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Abstract

We discuss the phenomenology of the lightest neutralino in models where an effective bilinear
term in the superpotential parametrizes the explicit breaking of R-parity. We consider supergravity
scenarios where the lightest supersymmetric particle (LSP) is the lightest neutralino and which can
be explored at LEP2. We present a detailed study of the LSP decay properties and general features
of the corresponding signals expected at LEP2. We also contrast our model with gauge mediated
supersymmetry breakingl 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The search for supersymmetry (SUSY) plays an important role in the experimental
programs of existing high energy colliders like LEP2, HERA and the Tevatron. It will
play an even more important role at future colliders like LHC or a lindar collider. So
far most of the effort in searching for supersymmetric signatures has been confined to the
framework of R-parity-conserving [1] realizations. Recent data on solar and atmospheric
neutrinos strongly indicate the need for neutrino conversions [2,3]. Motivated by this there
has been in the last few years a substantial interest in R-parity violating models [4]. The
violation of R-parity could arise explicitly as a residual effect of some larger unified
theory [5], or spontaneously, through nonzero vacuum expectation values (VEVSs) for
scalar neutrinos [6,7]. In the first case there is a large number of unknown parameters
characterizing the superpotential of these models, so that for simplicity these effects are

E-mail addressporod@nac13.ific.uv.es (W. Porod).

0550-3213/01/$ — see front mattér 2001 Elsevier Science B.V. All rights reserved.
PIl: S0550-3213(01)00042-6



40 A. Bartl et al. / Nuclear Physics B 600 (2001) 39-61

usually studied assuming in aa hocway that only a few dominant terms break R-parity
explicitly, usually only one.

We prefer theoretical scenarios which break R-parity only as a result of the properties
of the vacuum [8]. There are two generic cases of spontaneous R-parity breaking models.
In the first case lepton number is part of the gauge symmetry and there is a new gauge
bosonZ’ which gets mass via the Higgs mechanism [9]. In this model the lightest SUSY
particle (LSP) is in general a neutralino which decays, therefore, breaking R-parity. The
LSP decays mostly to visible states such as

%= ffv, (1)

where f denotes a charged fermion. These decays are mediated #-itoson or by

the exchange of scalars. In the second class of models there appears a physical massless
Nambu—Goldstone boson, called majoron. The latter aris8siR) ® U (1) models where

the breaking of R-parity occurs spontaneously. In this tlasenajoron is the LSRvhich

is stable because it is massless (or nearly so). It leads to an additional invisible decay
mode)”(f — v + J, which is R-parity conserving since the majoron has a large R-odd
singlet sneutrino component [10,11]. This decay is absent if lepton number is gauged, as
the majoron is eaten up by a massive additichéloson.

Although models with spontaneous R-parity breaking [9—-11] usually contain additional
fields not present in the MSSM in order to drive the violation of R-parity (expected to lie in
the TeV range), they are characterized by much fewer parameters than models with explicit
breaking of R-parity. Most phenomenological features of these models are reproduced by
adding three explicit bilinear R-parity breaking terms to the MSSM superpotential [12].
This renders a systematic way to study R-parity breaking signals [13—-15] and leads to
effects that can be large enough to be experimentally observable, even in the case where
neutrino masses are as small as indicated by the simplest interpretation of solar and
atmospheric neutrino data [4]. Moreover, R-parity violating interactions follow a specific
patternwhich can be easily characterized. These features have been exploited in order to
describe the R-parity violating signals expected for chargino production at LEP 1l [16].

Here we consider the phenomenology of the lightest neutralino in the simplest and
well motivated class of models with an effective explicit R-parity breaking characterized
by a single bilinear superpotential term [17]. Apart from the absence of the majoron-
emitting )Zf decays (which are absent in majoron-less models with spontaneous breaking
of R-parity) this bilinear model mimics all features of neutralino decay properties relevant
for our analysis. For simplicity and for definiteness we consider supergravity scenarios
where the lightest supersymmetric particle (LSP) is the lightest neutralino. We present
a detailed study of the LSP decay properties and general features of the corresponding
signals expected at LEP2. In the following we denote the minimal SUGRA scenario with
conserved R-parity by mSUGRA. It is well known that in models with gauge mediated
supersymmetry breaking (GMSB) the lightest neutralino decays [18,19], because the
gravitino is the LSP. We, therefore, also discuss the possibilities to distinguish between
GMSB and our R-parity breaking model.
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2. Themodel

Here we will adopt a supersymmetric Lagrangian specified by the following superpo-
tential
W = o[ 070, 75 + ) 00 B, g + W] L2R, = T 8] + eapes L2 11,
2
where i, j = 1,2,3 are generation indices;, b = 1,2 are SU(2) indices, ande is
a completely anti-symmetric 2 2 matrix, withe12 = 1. The symbol “hat” over each letter
indicates a superfield, wit;, L;, H1, and H> beingSU(2) doublets with hypercharges
1/3,—1,—1and 1, respectively, ard, D, andR beingSU(2) singlets with hypercharges
—4/3, 2/3 and 2, respectively. The couplings, hp, andhg are 3x 3 Yukawa matrices,
andu ande; are parameters with units of mass.
Supersymmetry breaking is parametrized by the standard set of soft supersymmetry
breaking terms
Vsor= Mgy 07" 05 + M0 Uy + M2 D Dy + ML L + MPP R R,
+mé, H{*H{ +m3, Hy* HY

1 1 1,
— —M3)»3)»3+—M)»2)»2+§M AA1 + h.c.

2 2
+eap[AY RS Q0T HE + AU R 0P D HY + AR EE R HY
— BuH{H} + Bje; LY HY]. (3)

Note that, in the presence of soft supersymmetry breaking terms the bilinearderms
cannot be rotated away, since the rotation, that eliminates it, reintroduces an R-parity
violating trilinear term, as well as a sneutrino vacuum expectation value [17]. This happens
even in the case where universal boundary conditions are adopted for the soft breaking
terms at the unification scale, since universality will be effectively broken at the weak scale
due to calculable renormalization effects. For definiteness and simplicity we will adopt this
assumption throughout this paper.

Although for the discussion of flavour-changing processes, such as neutrino oscillations
involving all three generations, it is important to consider the full three-generation structure
of the model, for the following discussion of neutralino decay properties it will suffice to
assume R-parity Violation (RPV) only in the third generation, as a first approximation.
In this case we will omit the labels j in the superpotential and the soft breaking terms
[17,20]

W =h; Q3UsHp + hy,03D3Hy + h L3RsHy — nHyHp + e3L3Ho, (4)
Vot = €ap| Arhi Q4UsHY + Aphy O3 D3HY + Ach. L R3HY
— BuH{H} + Bsegi%sz] + mass terms (5)

This amounts to neglecting tif, effects in the two first families.
The bilinear terms in Egs. (4) and (5) lead to a mixing between the charginos and the
7-lepton which is described by the mass matrix
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M> %gvz 0
Mc= %gvl 2 —%hfvs ) (6)
%gvs —€3 %Zhrvl

wherevs, v, andvs are the vevs of7?, HZO, andv., respectively. As in the MSSM, the
chargino mass matrix is diagonalized by two rotation matri¢esdV

My 0 0
UMcV™i=| 0 myz 0O |. 7)
0 0 m;

The lightest eigenstate of this mass matrix must be the tau leptonand so the mass is
constrained to be 1.7771 GeV. As explained in [21], the tau Yukawa coupling becomes a
function of the SUSY parameters appearing in the mass matrix.

The neutralino mass matrix is given by:

My 0 —gIv1  g1v2  —g1v3
0 M> g2v1  —g2v2  g2v3
Mn=| —giv1 g1 0 _— o |. @)
g1v2  —g2  —p 0 €3
—g1v3  g2v3 0 €3 0

wheregs = g’/2 andg, = g/2 denote gauge couplings. This matrix is diagonalised by a
5 x 5 unitary matrix N,

x0=Nijv?, 9)

Wherew? = (—iB,—iWs, Hy, Hy,, v;).
The up squark mass matrix is given by

M2 [ Mé + %v%h,} +AyL %(vau — puv1+ egvs)] (10)
L %(vzf\u — v +e3vz) M2+ 03,2+ Ayr
and the down squark mass matrix by
M2 _Mé + 3v2he® + ApL %(UlAd — WUv2) :| 1)
40 f/—dz(led —uv) M2+ 3v2h.2+ Apg |

with Ay = §(g% — 38/ (W2 —v3 +v3), Apr = §(—g? — §¢'H (W3 —v3 +13), Ayg =

1¢/2(? —v3 +v3), and Apg = —5¢'2(v? — v3 + v3). The sum of thes? is given by
m?%, = g2(v? + v3 + v3)/2. The mass eigenstates are givenghy= G, cost; + Gr Sind;

andgz = gg cos9; — g, sinf;. The sfermion mixing angle is given by

—M?
o JLR
COSY; = \/ — Y 2 >
( qur ml}l) + ( K?LR)
2 2
sing; = qrr___a . (12)

2 2
JO2 —m2 )P4 (M2 )

HerquZ__ are the corresponding entries of the mass matrices in Egs. (10) and (11).
ij
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In addition the charged Higgs bosons mix with charged sleptons and the real (imaginary)
parts of the sneutrino mix the scalar (pseudoscalar) Higgs bosons. The formulas can be
foundin [21,22] and are reproduced, for completeness, in Appendix A. The corresponding
mass eigenstates are denotedgﬁyfor the charged scalars;.’ for the neutral scalars, and

Pk0 for the pseudoscalars.

3. Numerical results

In this section we present numerical predictions for the lightest and second lightest
neutralino production cross sectionsdhe™ collisions, namelye*e™ — 7272, 7972
Moreover, we will characterize in detail all branching ratios for the lightest neutralino
decays, which violate R-parity.

The relevant parameters include tifg, parameters and the standard mSUGRA
parametersd/y 2, mo, tang, where My, is the common gaugino massg the common
scalar mass, and t@n= v2/v; is the ratio of the vacuum expectation values of the Higgs
fields. The absolute value pfis fixed by radiative breaking of electroweak symmetry. We
takeu positive to be in agreement with tthe— sy decay [23]. As representative values of
tang we take tar = 3 and 50. It is a feature of models with purely spontaneous breaking
of R-parity that neutrinos acquire a mass only due to the violation of R-parity [6,7,24].
This feature also applies to models characterized by purely bilinear breaking of R-parity,
like our reference model characterized by Egs. (4) and (5). As a resut,theolating
parameters are directly related wiih,,, the mass of the neutring, which is generated
due to the mixing implicit in Eq. (8).

3.1. Neutralino production

While the violation of R-parity would allow for the single production of supersymmetric
particles [13], for the assumed values of tg violation parameters indicated by the
simplest interpretation of solar and atmospheric neutrino data [2,3], these cross sections
are typically too small to be observable. As a result neutralino production at LEP2 in our
model typically occurs in pairs with essentially the same cross sections as in the mSUGRA
case. In Fig. 1(a) and (b) we show the maximum and minimum attainable values for the
ete” — )Zf)”(f andete™ — xg;g production cross sections as a functionnﬁ)}t(i) at
/s =205 GeV. We compare the cases faa 3 and targ = 50, varyingM1/» between
90 GeV and 260 GeV anag between 50 GeV and 500 GeV. One can see that, indeed,
these results are identical to those obtained in the mSUGRA 7$€ production cross
section can reach approximately 1 pb. In our calculation we have used the formula as given
in [25] and, in addition, we have included initial state radiation (ISR) using the formula
given in [26]. Note thag; andeg are exchanged in the andu-channel implying that
a large fraction of the neutralinos will be produced in the forward and backward directions.

In order to show more explicitly the dependence of the cross sections on the parameters
mo and M1,2 we plot in Fig. 2(a) and (b) the contour lines @fete™ — 72%9) in the
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Fig. 1. Maximum and minimum attainable values for thge~ — 28;}8 (full lines) and
ete™ — XSXS (dashed lines) production cross sections in fb as a functiorm%f, for
1

Vs =205 GeV, 50 GeV< mgp < 500 GeV, 90 GeV< My, < 270 GeV, (a) tap = 3,
and (b) tarB = 50. ISR corrections are included.

mo-My/2 plane at\/s = 205 GeV for tarB = 3 and targ = 50. The contour lines for
o(ete™ — 7272) are given in Fig. 2(c) and (d).

3.2. Neutralino decay length

If unprotected by the ad hoc assumption of R-parity conservation the LSP will decay
as a result of gauge boson, squark, slepton and Higgs boson exchanges. The relevant
contributions to these decays are given in Table 1. The Feynman diagrams for the decays
not involving taus, i.e.if —v3ff (f =e,ve, 1, vy, u,d, c, s, b) are shown explicitly in
Fig. 3.

For the observability of the R-parity violating effects it is crucial that with this choice
of parameters the LSP will decay most of the time inside the detector. The neutralino
decay path expected at LEP2 depends crucially on the valugs wiolating parameters
or, equivalently, on the value of the heaviest neutrino mass,We fix the value ofn,, as
indicated by the analyses of the atmospheric neutrino data [3]. It is important to note that,
as explained in [4], due to the projective nature of the neutrino mass matrix [7], only one
of the three neutrinos picks up a mass in tree approximation. This means that, neglecting
radiative corrections which give small masses to the first two neutrinos in order to account
for the solar neutrino data, the neutralino decay length scale is set mainly by the tree-level
value ofm,,. In Ref. [4] we have explicitly shown that this is a good approximation for
most points in parameter space.
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a) M, 5 [GeV] b) M5 [GeV]
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Fig. 2. Contour lines of the production cross sections in fb, imtheM1 2 plane for,/s = 205 GeV,
@ete™ — 7279, tanp =3, () ete™ — 7030, tang =50, (c)ete™ — 7079, tang = 3, and
(d)ete™ — 7979, tang = 50. ISR corrections are included.



46 A. Bartl et al. / Nuclear Physics B 600 (2001) 39-61

Table 1
Contributions involved in the lightest neutralino 3-body decay modessT,he andu-channels are
defined by:s = (p1 — p2)2, 1 = (p1 — p3)?, andu = (p1 — pa)?. See also Fig. 3

Decay mode Exchanged particle Channel
79— 33 z,89, P](.) s
z, 89, P? t
2,89, P? u
)Z? — w3y (l=e, n) z s
it)l t
vy u
)Z?—)l)gff_(fze,,u,u,d,s,c,b) Z,S?,PJ(.) K
f12 !
fi,2 u
)Z? — l)3‘L'+T_ Z, Sl.o, PIQ K
W=, S t
wt, st u
)Zf S ytEF ((=e,w) wE, S,ic s
[1’2 t
i u
)Z?—)fq(j’ (g=u,c,q' =d,s) wt, S;E s
q1.2 !
41,2 u

In Fig. 4 we plot thep”(1 decay length in cm expected at LEP2 gy = 205 GeV Here
and later on we consider the neutralinos stemming from the prec¢ess— X1 X1 when
discussing the decay length. In Fig. 4(a) we plot f(lﬁ’edecay length in cm as a function
of neutrino massn,,, for dlfferentmxo between 60 and 90 GeV, witlhg = 100 GeV,
and targ = 3. As can be seen the expected neutralino decay length is typically such that
the decays occur inside the detector, leading to a drastic modification of the mMSUGRA
signals. An equivalent way of presenting the neutralino decay path at LEP2 is displayed
in Fig. 4(b), which gives the decay length Qf as a function oﬁnio for m,, = 0.01,
0.1, and 1 eV. Finally, we show the dependence of the neutralino decay path on the
supergravity parameters fixing the magnitudggfviolating parameters or, equivalently,
the magnitude of the heaviest neutrino mass,. In Fig. 5(a) and (b) we plot the contour
lines of the decay length ()Eff in themo—M3,> plane form,; = 0.06 eV, targ = 3 and 50.
Note that the decay length is short enough that it may happen inside typical high energy
collider detectors even for the small neutrino mass valués06 eV indicated by the
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b)
o) e S
SO PO <
f (pa)
c) d)
f(ps) P4)

R~ ) )
f(pa) f(p

Fig. 3. Feynman graphs for the decﬁ%e vaf f wheref # 1.

a) L(f((f) [cm] b) L(f([l]) [cm]
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5 0.01
10
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0.5 70 1
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1
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0.010.02 0.050.1 0.2 05 1 30 40 50 60 70 80 90 100
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Fig. 4. Decay length of the lightest neutralino in cm {gs = 205 GeV, (a) as a function af,, for
myo = 60, 70, 80, and 90 GeV, (b) as a function mfﬁ, for my; =0.01,0.1, and 1 eV.

atmospheric neutrino data [3]. For large values ofgahe total decay width increases
and, correspondingly, the decay path decreases due to the tau Yukawa coupling and the
bottom Yukawa coupling.

3.3. Neutralino branching ratios

As discussed in the beginning of this section, the lightest neutraiﬁ)rmyill typically
decay in the detector. In the following we present our results for the branching ratios of all
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Fig. 5. Decay length of the lightest neutralino in cm in thg-My,, plane for/s = 205 GeV,
(@) tand = 3, and (b) tam = 50. The R-parity violating parameters are fixed such that
my; = 0.06 GeV.

R-parity violating 3-body decay Qa‘f, and of the radiative deceﬁf — v3zy. The Feynman
diagrams for the decaﬁ@f —u3ff (f=e,ve 1, v, u,d,c,s,b) are shown in Fig. 3.

For this class of decays we hagé, P, ands? exchange in the direct channel (Fig. 3(a)
and (b)) andf exchange in the crossed channels (Fig. 3(c) and (d)). In particular in the
casef = b the P,.0 and S? exchange contributions are significant. This is quite analogous
to the results found in [27] foﬁg — )fof decays. The particles exchanged in ther-,
andu-channel for the decayg’ — t*IFv (I = e, ), ¥ — 193" (9.9’ =u.d, s, ¢),

%2 — =y, andi? — 3vs are given in Table 1.

In the calculations we have included all mixing effects, in particular the standard MSSM
fL—fr mixing effects and those induced by the bilinear R-parity violating terms, i.e.,
Re(i;) — h% — HO, Im(ii3) — A® — G°, [28], 7 , — H* — G* [21], v, — %P [24], and
T — )Z]_ mixings [13]. These mixing effects are particularly important in the calculations
of the various R-parity violating decay ratesxﬂ, which are discussed below.

In the following plots Figs. 6—13 we show contour lines in the-M;,, plane for the
branching ratios in % of the variou@ decays, in (a) for tag = 3 and in (b) for tar8 = 50.

We have fixed the mass of the heaviest neutrine,tp= 0.06 eV [3]. It turns out, thatin the

range 162 eV < my, < 1keVall the;?f decay branching ratios are rather insensitive to the
actual value ofn,;. This is an important feature of our supergravity-type R-parity violating
model. Itis a consequence of the fact that, as a result of the universal supergravity boundary
conditions on the soft breaking terms, all R-parity violating couplings are proportional to

a unigue common parameter which may be taketsAg. For a more detailed discussion
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Fig. 6. Branching ratios for)Zf — 3v in % in the mo—M1/2 plane for (a) tap = 3, and
(b) tang = 50. The R-parity violating parameters are fixed such #hgt= 0.06 GeV.

b
a) M5 [GeV] ) M2 [GeV]
300 300
2 tan 5 =3
250 i 2501¢5
200 200
1

/

1
150 150
0.5
0.2
100 o 10017 TN
100 200 300 400 50

100 200 300 400 500 0
my [GeV] my [GeV]
Fig. 7. Branching ratios fopzf — v3lTI~ in % in the mo—M7, plane for (a) ta = 3, and

(b) tang = 50. Herel is the sum ofe and . The R-parity violating parameters are fixed such that
myy = 0.06 GeV.
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Fig. 8. Branching ratios for)Zf — v3qq in % in the mg—My,2 plane for (a) ta = 3, and
(b) tang = 50. Hereq is the sum over, d, s, andc. The R-parity violating parameters are fixed
such thatn,; = 0.06 GeV.

b)
a) M1/2 [GCV] M1/2 [GCV]
300 300 »
tanf =3 15. tan 8 = 50
250 < 250
15
200 200 10

150 150

)

100
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100

Fig. 9. Branching ratios fop}f — vy tEIF in % in the mo—M7, plane for (a) tag = 3, and
(b) tang = 50. Herel is the sum ofe and .. The R-parity violating parameters are fixed such that
my; = 0.06 GeV.



A. Bartl et al. / Nuclear Physics B 600 (2001) 39-61 51

b)
a) M1/2 [GGV] M1/2 [GeV]
300 300
tan 8 =
250 40 50 250
200 200
5 10 25
10
150 150 5
1
100 100 —_—5\\\\\\3\\
100 200 300 400 500 100 200 300 400 500
mg [GeV] my [GeV]

Fig. 10. Branching ratios fop{f — t*¢g’ in % in the mo—My,2 plane for (a) tag = 3, and
(b) tang = 50. Hereq is the sum over, d, s, andc. The R-parity violating parameters are fixed
such thatn,; = 0.06 GeV.
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Fig. 11. Branching ratios fop“(f — vgbb in % in the mo—My,2 plane for (a) ta = 3, and
(b) tang = 50. The R-parity violating parameters are fixed such#hgt= 0.06 GeV.
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Fig. 12. Branching ratios foﬁf — vttt in % in the mo—My,2 plane for (a) taB = 3, and
(b) tang = 50. The R-parity violating parameters are fixed such thgt= 0.06 GeV.
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Fig. 13. Branching ratios fopzf — vgy in % in the mg—My,> plane for (a) ta = 3, and
(b) tang = 50. The R-parity violating parameters are fixed such #hgt= 0.06 GeV.
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on this proportionality the reader is referred to Ref. [4]. Also note thatfop > 220 GeV
the neutralino mass becomes larger thap andmz so that)"(f decays into rea and
Z are possible. The effects of these real decays can be seéfy fpe> 220 GeV in most
of the following plots. For the large tghcase (ta = 50) andMy,> > Mg the mass of
the lighter charged bosoj?it is smaller thannif (upper left corner of Figs. 6(b)—13(b)).

In this region of the parameter space the two 2-body dejz:%ys WEeF and)zf — Sfﬁ
compete. The first one is R-parity violating, but has more phase space than the second one
which is R-parity conserving, sincﬁ{t is mainly a stau. For this reason, the most import
final state istTtv3, followed by t*¢4¢’ andt*Fv; (I = e, u) as shown in Figs. 12,

10 and 9, respectively. All other final states have nearly vanishing branching ratios in this
corner of the parameter space.

Fig. 6(a) and (b) exhibit the contour lines for the branching ratio of the invisible decay
)?f — 3v. This branching ratio can reach 7% for the parameters chosen. In Figs. 7 and 8
we show the branching ratio for the deca@fsa v3l I~ and )Zf — v3gq Wherel andg
denote the leptons and quarks of the first two generations, summed over all flavors. These
branching ratios can go up to 3% and 15%, respectively. Notice that the sneutrino, slepton,
and squark exchange contributions to bhjédecays become larger with increasimng,
despite the fact that the increase of the scalar masgesn;, m; suppresses these
exchange contributions. This trend can also be observed in Figs. 8, 9 and 10. This happens
because the tadpole equations correlate mg. Increasingu while keepingM; and M,
fixed implies increasing the gaugino contentjgf and, hence, enhancing th€—f—f
couplings.

In Figs. 9 and 10 we show the contour lines for the branching ratios of the LSP decays
involving a single tau, namely? — vt*/F and 32 — t*¢g’, wherel, ¢, andq’ are
summed over the first two generations. The branching for these decay modes can reach
up to 20% and 60%, respectively. Fdf,,» > 220 GeV decays into reaV* dominate.

If this is the case and if botb}f produced inete™ — )”(f)”(f decay according to these
modes this would lead to very distinctive final states, suchjas 4*, t Tt +i-I~ (I =

e, ), ortrt e~ The full list of expected signals is given in Table 2. The first column

in this table specifies the two pairs Qf decay modes, while the second one gives the
corresponding signature. In the last column we state whether the corresponding signature
exists forete™ — %279 production within mMSUGRA.

The LSP decays involving only third generation fermions, namﬁﬁl,—> vabb and
)?f — vzt~ are different from those into the first and second generation fermion pairs,
because the Higgs boson exchanges and the Yukawa terms play a very important réle. This
can be seen in Figs. 11 and 12, where we plot the contour lines for these decays. The
branching ratio of)Zf — vgbb can reach up to 97%. The decay rate is large because the
scalar exchange contributionsX P?, by) are large forM1> < 200 GeV. Note that this is
also the case for tgh= 3, because not only the neutrino—neutralino mixing proportional to
m,, is important but also the neutrino—higgsino mixing proportionakig.. The decrease
of the branching ratio with increasimgy is due to the decrease of the higgsino component
of )Zf and the increase of the Higgs boson massesMros 2> 200 GeV the decays into real
W+ andz° are possible, reducing the branching ratig@f—> v3bb. As shown in Fig. 12
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Table 2
The signatures expected from the procese™ — )?f)?f in the biIinear}ép model

Combination ofxf decay modes Signature MSUGRA-like
(3v) (Bv) pr yes
Bv) (v3lti) 2 leptons+ pp yes
(Bv) (v399) 2jets+ pr yes

(3v) (v3bb)

@Bv) (yrEF)withl =e,
@3v) (t*4q)

(3v) (v3y)

(wal 1™ (val’'T1' )

w3lt17) (v3q9)
(v3lT17) (v3bb)

(a1 (P withli =e, u
(vattr7) (TP withli =e, u
w3l t17) (t*qq)

(varT7) (r¥4q)

3lt17) (vay)

(v3qq) (v3q9)
(v3qq) (v3bb)
(v3bb) (v3bb)

(v3gq) () with I =e,
(v3bb) (TEIF)withl = e, u

(v399) (t*43")
(v3bb) (t%¢q")

(v399) (v3y)
(v3bb) (v3y)

tEIF) (' F)

(v TEIF) (rFqq)

(eEF) (v3y)

(t*43") (t*4q))

(t%43") (v3)
(v3y) (v3y)

T+ (eorp) +pr

T+ 2jets+ pr
y+br

4 leptonst pr

2 leptonst+ 2 jets+ pr

74+ 3 (e and/orp) + pr
37+ (eor ) + pr

T + 2 leptonst- 2 jets+ pr
3t +2jets+ pr

2 leptons+ y + pr

4 jets+ pr

T+ (eorp) + 2 jets+ pr
T+ 4 jets+ pr

2jets+y + pr

et L IFUF 4y
tEF LT E Ly

et 4 (e orp) + 2 jets+ pr
H1F 4 (eorp) + 2 jets+ pr

T+ (eorw) +y+pr

tEet 44 jets+ pr
T 44 jets+ pr

T+2jetst+y + pr
2y +pr

yes, but suppressed
yes, but suppressed
yes

no

no

no
no
no
no
no

yes, but suppressed

no

no

no

no
no

no
no

no

no
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the branching ratio fo;s?f — v3t T is very small for tasg = 3 andM1/> < 200 GeV.
This is due to the destructive interference betwg&8rcontribution and the contributions
of the exchanged charged scalar particles (mainly due to the stau compongj‘l)s of

Finally, we have also considered the radiative LSP decay njzfde v3y [29]. In
Fig. 13 the branching ratio for this mode is shown. This decay proceeds only at one-loop
level and therefore is in general suppressed compared to the three-body decay modes.
However, for M1, < 125 GeV and large taf it exceeds 1%, leading to interesting
signatures likeTe™ — )?f)?f — t*uFy + pr. Due to initial state radiation it can easily
happen that a second photon is observed in the same event.

The complete list of possible signatures stemming from LSP decays in our biftpear
model is shown in Table 2. In this table we also indicate whether the same signatures could
also arise in MSUGRA as a resultofe™ — 72%3 followed by the MSSM decay modes
of ;zg if its production is kinematically allowed. The final states 4 jefs;, T + 2 jets+ pr,
andt + (e or u) + pr would also occur in mMSUGRA via the decay Qf into )Zf
However, one expects in general that these decay modes are suppressed within mMSUGRA.
In contrast in the R-parity violating case these signatures can be rather large as can be
seen from Figs. 9 and 10. Note moreover, that some ofthsignatures are practically
background free. For example, due to the Majorana natufafpcbne can have two same-
sign t leptons+ 4 jets+ p,. Other interesting signals are:+ 3 (e and/oru) + pr,
3+ (eorpw)+pr, T+ (e or u) + 2 jets+ pr, T+ 4 jets+ py, T + (e or pw) +
2 jets+ pr, or et +IFI'F 4 pr with [ = e, u1. In Table 3 we give masses and branching
ratios for typical examples.

As it is well known, also in gauge mediated supersymmetry breaking models (GMSB)
[18] the neutralino can decay inside the detector, because the gravitismthe LSP. It is,
therefore, an interesting question if the R-parity violating model can be confused with
GMSB. To answer this question let us have a look at the dominant decay modes of the
lightest neutralino in GMSB. If the lightest neutralino is the NLSP, its main decay mode in
GMSB is

X1~ vG,
whereG is the gravitino. For the case where at least one of the sleptons is lighter than
the lightest neutralino the latter has the following decay cb”@ﬂn» [EIF > [F1FG. In
principle three-body decay modes mediated by virtual photon, vidabson and virtual
sfermions also exist. However, in the neutralino mass range considered here these decays
are phase—space-suppressed [18,30]. This implies that the R-parity violating model can-
not be confused with GMSB, because (i) in GMSB the final states containing quarks are
strongly suppressed, and (ii) GMSB with conserved R-parity implies lepton flavour conser-
vation, and, therefore, there are no final statesdike™t =t~ + p;. A further interesting
question would be how the neutralino phenomenology changes in a GMSB scenario with
broken R-parity. The main consequence would be an enhancement of final states contain-

ing photons and/or leptons. A detailed study of this question is, however, beyond the scope
of the present paper.
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Table 3

Masses and branching ratios for the point{My /2, mg) = (153 159, B (M1,2, mg) = (153 440,

and C(M1/2, mg) = (251, 440 for both tang = 3 and 50. The masses are given in GeV and the
branching ratios in % and we only give those larger than 0.1%. Here the same summations of the final
states are performed as in the figureg.is the averaged squark mass for the first two generations

tang =3 tang =50
A B c A B C

mo 54.6 590 925 600 615 944

1
mgo 91.0 268 1029 1072 1111 1164

1
mi 1805 4496 4660 1782 4487 4651
Mgy 1705 4457 4506 1716 4461 4510
mg, 1942 4552 4714 1953 4558 4719
mg 3981 5728 7054 3981 5728 7054
my, 2614 3285 4422 2799 3552 4663
my, 3613 4791 6121 2430 3430 4701
BR(%? — 3v) 0.5 45 18 03 12 19
BR(Z{ — 1% v3) 0.2 11 05 0.2 0.3 0.6
BR(Z? — qgv3) 1.0 86 4.0 05 22 44
BR(ZY — I£1¥v) 0.6 5.6 180 05 18 17.8
BR(ZY — ¢q't) 1.1 161 537 0.9 5.1 532
BR(x0 — bbvs) 96.5 626 134 971 884 133
BR(Z{ — t7tFv3) 0.1 15 86 05 10 8.8

4. Conclusions

We have studied the production of the lightest neutralp“(ib at LEP2 and the
resulting phenomenology in models where an effective bilinear term in the superpotential
parametrizes the explicit breaking of R-parity. We have considered supergravity scenarios
which can be explored at LEP2 in which the lightest neutralino is also the lightest
supersymmetric particle. We have presented a detailed study of thei@Sﬂécay
properties and studied the general features of the corresponding signals expected at
LEP2. A detailed investigation of the possible detectability of the signals discussed in
Table 2 taking into account realistic detector features is beyond the scope of this paper.
Clearly, existing LEP2 data are already probing the part of the parameter region which
correspondsto approximateiyif < 40 GeV. Finally, we note that, in addition to important

madifications in the}f decay properties, R-parity violating decay models lead also to new
interesting features in other decays, such as charged [21] and neutral [28] Higgs boson
and slepton decays, stop decays [22,31,32], and gluino cascade decays [33]. In addition
we have shown that the R-parity violating model cannot be confused with gauge mediated
supersymmetry breaking and conserved R-parity due to the absence of several final states
in the GMSB case.
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Appendix A. Scalar mass matrices

The mass matrix of the charged scalar sector follows from the quadratic terms in the
scalar potential [21,22].
Vauadratic=S ~M é.tS’*, (A1)

whereS~ =[H],H,, 7, 7z ]. For convenience reasons we will divide this 4 matrix
into 2 x 2 blocks in the following way:

2 2T
M2, — M Mgz A2
M&. Mz
T T
where the charged Higgs block is
2
Min
Buﬁ—i+%gz(vg—u§)+usgﬂ—f+%h§u§+f)—ll Bu+ 1g%vivp
Bu+%g2U1v2 Buﬂ—%—t—%gz(v%-i-v%)—Bgegz—g-i-%
(A.3)
and#; is the tau Yukawa coupling.
2
Mzz
%h%v%—%gz(v%—vg)—t—uq% —Bgegﬂ—g—k% %Ehf(Arvl—uvg)
\/iéht(Atvl—MUZ) m%3+ %hg(vf-irv%) - %g/z(v%—vg—i-v%)
(A.4)

The mixing between the charged Higgs sector and the stau sector is given by the following
2 x 2 block:

M (A.5)

TN

| —mres— $h2vivs+ 2g%vivs  —Baes+ 582v2v3
‘ —%hr(63v2+Arv3) —%zhr(uv3+63v1) '

As we see the charged Higgs bosons mix with charged sleptons.

In a similar way the real (imaginary) parts of the sneutrino mix the scalar (pseudoscalar)
Higgs bosons. The quadratic scalar potential responsible for the neutral Higgs sector mass
matrices includes

1
Vquadratic= E(P/O)TM'ZDOP/O + (S/O)TM 205/0 +-- (A.6)
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where (P07 =[¢?, 2, 51, (ST = 3[x?, x2, 7R] and the CP-odd neutral scalar mass
matrix is

Bu@ +pes + - Bu —pes
M2, = Bu Bu — Baeal? + 2 — Bzes
— €3 —B3es jesys — BaeaZ + %
(A.7)
The neutral CP-even scalar sector mass matrix in Eq. (A.6) is given by
Mg
Bﬂﬁ—i+ Allg%vfﬂtesf + tl —Bu— %gzvlvz —#€3+%g%v1v3
= —Bu— %g%v1vp BM% + ig%vg 3363—3 + [2 B3ez — 82vov3 s
—peg+ Fg2vivs B3eg— 382vov3 Mes% - 3363% + J6202 +32 ,)3
(A.8)

where we have defin@j} = g+ ¢’?. Note that, as a result of CP invariance, the CP-even
and CP-odd parts of the scalar mass matrices are disjoint and do not mix with each other.
The three mass matrices in Egs. (A.2), (A.7), and (A.8) are diagonalized by rotation
matrices which define the eigenvectors
St=RgST, PO =RpP'°, S =RgS°, (A.9)
and the eigenvalues

diag(O,mgzi,m%, si> RstMZ.RL. for the charged scalars

dlag(O mPD’ mP”) RpoMPORT for the CP-odd neutral scalars

T -
dlag( Mg, sg s‘;) RoM?2 wRg forthe CP-even neutral scalars

The matriceRs:, Rpo and R specify the mixing between the Higgs sector and the
stau sector.

If a 3 x 3 matrixM has a zero eigenvalue, then the other two eigenvalues satisfy

1

+ = E M
il\/TMZ AM11M22 — M2, + M13Mag — M2, + M2oMag — M2
> (TrM)2 —4(M11M 22 — M1, + M11M 33 — M5+ M2oM33 — M35,).
(A.10)

The CP-odd neutral scalar mass matrix Eq. (A.7) has a zero determinant, so that its
eigenvalueenli0 and mlzj, (m4 andmZ, in the MSSM limit) can be calculated exactly
3 T

2
with the previous formula.
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