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Supersymmetry without R parity: Constraints from leptonic phenomenology
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R-parity conservation is aad hocassumption in the most popular version of the supersymmetric standard
model. Most studies of models which do allow fesparity violation have been restricted to various limiting
scenarios. The single-VEV parametrization used in this paper provides a workable framework to analyze
phenomenology of the most general theory of SUSY witRparity. We perform a comprehensive study of
leptonic phenomenology at the tree level. Experimental constraints on various processes are studied individu-
ally and then combined to yield regions of admissible parameter space. In particular, we show that large
R-parity violating bilinear couplings are not ruled out, especially for largestan

PACS numbe(s): 11.30.Pb, 12.60.Jv

[. INTRODUCTION differ dramatically from that of the MSSM, and must there-
fore be taken into account in SUSY searches. Introducing
The minimal supersymmetric standard mo@¢5SM) in- R-parity violating (RPV) terms into the superpotentials of
corporates all of the standard mod&M) gauge symmetries these theories complicates any analysis enormously. For that
in its Lagrangian(see[1,2] for reviews. The MSSM La- reason, most studies make simplifying but otherwise unmo-
grangian is also constrained by a new discrete symmBtry, tivated assumptions that preclude general application of the
parity, defined by results. We have adopted a purely phenomenological ap-
proach to supersymmetric theories with&uparity that pro-
R=(—1)3BFL+2S (1.1)  vides the framework necessary to greatly simplify analyses
without necessitating so maraypriori assumptions. We in-
where B,L, and S are respectively baryon number, lepton troduced our approach 5] and we elaborate on it here.
number, and spin. Imposing-parity conservation prohibits ~ The most general renormalizable superpotential witfout
baryon number and lepton number violating terms whichparity for a supersymmetric model with the minimal particle
could otherwise lead to superparticle-mediated proton decay&ntent may be written as
on a weak interaction time scale, in stark disagreement with

observationgfor a review and references, sggj). Because W=, i QPHIU T +hQFHED S+ h LAHGES
R-parity distinguishes ordinary particles from their super- o o

symmetric partners, the minimal model gives rise to a dis- + uoHEHI+ N[ DFDT U

tinctive phenomenology. Supersymmetric particles can be . AarbAc arbAC arib
produced only in pairs, and the lightest supersymmetric part- teap[ NjkQiLyDy + NijLiLES + il cHil,

ner cannot decay. These features drive many, if not most, (1.2)

supersymmetrySUSY) search strategies.

There is, however, no compelling reason to requiréyherei j, andk are family (flavor) indices. The coefficients
Reparity conservation. Less restrictive symmetries—) anq)\” are antisymmetric in the first two indices as re-
conservation of pqryon number alone, for example—can bﬁuired by SU(2), and SU(3), product rules, respectively.
imposed to prohibit unwanted proton decay. FurthermBre, the 51y(2), indicesa andb are shown explicitly contracted
parity is not gauged or required by dynamics in the SM or,:h the antisymmetric tensat,,, with e;,= — €= — 1, to

MSSM, and hence there is no theoretical justification forganeratesiy(2), singlets.R-parity conservation corresponds
requiring its conservation. It is of course possible to devisg settingu,=0 and all\=\"=\"=0; for baryon-number
extensions of the MSSM in whicR parity is naturally con- conservatiokn onl\"=0 is required ’
served[4], but such models remain Iargedyj hoq We can obtain a more compact form for the superpoten-
Recently there has been a surge of interest in SUSY theg- Wb ing that theS U(2). doubletsi. ‘
ries withoutR parity. It is clear that their phenomenology can i@l W by noting that theSU(2), doubletsL transtorm un-
der the same SM gauge group representationsHas
[SU(3)., SU(2), U(1)y = (1, 2, 3)]. (Here the hyper-
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is an artifact of starting with the MSSM superpotential andmass bounds, lepton-neutrino scattering cross sections, and
addingR-parity violating terms. Therefore a more appropri- limits on neutrinoless double beta decay. A complete list of
ate form forW, with extended flavor indices andB running  the measurements we will use can be found in Table I.

from 0 to 3, is In the present analysis, we assume that these processes are
mediated by gauge bosons, i.e., on-shell or off-sA&% or
W= e[ hii QFHRUT+ N/ QALED T+ N g LALRET W*’s. Scalar intermediaries are also possible for various
. R processes, and these would reintroduce dependence on the
+u AR+ DFDFUE . (1.3 trilinear RPV couplinggand other RPV parameters from the

scalar sectgreven at the tree level. We assume that contri-
U(4) flavor rotations can be used to transform betweemutions from such scalar modes are negligible due to kine-
bases of the four superfield doublets. matic suppression from the presumably much hearia-

Itis in principle possible for the neutral scalar componenttive to the gauge bosonscalars. It is certainly possible in
in eachof these doublets to acquire a non-zero vacuum exprinciple that relative strengths of the couplings involved and
pectation valugVEV). The key to our approach, the single- not-quite-so-heavy scalars may conspire to invalidate our as-
VEV parametrizatior[5,6], is to rotate the doublets into a sumption. However, for these to affect our experimental
basis in which_, alone bears a non-zero VEV. The remain- bounds(or for that matter, to be larger than the loop correc-
ing admissible leptonic flavor rotations are sufficient to diag-tions we omij, one has to invoke very special and/or un-
onalize the lepton Yukawals§ =2\;q = — 2\« Which are  likely combinations of parameters. Including the additional
then given by (2/vo)diagim;,m,,ms}. There is then no Parameters needed to accommo_date these tiny corners qf pa-
additional freedom to set the, bilinear coefficients equal to rameter space needlessly complicates the analysis and will be
zero; to maintain complete generality they must be left arbi2voided here. In what follows we will point out neglected
trary. scalar modes where appropriate.

As implied above and discussed [iB,7], care must be ~ We begin our analysis in Sec. Il, where we examine the
taken to specify what choice of flavor bagifany) is im-  heutral current interactions of the charged fermitiwarged
plied when a specific set of of RPV parameters is given. Foleptons and chargingsin Sec. Ill we do the same for the
example, if the sneutrino VEV's and, bilinear terms are r)eutra}l fermions. We t_hen con§|der charged current interac-
left arbitrary, then they are not truly physically independenttions in Sec. IV. Having considered the constraints sepa-
because of the freedom to rotate between bases. In anoth@tely, we then combine them in Sec. V, where we determine
extreme, setting all sneutrino VEV's anj bilinears to zero ~ €xclusion regions in the parameter space from both charged
results in a loss of generality, while still not being sufficient 2nd neutral current processes. Finally, we present a summary
to uniquely determine the flavor basis. The common ap®f our results and our conclusions in Sec. VI.
proach of usingR-parity conserving MSSM particle states
with the ad hocaddition of a few RPV trilinear couplings Il. COLOR-SINGLET CHARGED FERMIONS

results in ill-defined RPV parametefsince such parameters ) )
are in general basis-dependent and the flavor basis is not 1he color-singlet charged fermions, the charged leptons

specified. In principle, that renders the analysis internally &1d the charginos, are linear combinations of two-component

inconsistent. In practice, this approach can reasonably apey! spinor charged winogwritten asi ), the spinors of
proximate some regions of parameter space, but an inherefite E; superfields, and the spinors for the charged superfields
ambiguity remains. One way out of this quandary would beof the L, andH, SU(2), superdoublets. In terms of Dirac
to construct “basis-independent” observables. This has beesgpinors for a theory with spontaneous symmetry breaking,
explored with stronga priori restrictions placed on the denoting spinors corresponding to the superfields in(E§)

sneutrino VEV's[8]. However, the observables were found py the corresponding lower-case lettéasd wherex is the

to be _phenome_nolo_glcally messy: ar_1d_|r_npractlcal for rnOStWino and?b is the “Higgsino” built from | andFu), the

experimental situations even in this limiting case. The alter- I : .
. o e . .contributing Lagrangian mass terms are given by

native resolution is to carefully choose a convenient basis

that renders the experimental analysis as simple as possible —_— -

—the path taken in this work with the single-VEV  £3 —(iXil1l,l3)[MEP L+ McPRI(—iXyd4l,l3)T,

parametrization. 2.9
As we described 5], this parametrization has the ad-

vantage that the tree-level mass matriceslbffermions in gu,

the theory are independent of all trilinear RPV couplings. In M, N3 0 0 0

particular, R-parity-violating contributions to leptonic phe- 2

nomenology at tree level are almost entirely determined by

the wy. In this paper, we examine this tree-level leptonic

phenomenology in detail within the single VEV parametri-

zation, focusing on the constraints that can be obtained from

existing experimental results. The rich variety of relevant

data include precision measurements atZRgole, charged

lepton and pion decay rates and branching ratios, neutrino
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TABLE I. Summary of phenomenological constraints incorporated in the overall parameter constraint
plots. The invisiblez® width is assumed to include decays to end states composed of neutrinos and the
lightest neutralino. Bounds imposed @A decay constraints involving charginos and neutralinos are quite
conservative, representing uncertainty in signal detection.

mi combo.
Quantity constrained Experimental bouri@3$
Z°-coupling:
US# (e-u universality wi— (0.596+4.37)x 103
UET (e-7 universality wi—ps (0.955+4.98)x 103
UL (u-7 universality wi— 3 (1.55+5.60)x 10~ 3
AAe, (e-p L-R asymmetry wi—u (0.346+ 2.54)x 10" 2 (from UE

AA,. (7-e L-R asymmetry wi— p3 + Rt. contrib. 0.0043+0.104
AA,, (7-u L-R asymmetry u5— w5 + Rt. contrib. 0.082+0.25
Br(z°—e*u™) | g g <1.7x10°®
Br(z°—e*77) | pqpes <9.8x10°©
Br(z°—u*77) | ops| <1.2x10°°
Br(u —e e'e) | ey peol <1.0x10 *?
Br(r——e e'e") | qpes <2.9x10°©
Br(r —pu ete) | o <1.7x10°®
Br(r —u*e e’) | 103 o] <1.5%x10°°®
Br(r —e u u’) | g g <1.8x10°©
Br(r —e u ) | paudpy <1.5x10°°
Br(rt—u utu) | wapes| <1.9x10°°
Br(z%— x™17) s <1.0x10°°
Br(z°—x*x™) s <1.0x10°°
Br(Z°—xxy xOv);j#1 s <1.0x10°°
I'; (total Z%-width) s 2.4948+0.0075 GeV
I, (invisible Z° width: s 500.1+5.4 MeV
2% vevy,vexd xix?)
W=*-coupling:
T#e (u—ewr) m,./ u; ratio 0.983-0.111
T (r—ew) m,./ u; ratio 0.979-0.111
T (7= pv) m,/ u; ratio 0.954-0.108
R7 (7 decays w o (1.230+0.012)x 10°*
m, / — and—
5/ Ms Ms
R7 (7 decays m, / u; ratio 1.02650.0222
R“® (decays tce’s) m,/ u; ratio 1.0038:0.0219
m,, ~B|6V5 2[(8B)o,] - /il <0.46 eV (only for m, <10 MeV)
5/ us
mass constraints:

Vs mass M3 <18.2 MeV if vs=v,

s <149 MeV if vg# v,
X~ mass s >70 GeV

Here the two vacuum expectation values are in general confuture paper. On the other hand, it must be strongly empha-
plex, as are thew,’s and the soft gaugino madg,. As is  sized that there is no loss of generality concerning the trilin-
customary, all of the parameters entering the fermion masear RPV terms —these need not be set to zefdey simply
matrices will henceforth be assumed to be real. Potentiallglo not appear at the tree level in the fermionic mass matrices
very interestingC P-violating effects related to the possible in the single-VEV parametrization.

complex nature of these parameters will be relegated to a We now wish to find the mass eigenstates. In the MSSM,
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the Yukawa mass entriesy;, m,, andms (m;=hjvy in the  our understanding of the results of the exact numerical analy-
single-VEV basig are identical to the known physical Sis, it is very useful to consider a couple of interesting ana-
charged lepton masses. WithoRtparity conservation this lytic approximations.
correspondence is spoiled by the presence ofuthien M. First, we treat theR-parity violation as a perturbation,
Masses of the well-known charged leptoiasd in fact the taking the limit in which theu; are small. If theu; were
eigenvectors and mass eigenvalues for all five physicatero, the(now MSSM chargino sector, which is the upper
state$ now result from diagonalizing the>s5 chiral mass 2X2 portion of M., would be orthogonal to the already
matrix M;: diagonal SM charged lepton sector. So first we introduce
new 2xX 2 rotation matriceRR, (6,) andRg(6g) such that

U[McuR:diag{Mcl,Mcz,al,az,53}, (23)

1
where U, and Ug are un_itary matriceE which diagonalize M2 Egvu
MC’ and mg=m;, m,=m,, andm,=mjs. In general, the R[ Rg=diagiM;,M,}. (2.7
m, depend on then; and the u; . igv “
Therefore for non-zerqu; the input Yukawa parameters V2 d 0

for M. need to be determined, i.e. for a fixed sefugf we

need to find the values ofy; that give the correct physical M., andM,, are the chargino masses in the=0 MSSM
massesm; . This is done by writing a system of linear dif- limit. Applying this rotation toM, we find

ferential equations for the infinitesimal change in thes

R . . .S . r—pt

due to an infinitesimal change in thg's. Beginning with all M =R McRg
ni=0 (where the solution of the system of equations is M 0 o o0 o
known), an acceptable solution for a chosen setug® is cl
then obtainable via numerical integratid0]. Note that only 0 Mco 0 0 O
the three “lepton” masses need to be fixed in this way. The _| wisinbg wicosbg m; 0 0
heavier so-called “chargino” massé4., andM, also de- :

. siné cosé 0 m O
pend on theu;, but we do notyet) have experimental con- HeeTVR - H2EE50R 2
straints telling us what the physical chargino masses should m3Sinfg  pmacosbg 0 0 mg
be.

We now consider interactions with ti boson, follow- (2.9

ing Ref.[11] but using the single-VEV parametrization. The

couplings of the five mass eigenstates to #eboson are T0 obtain the general 65 U, and Ug matrices from the
given by MSSM’s 2X2 R, and Ry matrices, we treat the>32 off-

diagonal block containing thg;’s as a perturbation. Then

92 ~ ~ _
L‘XW‘ZOZWX; Yl PLAG,+ PrAZ) Xb 2%, . RI‘R - R[’RVE’R
) (2.4 Uir=ly | ’ 29
) L,R 3X3

wherex, = xz =(x1.x2.le.l,.1.), Pri=3(1%ys), and where the elements of thex® V, and Vi matrices are

_ given by

AL =U{RUP+ 5,,(1—2 sirf6,)

~ . . uiMycospB
= SAL + 8,0(1—2 sirf6,,), (2.5 Vii=2———
0
A= 2URUR +URUR + 25,4570,
- _ Vile /2 m uiMw(MgsinB+ uocosp)
= 6AL,+ 28,,SIM O, (2.6) R M, M3

(notation here follows that dfL1] except for the ordering of
basis vectors The §,, terms are the SM expressions, and ViZ— _ MiM3
deviations from SM expectations originate from non-zero L M2
6AL, and SAY . The anomalous coupling of any two
charged fermions to th_EO can thus be dgtermined in fcerms _ m, Mi(M§+2M\2NC0§/3’)
of the U, and Ui matrices found numerically from diago- v'R2: -— 3 , (2.10
nalizing M., and this is precisely what we do to obtain the Mo Mp
parameter space plots presented later in this paper. The exact
analytic expressions for the eigenvalues and eigenvectors @nd where
the 5X5 M, prove cumbersome and not very illuminating ) 5 .
and we do not reproduce them here. However, to improve Mo=uoM2—Mysin2s (2.1
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which is in fact the determinant of thex22 MSSM section  nent of thez®-7-7 coupling(and even th&°- - coupling

of Mc. In the limit of large tan8 and/oruoM,>M%,, M3 can be as significant as those for the left-hand component.

tends towardugM ,. The Z° branching fraction into any pair of colorless
In terms of theV| and Vg matrix elements, we can now charged fermiongwith M;>M My ) is given by

write the deviations of the fermions’ coupling coefficients to

the Z° boson from the SM case as

2 M2
1/2) Xa Xb
- o i M2cog ay N Lo
sAL =Vttt Mweosh s BI(Z0— yFxr )= Mz Mz) M.
M M Xa Xb) T
0 0 24 cogd,, z
and 2 2 2 n122
oo MEFME, (ME-MD)
mm; wip 1 2M?2 2M3
AR, = 2vidvitvizyiz= BB 2 pvdy amz) g z
MO MO MO L
EM My, ALbARD |~ 9
X +/.L0 23|n +/L co + CcO y 2 2 ao» :
(M3+ oM ,sin2B+ uicog B+ Micod B)] VER O R, (219
a
(2.13

2
for {a,i}{b,j}={e.1}.{,2}.{7.3}.1 This provides us with VNe'ea2=0z/4m and

simple, quantitative expressions of how the gaugino and
higgsino contents of the charged lepton mass eigenstates A2 p=|AL|2+ AR 2 (2.19
(i.e., of thee, the u, and ther) affect thez® leptonic decay

widths. These effects, present when gheare non-zero, can  The experimentally determined total decay width of Ids

lead to non-universality among tr&” leptonic branching T,=(2.4948-0.0075) Ge[12]. The kinematio\-function

ratios or to mixed-flavoz® leptonic decays. is A(a,b,c)=(a—b—c)2—4bc. In the smally; perturba-
Notice that the deviations of thg° coupling coefficients tive approximation, and for ta@ not too large, we have for

are in fact proportional t@u; u; /M3, which must be small in  the leptonicZ® decays,

this perturbative approximatiofthis tells us quantitatively

what it means for theu; to be “small”). In addition, the

i AZ. =~ (1—2sirt6,,)%+ (4 sirf6,) +2(1— 2 sirf6,,) SA:
SA%, are suppressed by the factm,mj/MZ. Thus one = W w2 WA

might expect that the effects of th#A- ab Will dominate those 50974214 w os°-ﬁ i 01
of the SAR, . However, thesAL, are themselves proportional - Mo/ (217
to cogB which will strongly suppress their values in the
large tan3 regime (for example, cog~102 for tang and
=45). Neglecting terms proportional to ¢8sn the 53;,
recall sin B is small when cog@ is smal), we find
( ? P D ~ L 4AMCoSB [ i |2 i |2 :
5A"" (1+t nzm ) MM/ M)+ 4] o Mol 1Mo
) 2.1
ab O Iv'O ( 8)
m; If tan B is large, then the right-hand component cannot be
——(1+tar12,8) > [(M2/My)?+4]  (2.14

neglected, as noted above, and fe, andA?,, formulas

#o should be modified to

(where the second expression holds for large @aor
pmoM2>MG). Thus if M, is large and|ug| is small, the  A2_~(1-2sir?g,)2+ (4 sirf6,) +2(1— 2 sirf6,,) SAL,
effect of deviations from the SM for the right-hand compo-

— 4 sirf6,,6A%

1 - M{cosB

In the formulas above and those that follow, index lalzedsidb = 5027 2. 148—
are reserved for the physical mass eigenstagss e, u, 7 (or the 0
heavier chargings Index labelsi andj are used for basis state
parameters in the single-VEV parametrizatiofj,=1, 2, or 3.In m%(M§+4M\2N)M§ a2
the smallyu; approximation a andi (or b and j) have a simple —.926 6 MLl (219

) : ' Mg 0

one-to-one correspondence. Hence, equations could be written with
just one pair of index labels. However, both pairs will be kept to
make clear that this is not true in general. and
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R, = | AL |2+ | AL |7

4My,coé'B . msm3(M3+4M%)2M3

Mg Mg
2 2
M2 M3
(M—> (M—) - (220

Note here that the numerical value ®p=0.2315[12] has
been used. This effective value for & absorbs the SM
radiative corrections to th&°l;l; couplings. Note also that
the two terms inside the bracket in E.19 enter with
opposite signs, implying that in some region of the parameter
space, the deviation df(Z°— 7" ") from the SM predic- 10 T S I 0 2 100
tion could be suppressed by cancellation between these two 1L, (GeV)
terms even ifu is quite substantial. s

We now apply these results for couplings and branching FiG. 1. Branching ratio fo.~—e e*e™ as a function ofus
ratios to specific processes in order to obtain limits on thgin GeV), with M,=pu,=200 GeV and taB=2 (left) or tang
Mi - =45 (right) for ratios of 1 : u,: 3 as marked. The solid horizontal

line is the experimental bound. }; — here set to zero — is

] o varied, it affects the curves only vjas;, and hence stretches out the
A. Mixed-flavor leptonic Z* decays horizontal scale.

For non-zerqu;’s, the Lagrangian of Eq2.4) leads to the

tree-level fIavor—vioIatingZ0 decays,ZOHe,u, er, andur. agcoé,g my_ “m|a o
The predicted branching ratios for these decay modes are Br(lgﬂlﬂﬂc_):m . T 2AR.
given by Eq.(2.195. The experimental bounds from LEP on zl s
these processes are shown in the third column of Table I. In +|ZL |2|ZR |2+|KR |2|KL |2)
the smallu; approximation, Eq(2.18 translates these con- acl 1"be acl [%ocl />
straints into the following bounds: (2.23
| i) g wherel“,a is the total decay width anm|a the mass of the
M2 <Ki; (1+tanzﬂ)M—2 (2.2)  decayind , (masses of the daughter leptons are neglected
0 w is assumed the virtual intermediate is an off-si#l] pos-
sible slepton-Higgs intermediates are assumed to be heavy
K1,=1.8x10°% from Z°—e*u* and therefore to yield negligible contributions. Note from

Eq. (2.23 that when the odd-flavored daughter leptgrihas
the charge opposite to the parent lepton, the branching ratio

K13=4.3x107° from Z°—e* 7~ is suppressed by an extra factorAf, (a#b) compared to

the case where the odd-flavor daughter lepton has the same
sign as the parent. Actually, the latter case also has a contri-
bution analogous to Eq2.23; however, this is insignificant
relative to the Eq(2.22) contribution.

Note that bounds apply to the produ{:;a,u”. That the con- The experimental limits on these decays are again given
straints can be cast in such a simple form and in terms of st the third column of Table I. Using Eq2.18 along with

few RPV input parameters is a key strength of the singlethe lowest order value foA2, (=0.5027) from Eq.(2.17),

VEV parametrization. Note also that the constraints becom&ounds can be cast in the same form as in @R1), with
weaker as tap increases.

Kps=4.7x10"2% from Z°—pu*77.

K1,=1.4x10°% from u —e e'e”

B. Flavor-violating charged lepton decays K13=4.5X 102 from e utu”

The Zolilj couplings can also produce the tree-level

_ -3 - —ata
FCNC decays ofx and 7 via a virtual Z°. These branching Ki;=4.3<107% from 7"—p"eve".

ratios are given by We see that while the decay constraints are comparable to
alcodp(m “m, thez%— 7l (I =gorM) constraints, the.— eeeconstraint is
Br(I‘—>|g|+|‘)=2—(—a) aRx2 32 much more strict than that faz®—eu due to the much
2 ©°7 1536m \Mz) I "7 ee stronger experimental bound gn—eee In Fig. 1, pre-

(2.22 dicted values from the exact numerical calculation of this

035001-6



SUPERSYMMETRY WITHOUTR PARITY: . .. PHYSICAL REVIEW D 62 035001
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'I -6§ _____________________ =L1N
b e
=10 ¢ 1 0:10 86 -
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1202100
"""""" '7-_---........__
tan g =2 e tan g =2
o =200 GeV e =200 GeV
M, =200 GeV [ M, =200 GeV
)
L | L . L L | L . L L = . L L L | L L L L 1 L L L f
100 200 300 0 100 200 300
g (GeV) s (GeV)
FIG. 2. Branching ratio for-—e~ u*u~ as a function ofus FIG. 3. Leptonic partial decay widths of tf# (in MeV) as a

(in GeV), with M,= =200 GeV and tapg=2, for ratios of function of us (in GeV), with p3:upius=1:1:1 [so that u;
11 po g as marked. The solid horizontal line is the experimental=(1/\/§)M5]i My= uo=200 GeV, and tapg=2. Horizontal lines

bound. Hereu, is set to zero; again, varying this stretches theat the left edge of the plot are the3o experimental boundgl1]
horizontal scale. for the corresponding quantities; they are independeptsadind are

truncated at right for clarity. Explicit values for the experimental

branching ratio are shown as a function of the for the ~ Pounds on these partial decay widths are founfl@].

MSSM parameterdl,= uy=200 GeV and tag=2,45. The ) ) )
constraint is very stringent for small tghand remains rel- t~er lepton has the flipped charge, the result is proportional to
evant, although much weaker, even for large gafunlike ~ A%, and thus very strongly limited by constraints from
the other constraints discussed so)faplots for Br(z°  Br(l,—l,l¢1c) such thaBr(r —Igl1 1;)=<10""2.

—eu) would look very similar except with a much weaker

experimental bound. Note that in Fig. 1, the useful RPV C. Universality violations at the Z° peak

parameter Equations(2.17 and(2.19 also produce deviations from

Ny srap gy SM predictions forBr(Z°—1,l,) which can break lepton
Ms= N1t ot p3 (2.24 universality. Figure 3 shows leptonic partial widths as a

o o . function of u5 for several choices g4 : u»: 3, again using
is introduced to permit different, :u, ratios to be plotted o representative MSSM parameter poMt,= o= 200

simultaneously. This parameter will appear repeatedly oy ang tarB=2. The experimental @ bounds are only

subsequent discussions. Interpreted as a constraiiisON  oyceeded fops values in excess of 50 GeV. As the value of
Fig. 1 shows that thee— eeeconstraint can be evaded by us increases, the smajl; approximation loses its validity.

supposing a strong hierarchy among #ags (i.e., u1<w2  The numerical results show that for sufficiently laygeval-
< u3), as can also be clearly seen from the approximate Eq.nes, the partial decay widths stop increasing astfie in-

(2.2D). crease and in fact turn over and decrease. This behavior is

) _ o4 B .
Figure 2 showsBr(r~ —e u" ) for tanf=2, again  common to all the decay widths discussed so(&though
based on exact numerical calculations. There is no meaningpe maxima will in general occur at differents values

ful constraint for tag3=45 due to the much weaker experi- g5metimes above the upper limits on the plots showhis
mental bound. We need not explicitly show results for the,.havior can be understood via the “largg’ approxima-
réemaining processes: results f@r(7"—e e’e’) and oy employed in subsection E below to derive chargino
Br(r"—u pu'p )_arf almost identical to Iilg._Z,_ as aré masses. Note that if, at some point after reaching its maxi-
those forBr(7” —u-e'e ) andBr(r —u pu p 3 ifthe  mum, the deviation in a partial width again drops below its
roles Ofl‘ol and u, are interchanged. Plots f@1(Z"—e7)  experimental limit, then the larges values above this point
andBr(Z"— u) also yield very similar results. Note that in are again acceptable. Thus it is possible that no upper bounds
using Eq.(2.2]) to obtain constraints orr decays in the can pe placed ops from these processes, but instead either
small u; approximation, extra contributions fromET have  only a finite range ofus values is excluded qiif the maxi-
been neglected. The#&: . contributions are only significant Mum is too low no us values are excluded at all. For further
at large tarB, where constraints op; from this process as details, se¢13]. In practice, other constraints will rule out
given by Eq.(2.21) are superseded by limits from other pro- arbitrarily largeus values.

cesses. This is confirmed by exact numerical results. Finally, Universality constraints o&°— ||, decays are quantified
note also that for decays in which the odd-flavored daugh- via the observablé) gf' b) [14]:
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T(Z0—1}1;)-T(Z0=151,)

U(lalb)E
L(Z°—= 151 )+T(Z2%=171;)

br

A2 A2
. Aza—Abb
T R2 L R2
Aaa+ Abb
K)IM{cosB

4
0

2_
=2.136(“'

(2.25

where the first equality follows from Eq2.4) and the sec-

ond from Eq.(2.17). LEP experimental measurements on the
partial widths can now be translated into the restrictions on

theUSflb) listed in the third column of Table I. These are all
compatible with the SM prediction dﬂgflb)=0, and, ne-
glecting the(small) nonzero central values, translate into the
following bounds on theu; :
2
0
M2

v (2.26

1 —
W|Mi2_ﬂj2|$’€ij(l+tanzﬁ)
0

The Kjj's have values ofK;,=2.05<1073, K;3=2.33
X 1073, and K,3=2.62< 10 3; they are comparable to the
Kij's of Eq. (2.21) obtained from flavor-violating® decays
and r decays. For large tgB, deviations from the SM are
highly suppressed; i.e., very high valueswof (well beyond
the range of validity of this approximatipare allowed. Ex-
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FIG. 4. Leptonic L-R asymmetry: deviations from SM predic-
tions as functions ofus (in GeV), with wq:us:u3=1:1:1 and
M,=uo=200 GeV for(a) tanB=2 and(b) tanB=45. The solid
line approximates the experimental 3ipper bounds for each of the
3 asymmetries.

First note that thd u;|’s enter individually rather than in
products or differences of two distingt;|’s. This makes the
left-right asymmetries potentially very useful in distinguish-

act numerical studies also confirm that these constraints vaf?d effects from the threg;’s. Note also that non-zera;’s

ish. Using the above formula from the small approxima-
tion, we find thatu;’s (or more precisely their difference in
magnitudes as large asM, become allowable for tgé
~20. In fact, for large tap, Eqg. (2.19 should be used for
the Z°— 7% 7~ partial width. Cancellation among terms in
this equation would further weaken any survivimq()'ff)
bound ongs.

D. Leptonic left-right asymmetry

Predictions for left-right asymmetries &° leptonic de-
cays, which are defined by

_ |’A;|;a|2_ |A§a|2

T (2.27
a
[ALal?+ AL
follow immediately from Eqs(2.17) and (2.19:
M2 cod \2
Aa=AfSM)+4.273W—ﬁ Ll (2.28
M2 My
0
(wherea=¢e,j=1 ora=u,j=2),
M2,cos
AT:AfSM)'F 4273W—2B
MO
2 2 2 2 2
m2(M2+4M2)M
+1842 > W2 <ﬂ> . (229
0 Mo

always increase thél,’s from their SM values, and that the
SAR contribution now reinforces that ofA-_. This could

be important if these contributions cancelA&., which en-
ters into the previously discussed RPVeffects. Another
immediate consequence is that for the favored casg0f
>,Ll,1, AT>AE'

Equations(2.28 and(2.29 and conclusions drawn from
them are valid in the smajfl; approximation. In Fig. 4, the
asymmetries are shown using exact numerical calculations
(again forM,= uy=200 GeV. For large values ofis, the
A,'s cease rising with increasings, deviating from the
approximate behavior of Eq&2.28 and(2.29. As with the
Z° leptonic partial decay widths, a maximum is reached and
then the slope turns negative. For low @nthis occurs for
s values excluded for other reasons. But for high gait
may occur in admissible regions of the parameter space. Also
notice from Fig. 4 for taB=45 that. 4, shows an increase
relative to A, and A, arising from the right-handed contri-
bution.

Equations(2.28 and(2.29 requireA{*™ as input — this
must be determined independent of the leptonic asymmetry
measurements. Unfortunatelyl,(s'\") depends strongly on
sirfa,,; for instance,AfSM) decreases by more than 11%
when siftg, is increased by 1%. The effective value of
sirfé,, for the Z°ll coupling depends on radiative corrections
[15]; sir’6,=0.2315 employed here vyieldd (™ =0.147,
but includes only SM corrections and not additional correc-
tions depending upon SUSY parameters. Thus uncertainty in
the effective value of sfig,, leads to even larger uncertainty
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in A(S"  which also includes beyond-SM contributions not  TABLE Il Experimental left-right asymmetry resultsd; ob-
apparent in the simple separations seen in the formula§ined fromAgg (Using.Agg=3.4.A4) measured at LEP and SLD,
above. In an attempt to reduce such uncertainties, [R&f. - measured at LEP, and a direct measurement from SLD.
(following the idea put forward in Refl6]) suggests using

| Method LEP combined12] SLD [17]
A Aabzﬂ (2.30 FB 0.1461+0.0110 0.152-.012
Aat Ay Ao P, 0.1399+.0073 —
. L . direct — 0.1543.0039
instead of the individuald,'s. AA,,=0 in the SM. In the ree
small u; approximation, whered,— A" is also small A FB 0.1488=.0170 0.102-.034
Ki ’ a” Al ’ A, FB 0.1753-.0210 0.195.034
P, 0.1411+.0064 —

ylale) (2.3

1
AAab: ( W -1
from LEP measurements afpolarization(note however that
the SLD group at SLAC17] measured4,, directly with their
permissible, then thA A, constraints have the same Oleloen_poIarized electron beam and obtained a sqbstantially higher
) ) Ul L value for A;). The AA,,; bounds are obtained from LEP
dence on they;’s as the constraints for the,, ™", providing oy ard-backward asymmetry measuremethich provide
a~compat|bll|ty condition for the RPV framework. The ihe bestA,, value but larger uncertainty iA,). Note that the
5AR,’'s may safely be neglected for the first two generationspounds are considerably weaker than the 0.03 value given
meaning the allowed window foAAefL given in Table |  above, meaning that substantial deviation4ffrom A (S™
follows immediately from that forJ{#* (though perhaps a (including a potentially important contribution frodAR ) is
small amount of extra widening to reflect the uncertainly inpossiple.
AS™ should be included Unfortunately, the present ex-
perimental situation is far too imprecise for any incompat- E. Limits on charginos

ibility to be seen. As noted previouslyjAT, may not be We now turn to constraints associated with the remaining
negligible, especially for larger tgh Adding these termsto color-singlet charged fermions, the charginos. The term
A A, and Ugrmr) means that the value of one is no longer “chargino” is here applied to the tw¢heaviest mass eigen-
determinable given only the value of the other. Furthermorestates remaining after the other three eigenstates ifZE8).
deviations from Eq.2.31), which predicts|A.A,,,/=<0.03, are fixed to give the “leptons” with well-known experimen-
indicate a substantial contribution fromAR (within the tally observed massesng=m,, my=m,, my=m,). In the
framework of the small; approximation. MSSM, the charginos have masses giverivhy andM¢, in

In the = case, then, sinct Sraf) experimental constraints Eq. (2.7). For nonzero Va|l£S of the; , the chargino masses
cannot place bounds on theA,.’s, direct. A, measurements are modified toM; and M, in Eq. (2.3). If the u; are
must be considered. These are listed in Table Il and used tesmall,” then M =M., and M,=M_,; however, larger

derive the 3 bounds on the\ A,,'s shown in Table I. The values of thew;'s can produce more pronounced effects.
Ae and A, used in theA A,, bounds of Table | are obtained From Eq.(2.8),

(as noted in Ref[11]), if 5AR,’s are neglected. If this is

- 9221154"\/'% g_\/l;M2+gL\/;Mo g_\;%uﬂvl g_\;)zulbz g_\;};/bs.
g—\/vzd M,+ g—\/l;,uo %U(Zj + ,LLS Moty MoM2 MoM3
M M) = g—\;jgul Moty mi+ul  papo Mips | (2.32)
g—j;uz Mo pipy M3t p5 pous
g—\;};ﬂs MoM3 pips  Mois Mt ud

Now by applying the rotation
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o M5
l2x2 O i 0
where Rg| M2 | =
0 Rs 0
M3
and us is given by Eq.(2.24), M (M,)" can be rotated into the form
[ t912v3+,v|2 Qa9 Qg ol
2 2 \/E 2 \/EMO \/EMS _ _
0 0
2.2 2X2
guv gu g
T;M2+T;MO Td‘hug toms 0 0
+ mi 0 O : (2.33
gu 2
Tzu,us MoMs us 0 0 0 RIl O ms 0 Rs
0 0 m
0 0 0 0 0 - =
I 0 0 0 ]

The matrixRg will appear again in the next section when the color-singlet neutral fermions are considered. In the limit where
ws>mg=m_ (referred to henceforth as the largg approximatior), the second matrix of expressi¢®.33 that is propor-
tional to them;’s may be dropped. This leads to simple analytic formulas for the chargino mass eigenvalues:

— 1 1
M1co= 5IME+2MG+ uo+ ugl * 5[ (ug+ ms—M3—2Mycos 28)2+8My(Mosin S+ uocosp) Y2 (2.34)

1— — 1 == 2 2
=5 (art ag) =5V (@1~ a)®+2(gu Mo+ goano) (2:39
1 2 2 2 1 2 2 2\2 2 2 2 \271/2
:E[Mcl+ Mc2+ﬁ’«5]i§[(Mc2_ Mg1— mg)°—4ugcos Or(Me,—Mep)?] (2.36
where
~ 400
2 2 [
— 9oy — _ Qug % 5
QIET+MS+M§ and a,= 7+M§. (2.37 9; 300i tan B =2 50
= i
_ 1
Within this approximation the chargino masses only depend 200 -
on they; through the single parametgr;. The roles ofug '

and ug in the mass formulas are very similar. Note from Eq.
(2.36 that the chargino masses reduce to the MSSM
chargino masses wheps=0. Also note that a non-zero
value for us increasesthe lighter chargino mass; hence,
some region of thd,— uy parameter space that is ruled out

in the MSSM by the chargino mass boufitB] can be re-
instated whenus#0. However, correct chargino mass
bounds for RPV scenarios require analysis of the decay
modes. One such analysis was recently performed for a spe-
cific bilinear RPV model[19]; a general analysis in the

M, (GeV)

single-VEV parametrization, including contributions from o
both bilinear and trilinear RPV couplings, is currently in -400 -200 0 200 400
progress. Hy (GeV)

FIG. 5. Chargino masses. Contours show minimum valugs;of
(in GeV) necessary to push the lighter chargino mass above 90 GeV
Note that this isiotthe converse of the small; approximation,  for (a) tang=2 and(b) tang=45. The region above or outside a
which requiresu; <M. given contour hasl.;>90 GeV forus at or above the designated
value.
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It is possible to simultaneously haves>m_ and p; eracy, the correct eigenvectors can be found by requiring that
<My, meaning that both the “largg;” and the “small-  they do not differ significantly from the exact massive eigen-
i approximations will yield quite accurate results. In fact, states obtained when the non-zem are retainedf ,ué is
results from the two methods agree well with each other anthrge. Three such massless eigenvectorsfds(M,) " with
with the exact numerical results in most relevant regions oim?=0 are given by
the parameter space. Using the exact numerical calculation,
the region in MSSM parameter space that would be excluded gug T
by a 90 GeV chargino mass bound is plotted in Fig. 5, from ID=| —=#1,—Mou1,M§,0,0 / Ay
which it is clear that constraints based on such an analysis V2
will be significant if M, and/oru, are small.

Bounds fromz° decays into two charginos or a chargino guyg 2 !
and a lepton follow from the general formula faP decays 12)= Nl Maw2,0,Mg,0 Az
into a pair of charged fermions, E(R.4). However, deter-
mining the exact values for these bounds requires detailed T
information about chargino decays from detector simulations |15)= 9ud =S, —Mousz,0,0 M2 / Ag
which is beyond the scope of this work. Therefore, only a V2
conservative bound is applie@® decays involving at least (2.39
one(on-shel) chargino are required to have branching ratios _
of less than 10° (as noted in Table)l (the Aj= \/M3+ az,uiz are normalization constantsSince

Turning to the lepton sector, we see that in the limit wherethese are degenerate states, any linear combination of the
m?=0, the matrixMq(M.)" of Eq. (2.32 [or Eq.(2.33] three will be a massless eigenstate. The natural hierarchy of
has three zero eigenvalues. Thus, in this approximation, thiéne m; values (m;>m,>m;,) requires the following choice
masses of the physical leptons are zero. Despite this degeat orthogonal eigenvectors:

:
/=

\/EMZ: M2M2a_ZZM2M1/M31A§/M(2>’O

lley|l1)= Mz,ul,MS,0,0

\/EM]_!

||M>°‘||2> [I(11l12) =

i
M3 / (AA,)
T
M3 / (A,A)

[T (ta) = [Tl 1) = [12)(15]13) =

\/— Ms: MzMsi—;2,“3#1/'\/'(2):_;2M3M2/M(2)’A,2/M(2)

(2.39
|
where the normalization constants are the decay widths willdecrease(for u and 7) as theu;’s
_ _ increase, and exposes the reason behind the maxima seen in
A= Mg+ apu?, A= \/Mg+ ay( i+ pu3), Figs. 3 and 4. Thus if an experimental bound actually allows
the maximum valuéfor instance at large tgh where there
A= \/M6‘+;2(,u§+/w§+,u§)- (2.40 is strong suppressionthen that bound may provide no con-

straint onusg (or equivalently on thes;’s) at all. Even if the

The first components of these three vectors are the eldl@ximum is excluded, a window of larggossibly very
mentsU2! of the left rotation matrix in Eq(2.3): large) pi's may be ?‘"OWEd- However, this region of the RPV
parameter space is largely ruled out by limits on neutrino

v v M2 v M2 masses and bounds from neutrino scattering and charged cur-

9vd K1, ;Ld:ﬂ M; [1:& M_ rent processes. Therefore we do not consider very large

\/— A’ V2 Aed, V2 AA; values further at present and instead proceed to a discussion
(2.41)  of these additional constraints.

Uel

These quantities appear in the expression for the anomalous
coupling coefficients’AL, of Eq. (2.5). Note that in the limit
ui—0, Aa—>M§ and we recover the “smalk;” approxima- In the single-VEV parametrization, the Lagrangian terms
tion results given by Egs(2.10. The dependence of the contributing to the color-singlet neutral fermidmeutrino
normalization constantéhe A.’s) on theu;’s indicates that and neutralinpmasses may be written as

Ill. COLOR-SINGLET NEUTRAL FERMIONS
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Ls—(IN§ INS RLOC RLC »f v 05 tivgly, of Eq..(1.3) and—ikgand—i\; are, respectivgly, the
B-ino andw-ino componentsC refers to charge conjugation

XMu(—ihg —iNg BY R vi vy wy)T acting on each spinor. Since neutrinos are assumed to have
zero Yukawa masses, the sarmRe rotation that was used

+c.c., (3.)  when the Yukawa masses for the charged leptons were ne-

~0 =0 ) ) . _ glected is also applicable t&1,,. Now there is no approxi-
whereh,, hy, and; (i=1-3) are the Dirac spinors associ- mation, no Yukawa part to throw away; two massless neu-
ated with the neutral superfields #h,, Ly, andL;, respec- trino states decouplg0], leaving a 5<5 matrix:

glvu g vg
M1 0 — 0 0 0 / /
2 2 M, 0 gzvu . gzvd 0
guy gug
0 M, —=—= =— 0 0 0
9'vy guy 0 — — —p, —n Rg
- & 0 1 2 3 !
My= 2 2 d A LU Mo T Ms
g'vqg  Qug 2 2
— -— — Mo 0 0 0 0 /
2 2 g vg Jug
_ 2-d — o 0 0
0 0 —-p O o 0 0 2 2
o — O — M5 0 0
0 0 — U3 0 0 0 0
(3.2
I
A. Neutrino mass (tree leve) loop level; however, loop effects are expected to be small

The single massive neutrino that results from diagonalizEompared to those at the tree ley2P]. o
ing this tree-level mixing matrix was discussed in the first 1€ approximate expressions, E¢8.3 and (3.4), indi-
paper in this serie§5]. Here again we denote the massive Cate that the neutrino mass is proportional 4§ if us
state by|vs)= (w1 /ms)| vi)+ (ol ms)|vo) + (zlps)|vs). <o Equation(3.4) also shows that fous> u, the neu-

Approximate analytic formulas for its mass were found to belfin0 mass approaches a constant asymptotic value. The fea-
tures of these approximate formulas are confirmed by exact

1 wiv?cofB(xg?+g'?) numerical calculations, as shown in Fig. 6 for the MSSM
mVs:_§ o o parametersM,= =200 GeV and taB=2,45. Note in
ol 2XMapo— (Xg™+ 9" v sin S cosp] particular the linear rise in log,_ seen in the log-log inserts

@3 for low log us values, as expected rirﬁvsoc,ué. Note also that
(where UzEvﬁ—i-Us and M;=xM,; x=2tarf6,, assuming there is no decrease inV5 for high w5 values, in contrast to
gaugino unification, as is done in all numerical calculatjons the case of several constraints in the previous section. There-
from a “seesaw” approximation in whiclus is taken to be fore, unless the asymptotic value falls below the experimen-
small and tal bound, thews upper limit from m,, will close any large-
M5 window.
There is strong suppression both at high gadue to the

cogp factor and at highM,. Inverting Eq.(3.4) yields a
bound onus:

1 pdvPcos$B(xg’+g’?)
T4 (phtudxM,

m (3.9

from a perturbative treatment in which the electroweak sym-
metry breaking terms are regarded as small but the magni-

2
tude of us is not restricted. Key features to note are: 2_ AXpoMaMy 35
The mass has a simple dependence on only one RPV pa- M5 v2c02B(xg2+g'2) — 4xM,m, ’ '

rameterus. This is to be contrasted with results found with- (bound)

out using the single-VEV parametrizatip®1]. The formulas

above are also quite general. In particular, the trilinear terms

havenot been set to zero—they simply do not contribute to 3This factor was also obtained j&3], but additional assumptions
the tree-level mass formulas. They will reappear at the onéed to compensating factors that canceled the suppression.
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a
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250 500 -500 =250 [ 250 500
S Hy (GeV) Ho (GeY)
[-53
2 tan B =45 e FIG. 7. Maximum allowed values ofis (in GeV) consistent
g with neutrino mass bounds: machine boung<18.2 MeV (appli-
2 L cable foruq:us:u3=0:0:1) for (8 tanB=2 and(b) tanB=45;

the absolute bouan5< 149 MeV for (¢) tanB=2 and(d) tang
=45. The region below or inside of a given contour is excluded for
us's above the indicated value.

10 The negative sign for the neutrino mass in E@3) and

10 ,:'" 3 (3.4) can be removed by redefining the fields in E§.1)
I 10 (see[27] for more detailx
If more than one of the.;’s is non-zero, then the massive

-5
iy neutrino will be an admixture of the three neutrino basis
10?1 10 states plugespecially for largeu;’s) the two gaugino and
; ‘ ‘ two Higgsino states. Using the matrid, to diagonalize
0 ‘ 500 ‘ 1000 ‘ 1500 M, the eigenvalues are
®) s (GeV)

UgM/\/UOZdiag{Mnl!MHZIMn31Mn4!O!omv5}! (36)

FIG. 6. Neutrino massn,, as a function ofus (in GeV), with
M,=uo=200 GeV and(a) tan=2, (b) tanB=45. The lower Where the massive neutrino is defined to be the lightest of the
horizontal line is the 18.2 MeV machine bound for a pute the ~ massive states and the four heavier states are termed
upper horizontal line is the 149 MeV bound for a generig. neutralinos! Further, note that there is no reason to expect
(M=xM,, with x= 3tar?6,,.) Insets: Lowus portion of curve on  alignment between the neutrino eigenstates and the charged
log-log scale. lepton mass eigenstate®, («, and 7). Neutrino mass
bounds in this more general case are more complicated, and

clearly demonstrating the high t@hsuppression. The exact better constraints are in fact optainable from af‘a.'yS‘S of
numerical results in both Figs. 6a and 6b and Figs. 7b and 7(aharged (_:urrehnt pfroces;_éts» be d'Sle)SSEddm detail in the
also illustrate that the asymptotic limit is much lower for N€Xt section than from direct mass bounds on (or v,)

large tanB. In addition, asM, increases, the denominator [30]. Based on such an analysis, Bottetial. [31] gave a
goes to zero, beyond whichs is unconstrained general neutrino mass bound of 149 MeV for a massive neu-

If we assumews=puae (1y:y: pa) =(0:0:1), then the trino that was an admixture of,, v,, andv,. The present
recently improved mass bound an from LEP, ».<18.2
MeV [24] (shown by solid horizontal lines in Figs. 6)ab
implies that, for tarB=45, there is non,_ constraint onug 4Going beyond the tree level will give small masses to the two

whenM,=280 GeV(Fig. 7b. Analogous arguments can be Z€ro mass neutrino eigens'.[ates found here. Trilinear RPV terms wi‘II
made forus=pu, and us=pu, usingm, <5 eV [25] and contribute to these corrections. Attempts to fit sub-eV mass neutri-

. e . nos such as suggested by results of the Super-Kamiokande experi-
mvﬂ< 170 keV[26], respectively. Due to the much tighter ment[28] into the RPV framework will require knowledge of these
bounds these constraints exclude all interesting regions @forrections. This is beyond the scope of the present work[Z#e
parameter spaceith such(wq:u,:us3) ratios. for more details.

035001-13



BISSET, KONG, MACESANU, AND ORR PHYSICAL REVIEW 62 035001

case differs from theirs since in the RPV framework the mas-
sive neutrino can also have gaugino and Higgsino contribu-
tions. Nonetheless, the 149 MeV mass bound is in fact ap-
plicable as will be justified in the following section treating
charged current interactions. This bound is shown in Fig. 6a
as the upper horizontal line, but not shown for the gan
=45 case depicted in Fig. 6b since the bound is never
reached.

Cosmological neutrino mass bounds also exist. These are
usually far more stringent than the neutrino mass bounds
discussed thus far, and upper limitsmof=<35 eV have been
given [32]. However, additional assumptions about cosmol-
ogy enter when determining these values, which are also
sensitive to the decay modes of the massive neutrino, which
is expected to be unstable. Due to these loopholes, a MeV h ""»\
neutrino is not cosmologically tabd&3]. — —

Upper bounds omsg (obtained from exact numerical cal-
culations throughout theuy-M, MSSM parameter space are
shown for tanB=2,45 in Fig. 7. Figures 7a,b show results  gg, g. The invisiblez®-width (in MeV) as a function ofis (in
assuming a mass bound of 18.2 MeV—ie., assumingey), with M,= uo=200 GeV and tag=2. The solid horizontal

(m1:m2:13)=(0:0:1) (these update the plots §5] which jines are the upper and lower experimental bourld§?" is as-
assumed a mass bound of 24 MeV fey); and Figs. 7¢,d gymed to be I'(Z°—wv.y) (dotted curvg or T(Z°

show results with the more general bound of 149 MeV._,, ;. 4% 199 (dashed curvewhere y? is the lightest neu-
Bounds orus weaken as eithevl, and/or|u| increase. As  ralino (4 lightest neutral color-singlet fermion

noted in[5], for high tanB, ws values in the hundreds of
GeV are permitted by the, mass bound.

I, (MeV)

150
U (GeV)

also be includey meaning thatl'y*S*=T2" . when

nv

o _ R-parity violation is permitted, the situation becomes more
B. Invisible Z° width complicated I'(Z°— vsvs) is suppressed by kinematic fac-
The couplings of the seven Majorana mass eigenstates tors for the now massive neutrino. TE8 coupling may also
the Z° boson are given by change due to gaugino and Higgsino contributionsvto
Further, whether or not the partial decay width to the mas-
sive neutrino or to any of the more massive neutralinos

should be included iﬂ“z:’:’ will depend on how these par-
ticles decay. As a result,l“z':v need not be larger than
2" . An example of this is shown in Fig. 8, whefg " is

plotted for the generic parameter space pdiht= uy=200
GeV and tarB=2 assuming contributions from the two

92 0

- = |0
~ Zcoso, X¢ Yu(i IMm Cey— ysReCeg) xqZ,

3.7

L 0,070=

where Cyq=Cl,=(UyT?U{).q and T?=diag(0,0,-1,1,
1,1, 1) (again adopting the notation ¢11]). The partialz®

decay width into a pair of neutral fermiortaith M ;> M.
+ de) is then given by

M2 M2
@ )\1/2(1 Xe _Xd ) )
"ap2’ 2
0 .0.0y_ MZ MZ MXC+M)(d
I'(Z°— xexa) = 7 -
12 cog! 2M2

2 \2 12
(MXC MXd) 3MXCMXd

|Ccd|2-

2M% M2

(3.9

In the SM, the invisiblez® width, FZ':' , is given by the
sum of the partial decay widths of th# into the massless

massless neutrinos ang (dotted curve and from the two
massless neutrinos;s, and the lightest of the neutralinos
(dashed curve Since the LEP measurementldf given in

Table I is slightly below the SM value, the RPV framework
can actually give better agreement. The solid horizontal lines
in Fig. 8 give the ¥ bounds for the LEP measurement.
These do not pose a strong constrainfugp allowing values

SOther contributions may also have to be included — suckas
decays to the second lightest neutralino which in turn decays to the
lightest neutralino and a pair of neutrinos;Z% decays to sparticles
which are close in mass to the LSP and thus produce decay products
too soft to detect when they in turn decay to the LSP. These effects

will always increasel"%’:fs“".
v

SLight scalar states might also contribute to ﬂh%ivv, either di-

neutrinos. From this width, the number of SM neutrino fla-rectly or as virtual propagators. This further complicates the situa-

vors has been measured to be 3@13 [25]. In the
R-parity conserving MSSM, the decay of tB& into a pair of
the stable lightest neutralingsaken as the LSP)sshould

tion due to the larger number of free parameters in the RPV scalar
sector. We make the reasonable assumption here that such scalar
states are too heavy to make meaningful contributions.
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up to ~100 GeV in this case, as compared to the neutrino - G2m’ 3

mass constraint which from Fig. 7c demands<21.5 GeV T =y = "R S B, B2 PLi, (4.5

for m, <149 MeV. A thorough study of the decay modes of 1927° " cg=1 e

the massive neutrino as well as the other particle states in theh
: e > ere

model is necessary to make more definitive predictions. Such

input will also be required if we wish to constrain this mini-

mal RPV model using the fult® width and the searches for

anomalous Z° decays, such as to neutralinosZ®(

—x0x) X vii#1).

B3.=|B5 2+ B2 (4.6

Standard parameters are the Fermi constaiisee[31] for
minor subtleties the pion decay constarft,, and Vi%,,
= the ud-component of the CKM quark-sector mixing ma-
IV. CHARGED CURRENT INTERACTIONS trix. R, and R, are leading radiative corrections to the

Up to this point, color-singlet fermion interactions with Processes. The former depends on the pion and charged lep-
on- and off-shellz® bosons have been analyzed. Importantton masses; the latter depends only on the mass of the de-

constraints can also be obtained from charged-current pr&3Ying lepton(See[25,34] for more details. Finally, the
cesses such as the decays of pions, leptons, and heavy néuActionsPZ' andPLj include the entire phase space factors
trinos. The relevanW™ interactions may be writtefagain ~ for the decays as well as parts of the matrix elements—
following notation from[11]) as including all dependence on neutrino masses. Explicit for-

mullas from these functions are given[Bi]; for use below,
_ — - . Pl is

L = g—éwua ¥,(P Bs+PrBR)xe+H.c., ¢

4. Pg'= b(my—m—m, [+ 6},

Il

: . : N — (82— 8% )PINYH1,87.,6°
in four-component mass eigenbasis notation. Bh& ma- (8= 8,.a) "IN, vem?

trices giving the effective coupling strength among the mass

eigenstates can be obtained from the diagonalizing matrices m m,,
of the charged and neutral fermions: 5'”:m_7,’ Oyem™= m_ (4.7)
B-=U[T'U,  and BR=ULTRU,, (4.2 As noted previously, Ref31] analyzed three-neutrino mix-

ing. The present case differs since mixing of neutrinos with

where neutralinos(and charged leptons with charginaes also pos-
sible. However, the above formulas remain valid since the

L \/5 0 0 new states would be too heavy to contribute to these GeV or
00 0 lgxg sub-GeV decays.

The experimental inputs are the following decay rates:
and

T(r—eve), T(m—pv,),

TR= (4.3

0 -2 0 O
0 0 1 Opy4) T(p—ever,), T(r—ever,), D(r—upv,v,).

Of particular interest are pion and lepton decays. Here disHere, byv,v,,v, we mean the states produced alongside
cussion is limited to tree-level decays mediated by a virtuathe e, u, 7 leptons in the corresponding decays. To eliminate
W boson. Z° exchange in lepton decays is negligible for thethe uncertainty in some of the common factors and thus bet-
cases we consider below, the corresponding amplitude beirtgr isolate the effects of non-SM leptonic masses and mix-
proportional to the product of twa;’s.) An exhaustive dis- ings, it is preferable to work with ratiof31,11]. For pion
cussion would in principle also require consideration of pos-decays, we will use

sible virtual scalar intermediate states. Thé&sgether with

radiative corrections would re-introduce trilinear RPV ~
Rre2l B, PP

terms; however, as already noted, since supersymmetric sca- [(7— e?e)

lar particles must be considerably more massive than the RIS = —= (4.9
gauge bosons, their contributions can be expected to be very F(m—pv,) sz B2 P+

small. Partial decay widths for these processes are then given .

by

For the lepton decays, reduced decay widths are defined by

G|V Pmd
[(m—ly)=—Tg " 19273 S 2 <s
m s —lwu)=R; > B, B P,

[ c,d=1 ¢ d

and 4.9

3
R7T| 2 EIZV P(7:7| (44)
c=1 ¢

T —
r _62
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which conveniently allows us to define the ratios: , , wi |2
[RE|?+|RE*=1 (4.12
R#Z B2, BL, P
R/TL;E_ = (4.10 Using Egs(4.11) and(4.12 together with the assumption of
rre R Z Bz Bz e no right-handed neutrino fields, the quasi-SM sector charged
€% current couplings become
and =R BL  _pmn_. {2 _|pmn?2
Bi ,,=0. B ,=Rs :>B|mVn_|R5 <. (4.13
— 2 B2, BZ, P
re__ r A. Pion decays

BZ B;w P4 Inserting the smallx; approximate expressions from .Eqs.
c.d d (4.1, (4.12, and (4.13 into Eq. (4.8), and disregarding
contributions involving the more massive quasi-

3
-
s

M

B2
Barring some miraculous alignment, the physical neutrino 'mn l
mass eigenstates will not be the partners of the charge'M'SS'VI neutral stateas justified earligr yields (using P7;

leptons—thew,’s above. Nor will they be basis states in the = P for the massless stafes
single-VEV parametrization — the;’s of Eq. (3.1). The

2

physical eigenstate which acquires a mass at the tree level is 1— ( '“1) }pwleJr '“1) pze
denoted byvs; we will denote the other two massless degen- R7e _ vme M5 ‘ M5
erate states by,; andv,,. Note that these two light eigen- ™ R Mz . M2 2 .
states are not uniquely defined at tree-level; any linear com- 1- P +|—| Ps¥

At ; . M5 M5
bination between them is another massless neutrino
eigenstate. This indeterminacy will not affect physical re- 1
sults; moreover, the degeneracy will be lifted by radiative 1+ ) pme
corrections. _ _ - o = Key Ms (4.14

In the rest of this section, we will discuss implications of M2\

experimental constraints on the ratids8) and(4.10. Exact o Ms) P
numerical values for rotation matricés ,Ug, andU, will
be used to compute the charged current coupliBysand  \where
BR. However, in order to be able to understand the qualita-
tive features of our numerical results, we find it worthwhile » T o 2 272
to derive and use approximate analytical expressions fory. —_—7¢ = ”e<_e T €| =1.233x10°%
these couplings. To this end, we will use the following ap- Rou P Rap\Myu) [m2—mi,
proximation. We split the diagonalizing rotation matrices (4.195

into separate “quasi-MSSM” and “quasi-SM” blocks:

. . is the SM rediction(with R ,o/R,=0.96103), andp™
U =diagR,,l3x3}, Ugr=diagRg,l3x3}, p7l p ° )
The behawor of th&R77, ratio as a function ofus can be
understood by analyzing the dependence of the kinematic
Up=diag{U,4,Rs}, functionsPZ' on the neutrino mass. Indeed, for a given set of

i ratios, the only dependence @ in Rgi comes viamy5
whereU, diagonalizes the first 4 4 block of M ,andRy is in prl

: ; . L : 2. Small changes im,_ affect PZ® and PZ* differ-
again the X 3 CKM-like neutrino mixing matrix. Note that, e - L5 L ,
while this approximation is valid in the smad; limit, it is ~ €Nty- Ps~ increases quite rapidly with increasing,, as a

not the same as the approximation used in Sec. II. In thagonsequence of matrix element dependence on the masses of
case, all first order terms in the were kept; here, we keep decay products in pion decalfor m, <80 MeV, Pg*
only those terms of the form; / us. This will be the mean- :(mljslmw)2 is a very good approximatignIn contrast,

ing of the “small . approximation” in this section. —  prx gecreases, albeit more slowly, because of the phase
The SM components of thes eigenstate are then given gyacq factor. As a result, their raRf® increases withm,
’ M 5’

and

b . . L
y and this effect is further enhanced the larggr/ 5 is with
TS respect tou,/ us.
R'53=M—, (4.11 Looking in more detail at various mass ranges, we find
5

that form,_=20 MeV, the kinematic functiofPg* is nearly

and, by unitarity, the quasi-SM components of the other twghe same as the constaR{{* (P7#=0). In this case, the
eigenstates obey the sum rule experimental constraints on the raﬁq';z can be put in a
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simple form in terms of the RPV parameters. Using tle 3

bounds from Table |, we obtain
[1 mg
= E?m,,s'

Beyond the threshold value mV5=mW—mM=33.91 MeV,

M1

for m, <20 MeV:
° Ms

(4.19

PHYSICAL REVIEW D 62 035001

1
<V137 (n1=0).

Upper limits on thew,/us ratio in this region are given in
Fig. 9.
For values ofm,, of order 100 MeV, the increase [

H2
s

(4.17

the 7 decay into a muon and the massive neutrino can nelue to the amplitude contribution are offset by the decrease

longer proceedP:“=0 and the denominator of E¢4.14

due to the phase space factor, &ﬂﬁ begins to decrease. At

becomes constant. Then we have the following constraint othe thresholdm, =m_—m,=139.057 MeV, ther cannot

the u,/ usg ratio:

for 34 MeV<mV5<139 MeV:

decay intoevsg either. Above this threshold, tH%Zi ratio is
constant(in the approximation used herend the following
constraints can be derived:

1
for o> puq: &—ﬂ<— (upper experimental bouind
PP
m, . >139 MeV: . (4.18
1
for >, 1 &<— (lower experimental bound
us ng 82

It must be mentioned that large neutrino masse£ (00
MeV) may be beyond the range of validity of the sma]l-
approximation unless ta#is “small.” For tan 8=2 and for
the MSSM parametert,=250 GeV andu,=100 GeV,
Eq. (3.4 gives m, =149 MeV whenus=13.9 GeV, in

rough agreement with the see-saw predictionugt=11.4
GeV from Eq.(3.3), and thus arguably still within the small

reached if31]. For tanB=2 andu, set to zero, exact nu-
merical results at the generic MSSM poilt,= uo=200
GeV showR’¢ to be more restrictive thaR7> for u,/us
<3 andi<pu,/u3=<1 (echoing Fig. 6 0of31]). Figure 11a
depicts the actual behavior B vs us at thisM,-uq point
for tanB=2 and assortequ; ratios. The solid horizontal
lines represent @ deviations above and below the

ms domain. In addition, radiative corrections to this tree-experimentally-determined central val(ehich is consistent
level calculation may alter the numerical values given above.
Using exact numerical calculations, Fig. 10 shows the de-
pendence ORZZ on ws for some illustrative ratios among
the wu;’s and for the generic MSSM parameter poi¥it,
=uo=200 GeV and ta=2,45. The solid horizontal line
denotes a 3 positive deviation from the experimentally de-
termined central value. The qualitative attributes of the
curves agree well with the predictions made above on the
basis of the analytic expressiqd.14). Note that for large

o/ ths

-5
tangB, high values ome5 are unattainable no matter how
large us is. In this case, values @fs in the hundreds of GeV I 1
are allowed. . f ]
I 20
~N10 f . E
i ]
B. Decays of charged leptons L -, WABE 1
Equation (4.5 shows thatW* -mediated charged lepton af :
. ~ . . 10 1 1 1 IIIII 1 1
decays are proportional to t\/\Bfa,,C factors. This along with 0t X o s 100 150 200
the more complicate®.. function (which gives the depen- m,s (MeV)

dence on the neutrino massakes analytic expressions un-

wieldy, even in the smal,lti.approxmat_lon. Hgnce iny re- pion decay[cf. Eq.(4.14)]; in the upper half of the figure, the lower
sults from the exact numerl_cal calculatlons_wnl be (_jlscussedsond line corresponds tu,/us=1/12, while the upper line to

R:S of Egs. (4.10 provides the most interesting con- ,,_/,,.=0: in the lower half of the figure, the solid line corresponds
straint, tightening the bound op,/us in some regions to u,/us=0. Dotted lines: the WAB6 experimer(tf. [35]).
where RZZ is less effective. A similar conclusion was Dashed line: neutrinoless double beta defdy Eq. (5.2)].

FIG. 9. Constraints onu,/us and u,/us ratios. Solid lines:
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105 Mo =200 GeV
53 M, =200 GeV
0.124 -
1
0.123- tan § =2 095- %
to =200 GeV 01121}
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M, =200 GeV 0 5 10 15 20 25
L ) IR ) ) Lol L
. 15 (GeV)
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- 1 2
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0.125 e T
: i 1.02- w01 8 =45
EE : 1 =200 GeV
i jtanfg =45 i V, =20C GeV
01245 LERY ! o =200 GeV | .
i i M, =200 GeV |
0.124 0.98F
011:50
1:fo:1o .
0.1235 096 SHEE
______ 0:1:1 N
............... 2 3
10 10
(b) GeV
0123 ———— L _ s (GeV)
10 10 FIG. 11. R% vs us for assortedy; ratios and(@) tang=2, (b)
(®) Ks (GeV) tanB=45. Horizontal lines denote &3 deviations from the mea-

FIG. 10.R7;, as a function ofus (in GeV) for variousy; ratios,  sured central value as given [i81].
with M,= uo=200 GeV anda) tanB=2, (b) tanB=45. In(a) the L L .
u; ratios are 1:1:1(long-dashed ling 1:10:110(dot-dashed line; Navior is qualitatively reminiscent of that for the,/us=1
appears twice in the figure0:1:1 (open-spaced dotted line):1:11  CUTVe for tan3=2 even if nowu, /3 is set to zero. Quan-
(closely-spaced dotted liie1:0:110(short-dashed line titatively though, the upper limit placed qns becomes quite

large asu, /5 drops to zero. This bound is nevertheless still

with the SM prediction of 1). Fo,/u; closer to one ¢ ~ more stringent than that froR7% if 1,~0, again irrespec-
<o/ p3<1) and smaller values gig (us=10 GeV), Ree  tive of ua/us. o _
may dip below the experimentally-allowed band; however, The experimentally-derived values fbr*¢, I'"®, andI" ™
for any u,/us3<1, RY eventually goes above the accept- can also be applied individually without taking ratios. The
able band ag.s is increased. The upper bound @g only 30 bounds on these quantities are also given in Table I.
runs from 19.5 GeV down to 17.5 GeV ps/u3 is changed However, these restrictions were always found to be weaker
from & to O (values below~ < are indistinguishable from than the constraints from the rati@a contrast to Ref[31]).
0). However, the neutrino decay constraints from the WAG66
and CHARM experiments described in the next subsection C. Decays of a massive neutrino
may surpass the constraint froR(;" for these somewhat  Assuming the decay of the massive neutrino is mediated
larger us values. ) )

For high tang, the behavior ofR“® vs s is decidedly by a virtual W-boson, the expected decay modes ar

. R _ = —
different, as seen in Fig. 11b for t@+ 45. Here the value of —W*=|*;: W**—=|'* v |, (qq'=7").
RS always drops below the experimentally-allowed region A crucial experiment restricting this process was per-

as us is increased irrespective of the,: w4 ratio. The be- formed by the CERN WAG66 Collaboratiof85] using the
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BEBC bubble chamber placed in a neutrino beam resultingref. [39]. The bilinearu; RPV couplings can also mediate
from dumping protons on a high density target. The neutrin@vg3; therefore, this process warrants serious consideration
beam is mainly composed of “prompt” neutrinos from here. First, however, features unique to this process must be
charmed meson decays which can include massive neutrin@@refully noted. As with pion decay, this process involves
up to ~1.8 GeV. WAG6 is sensitive to massive neutrino (valence quarks rather than leptons in the initial state. How-
decays into electrons, muons, and pions. From the absence &fer, unlike pion decay, for©33 the decay products are not
any excess of such events, limits can be placed on mixing ofj| colorless. Thus transitions can be mediated¥yposons

the massive neutrino state with either thg or v, weak- - 5,4 5 Majorana neutrino with mixing te, or by scalars
flavor eigenstate. In the small; approximation,n=v; and (sqiarks and/or sleptonand sfermionggluinos or neutrali-

. o e mnj2_ 2
this mixing is simply [Rg"|"=(u; /us)®. Therefore, the 1,4 140,39 Tree-level diagrams involving the former pair
WAG6 results can be used to restrict these rafitise small- can derive the neutrino couplings from the RPV bilinear

wi approximation s Vél'd; formV5~O(100 MeV), this ©i's, while those involving the latter pair will be propor-
would demand that tafl is small. _ tional to trilinear RPV couplings. For leptonic decays, pos-
The WAG6 results can be summarized as folldvesults  gjple tree-level trilinear RPW coupling dependence due to
from CHARM [36] are similar in the parameter regions of qc|ar intermediates was neglected on the grounds that this
interest here For neutrino mass values of order 100 MeV 4 pe kinematically suppressed since sleptons and Higgs
and abo;’e’ theirluxmg parametgn /us has to be smaller bosons are more massive than the gauge botsams the
than 10 (<107, for m, ~149 MeV). The constraint on - yiinear couplings are expected to also be siail contrast,
molps is a little bit weaker: atm, =149 MeV, uy/us  with 0»B8 there are strongly-interacting sparticle intermedi-
<1073, These limits as a function oh,_ are presented in ates which could perhaps off-set the simple kinematic sup-
Fig. 9. Note that formVS less than®(80—100) MeV, the pression; thus, trilinear RPV couplings might play a signifi-
constraint onu, /s coming from decay is stronger than cant role at thg tyee level for this process. It shoul_d be
that from WAG66, while form,_>((80-100) MeV, the stressed that this is not the case for the previous sections—

WAG66 constraint is stronger. Thus, these two inputs pla)}here the trilinear RPV couplings havet been set to zero

complementary roles in setting limits on neutrino flavor-state?y 1and. they simply do not yield any significant contribu-
mixings. tions to those processes at the tree level within the single-

The WA66 neutrino decay limits are also used in estabVEV parametrization augmented by the reasonable assump-
lishing for the present RPV scenario the 149 MeV absolutdion of sufficiently heavy scalars. Forvg, in order to
upper mass bound on a neutrino which is not a puré As  concentrate on the bilinear RPY’s, the N’ couplings can
seen above, a neutrino with a mass of 149 MeV is aboube assumedo be negligible and/or the squark and gluino
99.9% v5 which is now extremely well aligned with the =~ masses can bassumedo be very large to kill these contri-
lepton. In this case the tighter LEP boundnof <18.2 MeV  butions. Alternatively, to set conservative bounds onytlis
is applicable; therefore, the upper mass limit on a mixedt is sufficient toassumehat there is no destructive interfer-

massive neutrino state is149 MeV as adopted here. ence between the two types of diagrams. A more thorough
There are other experiments on neutrino interaction@nalysis including the scalar intermediates is underway.
which constrain the mixing among the three generatiéms With these caveats, the effective constraint froms@

example, the CHARM Il experimenB87] on v ,- e scatter- ~becomeg41]

ing, and LAMPF[38] on v.-e scattering. Some of the re-

sulting constraints are stronger than the WAG66 results. How- m, |~B§V 2<0.46 eV form, <10 MeV. (5.1
ever, the interpretation of these data in our current > °

framework (constraints on the RPV parametefs) is ; _ — ; ;
straightforward only in the approximation used in this SeC_AppIymg the smallp; approximation, this translates into
tion; otherwise, mixing between the neutrino and neutralino

contributions should also be taken into account. For this rea- ﬂ< 0'46X 1072 (with m,_in MeV). (5.2
son, we have discussed only the WAG66 res(flts purposes M5 m,, s

of illustration), leaving a more detailed analysis to a future

paper. An alternative approximation is to consider only the leading

mixing effect between the sole vev-beariMg 3 superfield

basis state and the oth¥=3 superfield basis states. This
Neutrinoless double beta decayy@gB) places very strin-  yields the approximate expressifef. Eq. (4.13)]

gent bounds on trilinear RPV parameters, as demonstrated in

V. NEUTRINOLESS DOUBLE-BETA DECAY

7, 2
BL M5 Mo Mi
m's T po s
"This result from Ref[31] is based on a charged current analysis
of R™  R™  RE® T#e T andl'"“. As mentioned earlier, Ref. and thus

T TR 7€ !
[31] only includes 3-flavor mixing, not possible mixing with gaugi-
nos and Higgsinos. It should also be noted that this value is given in L =L WA+ ud)
[31] as a Ir bound whereas more conservative Bounds are used |B|szl| +|B; 2| =]l-——. (5.3

mYz 2 2
throughout the present work. Ms5to
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This approximation should hold even for large valueg.gf
Using this approximation along with E¢3.4) for m,,, the

OvBpB constraint is

4.29<10°°
v CosfB

XM,
(xg5+97)

~2.15x 10" "\(1+tarfB)M,

(with mass parameters in GeVFor the low neutrino mass
region in which it is effective, the 38 constraint onw, (or

H1
Mo

(5.9

m1/wps) is much stronger than that from pion decay, as is

seen in Fig. 9. At the generic MSSM parameter poikit,
= uo=200 GeV}, Egs. (5.2 and(5.4) require uq/us= 1ss

for MeV scale neutrino masses and;:uo of around
1:150000 (1:1®00) for tanB=2 (45)—setting u,/us

~ 155 allows ug values of only tenths of a GeV for tgh
=2 and a couple GeV for tg8=45.

The limitation from QvBB is only applicable ime5< 10
MeV. Thus the @B injunction is turned off ifug is large
enough to pusinnV5 above this threshold. This means that at
any given point in MSSM parameter space, and ¥ 0,
there will be at least two allowed ranges fqrs:us
<pfm*and u9< ps=< u®, whereuf M is the upper
bound from @88, uf? is the us value at whichm,
reaches 10 MeV, ang:'®* is the cut-off value due to the
strongest constraint aside fromvB8g (typically this is from
RT?, for low to moderate tag values and fronR%S for high
tanB). This of course assumest "< u %< M@ as is
almost universally true.

VI. OVERALL COMBINED CONSTRAINTS

PHYSICAL REVIEW 62 035001

“

M, (GeV)

M, (GeV)

c e by
400 -200

FIG. 12. Maximum allowed values qi5 (in GeV) consistent
with all the constraints listed in Table (a) for tang=2 and u;
ratios 0:1:1; (b) for tang=2 and 0:1:10;c) for tanB=45 and
0:1:1;(d) for tanB=45 and 0:1:10.

=0:1:10 in 12b and 12d. With tgB=2, the RS constraint

dominates for th®:1:1 ratio set; bulR7% is stronger for the
0:1:10ratio set. The charged current constraints are slightly
more restrictive than those from the 149 MeV neutrino mass
bound shown in Fig. 7c—the difference is greater when
Mi:poipma=0:1:10, but theorder of magnitude is still the
same. Ifu, is setto zero feq: po: u3=0:0:1),then the 18.2
MeV v_. mass bound of Fig. 7a dominates.

Another distinction between Figs. 7 and 12 is in the cen-

Here we pull together all the constraints addressed inditral region whereM, or |u,| is small. This region is ruled

vidually in the preceding sections. These are combined nueut in Fig. 12 by limits from processes involving charginos
merically in a comprehensive program to yield a maximum-and neutralinos. Such restrictions, embodied in the Table |
allowed us5 for any given point in MSSM parameter space bounds on the chargino mass, on anomalous “visibf”

for a specifiedu, : o us Set. Table | lists all the experimen- decay modesZ®— x“17,x2x§,x3v; d#1), and orz® full

tal constraints applied. Note that constraints resulting fronaind invisible decay widths, are in general rather conserva-
the WA66 and CHARM neutrino decay experiments as welltive, reflecting present intangibles concerning sparticle
as those from neutrinoless double beta decay experiments allecays—a more complete study of these is in progress. As
not implemented except to rule out potentially admissiblediscussed in Sec. Il E and seen in Figud,values sufficient
large us regions beyond the first cutoff point for individual to significantly affect the lighter chargino mass are in the

constraints(a thorough implementation awaits a more com-
plete analysis including scalar intermediates

high-w; realm and thus only depend quy. Results for the
combined constraints concur: bounds in the srivgll small

A few details associated with the numerical studies dedug| region are basically independent of the ratios among the

serve mention. Firstelectroweak gaugino unification is as-
sumed; i.e.,M;=xM, with x=3tarf6,,. Second, running

wmi's. One additional point worth noting is that driving ug
to extremely high values will not be able to push up a very

parameters are evaluated at the scale appropriate to each pamall MSSM chargino mass.

ticular process. Thus for instan@? decays use sfif,(M5)
while 7 decays have st (m,). Specific numerical inputs
include (see[12)): sirf6,(M,)=0.2315,M,=91.1867 GeV,
andM,,=80.4 GeV.

Figure 12 scans thil ,-uo plane and presents contours of
maximum-allowedu s values in GeV. Figures 12a and 12b
have tarB=2 while 12c and 12d have tg@~45;
Mmiipoimz=0:1:1 in 12a and 12cwhereas uq:pus:pus

Regarding tafB=45: the general pattern of the contour
lines is similar to that for the tai=2 plots; however, ad-
missibleus values are much larger. Upper boundswgnare
relaxed by a factor of~tanB. The limits in Figs. 12¢c and
12d are much stronger than those in Fig. 7d which just uses
the 149 MeV neutrino mass bound. Both of these changes
are due to the dominant charged current constraiRts (s
strongest except fouq : wo:pu3=0:1:10 andM,=<160 GeV
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in which caseR™4 dominateg As w,—0, we again return charged leptons. Thus, while the charged current constraints
to the 18.2 MeVm, limits of Fig. 7b (with the central re- are more restrictive, those for neutral current processes are

gion again excluded by chargino and neutralino constraints MOre robust against such possible model extensions.
The single tree-level neutrino mass,,, depends on the

threeu; only throughus. If MeV-scale neutrino masses are
VIl. CONCLUSIONS AND OUTLOOK allowed, thenug may well be large enough to yield signal
) ) . _ rates near, at, or above present experimental bounds for the
The degree of generality possible within the single-VEV nymerous other processes described herein. Such a neutrino
parametrization deserves special notice. With only a trio ofnass is not ruled out by direct or indirect machiferres-
inputs (the bilinear u; couplings in the superpotentiabe- trjal) mass bounds. Cosmological constraints favoring light
yond those of the MSSRithe tree-level mass matrices of all neytrinos may not be applicable; this depends on the decay
color-singlet fermions are completely determined, and gyroperties of the massive neutrino and requires more study.
broad range of leptonic phenomenology can be analyzefln MeV-scale neutrino has been found to be consistent with
with a reasonable level of sophistication. Furthermore, theosmology in at least one studwhich did include fields
trio can often be collapsed into a single input;, which beyond those in the MSSM42].
carries the full We|ght OfR-pal’ity violation. This is to be The results of this ana'ysis reinforce thosd:b} M5 val-
contrasted with analyses which either contain a plethora ofies of the same order of magnitude, or even much larger,
RPV parameters which preclude a meaningful coverage qfnaan and u, (the standard MSSM inputsre allowed by
the parameter space within the model or arbitrarily pick onghe experimental bounds. This is particularly true for high
or two RPV parameters to be non-zero while the other§ argang (=45), where RPV signals are strongly suppressed. In
all set to zero by hand. As a result, the true freedom withinypjs case even much tighter bounds on the neutrino mass do
an RPV model will be masked or muddied by a less optimahot preclude largess values. This ta dependence is al-
choice of flavor basigor by no choice at all most universal among the processes studied. This plus the
We have presented tree-level coverage for the variety Ofact that both the neutrino mass and numergsugh by no
electroweak signals summarized in Table I. In the singlemeans a)l approximate expressions for other bounds depend
VEV parametrization analysis presented hehe trilinear only on us lead to the interesting question of how much
RPV couplings have not been set to zétather, they simply  yariation is possible among these other processess ifs
do not contribute(at tree level with gauge boson propaga-fixed?® To look at this various possible, : o s combina-
tors) to the impressive spectrum of leptonic processes studions were studied using the exdet the tree levélnumeri-
ied. In principle, intermediate scalarésleptons, Higgs g expression¥ A rough hierarchy is seen in the con-
bosong can usher back in the tree-level trilinear dependencegi aints on the individuak;’s: u; is strongly restrictedy, is

however, such contributions should be suppressed by thess restricted, angis is still less restricted. This suggests
larger masses of the scalars relative to the SM intermediatg,;iy sets of the general for@:1:x (x=1). With only two
vector bosons, and are nonnegligible only in special regiongqq inputs, this further suggests that, along with a dimen-

of phase_ space. A more in depth look at the S_Ca'ar SeClipnless ratious is the preferred indicator of RPV effects in
(along with the related issue of electroweak sparticle decayﬁeptonic phenomenology.

is now in progress. An exception to ignoring the scalar in-
termediates may be necessary with neutrinoless double beta
decay due to the presence of strongly-interacting sparticle
intermediates. This question is also under study. The authors thank P. Tipton for helpful discussions and
Also beyond the present study but slated for future worka, M. Cooper-Sarkar for discussions regarding the BEBC
are loop effects, necessary to describe interesting processgata. We also benefitted from questions and comments of
such asu—ey. This process may place an additional sig- colleagues, particularly C.-C. Chen, S. Davidson, M. Losada,
nificant restriction on the;'s. Other loop processes will be E. Nardi, F. Vissani, and C. Wagner. K. L. Chan and Gad
important in constraining the trilinear RPV couplings. LoopsEilam are greatly appreciated for reading over the manu-
will also lift the degeneracy of the two tree-level masslessscript. O.K. thanks P. H. Frampton for being a constant
neutrinos. This extra degree of precision is certainly neededource of encouragement. This work was supported in part
to study the very low-mass neutrinos preferred by severaby the U.S. Department of Energy, under grant DE-FG02-
neutrino oscillation experiments. Some models to describ@1ER40685 and by the U.S. National Science Foundation,
such experiments also suggest that one or more extra lighinder grants PHY-9600155 and INT-9804704.
(steril® neutrinos be added. This could strongly affect the
analysis of the charged current constraints presented here;——
but not thez°
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-mediated neutral current constraints for the _ ) -

If both us and neutrino mass are fixed, then restrictions are
placed upon the MSSM input parameters. How muchaatepen-
dence and variation is then possible in the remaining processes is

80f course the MSSM already has a fair number of inputcurrently being investigated.
parameters-M,, wo, and tand all enter into the mass matrices.  '%Naturally, studies that truncate the number of generations cannot
This is unchanged and precludes an exhaustive scan of the fulreform such analyses and miss very significant and interesting ef-
beyond-the-SM parameter space. fects.
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