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R-parity-violating supersymmetrgwith a conserved baryon numbBj provides a framework for particle
physics with lepton-numbefL-) violating interactions. We examine in detail the structure of the most general
R-parity-violating (B-conserving model of low-energy supersymmetry. We analyze the mixing of Higgs
bosons with sleptons and the mixing of charginos and neutralinos with charged leptons and neutrinos, respec-
tively. Implications for neutrino and sneutrino masses and mixing@®donserving sneutrino phenomena are
consideredL-violating low-energy supersymmetry can be probed at future colliders by studying the phenom-
enology of sneutrinos. Sneutrino-antisneutrino mass splittings and lifetime differences can provide new oppor-
tunities to probe lepton number violation at collidgiS0556-282(199)04709-9

PACS numbdss): 14.60.Pq, 12.60.Jv

[. INTRODUCTION sneutrino mass eigenstates is related to the magnitude of lep-
ton number violation, which is typically characterized by the
There is no fundamental principle that requires the theonsize of neutrino massésAs a result, the sneutrino mass
of elementary particle interactions to conserve lepton numsplitting is expected generally to be very small. Yet it can be
ber. In the standard model, lepton number conservation is detected in many cases if one is able to observe the lepton
fortuitous accident that arises because one cannot write dowrumber oscillatiorj4].
renormalizable lepton-number-violating interactions that Neutrino masses can also be generatedRiparity-
only involve the fields of the standard moddl]. In fact, violating (RPV) models of low-energy supersymmetry
there are some experimental hints for nonzero neutring7-11]. However, all possible dimension-4 RPV interactions
masseq 2] that suggest that lepton number is not an exactannot be simultaneously present and unsuppressed; other-
symmetry. wise, the proton decay rate would be many orders of magni-
In low-energy supersymmetric extensions of the standardude larger than the present experimental bound. One way to
model, lepton number conservation is not automatically reavoid proton decay is to impose eitH&oor L separately. For
spected by the most general set of renormalizable intera@xample, ifB is conserved, but is not, then the theory
tions. Nevertheless, experimental observations imply thatvould violateR parity but preserve @; baryon “triality.”
lepton-number-violating effects, if they exist, must be rather In this paper we extend the analysis of Rdfl and study
small. If one wants to enforce lepton number conservation irsneutrino phenomena in models withdrifparity (but with
the tree-level supersymmetric theory, it is sufficient to im-baryon triality). Such models exhibiAL =1 violating inter-
pose one extra discrete symmetry. In the minimal supersymactions at the level of renormalizable operators. One can then
metric standard modéMSSM), a multiplicative symmetry generateAL =2 violating interactions, which are responsible
calledR parity is introduced, such that tequantum num- for generating neutrino masses. In general, one neutrino
ber of a MSSM field of spirg, baryon numbeB, and lepton mass is generated at the tree level via mixing with the neu-
numberL is given by (- 1)I3®-L*28] By introducingB-L  tralinos, and the remaining neutrino masses are generated at
conservation modulo 2, one eliminates all dimension-4one loop.
lepton-number- and baryon-number-violating interactions. In Sec. Il we introduce the most general RPV model with
Majorana neutrino masses can be generated iR-parity- a conserved baryon number and establish our notation. In
conserving extension of the MSSM involving nett =2 Sec. Il we obtain the general form for the mass matrix in the
interactions through the supersymmetric seesaw mechanisneutral fermion sectdwhich governs the mixing of neutrali-
[3.4]. nos and neutringsand in the neutral scalar sectowvhich
In a recent papej4] (for an independent study, see Ref. governs the mixing of neutral Higgs bosons and sneutyinos
[5]), we studied the effect of such&L=2 interaction on From these results, we obtain the tree-level masses of neu-
sneutrino phenomena. In this case, the sneutriiip gnd  trinos and squared-mass splittings of the sneutrino-
antisneutrino §), which are eigenstates of lepton number, antisneutrino pairs. In Sec. IV we calculate the neutrino
are no longer mass eigenstates. The mass eigenstates are
therefore superpositions &f and #, and sneutrino mixing
effects can lead to a phenomenology analogous to that ofy, some cases the sneutrino mass splitting may be enhanced by a
K-K and B-B mixing. The mass splitting between the two factor as large as $compared to the neutrino mags6|.
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masses and sneutrino-antisneutrino squared-mass splitting§SSM, i.e., the fields of the two-Higgs-doublet extension of
generated at one loop. The phenomenological implications ahe standard model plus their superpartners. The most gen-
these results are addressed in Sec. V along with our summaeyal renormalizable superpotential respecting baryon triality
and conclusions. An explicit computation of the scalar po-is given by

tential of the model is presented in Appendix A. For com-

pleteness, we present in Appendix B the general form for the Weel—u LAl +12 CifiE +n [idip
mass matrix in the charged fermion sectamich governs il = rabaHut 2N apml ol BEm T AanmloQnDm
the mixing of charginos and charged leptprasd in the —hnmﬂ'uA%Um], 2.

charged scalar sectéwhich governs the mixing of charged
Higgs bosons and charged sleptpriEhe relevant Feynman . .
rules for the RPV model and the loop function needed for thevhereHy is the up-type Higgs supermultiplet, titg, are

one-loop computations of Sec. IV are given in Appendixes Cdoublet quark supermultipletsl,, [D,,] are singlet up-type

and D. [down-typd quark supermultiplets, and tHe,, are the sin-
glet charged lepton supermultiplét§Vithout loss of gener-
Il. R-PARITY VIOLATION FORMALISM ality, the coefficients\ .z, are taken to be antisymmetric

f ._under the interchange of the indicesand 8. Note that theu
In R-parity-violating low-energy supersymmetry, there is : : !
no conserved quantum number that distinguishes the Ieptotﬁrm of the MSSMwhich corresponds tp, in Eq. (2.1] is

. N _ . now extended to anng+ 1)-component vectog, (while
supermultiplets., and the down-type Higgs supermultiplet o |atin indicesr andm run from 1 ton,). Then the trilinear

Hp. Here m is a generation label that runs from 1 to terms in the superpotential proportionalXand\’ contain
ng=3. Each supermultiplet transforms asYa= —1 weak |epton-number-violating generalizations of the down quark
doublet under the electroweak gauge group. It is thereforgnd charged lepton Yukawa matrices.
convenient to denote the four supermultiplets by one symbol Next, we consider the most general set(oénormaliz-
L, (¢=0,1,..ny), with Loy=Hp. We consider the most able soft-supersymmetry-breaking terms. In addition to the
general low-energy supersymmetric model consisting of theisual soft-supersymmetry-breaking terms of tRearity-
MSSM fields that conserves 3; baryon triality. As re- conserving MSSM, one must also add néwand B terms
marked in Sec. I, such a theory possesses RPV interaction®rresponding to the RPV terms of the superpotential. In
that violate lepton number. addition, new RPV scalar squared-mass terms also exist. As
The Lagrangian of the theory is fixed by the superpotenabove, we can streamline the notation by extending the defi-
tial and the soft-supersymmetry-breaking teregpersym- nitions of the coefficients of th&-parity-conserving soft-
metry and gauge invariance fix the remaining dimension-4supersymmetry-breaking terms to allow for an index of type
terms. The theory we consider consists of the fields of thea which can run from 0 tog. Explicitly,

2. =ixxi 2. e~ 2
Vsoft=(Mé)anlanln"'(MD)an*mUn"'(Ma)mnDEDn
+(M2) oL T+ (M), BB+ m3|Hy 2~ (&b LLHL +H.c)

+ [ MGG+ M,WaW2+M,BB+H.c]. (2.2

Note that the singl® term of the MSSM is extended to an al =N nm(Ab)enm:  Da= By, (2.3
(ng+1)-component vectds,, , the single squared-mass term o )
for the down-type Higgs boson and thgx g lepton scalar Where_ repeqted indices are not summed over in the above
squared-mass matrix are combined into an+1)x (n, equations. Finally, the Majorana gaugino masgkesare un-
+1) matrix, and the matriXA parameters of the MSSM are Chﬁ'?]%e?ogl)rgcgllgrM(?tzlr\ﬂial is given b
extended in the obvious manngnalogous to the Yukawa P g y
coupling matrices in Eq(2.1)]. In particular,a, gy, is anti- Vscala™ Vet Vot Voot (2.9
symmetric under the interchange @fand 8. It is sometimes
convenient to follow the more conventional notation in the
literature and define th& andB parameters as follows: 2In our notation,e;,= — €,,=1. The notation for the superfields
(extended to allonr=0 as discussed aboyvéollows that of Ref.
[12]. For example, & )l (8%)m] are the scalar components of

Aapm= )\aﬂm(AE)a,Bm @y nm=ham(Au)nm |:r2n[ IAEm]x etc.
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In Appendix A, we present the complete expressionsMier e denotel ,=Hp. The down-type quark and lepton mass

(which is derived from the superpotentigiq. (2.1)]) and  matrices in this basis arise from the Yukawa couplings to
Vp. It is convenient to write out the contribution of the H_ namely?

neutral scalar fields to the full scalar potenfigly. (2.4)]:

1 1
2 ~ o~ - 4 -
Vneutral:(m6+|:U’|2)|hU|2+[(M[)aﬂ+MaMz]VaVE (Ma)nm ‘/ivd)\Onmv (M) ‘/ivd)\Onm! (219

_(baT’ahU+sz’Z G) . . . .

while the up-type quark mass matrices arise as in the MSSM:
+5(g%+9' )| hyl>= 7,17, (2.5 1
(mu)nm:‘zvuhnm- (2.12

=H2 i .
where hy=Hy is the neutral component of the up-type In the literature, one often finds other basis choices. For ex-

HIggS scalar doub!et an’ﬂaEti. In Eq (25), we have in- amp'e, the most common is one Whm@:M and Mm:O
troduced the notation (m=1, ... ng). Of course, the results for physical observ-
ables (which involve mass eigenstajeare independent of
the basis choic&ln the calculations presented in this paper,
2_ 2 when we need to fix a basis, we find the choicegE0 to
| _g |l 2.6 be the most convenient.

[ll. NEUTRINOS AND SNEUTRINOS AT THE TREE
In minimizing the full scalar potential, we assume that LEVEL
only neutral scalar fields acquire vacuum expectation values:
(hyy=v,/\2 and(?,)=v,/\2. From Eq.(2.5), the mini-
mization conditions are

We begin by recalling the calculation of the tree-level
neutrino mass that arises due to tReparity violation. We
then evaluate the corresponding sneutrino mass splitting. In
all the subsequent analysis presented in this paper, we shall
assume for simplicity that the parametem-i()aﬁ, Mo Dy,

2.7 the gaugino mass parametdfs, andv , are real. In particu-
' lar, the ratio of vacuum expectation values,

(M3 +|plPvlE=b,v.—3(g%+9" 2 (|vy2=|vd®vl

1%
[(MD)apt et To5=buvy tanp= =, (3.0
+3(024+ 9" ) (Juy 2= |vg?)vE, can be chosen to be positive by conventjaith v 4 defined

by the positive square root of ER.9)]. That is, we neglect
2.9 new supersymmetric sources @GP violation that can con-
tribute to neutrino and sneutrino phenomena. We shall ad-
where dress the latter possibility in a subsequent pafdf.

A. Neutrino mass

2_ 2
va?=> vl% 2.9 . . - .
vl a vl 29 The neutrino can become massive due to mixing with the

neutralinos[7]. This is determined by then{+4)X(ng
The normalization of the vacuum expectation values hast-4) mass matrix in a basis spanned by the two neutral
been chosen such that gauginosB and W3, the Higgsinosh, andhp=w,, andng

generations of neutrinos,,. The tree-level fermion mass

matrix, with rows and columns corresponding to

2 ~ o _ L
UE(|UU|2+|Ud|2)1/2: r;]w:246 GeV. (21() {B,Ws,hu Vg (B—O,l, A ng)}, IS given by[8,9]

. . . . . . 3As shown in Appendix B, ify)nm iS not precisely the charged
Up to this point, there is no preferred direction in the ohi0n mass matrix, as a result of a small admixture of the charged
generalized generation space spanned byLthelt is con-  Higgsino eigenstate due to RPV interactions.
venient to choose a particular “interaction” basis such that “For a general discussion of basis-independent parametrizations of
vp=0 (m=1,...ng), in which caseg=vq. In this basis, R-parity violation, see Ref§13] and[11].
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Ml 0 mzswvu/l) —szWvl;/v
0 M —myCcwv,/v  MyCyvg/v
M(n): 2 ZVYWV u ZYW! B ’ (32)
stWvu/U _chWvu/U O ,LLB
—MzSyv /v MmzCyo,lv Mo Oup
[
where cy=coséby, sw=sinfy, v is defined in Eq.(2.10, B. Sneutrino mass splitting

and Q5 is the (ng+1)X(ng+1) zero matrix. In a basis-

; At ; X In RPV low-energy supersymmetry, the sneutrinos mix
independent analysis, it is convenient to introduce

with the Higgs bosons. Under the assumptiorCéf conser-
vation, we may separately consider f8B-even andCP-odd
cosE= Eava,ua, (3.3 scalar sectors. For simplicity, consider first the case of one
Vg sneutrino generation. IR parity is conserved, th€P-even
scalar sector consists of two Higgs scalar$ &ndH°, with
where u is defined in Eq.(2.6). Note thaté measures the mpo<my0) andv_., while theCP-odd scalar sector consists
alignment ofv, and u,,. It is easy to check tha¥l(™ pos-  of the Higgs scalai’, the Goldstone bosotwhich is ab-
sessesi;— 1 zero eigenvalues. We shall identify the corre-sorbed by thez), and one sneutrin@_ . Moreover, thep..
sponding states witimg—1 physical neutrinos of the stan- are mass degenerate, so that the standard practice is to define
dard model[8], while one neutrino acquires mass througheigenstates of lepton numbe®= (v, +iv_)/v2 and ¥
mixing. We can evaluate this mass by computing the produc7*. WhenR parity is violated, the sneutrinos in eaGP
of the five nonzero eigenvalues bf(" [denoted below by sector mix with the corresponding Higgs scalars, and the
det MO mass degeneracy 6f, and7_ is broken. We expect the
RPV interactions to be small; thus, we can evaluate the con-
det MW =mZu2Ms cos Bsir? ¢, (3.4  comitant sneutrino mass splitting in perturbation theory. For
ng>1 generations of sneutrinos, one can consider nontrivial
where M= cog &M, +sir? 4yM,. We compare this result flavor mixing among sneutrino®r antisneutringsin addi-
with the product of the four neutralino masses of thetion to ngy sneutrino-antisneutrino mass splittings.
R-parity-conserving MSSMobtained by computing the de- The CP-even andCP-odd scalar squared-mass matrices
terminant of the upper 44 block of M(™ with uq,vo re-  are most easily derived as follows. Insérg=(1/2)(v,

placed byu,vy, respectively. +ia,) and?,=(1M2)(v,+ia,) into Eq. (2.5 and call the
resulting expressionVgyent Vogg- The CP-even squared-
detM{ = u(mZM>, sin 28—M;Myu). (3.5  mass matrix is obtained frof.., Which is identified by

replacing the scalar fields in E(R.5) by their corresponding
To first order in the neutrino mass, the neutralino masses ameal vacuum expectation valuésr, equivalently, by setting
unchanged by th&-parity-violating terms, and we end up a,=a,=0 in Vet Vogd . Then,
with [9]
Veven: %mﬁuvﬁ—’_ %miﬁv VB~ bav ula

(n 2 uM-= i
det M mzuMs, cos B sir? ¢ 36 +A(g2+g') (02— v2)?, 3.7)

m,= = : .
" detMy)  miMs sin28—M;Myu

Vodd: %mﬁuaﬁ‘F %miﬁaaaﬁ_l— baauaa
Thus m,~m; cos Bsirf ¢ assuming that all the relevant PP, s o o
masses are at the electroweak scale. +33(9°+9")[(ay—ag) +2(ay—ag)(vy—vgl,
Note that a necessary and sufficient conditionrfgr= 0 (3.9
(at the tree levelis siné+0, which implies thatw, andv,
are not aligned.This is generic in RPV models. In particu- where mﬁuE(mS“L#Z) and miBE(Mf)aBJFMaM,e- The
lar, the alignment ofx,, andv , is not renormalization group  minimization conditions dVae/dv,=0 (p=u,@) vyield
invariant [9,10]. Thus exact alignment at the low-energy gqs, (2.7 and(2.8), with all parameters assumed to be real.
scale can only be implemented by a fine-tuning of the modejn particular, it is convenient to rewrite E(.8). First, we
parameters. introduce the generalized n§+1)X(ng+1) sneutrino
squared-mass matrix

. . _ . 2 —(\2 2_ .2
5To compute this quantity, calculate the characteristic polynomial (M35x) ap=(M?) op+ sttt s— 5(9°+9"?) (V5= V) Oap-

det—M™) and examine the first nonzero coefficient 0 (n 3.9
=0,1,...). In thepresent case, deM™ is given by the coefficient .
of Ng— 1. Then Eq.(2.8) assumes a very simple form
8A necessary and sufficient condition for the alignmeng.gfand 2
v, is given in Eq.(3.11). (M354) apU g=v by - (3.10
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As an aside, we note that E(.10 can be used to derive matrix elements MI2-,)om=(M2,)no=0. It then follows
the necessary and sufficient condition for &0 (corre-  (using the explicit forms for the scalar squared-mass matri-
sponding to the alignment ok, andv,). If there exists ces[Egs. (3.13 and (3.15 given below) that there is no
some numbec such that mixing between the Higgs bosons and sneutrinos. Thus, al-
though some RPV effects still remain in the theory, @
2 even andCP-odd sneutrino mass matrices are identical. Con-
(M355) aprep=Chy, (3.11 sequently, the conditions for the absence of tree-level
neutrino masse@lignment ofw, andv,) and the absence

. . of sneutrino-antisneutrino mass splitting at the tree level
then it follows thatu,, andv , are aligned. To prove that Eq. (alignment ofb,, andv ) are different

(3.11) implies the alignment ok, andv,,, simply insert Eq. Returning to the computation of the tree-level sneutrino-
(3'121) into Eq.(3.10 (thereby eliminatind,,), and note that  gntisneutrino mass splittings, we must first calculateGRe
(M354) ap Must be nonsinguldotherwise, Eq(3.10 would  even and CP-odd scalar spectrum. ThE€P-even scalar
not yield a unique nontrivial solution far,,]. squared-mass matrix is given by

Naively, one might think that if., andv , are aligned, so
that all tree-level neutrino masses vanish, then one would
also find degenerate sneutrino-antisneutrino pairs at the tree d*Veven
level. This is not generally true. Instead, the absence of de- ver?pq dvpdog’ (3.12
generate sneutrino-antisneutrino pairs is controlled by the
alignment ofb, andv,. To see how this works, note that
Eq. (3.10 implies thatb, andv, are aligned ifus iS an  After using the minimization conditions of the potential, we
eigenvector of M ~x)ap- ONE can then rotate to a basis in obtain the following result for theCP-even squared-mass
which v,=b,,=0 (Wwherem=1, ... ng); in this basis, the matrix:

(@29 Mvi+tbu, vy, —i(@P+9"Dvws—by

) 3.1
_%(gz+g’2)vuva_ba All(gz—f—glz)vavﬁ_’_(Msz;*)aﬁ ( 3)

even

where qvl%*)aﬁ is constrained according to E(8.10. The  absorbed by th&. One can check that the following tree-
CP-odd scalar squared-mass matrix is determined from  level sum rule holds:

TrM?

even

mz+ Tr M(Jdd (3.19
d?Vqq

M2 po= o gl el (3.14

This result is a generalization of the well-known tree-level
sum rule for theCP-even Higgs masses of the MSSdee
where V44 is given by Eq.(3.8. The resultingCP-odd Eq. (3.21)]. Equation(3.16 is more general in that it also

squared-mass matrix is then includes contributions from the sneutrinos which mix with
the neutral Higgs bosons in the presence of RPV interac-
bv,lv, by tions. _ _
M2=| " b”a (M2, 05" (3.19 To complete the computation of the sneutrino-

antisneutrino mass splitting, one must evaluate the nonzero
eigenvalues oM2,.,andM2,, and identify which ones cor-
Note that the vector €v,,vp) is an eigenvector oMZ2,;  respond to the sneutrino eigenstates. To do this, one must
with zero eigenvalue; this is the Goldstone boson that isirst identify the small parameters characteristic of the RPV
interactions. We find that a judicious choice of basis signifi-
cantly simplifies the analysis. Following the discussion at the
"It is interesting to compare this result with the one obtained |nend of Sec. Il, we choose a basis such thgt=0 (which

Ref. [8], where it was shown that, and v, are aligned if two IMplies thatvy=vo). o o
condltlons hold: (i) b=, and (i) u, is an eigenvector of To illustrate our method, we exhibit the calculation in the

(ML)HB From Eq.(3.1D, we see that these two conditions are 8S€ 0fng=1 generatlon In the basis wherg=0, Eq.
sufficient for alignmentsince conditions(ii) and (i) imply the (3.10 implies that (M5 W*)ao b,tang (¢=0,1). Then the
existence of a constantin Eq.(3.11)], but are not the most general. squared-mass matrices, Eq8.13 and (3.195, reduce to
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bocotB+5(g?+9'dvs  —bo—;(g?+9 Dvwg —by
Mtzeven: —bo—%(gz+g’2)vuvd botanﬂ+%(gz+g’2)v§ blt;am,B (3.17
_bl bl tanﬁ f‘ﬂ;};*
|
and We now extend the above results to more than one gen-
eration of sneutrinos. In a basis wherg,=0 (m
by cotp bg by =1,..ng), the resultingCP-even andCP-odd squared mass
Mgdd: bo botang bitang|  (3.19 matrices are obtained from Eq8.17) and(3.18 by replac-
b, b, tang m%* ing by with the ng-dimensional vectob,, and m%;}* by the
NgX Ng matrix (M%;*)mn. In general, M%;*)mn need not be
where flavor diagonal. In this case, the theory would predict
2 5 2 2 1,9 a2 2 sneutrino flavor mixing in addition to the sneutrino-
M5x = (M350 1= (M) 1t 1= 5(9°+ 9" ) (v —vg). antisneutrino mixing exhibited above. The relative strength

(3.19 of these effects depends on the relative size of the RPV and
flavor-violating parameters of the model. To analyze the re-

In the R-parity-conserving limit b,=w,=0), one obtains g ting sneutrino spectrum, we choose a basis in which
the usual MSSM tree-level masses for the Higgs bosons and , 2 Yo is diagonal:
mn .

the sneutrinos. vk
In both squared-mass matricgsgs. (3.17) and (3.18],
b;< m% is a small parameter that can be treated perturba-

tively. We may then compute the sneutrino mass splitting, this pasisp,, is also suitably redefinedWe will continue

due to the small mixing with the Higgs bosons. Using, ,se the same symbols for these quantities in the new ba-
second-order matrix perturbation theory to compute the €igis) The CP-even andCP-odd sneutrino mass eigenstates

genvalues, we find will be denoted by %.),, and #_),,, respectively It is a
, , b? [ sik(f—a) co2(f—a) simple matter to extgnd Fhe perturbative analysis of the scalar
M5, =M+ o2 > —+ — 1, squared-mass matrices if th@;. ) , are nondegenerate. We
’ COS' B (M5 —Mio) (M55 — Mio) then find that &m?) ,=(m2 )y— (M2 ), is given by Eq.

(MTZ,“{,*)mn:(mg‘“ )mOmn- (3.29

2%

2 (3.24), with the replacement ob; and M-, by b, and

bl 5 1 2% m

(M. —mio)co2 B (3.20  (m::.)m, respectively. That is, while in general only one
v A0 neutrino is massive, all the sneutrino-antisneutrino pairs are

Above, we employ the standard notation for the I\/lss’vlgenerically split in mas3.If we are prepared to allow for
' special choices of the parametess, and b,, then these

Higgs sector observabl¢45]. Note that at leading order in e . .
27 ; . .results are modified. The one massive neutrino becomes
b1, it suffices to use the values for the Higgs parameters in

. . S . massless ifu,=0 for all m (in the basis where,=0). In
th_e R-parity-conserving I|_m|t. In particular, thetree-leve) contrast, the number of sneutrino-antisneutrino pairs that re-
Higgs boson masses satisfy

main degenerate in mass is equal to the number obthe

me =me-, +

vv¥

M2+ m2.=m2+ m2 (3.21) that are zero(Of course, all these tree-level results are modi-
hO T TEHOTTZ T A0 ' fied by one-loop radiative corrections as discussed in Sec.
IV.)
2 2 2
M:oM:,0=Mzmj, CoS 2.3, (3.22

while the (tree-leve] CP-even Higgs mixing angle satisfies ) ) )
The indexm labels sneutrino generation, although one should

keep in mind that in the presence of flavor violation, the sneutrino
———. (3.23 mass basis is not aligned with the corresponding mass bases rel-
Myo( M0~ Mpo) evant for the charged sleptons, charged leptons, or neutrinos.
%This is a very general tree-level result. Consider models wjth
After some algebra, we end up with the following expressiongenerations of left-handed neutrinos in which some of the neutrino
at leading order irb? for the sneutrino squared-mass split- mass eigenstates remain massless. One finds that geneadiaily,

2 2 2
m; o(Mz—Mio)

coS(B—a)=

ting Am%Em% — m@y : sneutrino-antisneutrino pairs are split in mass. For example, in the
* B three-generation seesaw model with one right-handed neutrino, only
2.2 2 : one neutrino is massive, while all three sneutrino-antisneutrino
) 4bimsms., sir? 8 _
Amé= pairs are nondegeneratét the one-loop level, the nondegeneracy
v 2 2 2 2 2 NG . . . . ;
(M= —My0) (ME=, — M) (ME=, — Myo) of the sneutrino-antisneutrino pairs will generate small masses for

(3.249 neutrinos that were massless at the tree 1g18].)
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If some of the (n%*)m are degenerate, the analysis be- 0
comes significantly more complicated. We will not provide
the corresponding analytic expressigakhough they can be
obtained using degenerate second-order perturbation theory
However, one can show that for two or more generations if
Ngeg Of the (m%*)m are equalby definition,nge>2), and if
bm# 0 for all m, then onlyng—ngeqt+ 2 of the CP-even—CP-
odd sneutrino pairs are split in mass. The remainipg, FIG. 1. One-loop contribution to the neutrino mass.

—2 sneutrino pairs are exactly mass degenerate at the tree

level. Additional cases can be considered if some oftthe unnatural cancellation between the tree-level and one-loop

vanish. contributions to the neutrino mass or to the sneutrino-
antisneutrino mass splitting.

vm(p) 1 vy(p)
\ ’

Elg—p)

IV. ONE-LOOP EFFECTS .
A. One-loop neutrino mass

In Sec. lll, we showed that in the three-generation model
for a generic choice of RPV parameters, mass for one neys,
trino flavor is generated at the tree level due to mixing withI
the neutralinos, while mass splittings of three generations o
sheutrino-antisneutrino pairs at the tree level are a cons
guence of mixing with the Higgs bosons. Special choices o
the RPV parameters can leave all neutrinos massless at t
tree level and/or less than three sneutrino-antisneutrino pai
with nondegenerate tree-level masses.

At one loop, contributions to the neutrino mass are gen-
ated from diagrams involving a charged lepton-slepton
op (shown in Fig. 1 and an analogous down-type quark-
guark loop[7]. We first consider the contribution of the
harged lepton-slepton loop. We shall work in a specific ba-
is, in whichv,=0 (i.e., vo=vq4) and the charged lepton
ass matrix is diagonal. In this basis, the distinction between
r(:Sharged sleptons and Higgs bosons is meaningful. Neverthe-
less, in a complete calculation, we should keep track of
splittings for the remaining degenerate Sneumno_%?'narged-slept_on—H@g_gs-bosc_)n mixing and the charged-
pItiNgs . . Y 9 lepton—chargino mixing which determine the actual mass
antisneutrino pairs will be generated by one-loop effECtSeigenstates that appear in the loop. For completeness, we

{\r/lé)er-elgxglr’ Z]ns:)ar?eed ﬁgzzésth:néaﬂ:g\sles Cﬁ:irscgocn;n tgetr; rite out in Appendix B the relevant mass matrices of the
9 piting arged fermion and scalar sectors. In order to simplify the

nificant (and may actually dominate the correspondlng tre.e'computation, we shall simply ignore all flavor mixirighis
level resulty. As a concrete example, consider a model in;

. ) : . includes mixing between charged Higgs bosons and slep-
which RPV interactions are introduced only through the su- ‘o
perpotentiah and)’ couplings[Eq. (2.1)]. In this cases, tons. However, we allow for mixing between thetype and

. . . Rtype charged sleptons separately in each generation, since
b, , andv , are all fmwally a“gned. and no tree-level neutrino this is necessary in order to obtain a nonvanishing effect.
_mz_issesdorl sne;utrlno mass sphtUggs E.re gs;\e/rated. In.ﬂ t;ea'lt therefore suffices to consider the structure of a 2
Istic model, soft-supersymmetry-breaking terms wi €2 (LR) block of the charged slepton squared-mass matrix

g;nﬁlriteg Iriailr?:lvrilyg iUCh modelrs](,j éherzbyv\;n\tlrordtiﬁlng %orresponding to one generation. The corresponding charged
small nonalignment among,, v,, ando,. HOWever, the slepton mass eigenstates are given by
resulting tree-level neutrino masses and sneutrino-

gntisneutrino mass splittings will be radiatively s_,uppressed, Ti:VilTL+Vi2TRv i=12, 4.2)
in which case the tree-level and one-loop radiatively gener-

ated masses and mass splittings considered in this sectigfhere

would be of the same order of magnitude.

In this section, we compute the one-loop generated neu- _ [ cosgy  sing,
trino mass and sneutrino-antisneutrino mass splitting gener- —sin¢g, cosg¢,)’
ated by the RPV interactions. However, there is another ef-
fect that arises at one loop froRkparity-conserving effects. The mixing angle¢, can be found by diagonalizing the
Once a sneutrino-antisneutrino squared-mass splitting is e§harged slepton squared-mass matrix
tablished, its presence will contribute radiatively to neutrino

: - , - L2+m?  Am

masses through a one-loop diagram involving sneutrinos and M2 = l ) ! 2)
neutralinos(with R-parity-conserving couplings Similarly, slepon| - Am R%+my)”
a nonzero neutrino mass will generate a one-loop sneutrino- ) 2 ) ) 5
antisneutrino mass splitting. In Ré#], we considered these Where L?=(M7), +(Tz—esir’ BTG cos B, R*=(M32),
effects explicitly. The conclusion of this work was that + (esir? Bw)m% cos 28, with T3=—1/2 ande=—1 for the
down-type charged sleptons, ard=(Ag)q; — motans. In

4.3

(4.9

A terms of these parameters, the mixing angle is given by
10 3=< — <10°. (4.1
v in 26 2Am, 5
Sin 1= . .
This result is applicable to all models in which there is no \/(LZ—R2)2+4A2m|2
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The two-point amplitude corresponding to Fig. 1 can be computed using the Feynman rules given in Appendix C. The result
is given by

. dg - i(q+m)
Mon=2, 2 f Gt (TN C PV (M) PV

[
—_—, 4.6
(@ pZ-MZ (49
wherem, is the lepton massv p are the sleptons masses, and\jeare the slepton mixing matrix elemertsq. (4.3)]. The

charge conjugation matri® appears according to the Feynman rules given in Appendix D of[Réf. The integral above can
be expressed in terms of the well-known one-loop inteBgaldefined in Appendix D The corresponding contributions to the
one-loop neutrino mass matrix is obtained via, jqm= —qu(p2=0). The end result is

1 :
(mv)gr)nz 3271,2 Izp )\qlp)\mplml sin 2¢|[Bo(0,mﬁ, M;l) - BO(Ovmﬁl Méz)]

1 _ M2,
ZW% N gipAmpiMy Sin 2 In —’23—2

: (4.7)

where the superscrifit) indicates the contribution of Fig. 1. are significant only if sneutrinos of different flavors are mass
As expected, the divergences cancel and the final result degenerate. The one-loop generated mass splitting is relevant
finite. In the last step, we simplified the resulting expressioronly when the tree-level contributions vanish or are highly
under the assumption that|<Mp1,Mp2. suppressed. In the simplest case, for one generation of
The quark-squark loop contribution to the one-loop neu-Sneutrinos and without tree-level sneutrino-antisneutrino

trino mass may be similarly computed. Employing the saméPlitting, we get
approximations as described above, the final result can be 2 s 2

immediately obtained from Ed4.7) with the following ad- (AmS) =2 Mpn(p*=ms)], (4.9
justments: (i) multiply the result by a color factor of . . o

N.=3, (ii) replace the Yukawa couplingswith A" and the ~ wherei M,y is the sum of all contributing one-loop Feyn-
lepton massn, by the corresponding down-type quark massman diagrams computed below amd; is the R-parity-

mg, and (i) replace the slepton mixing angl#, by the conserving tree-level sneutrino mass. In the more compli-
corresponding down-type squark mixing anglg. Note that ~ cated case, where there arg,q flavors of mass-degenerate

¢4 is computed using Eqg4.3) and (4.5), after replacing Sheutrinos, sneutrino-antisneutrino mass eigenstates are ob-
m, e=—1, M%, Mé, and (Ag)g with my, e=—1/3, Mé, tained by diagonalizing thereyx 2n4e4 Sneutrino squared-

2 ) mass matrix:
Mz, and Ap)odd, respectively. Here and belowd[r] la-
bels the generations of down-type quafkgquarks. Then, m2s M, (pP= m2)
M2 o y’mn mp v ,
o 3 , , - Mrzl sneutring M;n( p2: m%) mgéqp
(M) 0= 552 ; NéarinrgMa SiN 26 In| — | . (4.10
v r2
(4.8 where m,n=1,... Ngeg and p,q=nNgegt 1, ..., Ngeq. In

fthe case that there are small mass splittings between sneutri-
nos of different flavors, we can treat such effects perturba-
tively by simply including such flavor nondegeneracies in
the diagonal blocks above. Likewise, a small tree-level split-
ting of the sneutrino and antisneutrino can be accommodated
perturbatively by an appropriate modification of the off-
diagonal blocks above.

As discussed in Sec. IV A, we need only consider in detail

We next consider the computation of the one-loop contrithe contribution of lepton and slepton loog#n particular,
butions to the sneutrino masses under some simplifying awe neglect flavor mixing, but allow for mixing between the
sumptions(which are sufficient to illustrate the general form L-type andR-type charged sleptons separately in each gen-
of these corrections Since the totalR-parity-conserving eration) The corresponding contributions of the quark and
contribution to the sneutrino and antisneutrino mass is equalquark loops are then easily obtained by appropriate substi-
and large(of order the supersymmetry breaking massis  tution of parameters. The relevant graphs with an intermedi-
sufficient to evaluate the one-loop corrections to Me=2 ate lepton and slepton loops are shown in Figs. 2 and 3,
sneutrino squared masses. Flavor-nondiagonal contributioniespectively.

The final result for the neutrino mass matrix is the sum o
Eqgs.(4.7) and(4.8). Clearly, for generic choices of theand
N\ couplings, all neutrinogincluding those neutrinos that
were massless at the tree levghin a one-loop generated
mass.

B. One-loop sneutrino-antisneutrino mass splitting
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£.(9) where them, areleptonmasses anil m, are slepton masses.

It is easy to check that the divergences cancel from the sum
iMU)+iME) . which results in a finite correction to the

e .- . Pq . .
7(p) 7,(p) sneutrino mass. This serves as an important check of the
calculation.
=(a=p) If LR slepton mixing is included, the above results are

modified. The corrections to E¢4.12) in this case are easily
FIG. 2. Lepton pair loop contribution to the sneutrino- Obtained, but we shall omit their explicit form here. In addi-
antisneutrino mass splitting. tion, new slepton loop contributions arise that are propor-
tional to theA parametergdefined in Eq.(2.2)]. We quote
Using the Feynman rules of Appendix(@cluding a mi-  only the final result:
nus sign for the fermion logpthe contribution of the lepton

loop (Fig. 2) is given b . [ . .
P (™9 9 y 'MEQ:W% ApmBanmSin 2, Sin 2¢;,

iMED == A d_4q 2 M2 a2 2 M2 M2
Pq & temetanm (5 )4 X[Bo(p~,M 1,Mnl)+Bo(p M 2,an)
Tr(¢+my)PL(p+¢+m,)P ] —Bo(P®, M7 M7 ) —Bo(p?, M7, M2 )],
[q—ma][(g+p)®—m;] 4.13
—i . . .
= W% )\pmn}\qnmmmmnBO(pzimﬁqvmﬁ)- where ¢,, is the slepton mixing angle of theth generation

and the corresponding slepton eigenstate massed ,qrand
(4.1 an. This result is manifestly finite. Note that this contribu-

o . ) tion vanishes when theR mixing is absent.
The contribution of the slepton lodig. 3) contains two The total contribution of the lepton and slepton loops are

distinct pieces. In the absenceld® slepton mixing, we have  given by the sum of Eqg4.11), (4.12), and(4.13):
LL and RR contributions in the loop proportional to the

Yukawa couplings. When we turn on th& slepton mixing, iMSéZiM(pfq)ﬂLiM(pﬁJriMfﬁ). (4.14

we find additional contributions proportional to the corre-

spondingA terms. First, consider the contributions propor- Finally, one must add the contributions of the quark and
tional to Yukawa couplings. For simplicity, we neglect the squark loops. The results of this subsection can be used, with
LR slepton mixing in this case. As before, we work in a basisthe substitutions described in Sec. IVA to derive the final
wherev,=0 (i.e., vo=v4) and we choose a flavor basis expressions. Once again, we see that for generic choices of
corresponding to the one where the charged lepton mass mghe \, A, \’, andA’ parameters, all sneutrino-antisneutrino
trices are diagonal. Then, the contribution of the slepton loogpairs (including those pairs that were mass degenerate at the
(Fig. 3), summing ovel =L,R type sleptons, is given by tree leve) are split in mass by one-loop effects.

. dq
IM%:%” )\pmn)\qnmmman @t V. PHENOMENOLOGICAL CONSEQUENCES
o The detection of a nonvanishing sneutrino-antisneutrino
1 mass splitting would be a signal of lepton number violation.
[qz_Mzmi][(qup)z_Mﬁi] In particular, it serves as a probe afL=2 interactions,

which also contributes to the generation of neutrino masses.
Thus sneutrino phenomenology at colliders may provide ac-

i
= WZ )\pmn>\qnmmmmn[BO(p27ManR,MﬁR) cess to physics that previously could only be probed by ob-
mn servables sensitive to neutrino masses.
+Bo(p2yMﬁqL:Mr21L)]’ (4.12 Some proposals for detecting the sneutrino-antisneutrino

mass splitting were presented in REf]. If this mass split-

_ ting is large(more then about 1 GeYone may hope to be
ala) able to reconstruct the two masses in sneutrino pair produc-

RN tion and measure their difference. In a RPV theory with
/ \ violation, resonant production of sneutrinos becomes pos-
P! b= sible [18] and the sneutrino mass splitting may be detected

either directly[19] or by using tau-spin asymmetri€20]. If

T the mass splitting is much smaller than 1 GeV, sneutrino-

tla=p) antisneutrino oscillations can be used to measume;. In

FIG. 3. Slepton pair loop contribution to the sneutrino- analogy with B-B mixing, a same-sign lepton signal will
antisneutrino mass splitting. indicate that the two sneutrino mass eigenstates are not mass
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degenerate. In practice, one may only be able to measure tlas compared to those that control the tree-level neutrino
ratio x;=An, /T";. In order to be able to observe the oscil- masses and sneutrino-antisneutrino mass splittings. Thus one
lation, two conditions must be satisfie@} x; should not be may envision cases where the RPV one-loop results are ei-
much smaller than 1, andii) the branching ratio into a ther negligible, of the same order, or dominant with respect
lepton-number-tagging mode should be significant. to the tree-level results. If the RPV one-loop results are neg-
The sneutrino-antisneutrino mass splitting is proportionaligible, then the discussion above applies. In particular, in the
to the RPV parametetts,, (for tree-level mass splittingand  three-generation model with generic model parameters, one
N, A N, andA’ (for loop-induced mass splittingGenerally  typically expects ,~O(1) for one of the generations, while
speaking, these parameters can be rather large, and the strop>1 for the other two generations. In contrast, if the RPV
gest bounds on them come from the limits on neutrinoone-loop corrections are dominant, then the results of Sec.
masses. In the following discussion, we will consider thelV imply thatr,~O(1) for all three generations, for generic
possible values of the relevant parametépsthe ratio of the model parameters.
sheutrino-antisneutrino mass splitting to the neutrino mass

(r,=Am;/m,), (i) the sneutrino widthI(5), and(iii) the B. Sneutrino width and branching ratios
branching ratio of the sneutrino into a lepton-number-tagging , . , , , .
mode. Besides their effect on the sneutrino-antisneutrino mixing,

the RPV interactions also modify the sneutrino decays. This
can happen in two ways. First, the presence ofxtand\’
coupling can directly mediate sneutrino decay to quark
To determine the order of magnitude afm;/m,, we  and/or lepton pairs. Second, the sneutrinos can decay
shall take alR-parity-conserving supersymmetric parametersthrough their mixing with the Higgs bosor{svhich would
to be of ordem; . In the one-generation model, the neutrino favor decay into the heaviest fermion or boson pairs that are
acquires a mass of ordenv~,u§ cog B/my, via tree-level  kinematically allowedl These decays are relevant if the
mixing, where we have used sfBFu,/u in a basis where sneutrino is the lightest supersymmetric partidlSP) or if
v,=0. The tree-level mass splitting of the sneutrino-the R-parity-conserving sneutrino decays are suppressed
antisneutrino pair is obtained from E€B.24), and we find (e.g., if no two-bodyR-parity-conserving decays are kine-
Amé~b?sir? g/mé. Using Amé=2m;;.Amy;, it follows  matically allowed.
that Consider two limiting cases. First, suppose that the RPV
decays of the sneutrino are dominénit that the sneutrino is
Am;  bitarf g the LSP. Then, in the absence @P-violating effects, the
T 2,7 (5.1 sneutrino and antisneutrino decay into the same channels
with the same rate. Moreover, the RPV sneutrino decays vio-

To appreciate the implications of this result, we note that Eglate lepton number by one unit. Hence one cannot identify

A. Order of magnitude of Am;/m,

r 7 2
g mV leu’l

(3.10 in thev;=0 basis yields the decayindant)sneutrino state via a lepton tag, as in Ref.
[4]. However, oscillation phenomena may still be observable
by =[(M?)10+ p1p40]cOt . (5.2 ifthere is a significant difference in tf@P-even andCP-odd

sneutrino lifetimes. For example, if the RPV sneutrino de-

The natural case is the one where all terms in(B@®) are of  cays via Higgs mixing dominate, then for sneutrino masses
the same order. Them ~O(mzu4 cotp), and it follows that  between 2ny, and 2n, the dominant decay channels for the
r,~O(1). On theother hand, it is possible to have>1 fif, CP-even scalar would b&/*W~, ZZ, andh®h®, while the
e.g., (M%)lo>,u,1,u,0. The upper bound ,<10° [see Eq. CP-odd scalar would decay mainly intmh. In this case, the
(4.1)] still applies in the absence of unnatural cancellationgatio of sneutrino lifetimes would be of orderz/mj. Add-
between the tree-level and one-loop contributionsito ing up all channels, one finds a ratio of lifetimes of order

We do not discuss here any models that predict the relal0>. Moreover, the overall lifetimes are suppressed by small
tive size of the relevant RPV parameters. We only note thaRPV parameters: so one can imagine cases where a LSP
while we are not familiar with specific one-generation mod-sneutrino would decay at colliders with a displaced vertex.
els that lead ta ,>1, we are aware of models that lead to Oscillation phenomena similar to that of the-K system
r,~1. One such example is a class of models based on horivould then be observable for the sneutrino-antisneutrino sys-
zontal symmetry8]. tem. Including all three generations of sneutrinos would lead

In the three-generation model, there is at most one treeto a very rich phenomenology that would provide a precision
level nonzero neutrino mass, while all sneutrino-probe of the underlying lepton number violation of the
antisneutrino pair masses may be split. This provides fatheory.
greater freedom for the possible values ofng;)n, Second, suppose that tieparity-conserving decays of
~ b2 sir? gIm3, since in many cases these are not constrainethe sneutrino are dominant. Then the considerations of Ref.
by the very small neutrino masses. In general, significanf4] apply. In particular, in most cases, there are leptonic final
regions of parameter space exist in whigf1 for at least states in sneutrino decays that tag the initial sneutrino state.
ng—1 generations of neutrinos and sneutrinos. Thus the like-sign dilepton signal of R¢#] can be used to

Consider next the implications of the RPV one-loop cor-measure;=Am; /I';. Since only values of;=1 are prac-
rections. These are proportional to different RPV parameterically measurable, the most favorable case corresponds to
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very smalll’; . In typical models ofR-parity-conserving su- ACKNOWLEDGMENTS

persymmetry, the sneutrino decays into two-body final states \ye thank Yossi Nir for helpful discussions. Y. G. is sup-

with a width of order 1 GeV. This result can be suppresseghorted by the U.S. Department of Energy under Contract No.
somewhat by chargino-neutralino mixing angle and phasg)g-AC03-76SF00515, and H.E.H. is supported in part by
space effects, but the suppression factor is at most a factor gie . s. Department of Energy under Contract No. DE-

10% in rate (assuming that the tagging mode is to be observeG3-92ER40689 and in part by Fermi National Accelerator
able). If the LSP is thé7~, then supersymmetric models can | gporatory.

be envisioned where two-body sneutrino decays are absent,
and the three-body sneutrino decdys-7rv,l can serve as

the tagging mode. In Ref4], we noted that a LSFy is
strongly disfavored by astrophysical bounds on the abun- |n softly broken supersymmetric theories, the total scalar
dance of stable heavy charged particled]. In R-parity-  potential is given by Eq(2.4), whereVy andV, originate
violating supersymmetry, this is not an objection, since th&rom the supersymmetry-preserving sector, whilgy, con-
LSP7x would decay through a RPV interaction. Three-bodytains the soft-supersymmetry-breaking terivig.is obtained
sheutrino decay widths can vary typically between 1 eV androm the superpotentidl by first replacing all chiral super-

1 keV, depending on the supersymmetric parameters. Thufields by their leading scalar components and then computing
in this case, the like-sign dilepton signature can also provide

a precision probe of the underlying lepton number violation dwl?
of the theory. VFI%: %ﬂ : (A1)

APPENDIX A: THE SCALAR POTENTIAL

C. Conclusions where the sum is taken over all contributing scalar fiekds

R-parity-violating low-energy supersymmetry with For the superpotential in E¢2.1) we obtain
baryon number conservation provides a framework for par-
ticle physics with lepton number violation. Recent experi- daw | -
mental signals of neutrino masses and mixing may provide dT:)\anmLaQnEij '
the first glimpse of the lepton-number-violating world. The "
search for neutrino masses and oscillations is a difficult one. dw
Even if successful, such observations will provide few hints ——=—hpH,Qlei
as to the nature of the underlying lepton number violation. In dUn, n
supersymmetric models that incorporate lepton number vio-
lation, the phenomenology of sneutrinos may provide addi-
tional insight to help us unravel the mystery of neutrino d—'QJm
masses and mixing. Sneutrino flavor mixing and sneutrino-
antisneutrino oscillations are analogous to neutrino flavor

:()\;nmLiaDm_ haniUUm)Eij )

o . . . . dw 1 -
mixing and Majorana neutrino masses, respectively. Crucial =\ LU Lle
. ) ; dE 2 Mapm-a BEij
observables at future colliders include the sneutrino- m
antisneutrino mass splitting, sneutrino oscillation phenom-
ena, and possible long sneutrino and antisneutrino lifetimes. dw j , j j
In this paper, we describe@P-conserving sneutrino phe- g~ MapmbgEmt M annQuDm— waHy) €
nomenology that can probe the physics of lepton number “
violation. In a subsequent paper, we will address the impli- dw
cations ofCP violation in the sneutrino system. The obser- —  —(h..O'U.— Ve
. g i (hnmQnYUm /-LaLa)Eu . (A2)
vation of such phenomena at future colliders would have a dHy
dramatic impact on the pursuit of physics beyond the stan-
dard model. Inserting these results into EGA1), one ends up with

|
VE=N ot b o QA(LY QL =LY Q) + hanhitnHUQR(HY QL —HE Q)

N LLLY DD+ hyeh [ H G [2U U = (M 5 HULD UnDE +H.C) + 5N gl L Lo LELE

+\/

anm

N g dl gL EmER + N e sk QnQp DinDj + [ 102 Hul?+ (N wpmh L 5Qp EmDi +H.C.)

= (e hykHULY EX +H.0) = (o b HUQY D +H.0) + samf Ll +hanhiigUmUg QuQp"
— (oD% LL QY U +H.c). (A3)
Vp is obtained from the following formula:
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Vp=3[D?D%+(D")?], (A4)

where

Da=lg

o mi s i am
5 IlJ*U'in{J”L% Q:UijQJme; Lo aill|,

Dl_l !

~ ~ 1 ~ 4 ~ 2 ~
|HU|2_E |La|2+22 |Em|2+_2 |Qm|2__2 |Um|2+_2 |Dm|2 : (AS)
[e% m 3 m 3 m 3 m
Then,
1 ~ ~ 2 — L
vD=§gz[(|Hulz—E Lal?=2 [Qnl*| —22, leLaljl*+42 HYTLI?

-2 |fij(~3im@1|2+42 IHy Q2—4> |fijtia(~?im|2]
m#n m am
2

1 - - 1 - 4 - 2 -
+ 29" [Hy2= 2 L2422 B2+ 22 Q2= 52 102+ 22 [Dyl? (A6)
8 a m 3 m 3 m 3 m

Finally, the soft-supersymmetry-breaking contribution to 0 XT) ( ,ﬁ) (
B2)

1
the scalar potential has already been given in B®. Limass — §(¢+ l/f)(x 0/\y

APPENDIX B: THE CHARGED FERMION AND SCALAR wheré?
SECTORS

Using the same techniques discussed in Sec. lll, one can i 0
evaluate the tree-level masses of charged fermions and sca- V2 9uu m
lars. For completeness, we include here the results for the X= . (B3)
general R-parity-violating, baryon-triality-preserving model i (my)
exhibited in Sec. Il.(For related results in a minimal RPV fzgva Ha Vam
model in which u, is the only RPV parameter, see Ref.
[22].)

First, we consider the sector of charged fermions. Th
charginos and charged leptons mix: so we must diagonalize a
(ng+2)X(ng+2) matrix forng generations of leptons. Fol- (M) o= — A (B4)
lowing the notation of Ref[23], we assemble the two- ' “m_‘/QvP pam:
component fermion fields as follows:

eIn Eq. (B3), O, is a row vector withng zeros and

Note that in the basis wherg,=0, the definition of (),
reduces to the one given in E@.11). The charged fermion
w*z(—i)\*,w,ﬁu .wEk). masses are obtained by either diagonalizilX (with uni-
tary matrixV) or XX' (with unitary matrixU*), where the
two unitary matrices are chosen such thtXVv—1 is a di-
agonal matrix with the non-negative fermion masses along
o =(—IN" ), (B1)  the diagonal. The following relation is noteworthy:

Tr(XTX) =Tr(XX") = M2+ | |2+ 2m3,+ Tr(m/m)),

where —iN™ are the two-component-ino fields and the (B5)
remaining fields are the fermionic components of the indi-

cated scalar field. As beforem=1,...ny; and «

=0,1, ... ng, with Lo=Hp . The mass term in the Lagrang-  °The result given in Eq(B3) corrects a minor error that appears
ian then takes the forii8,9,24 in Refs.[8] and[9].
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where|u|? is defined in Eq(2.6). Note that in theR-parity-
conserving MSSM, TM?%=|M|?+|u|?+2m§, is the sum

PHYSICAL REVIEW D 59 093008

(B5) remains valid despite the mixing between charginos and
charged leptons. Of coursey; no longer corresponds pre-

of the two chargino squared masses andis the charged cisely to a mass matrix of physical states. For example, in the
lepton mass matrix. In the presence of RPV interactions, Equy,=0 basis,

M 2,142 2 i M* * 0
| 2| +30 |Ud| g( 2Uu+UdMCOS§) m
V2
X™X=| 1 , (B6)
59(M203+Udﬂ’* cosé) |/~L|2+%92|Uu|2 M:(ml)nm
Ok MM ) i (m?mokm

where cog is defined in Eq(3.3). As expected, ifu,# 0 (but smal), then the physical lepton eigenstates will have a small
admixture of the charged Higgsino eigenstate. It is amusing to note that in the exact limit=@, there aren; massless
fermions(i.e., the charged leptonsin spite of the mixing with the charged Higgsinos through the RPV téfms.

We next turn to the charged scalar sector. In this case, the charged sleptons mix with the charged Higgs boson and charged
Goldstone bosortwhich is absorbed by th&/=). The resulting (By+2)X(2n4+2) squared-mass matrix can be obtained

from the scalar potential given by Eq@#3), (A6), and(2.2). In the {H},L5* ,E,,} basis, the charged scalar squared-mass

matrix is given by

mﬁu+D bz—"Dﬁ MZ(mI),Bm
b,+D% m2 +(m|m|T)a +Dus  —(Q,umV,— M5 N amll)
M2 B B By GpamVp™ KpRpamUy , (B7)
1 2
lu’a(mr)ak E(a;BkU:_MP)\:ﬁkUU) (ME)km+(mrm|)km+ka

where the matrixm, is defined in Eq(B4) and

ma,=mg+|ul?,

2 2
maﬁ_(M )a,3+ ,U«QMB )

D.gs

19%%0 5+ 5079 (Jvyl?—|vdl®) Sap.

ka

39" (Jvul*~[vdl®) Sk,
Daz%gzvavul

=3(9%+9"?) (lvul*~val® +19%vdl*
(B8)

As a check of the calculation, we have verified that
(- vu,vz,O) is an eigenvector df/l2 with zero eigenvalue,

corresponding to the charged Goldstone boson that is ab-

sorbed by thaV=. The computation makes use of the mini-

it may seem from Eq(B6) that the charged leptons are unmixed

mization conditions of the potentidEgs. (2.7) and (2.8)]
and the antisymmetry of 5 anda, 5 under the interchange
of p and B.

A useful sum rule can be derived in the CP-conserving
limit. We find

TrM&=m3,+TrM2 d+TrM +2Tr(m/m))

- %ngmZ cos 28. (B9)

This is the generalization of the well-known sum I’Il:lll’éi
=md+mi of the MSSM Higgs sectof15]. The charged
sleptons are also contained in the above sum rule. As a
check, consider the one-generatidR-parity-conserving
MSSM limit. Removing the Higgs sum rule contribution
from Eqg. (B9), the leftover pieces are

2 2 2 2 2 2
mg +mg —mi=2m;+Mg—imzcos28.  (B10)

if m,=0. But one can shown that this is not the case by computingfhe term in Eq.(B10) that is proportional tan3 is simply

XX'. The mixing originates from,,# 0 appearing in the matriX
[Eg. (B3)].

the D-term contribution to the combination of slepton

squared masses specified above.
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FIG. 4. Feynman rules for the scalar-fermion interactions. Bo(pz,Mz,mz)

APPENDIX C: FEYNMAN RULES

2 ’ (DZ)

1 m2x+M2(1—x)—p3x(1—x
=A—jdxln( ( ILL) PX( )

0
The fermion-scalar Yukawa couplings take the form

1( IPW

Lyukawa= — 2 W) i lpi +H.c, (€Y where
I J

where superfields are replaced by their scalar com- 1 n
ponents after taking the second derivative of the superpoten-A=(4m)¢ TI'(e)=—-——1y+In(47)+O(e), €=2— 7
tial W [given in Eg.(2.1)] and the; are two-component € (D3)
fermion fields. Converting to four-component Feynman
rules (see, e.g., the Appendixes of R¢L7]) and defining
PrL=3(1= ys), we obtain the Feynman rules listed in Fig.
4. The charge conjugation matri€ appears in fermion-
number-violating vertices.

The Feynman rules for the cubic scalar interactions can b
obtained from the scalar potentigEgs. (A3), (A6), and

(2.2)] by puttingL:—TL1+v,/y2. The Feynman rules for
the interaction of the sneutrinos with slepton pairs are given 2 ( mz)

Two limiting cases are useful for the calculations performed
in Sec. IV. In thep?—0 limit,

in Fig. 5, where ) ., is defined in Eq(B4). In Sec. IV, we  By(0,M%,m?) — By(0M2,m?) = ZM—
have applied the rules of Fig. 5 to thgg.€, couplings m=—=
(p.m,n=1,..ny) in this basis where,=0 and (), is
diagonal. In this basis, the terms in Fig. 5 proportional to M2 m?
gauge couplings do not contribute. - Z—MZIn(_

APPENDIX D: THE By FUNCTION

The B, function is defined as follows:

If we furthermore take then— 0 limit, we obtain
i

d"g 1
167T2 BO( pzu M 2|m2) = f

(2m" (g°—m?)[(q—p)*—M?]"
(D1)

MZ
. o Bo(0,M2,0)—Bo(0O,M2,0) = |n<—§) . (D5)
One can expresB, as a one-dimensional integral: M3
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