) andx=ogr/Mg. The limit (18) can be saturated
relations(see Appendix B only if the nondiagonal elemeriti %2 is small, that is, the
product of neutrino Yukawa couplirVng/f;md R-parity break-
ing parametex is \ X sin 8~gg|cos 28*9/2.
ol =Msusy:  |warl=Msusv Matrix M2 yields an upper limit for the mass of the lighter
Higgs boson(at least if fine-tuning condition€l6) are satis-

IN,orl=Msysy, and |frug|=Msysy.  (16)  fied):

1
mi< E(gf+g§)Mfcos°-2,8— MZcog2

Ill. HIGGS SPECTRUM 2(9%"‘ géiL)

In all models, the scalar sector is larger than that of the 2 2 2 2 4 2
MSSM. The requirement that the minimugm of the scalar po- X (Gt 4\, SIN X105 28)°+ O(M5ys{ M)
tential conserves electric charge and coloe., all scalar 1
mass-squared eigenvalues are non-negataaricts the pa- =m3 co$2B+ ———5—4N] sifBX?M{(—cos 28)
rameter space. A numerical example of full Higgs spectrum - grt98-L

of model 2b is given in Appendix C. x(gﬁ—Z)\ﬁsinZB(—cos 28)X2)+O(Méus\/M§),

A. Light neutral Higgs scalar (20

The light Higgs spectrum is characterized by one lightwhere we have USG“"Z:%(QEJFQ\Z()ME- At the limit of no

neutral Higgs scalar R-parity breaking x=0) and large right-handed scal®(
0 ] 0 <Mpg) the mass limit reduces to the MSSM result.
h=cosp Re(¢;1,) +sin B Re(¢3,), (17)

B. Triplet Higgs bosons

where tarB=uv /v 4 is the ratio of Higgs bidoublet VEV's. It The model 2b contains phenomenologically very interest-
has a tree-level upper limit for its magk4,7]: ing triplet Higgs fields. The masses 8fU(2)_ triplets A
and 6, are the free parameters of the theory: at the super-
o2 symmetric limit their mass is given by the mu tenr), .

2_ IR| 2 The masses 0BU(2)g triplet fields Ag and 8y are, on the
mh\( 1+ 2) mWLco§2,8. (18 other hand, strongly constrained by the spontaneous
symmetry-breaking mechanism. One of the most exciting
predictions specific to the left-right models is the existence

The rgdiative cqrrections to the Iimﬁil&}) have been calcu- ¢ the doubly charged Higgs fields. The doubly charged
lated in[7], and it was found that they increase the tree—IeveIHiggs field could be very light, and they can potentially be

L

upper bound on the mass of, typically by ~30 GeV. seen at LHC or at the planned electron-positron linear col-
The limit (18) can be made stricter by taking the heavy |iqer [15].

(~mg,) Higgs direction into account. The>X22 submatrix Combining Eq.(5) with results on Higgs boson mass lim-

M2 of the full mass matrix of model 2b is its presented in Appendix D, Eq€3) and(D4), one finds
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v3 |,

R

(21)

2.2 2 2
4fRUAR$ fRAfRUAR‘l‘ fRMARU 5R$ 8fR( UAR_ §

where terms of orde®(M3,sy) have been ignored.
The minimization conditions of the scalar potential

SR N
va, (9UAR_ Hag ARMARUA
frA
+4(v} —v5 )(4f2 i
UAR
+O(Mgysy
=0, (22
1 9V
O__Rr._Rz_‘l'fRAfRUAR_4fR/-LARv($R
+8fR(20A _05 )+O M USQ 0 (23)

can be realized only if

|MAR|~|fRUAR|E|fRUR| or |uarl:|frRorRl=Msusy.
(24)

Combining Eqgs.(21) and (23) it follows from the mini-
mization of the potential that

=Msysy and [froa |=|frvrl ~Msysy. (25

|MAR|

These conditions are similar to EqR0), which were ob-
tained by requiring no fine tuning. Because the mu tgra

PHYSICAL REVIEW D62 055010

C. Additional Higgs doublets and CP violation

In models 1b and 2b the spectrum of Higgs bosons is
quite large. They have total of fo®8U(2), Higgs doublets.
Two of them correspond to the MSSM doublets related to
the electroweak symmetry breaking. The other two extra
Higgs doublets can induce dangerous flavor-changing neutral
currents, that would result in unacceptably large mass split-
ting andC P violation forK°, D°, andB® mesons. The limits
on CP violation can set a lower limit o©(20 TeV) to the
mass of the neutral flavor changing Higgs bosdt‘f§ and
$9:[12]

The CP-violating processes can be suppressed by a suit-
able definition of left-right symmetry. There are two possible
ways to define the left-right symmetry in terms of the quark
Yukawa matricegsee Appendix E

Ag= M=%\

0], (28

and

Na=€'N], A =€\ (29

The contribution of the mass matrices to the straig
phase is at tree level arg D&(,M ), whereM , andM 4 are
mass matrices for the up and down quarks, respectively. This
contribution to the strondCP phase would automatically
vanish, if the Yukawa matrices are Hermitian, as in symme-
try defined by Eq(29), and if the vacuum expectation values
of the Higgs bosons are refl6)].

The extra Higgs bosons contribute to flavor-changing

neutral currentFCNC’9) in K-K mixing. These contribu-
tions can set a lower limit of2(20 TeV) to the mass of the
extra Higgs bosongl2]. The contribution to the phase term

is constrained to be of the order of the supersymmetry breakis proportional to Ing(V} D dV )uc(Vi D dV R)aw), WhereV,

ing scale, there are only two heavynMg,sy Higgs
fields: one neutral scalar field

1 ~
§ X [2v s Re(AR) —2v 5 Re(55) — orRe(vR)],  (26)

with massm?=3(g3+93_ L)(4vA +4v§ +o3)= mZ , and
a charged Higgs field

1 4 + ~ 4
N X (2070 5,0R — (03+ 2u§R)A§ +\20rv 5:8R )
(27)
with massm?=3gg(20}_+20v5 +og)=mj,_.

If we would have extended the Higgs sectorbyl)g
singlet SU(2)g triplet or if we would have had some non-

andVpy are the two Cabibbo-Kobayashi-Maskawa present in
the left-right-models, andDgy is diagonal matrix Dy
=diag(my,ms,my). If the model obeys symmetry of Eg.
(28) the imaginary phase term vanishes. In this case the
model is invariant under left-right transformation defined by

QL~Qr, Li<Lg. (30

.
Py — 1oy T2,

IV. COMPOSITION AND MASS OF LEPTONS

If the sneutrino has a nonvanishing vacuum expectation
value then the Higgs bosons will mix with slepton fields and
physical neutrinos or charged leptons will in general be mix-
tures of gauginos, Higgsinos, and lepton interaction eigen-
states. In the following we will describe the lepton sector in
models 2a and 2b. Similar results would apply also for mod-

renormalizable operators in the superpotential, we woulc|s 1a and 1b.

have in supersymmetric minimum two Higgs fields at the
right-handed scaley, while most of the scalar degrees of
freedom would have a mass arounalM plancke M susys
with v being at least 18§ GeV in nonrenormalizable model
[13].

The mass matrices are quite large. In Appendix F we
present some approximative methods to compute the masses
and compositions of the lightest charginos and neutralinos
(the physical leptonsIn this section we will just discuss the
results.
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A. Model 2a In  model 2a, WrT=(—i\,Pdp.er), V=

The chargino and neutralino mass Lagrangian is of thd — AL ,b11.e.), and
form (see, e.qg.[17)])

My gLy 0
X=| divg Mg NeoL | (32
.
ﬁz_l(qfﬁ lI,T)(O X )(Wt) 9oL —A,0r —Aelg
2 X 0 v . OT_/_:iy0 _:yv0 _:y0 ~0
For  neutralinos  WOoT=(—i\],—i\R,—iNg__, b1,
_ E\I,OTY\POJF H.c. 31) ¢C2)2,AT%_,5%,VL ,vr). The upper triangle of symmetric matrix
2 Y=Y'is
M 0 ! ! 0 ! 0
—— 1% T v = g
L \/EQL d \/EQL u \/EQL L
1 1 1
M — —ggrv —gRrv V2grva —\2grv 5 0 — —QgRro
R \/EQR d \/EQR u R R \/EQR R
1
Mg_L 0 0 _\/EngLUAR \/EgstvaR 0 EgB_LUR
Y:
0 — iy 0 0 0 0
0 0 0 )\V(TR )\V(TL
0 MAR 0 —2frog
0 0 0
0 AUy
_ZvaAR

(33

Let us define a dimensionless parameterdarthat de-  trino mass formula in its complete form we present here the
scribes the strength d?-parity breaking couplings in model result at the limit of large right-handed scaleuAg2

2a: >Msuysy:
t MR (34)
anNa, = . 2 -1
Yok 119 (Mg Mg
m, =|=|— +—
. , : T 12IMe N gg . dR
The composition of physical charged lepton is then
_ ) 5 )\,2,05 coa,
sina, ¢y;+cosa, e X (cosa o tsinavg) ™~ ——o———|. (39
_ RUA
T= — , (35 R
er
and mass is given by Equation(38) is a reasona}ble.approximgtion of the eigen-
value of the full mass matrix, since th@R is expected to be
m,=|\g(Sina o —cosa vy)l. (36)  atleast at multi-TeV range. At the limit of riR-parity break-
ing (ocr= 0 =0) the neutrino mass formula reduces to the
The composition of physical neutrino is normal seesaw relatiam, =\2v7/(2fgv, ). Because of the
~ constraintf gu g~ M gy syone would expect the neutrino mass
v, =sina, ¢+ cosa, v, (37)  always to be of the orden?Mgsy.

The sneutrino VEV’so contribute also to the neutrino
An approximation for neutrino mass can be calculated usingnasses. At the limit of vanishing Yukawa couplings
methods described in Appendix F. Instead of giving the neu=A,=0 and universal gaugino massdgl=M =My
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=Mpg_, the neutrino mass can be approximated by B8).

Using the current experimental limits on neutrino masses

[18],

m,,e<10 eV, myu<0.17 MeV, mv7<18 MeV,
(39

PHYSICAL REVIEW D62 055010

v,=sina| cosa| $3,+sina|sina $9,+ cosa| v, .
43

The SU(2)g gaugino component in the right-handed part
of the physical charged lepton is phenomenologically inter-
esting: a large gaugino component in the physical lepton will
result to lepton-number violating Yukawa operators that are

one obtains the following upper limits for the sneutrino specific for SUSYLR models. At the limit of the large right-

VEV's o =(v1):

M 1/2
| (T|_e| <0.004 GG\( m) )

12
|O'|_‘u|<0.6 GG\(E) )

M 1/2
|0'|_T|<6 Ge\{m) . (40)

applying to all models discussed in this work.
Taking the limits on neutrino mass&89) into account
one can constrain the angtg for lepton family (at limit

o, =0 and when the gaugino contribution dominates the

neutrino masses

7><105(

1/2
I\/lgaugino
cospB '

[sina o= ToV

0.009
Isina ,|= (

1/2
Mgaugino
cosp '

TeV

0.1 (

1/2
M gaugino
cosp

TeV (41)

|sina, ,|=

For the third lepton family the mixing is unrestricted for
large values of tap=10"1

B. Model 2b
The main difference between models 2a and 2b comes

the chargino sector: charged lepton can have componen %

from the SU(2)g gaugino field ands U(2)y triplet Higgsino
fields. The composition of the charged lepton is
sina| cosa| ¢y, +sina/sina| ¢,,+ cosa| e, )
T=

sinagcosak(—iNg)+sinagsinagdy — Cosaren
(42)

The anglesxg, @/ , anda| are defined in Appendix G.
Due to approximat&U(2), symmetry the physical neu-

handed scaleg>Mgysyand settingngzo andMR=,uAR
=Mgysy, one has in leading order

2
JrOR ,
,  tanag=

(44)

Iv'SUSY

tan(XR: ( MSUS

At this limit the right-handed part of the physical lepton is
composed mostly of triplet Higgsinos??@ and SU(2)g
gauginos ¢i\g). The gaugino component in physical lep-
ton can thus be quite large for moderately large sneutrino
VEV og.

V. FERMION COUPLINGS TO BOSONS

The physical processes whaReparity violation manifests
itself will most probably include fermions. In this last section
we discuss the Yukawa couplings and anomalous gauge cou-
plings of the quarks and leptons.

A. Coupling to Higgs boson
The chargino mass Lagrangian can be written in the form

L=—V "X¥*"+Hc=—x "Dy"+H.c., (45
where D is a diagonal positive definite matrix ang"
=VW¥* andy =Uy¢~ andX=Xy+ X, is the chargino mass
matrix. X, contains all terms that are proportional to the
VEV'’s that transform nontrivially unde8U(2), , while X
contains all terms proportional to the supersymmetry break-
ing parameters an8U(2), singlet VEV’s.

We define unitary matricetl, and V, to be such that
Do=U% X,V is a diagonal matrix with non-negative entries,
d @g)11=0 (Xq has in our case one zero eigenvector that
rresponds to the physical lepton mass eigenstate
At the limit of vanishing anomalous charged lepton cou-
pling to Z, boson the mass of the physical lepton is

My~ (U X1 V)i (46)

At decoupling limit the lightest Higgs boson [i49]

1
h=> 20 ((RegRed+(Im gim ), (47

trino is similar to the left-handed part of the physical charged

lepton:

where ¢, are all scalar doublet fields of the theory antl
=3 { dk ). In our case this is equivalent to EQ.7).
A tree-level Lagrangian describing the coupling of the

These constraints could be relaxed if the gaugino and triplet conlightest chargina(the charged physical leptpryy (~7) to

tributions to the neutrino mass were tuned to cancel out.

the Higgs bosorh is [7]
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L~ —XI(U3X1V$)11XIh+ H.c the experimental error in the measureméihe anomalous

, coupling can, however, be large if the ratig/u? is big
_ Mw) ™ My, enough:|ug/<|\ M /gy ].)
a M_H) P h+H.c. (48) Similar ;/)esult applies to charged weak current, since both
physical neutrino and charged lepton mass eigenstates obey

At the decoupling limit the chargino coupling thus ap- SU(2), symmetry to a good accuracy. TB&J(2), breaking

proaches the standard model prediction for the Higgs coumixing angles in lepton mass eigenstates are typically sup-

pling, even if the physical lepton would be composed mainlypressed by factoxm,/Mg sy as shown above for neutral

of Higgsinos or gauginos. weak current.

oo

B. Couplings to the weak currents C. R-parity breaking couplings

The lepton mass eigenstates are mixtures of lepton inter- Most of the R-parity breaking couplings are suppressed
action eigenstates, higgsinos, and gauginos. All of theseither by the large right-handed scale, by nonobservation of
components do not necessarily have the sa®ig(2),  heavy neutrinos or by experimental constraints on the uni-
X U(1)y quantum numbers as the standard model leptons/ersality of neutral and charged weak currents. There are,
As a consequence, the lepton couplings to weak currents at®@wever, a limited set of dimension three operators that
nonuniversal and different from their standard model predicbreakR parity and that can be large. AR parity breaking
tion. Yukawa operators that couple to two standard model fermi-

The correction term for the neutral current couplings areons and to a scalar field are listed.
given in Appendix F in Eq{(F12. The corrections to the For simplicity, only one lepton family is taken to have
axial and vectorial couplings are thus typically of ordernonvanishing sneutrino VEV%). We denote wittk the index
a?/M2 5. Since the charged lepton mass is of the ordemf this family ((vg,) #0), withi an arbitrary lepton or quark
m,~a and the neutrino mass is,~a%/ Mg sy, typical per-  family and withj an arbitrary lepton or quark family that
turbation to the axial or vectorial current would ¥\  satisfiesj #k.
~5V~m§/m§~ m,/mgysy. If the neutrino masses are at  The physical leptons have a Higgsino component. The
their experimental upper bounds one would expect the pemixing in model 1a or 2a is proportional to anglg . This

turbations to be results in the following effective operators:
SA~4X1071%  5A,~3X107° SA ~1X 10—4@9) L= — NgiSine (d°P v g+ d; P, 1y
—U_FPLekaRi—d_iPLekthi)+H.C. (52)

The experimental resolution is of the order £0In other
words, the mass limits on neutrinos are generally more reThe lepton-number-violating couplings are proportional to
stricting than the limits obtained from the neutral currentthe down-quark Yukawa couplings. All couplings are param-
universality. Only the limit onr family can be interesting, if etrized by mixing angle taa,,, which is constrained by
the neutrino mass is close to its experimental bound and theeutrino massesee Eq.(41)].
model parameters are chosen appropriately. _ In model 2a one has also Higgsii,; components and
The standard model prediction for the axial current is_:, + : ; - ;
SM_ 1 g th Yeviation f h dard —iAg gaugino components mixed in the physical lepton
270 dgl_pir'eg}izgrr?linsg ztaciteg:;tf)[d%\]”a:rl\%n ar;()ig: tcfrrsefi'? c?arn mass eigenstate. These fields can induce couplings that are
. P roportional to up-quark Yukawas and gauge coupti
differ from the standard model prediction by prop Pa galg PURg
i ’ ) " ai " _c e
|5A,|=|A,— AMS|<0.0026. (50) Lop=—sina| (Agj CoSa| + Ay sina)) (dyPvdg;
. . . - +diPLydy — ufP e dri— diP ety ;)
One can derive an analytic expression for the deviation of o
the axial and vector current: —grSinag cosaguiPredgi+ H.c. (53

. 1 _ ) The last term in Eq(53) is a unique lepton number violating
sV =6L+oR= E(UL cosa +vgSina,) coupling. It couples universally, with the same strength, to
all (s)quark families. Further, it is not suppressed by the

gf 7\5 Yukayva couplings. It is thus the only largeparity violating
- =¥ (51  coupling that involves light quark and lepton families. Since
ML mo the coupling is due to mixing ddU(2)R it is also a unique

prediction ofR-parity violating SUSYLR models
When compared to the expression for the neutrino rté&s The R-parity violating operators involvings)leptons are
one sees that the deviation from the standard model predigimilar to those involving quarks. The only difference is that
tion is typically less thamm, /Mgaugino- The anomalous some operators are cancelled out, if all sleptons involved are
coupling to weak current is thus practically always less tharfrom the family having nonzero sneutrino VEV. The opera-
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tor proportional to the gauge coupling involves heavy right-at the decoupling limit is like the standard model Higgs bo-
handed neutrino, so it will not be listed here. The operatorson. The upper limit for its mass can be pushed by radiative

in model 2b are the following: corrections as high as 15®00 GeV. In model 2b at the
limit of the large right-handed scale there are always either
L=—sina|(\gjcOSa +\,;Sinay) light doubly charged scalar degrees of freedom or a light
— U SU— - = - neutral singlet degree of freedom.
X (€fP_vier;+ &P v j— V[P eerj— &P e ) | have found analytic expressions for masses and mixings

of the neutral and charged leptons. In Appendix F, | present
a general method to calculate the mass eigenvalues and
eigenvectors for large fermion mass matrices. The experi-
mental bounds on neutrino masses set strict limits on the
The result for model 2a is obtained from E&4) by replac- left-handed sneutrino VEV and on thg gnomalous coupI_ings
ing sina (\e;COSa]/+),; sinal) by sinayhg;. to' the neutral weak current. The deviations to the couplings

The trilinear R-parity breaking couplings in models 1a with the neutral weak currents are expected to be too small to

and 2a are similar to those in MSSM with sneutrino VEV's. be observed_. . - .
Models 1b and 2b have two distinct features: There is pro- The Reparity breaking t_rlllnear coupllngs. that are unsup-
portionality to downand up quark Yukawa matrix , due to pressed by the low neutrino masses are listed. In model la

. ~0+ . . ; and 2a the lepton number violating trilinear couplings are
Higgsino componentg;,  in the physical leptons; there is a

o N ) always proportional to the mixing angle sip and the
contribution due to th&U(2)g gaugino in the right-handed v ,kawa coupling of corresponding quark or lepton family.
part of the physical lepton

In SU(2)g models the mixing of right-handed part of the

) o~ charged lepton with th&U(2)g gaugino introduces for a
L= —grsinagsinagdg;u;Prex+H.c. (59 universalR-parity breaking coupling that is proportional to
o . ) the gauge couplingg. This coupling andR-parity breaking
The contribution due to gaugino is universal for @lquark coupling proportional to the up-quark mass matrix can pro-

families. The mixing anglesrg and ar are a priori free  \ige unique signature ®U(2)gX U (1)g_, gauge symme-
parameters, while the left-handed mixing angles ( a  try group.

and ) are constrained by the neutrino mas&&b.
The R-parity breaking vertex proportional to the gauge
couplinggg involves onlySU(2), singlet fields. The opera- APPENDIX A: SHAPE OF THE POTENTIAL
. — ~x _ AT RIGHT-HANDED SCALE
tor could be directly measured at procegai—d% or e u

—dg. The latter process could be detected in HERA, if the The scalar potential of models 1b or 2b expressed in terms
electron sneutrino has a nonvanishing VE¥.#0 and the  of the right-handed field VEV’s can be written as

down-squarkdy is near the experimental lower limit on its

mass -200 GeV). 1, ., ) 5 ) 5 2
A more stringent limit, if the electron sneutrino has a V= g(9r*0s-1)(0R+ 205 ~ 203 )*+4froRo],

nonvanishing VEVor.#0, is given by nonobservation of

neutrinoless doublg8 decay. The limit obtained from the +(1arV 5, TROB) 2+ wARVART AME sy h

lower bound on the lifetime of°Ge gives[20]

—sina| cosa| (N C0Sa| +\ ,Sina)

X (exPLveLx— P e ). (54)

2 2 2 2
+BMsyswis, T CMsyswia, T DMsuswiart s v a,

IVlgluino 12 2
oy | 6 +EfrMsusw 5,0R: (A1)

Mg,
TeV

|ggsin aRecoszngO.O?(

where only the graph involving gluino and down-squatlks ~ WhereMsysyis the supersymmetry breaking scale #d,
has been taken into account. C, D, and E are some dimensionless parameters of order

unity that depend on the soft supersymmetry breaking cou-
plings. If we consider a simplified equation, where we take
mar=D=E=0, we can minimize the potentidl analyti-

| have analyzed a set of minimal models that obey thecally. There are three possible solutions for the global mini-
left-right gauge symmetries and in which tReparity is bro-  mum of the potentiaV/ at the limit of smallfg, correspond-
ken spontaneously by a VEV of a sneutrino. In two of ouring to large right-handed scalg;. The first solution is the
models(la and 1l in which the right-handed scale is close trivial solution
to the supersymmetry breaking scale, 8#(2)x triplet su-
perfields are not needed to have an acceptable spontaneous
symmetry breaking pattern. The VEV of right-handed neu-
trino alone is sufficient to make the right-handed gauge
bosons heavy enough. | have analyzed Higgs sectors of the3&e second solution i§f —B—C=0, —2A+3B+2C=0
models. The Higgs sector is characterized by one scalar thand —2A+2B+C=0)

VI. CONCLUSION

OrR=V5.=Va,=Vmin=0. (A2)
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2 2
oR=—"—" 5 y
R 4fé SUSY:
, —2A+3B+2C M2
Vg =—— 5 y
S 8f§ SuUsY
, —2A+2B+C M
O =5 y
Ag 8f§ SuUSY:
(4A-3B-C)(B+C) ,
VMIN= — ' A3
MIN 16sz SUSY ( )
and the third solution isif —2A—C=0)
—-2A-C
2 2 2 2
g :ZU = 5 y 1% :0,
R Ag 12f2R SUSY OR
Voo (2A+C)? Ad)
MIN 48sz SUSY:

PHYSICAL REVIEW D 62 055010
Su?, (B1)

where \ is some Yukawa or gauge coupling constant and
Su? is typical mass difference between corresponding scalar
and fermion degrees of freedom. I1Bu? is large
(>M3,sy the radiative corrections to the scalar mass terms
S8M? could potentially also be large. In other words, one
would have reintroduced the naturalness problem.

In supersymmetric minimum of model 2a all VEV’s van-
ish. However, we require some of the VEV’s to be much
larger than the supersymmetry breaking scale. This could
potentially result in large mass splitting between fermionic
and bosonic degrees of freedom.

The part of the scalar potential related to théerms is

vfg IFyl2, (B2)

whereF = dW/d ¢, denotes partial derivative of superpoten-
tial W with respect to a chiral superfield, . The contribu-

tion of theF terms to the real scalar mass maﬂdbﬁ- is

If, for example, the supersymmetry breaking parameters

are chosento b&=—-4,B=0 andC=1, then solutior{A4)
is the global minimum. The VEV's are then

7 M3usy
0%22viR21—2f—gzvR, v%RZO. (A5)

[In the case of model 2b and in this particular case the gauge

couplings should obeyq’tgé_,_/gé<l73 for the global mini-
mum not to break the residubl(1).,, gauge symmetry.

T

1 dW\ ?
zk: E(t9¢it9¢1' vi I (%)
B < PPW >< PPW >
R\ agiady] \ Ik
+; <Fk><

P*F 8 IFy
doRdoy TR B3)

One would thus expect that the right-handed VEV's haveyherey; denotes the VEV of chiral superfield, . The first

the following pattern:

2 2 2 2

2 2 2 2 2
ORWAL U5, ~UR OF OR,UR ~VRVs ~O(Mgysy,

D[ =log+2v5 — 20} |~ O(Mgysy.
(A6)

sum in Eq.(B3) gives the supersymmetric mass terms that
are similar to those in the neutralino mass matrix. The part
proportional toF term F, contributes to the mass splitting
between scalar and fermion degrees of freedom.

From the scalar mass matrices one can see that the mass
differencesu? in the present modéivith a largeog) due to
large F terms is restricted tdu?<M3sy, providing that

As a result of soft supersymmetry breaking couplings ofthe model parameters obey the following relatiéns:

the order Mgysy=0O(1 TeV), it is natural to have the
snheutrino VEV o of the order of right-handed scakeg
>Mgysy: or=0(vR). With full mass matrix, taking all pa-
rameters into account, this is indeed the case.

In the limit of large right-handed scakez>M g sy the

gl =Msusys  [marl=Msusy,

IN,or|=Msgysy, and [frug|=Mgysy.  (B4)

value of the potential at minimum is typically quite large: o ) )
Viin~M32,sw2>M2,s,. One could potentially have large Radiative corrections to the scalar potential should thus have

quadratic corrections to the scalar mass terms. It is shown iiC large quadratic corrections, even if we are in fact quite far
Appendix B that the quadratic correctins are suppressed ff°mM the supersymmetric minimum of the scalar potential.
the couplings obey certain relations.

APPENDIX B: FINE-TUNING CONSIDERATIONS

The quadratic radiative correctiordM? to the scalar
masses are typically of the order

20One could derive the limit§B4) also from minimization condi-
tions of the scalar potentialV/d¢,=0 by requiring that the soft
supersymmetry breaking terms are at most of the ordé gfsv.
Similar inequalities have been found in the case of Model ZBjn
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TABLE I. Physical scalar mass eigenstates for a particular choice of parameters in mode}\RZb (
=10" GeV, v5,=12x10° GeV, 0g=1.4x10" GeV, tang=3). The SU(2)_ triplet fields A, and &
have not been shown. They do not mix with the other scalar fields. Also the squarks and the first and second
family sleptons have been left out. The model contains ljgt10 GeV)] scalar and pseudoscalar degrees
of freedom that are singlets under the standard model gauge group. There are always necessarily two heavy
scalar degrees of freedom that have a mass of the order of the right-handed scale. The doubly charged scalar
fields have in this particular case a mass around the supersymmetry breakingVisgale. The mass
eigenstates are calculatedtege leve] the radiative corrections would, e.g., increase the mass of the light
Higgs doublet mass eigenstate.

Mass(TeV) Composition

1.4x10" —0.098 Reg2) +0.815 Re() — 0.572 Refr)

9.3x10° 0.0855; —0.707A; +0.702;

9.6 —0.695p,,— 0.237h,,— 0.63%p;,— 0.232h7,

9.6 —0.694 Ref?,) —0.237 Red,) +0.639 Reghd,) +0.232 Re(hd,)

9.6 0.694 Im(#3,) +0.237 Im(¢,) + 0.639 Im(¢3,) + 0.231 Im(¢5,)

9.2 0.993 Im(s%) +0.119 ImA %)

9.0 0.993 Re?) +0.04 Re(\ %) — 0.113 Refr)

8.8 0.9935; — 0.1

8.7 0.9885; " —0.154 5~

6.2 0.646 ReY,) —0.291 Re?,) + 0.672 Re3;) — 0.215 Regh5,)

6.2 0.646p5,—0.291p5,— 0.672p1;+0.215p7,

6.2 —0.646 Im(#9,) +0.291 Im(¢,) + 0.672 Im(¢p3;) — 0.215 Im(¢3,)

3.1 —0.1545; " —0.988\y

1.9 0.025p5;+0.927h,,— 0.375p;;+ 0.008p 7,

1.9 0.025 Re(?,) +0.927 Re?,) + 0.375 Repa, — 0.008 ReghS,)

1.9 0.025 Im($3,) +0.927 Im(¢9,) — 0.375 Im(¢3,) + 0.008 Im(¢5,)

1.7 Eh

17 Re(v)

1.7 Im(v,)

0.073 —0.316 Re?d;) —0.949 Re),)

0.039 0.07 Re@%) +0.579 Re\ %) +0.813 Refr)

0.009 —0.068 Im(52) +0.568 ImA %) +0.82 Im(vg)
Another way to analyze fine tuning is to write the elec- APPENDIX C: EXAMPLE MODEL

troweak gauge boson masses in terms of model parameters at
higher scale. In this case the minimization conditions for the
potential yield at tree level:

We provide a model in Table I.

APPENDIX D: HIGGS BOSON MASS LIMITS
2

g% 1 | ing Hi
?m\z/vLCOSZB:m%R+MiR+ E(g%+ gé,L)D The mass of the lightest neutral flavor changing Higgs
L

boson, composed ab?, and ¢9, , is bound by

2

M O(1-10 TeV?<M
+ﬂ(UARBAR_fRMARC’§), ( K 1y 41
1)5R
1
_ 2 T2
@, 2 o, < cosZZBmWL 5 UrCOS 28
—5 My, COS2B=—m} —pipt 5(0rT95-1)D
9 2mj, cos 28
X| D+ —m
— 420k g
— U5 marBart FRAf OR @5 +02((N)2c02B—(),)3SIrPB),
+ :
Vag (D1)

If the conditions in Eq(B4) apply all terms in Eq(B5) are  whereD is given in Eqgs.(5) or (12) for the models 1b and
of orderO(M2,,5y) and there is no need for fine-tuned can- 2b, respectively. One sees that one must either have a posi-
cellations. tive D term, %g§D>(’)(1— 10 TeV), or alternatively
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\¢COSBoR should have a'value at least of the order of TéV Qr— URQOR, ¢i‘>UL¢iUTR1 "?’i*)UL&iUE!
\¢ is tau Yukawa couplingrg should be larger than about (ED
100 Te\). Added together, in model 1b the sneutrino VEV

has a lower limit og=3 TeV (or equivalently My, \yhere the charge-conjugated fields have been used
=1 TeV).

It turns out thatall bidoublet Higgs bosons can have a
mass of at most of the ordéMgysy: the only parameters
that could make them heavier would be the paramqi@rs ) o ]
However, the minimization conditions for bidoublet fields @nd the left-right transformation is defined as
read(ignoring all terms of ordeM g5y

1
U, r=exp — =ie o7
1 oV L,R F{ 2 LRk
— o= = 16(p) 7+ 16(1 ) >~ MEysy,

QL,R:iTZQt,R and ¢=—ir¢fin,, (E2)

. (E3)

vy duy

The discreteZ, left-right transformation means that the
1 oV 222 122 5 model, including the quark mass term, remains invariant un-
va E=16(,u¢ +168(ny) ~Msysy- (D2)  der the interchange df, andUg, and that two consequent

left-right transformations reduce to the identity:

It follows that the u terms, and consequently bidoublet

Higgs masses, are also at most of the SUSY-breaking 3cale. L=—-\Q[,i 7, Qrp— A* Qi 7, Qrp. (E4
One can derive the following upper bound to the mass-

squared term of a neutral Higgs scalar fromd 3 submatrix

of the full mass matrix of models 2a and 2b that involves th

fields A%, 6% andvg:

Clearly, as the gauge operatddg r are swapped), «— Ug
&he fields must transform as follows:

b, \a &b
A 5 2)Mm2 QiHUTbQR_l—VleRy
O<(UAR+U‘SR+ UR)MA%,(Sg;R
1 Q23— U3 QP+V3 P,
<5(03+05 D’ +4TRoR(og+4u]) R—U3,QU+V3,Q!
i T: i ~T
_3fRAfR‘TévAR_ 3fRMAR05R02R- (D3) di—Xli TajiTot Y{”'Zd’j i75. (E5)

The doubly charged Higgs boson of the model 2b has theince there are no charge-conjugate fields in the superpoten-
fo”owing upper bound on its mass: tial, one must have elthéﬁ,ZX:O OI‘Vi=Y=O. By a suit-

able redefinition of the quark fiel@, , one can sety=1 or

V=1. Matrix X or Y can, in principle, be any unitary>2

matrix that satisfiesx?=1 or YY*=1. Only cases where
2,2 2 2 a2 22 matricesX andY are diagonal will be considered.

SOR(Va,~ V5D TrAr TRVA ~ 4TRORV] There are thus two ways to define the left-right-symmetry

in terms of quark Yukawa matrices:

2 2 \p2
O<(vAR+vﬁR)MA§:

=+
O

+fR/.LARl)5RO'§. (D4)

(@) Vi=Y=0: Ag=X\g, A=XA(
APPENDIX E: MOST GENERAL DISCRETE LEFT-RIGHT

SYMMETRY
(b) Ui=X=0: Ag=YI\, A=Y\ (Ep)

The superfield content of models 2a and 2b are explicitly
Ieft—right—symmetric, if also the Ieft—hand_ed triplefs. gnd wherex! Xd=+1 and|Yﬂ|,|Yg|=1 is an arbitrary phase. If
i e et e o o the Lagfangan of e model. nclucing th gauge coupns
lowe: and triplet .nggs fields, obey these Ieft-nghft symmetries, the
symmetry is also preserved in the renormalization-group run-

- ~ ning of the model.
Q—UQ, Q —U,Q,Qr—UrQr,

APPENDIX F: MASS EIGENVALUES AND

EIGENVECTORS FOR FERMIONS
3The flavor changing Higgs doublets could be made to have a

mass around the right-handed saajeby introducing nonrenormal- The chargino and neutralino mass matrices are typically
izable operator M, Tr i m¢h3i 7,Tr Agdg to the superpotential quite large and cannot be solved analytically. The fermion
[4]. mass matrix is generally of the form
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1 1 We develop the mass of the lightest eigenvector into se-
L=— E‘I’TY‘I”' H.c=— EXTDXJr H.c.,  (F) ries with respect to the eigenvalues f. There are many
ways to do it; the simplest expression is obtained by using

. . . determinants. The lepton massis
where ¥ is a vector of Weyl spinors and=Y' is a sym- P

metric mass matrixD is a diagonal mass matrix with non- ID|

negative entries angg=NW¥ are the fermion mass eigen- mM=-—
states. The unitary matrit satisfiesN* YNT=D, or D? IDii
=NY"TYN' x t
For Dirac fermions the mass matrikis of the form __IN"(Yo+ YyNT|
[(N*(Yo+ YN
o X'
Y:(x . ) (F2) a;+0O(Y?), a;#0,
= i |(?0)T71’71|
—1)\Itlg. .—’J+ 3 —
The diagonalizing matriN is i,jzﬂ( D aia; 1Y, oY1), a,=0.
v -U (F5
N:(V U ) (F3) " The ratio of derivatives in EqF5) is simplified by the fact

that \?0 is a block-diagonal matrix. If the blocks are small
whereV andU are unitary matrices such thBt;=U* X V' enough the ratios reduce to quite simple expressions.
is a diagonal matrix with non-negative entrisge, e.g[17] It turns out that the first terma; dominates the charged
for further discussion The eigenvectors of the Dirac mass !€Pton masses. For neutrinag vanishes and the masses are
matrix come always in pairs having opposite mass eigenvagetermmed to the leading order by the generalized seesaw

ues. Although the derivation in this section is given for Ma-formula given by the sum term in E¢FS). _
jorana spinors, the generalization to Dirac spindis., In the mass formula one can essentially approximate the

charginos is straightforward. lepton eigenvector by the zero eigenvector of mattix The

In our case the mass matrikcan always be decomposed zero eigenvector of matri¥,, is vo=(1,0....,0). To esti-
into two partsY=Y,+Y,, whereY, contains all supersym- mate the accuracy of this approximation and to calculate
metry breaking terms and all terms that are proportional t&nomalous couplings to the weak currents one should know
vacuum expectation values that are singlet ungéel(2), the leading-order corrections to veciay: v,=0v,+ év. The
XU(1)y. Y}Y, is thus always constructed of block-diagonal lepton mass is the smallest eigenvalue of the fermion mass
submatrices of constant hyperchargg®. Y, contains all ~matrix. A standardnumerical method to find accurate ex-
terms that are proportional to VEV's that break the standardression for the smallest eigenvector of matrix is to multiply
model gauge groufin our modelsv,, vy, anday). the approximation by inverse of the matrix. It is easily seen
In all our cases the matriX, has at least one zero eigen- that this way the errors of the approximation are reduced at
value that approximately corresponds to the physical leptor{€ast by factor oim/M, wherem is the smallest eigenvalue
The mass of the lepton is induced by tfemal) terms in (physical lepton ma$s§ndM is the sgcond-smallest eigen-
matrix Y,. Our idea is first to transform to basis where zeroValue of the mass matriitypically the lightest supersymmet-
eigenvectors of matri%, are unit vectors. It is enough for '€ chargino or neutralino ~
purposes of this work to assume th& has only one zero Thus the leading-order correction to vectgyis obtained
eigenvalue. In the end, | give a general result for arbitraryby multiplying it by matrixY ! and normalizing it.
number of zero eigenvectors ¥f,. First we transform to the

basis where the physical lepton eigenvectors are approxi- ~ Y v, (F6)
mately unit vectorsJ=(1,0, . ..,0). Tothis end an unitary o1 \asr i
matrix N, is defined that satisfiés - .
v, can be calculated to leading order
?0=(N3Y0N8)ij=0, i=lorj=1. (F4) (Y o)=Y Hi
We further define matrice¥,;=N3Y,N], Y=NsYN, a ( 1)i+1| il
= (N3 Y1N{) 1 andYo=(Yo)ii, whereA;; denotes matrixd Y|
with row i and columnj removed. 1
— =1,
m
“To find matrixN, we need to find the zero eigenvector¥Y,,. - i+ |(\?o)i”—1,j—1| .
One can always find an analytical expression for inverse of an ar- E -1 a; $ , 1#1
. ; ; i#1 m[ Y|
bitrary matrix.n zero eigenvectors of matriX, can be found from
the basis spanned by limoe"(Yo+e1) L. (F7)
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The correctionsv to eigenvecton,, is thus to the leading Plock-diagonal matrices with each block corresponding to a
order {,=0o+ &0) constantC;; . The ratios of (;ietermmants in E(flO) thus
reduces to ratios of these diagonal block matrices.
0, i=1 The general neutral weak current coupling for charginos
is of the form

8vi= (Yoo F8
Uj 2 (_1),+]aj|( 0)|? 1,j 1|, i1, ( ) o B 1
j#1
7 Yol £Ne= ~ Gosau AV Yz (Vim AT
We need an expression f@’i,i’ilﬁvicii/‘svi,/ to calcu- g
L

late the anomalous coupling to weak curresese Sec. V B =— —Z’L'“‘E y.(LiIPL+RPR¥;, (F1D
The dimension ofv; is N and the dimension ofv/ is N'. cosw

We can takeN=N" without loss of gengrality. We fu_rther whereP, = 1(1— %) andPg=1(1+75).

assume that we have permuted the basis soChata diag- The chargino mass matrix is of the for(f2). The calcu-

onal matrix with equal diagonal elements grouped togetheriation for Dirac fermions proceeds analogously to the Majo-
Since we want to do algebra with determinants, it is use- . ] . . ~
. ) rana case discussed above: We define unitary mattiges

ful to expand some of the matrices to the square form:

and V, such that the first row and column of matri,

- ' ON/—1xN-N’ =U%XoV{ vanishes. Thea vectors are in this casey;
O\ onnrsno1 Inensnent) = (05X, V)1 andag;= (U X, V)is.
The correction to the couplings andR is (as compared
( . ON’lXNN’) to the standard model value
C'=|Cii . (F9
In-Nr NN/

_ - _ 5 L=2 (15— 15vf
The required expression is then to leading order [

~ ~, o o |(>“<0>‘<g);_1j,_1|
80,Ci; 80, =E (—=1)!* I ajal Cy) =2 (—DIH (g ~1haga — o7
NENRY FE | XoXo|
[(Yo)i—aj-all(Yo)ir 1) 4 [Cos AT
i-alltY , - il reR oXo)j-1j -1l
7 SR= 2 (=115 — IR agap) — =
[(Yo)[(Yo)] ot XX -
VALVIAN N F1
-3 (-1 e, (il A
INL e |Yive ' wherely are theSU(2), quantum numbers for the corre-
(F10 sponding fieldgfor lepton interaction eigenstate§t=—%
and157=0).

Due to the properties of the weak current, the matrices ap- The correction to axial coupling i§A=SL— R and to
pearing in determinants Y{Y{);_1; -1 and Y{Yg) are  vectorial couplingsV= 8L+ SR.

APPENDIX G: FERMION MASS MATRICES IN MODEL 2B

The chargino vectors and mass matrices in model 2b are
WHT= (=N —iNg B12, b2, Or R),

W T=(—iN[,—iNg ., b1y, 21,87 &),

ML 0 0 gLUU O O
0 Mg —ORrUg 0 \/Eng(;R ORrOR
gwg 0 2y mg 0 Neo
X= 21 22 . (G1
0 —ORrUy o) 2y 0 Ao
0  —Oruag 0 0 Mag —\2fror
gLoL 0 —NeOR  —AN,0R 0 —ANevyg

For neutralinosV®T= (=i}, —iN, —iN_ | B01, %5 91,09, A%, 63, v ,vr) and
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1 1 1
M, O 0 0 0 — 0
L \/EgLUd \/EgLUd \/EQUTL
1 1 1
Mg \/Engd 0 0 \/Engu \/EgRUAR N ‘/Engst 0 - EQRUR
1 1
Mg_, 0 0 0 0 - \/EgB—LUAR \/EQB—LvéR - EgafLUL EQB—L‘TR
ve 0 —2ul 0 —u 0 0 0 0
0 —u? 0 0 0 NeOR NeOL
0 —2u?? 0 0 0 0
0 0 0 N, OR N,oL
0 MAR 0 —2frog
0 0 0
0 N,y
72vaAR
(G2
The angles related to the right-handed part of the Dirac spinor are
2 2
t \/QR(,LLAR+ 2fru 5) %+ 2(FRMRr—gRv s ) t \/— frMr— gRUAR @3
anag=og 5 , tanag=— ——"—
MRrata,t 200V 5, gr MaRT 2fRUé‘
and the angles related to the left-handed part of the Dirac spinor are
22 11
;L \/(7\1;//4(;3 eM¢)2+()\eM¢ 2N, p 2 ” 7\eM¢ 2)\1;:“(;5
tana =o 2 T 52 , tanaL—— (G4
(M —4u Mg Mg uM¢ 2)\eM¢
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