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ABSTRACT: We analyse the production of multileptons in the simplest supergravity model
with bilinear violation of R parity at the Fermilab Tevatron. We show that the presence of
bilinear R-parity violating (BRpV) interactions enhances the supersymmetric multilepton
signals over most of the parameter space, specially at moderate and large mg, despite the
small R-parity violating couplings needed to generate the neutrino masses indicated by

current atmospheric neutrino data.

1. Introduction

It has been suggested long ago that neutrino masses and supersymmetry may be deeply
tied together [EI] Indeed, SUSY models exhibiting R-parity violation can lead to neutrino
masses and mixings [P] in agreement with the current solar and atmospheric neutrino data.
A very interesting property of neutrino mass models based on R-parity violation is that they
can be tested at colliders [B, fl, f]. In this work, we study the production of multileptons
(> 3¢ with ¢ = e or pu) at the Fermilab Tevatron within the framework of the simplest
supergravity (SUGRA) model without R-parity conservation [ff].

At the Fermilab Tevatron the production of charginos and neutralinos provides the
largest reach in SUGRA models with universal soft breaking terms at unification since the
masses of the lighter chargino (Xli) and the lighter neutralinos (¥} and Y9) are considerably
smaller than the gluino and squark ones over a large range of the parameter space [f]. In
R-parity conserving scenarios, a promising signal for SUGRA at the Tevatron is the pro-
duction of )ng(f pairs and their subsequent decay into three charged leptons in association
with missing energy due to the undetected lightest supersymmetric particle (LSP), which
turns out to be x{. In the presence of R-parity violation, the LSP is no longer stable,

*Speaker.
fThis work has been done in collaboration with M. B. Magro, F. de Campos, W. Porod, D. Restrepo,
and J. W. F. Valle; for further information see M. Magro et al., JHEP 0309, 071 (2003).


mailto:eboli@fma.if.usp.br

International Workshop on Astroparticle and High Energy Physics Oscar Eboli

giving rise to events usually containing more visible particles. Our goal in this work is to
determine the impact of R-parity violation on SUSY multilepton signals, for example in
the production of three or more electrons or muons.
Here we consider a SUGRA model that includes the following bilinear terms in the
superpotential [fj
Werpv = Wirssar — €apei LEH? (1.1)

where the last term violates R parity. In order to reproduce the values of neutrino masses
indicated by current neutrino data we must have |¢;| < |u|, where p denotes the SUSY
bilinear mass parameter [B]. The relevant bilinear terms in the soft supersymmetry breaking
sector are

Vigs = miy, Ho"HE + iy, H"Hg + M3 L0 L¢ — e (BuHHE + BiaIEHE) | (1.2)

where the terms proportional to B; are the ones that violate R parity. The explicit R-parity
violating terms induce vacuum expectation values (vev) v;, i = 1,2,3 for the sneutrinos,
in addition to the two Higgs vev’s v, and vg. For the sake of simplicity, we assume the
approximation where R parity is violated only in the third generation. From the point of
view of the analysis presented below, the breaking of R parity only in the third generation
corresponds to the worst-case-scenario: the breaking of R parity in the muon channel would
produce muons directly, not just as tau decay products, leading to an enhanced multilepton
(multi-muon) signal.

The parameter space of our SUGRA model, which exhibits R-parity violation only in
the third generation, is

mo, My1/2, tanﬁ, Sign(#)a Ao, €r ,and Mys (13)

where my /o and mg characterise the common gaugino mass and scalar soft SUSY breaking
masses at the unification scale, Ay is the common trilinear term, and tan § is the ratio
between the Higgs field vev’s. It is convenient to characterise the BRpV sector by the
bilinear superpotential term e, and the neutrino mass m,,.

The search for supersymmetry at the Tevatron is changed with respect to the R-parity
conserving case since the presence of BRpV induces a mixing between the neutrinos and
neutralinos, giving rise to R-parity violating decays of the LSP. In our model, the lightest
neutralino presents leptonic decays Y{ — v¢* '~ semi-leptonic ones X} — vqq or £qq, and
the invisible mode X§ — vvv [H]. The expected Y{ lifetime and decay lengths depend both
on the magnitude of R-parity breaking parameters and the chosen values of the SUGRA
parameters.

As an illustration, Fig. [I] shows the lightest neutralino decay length as a function of its
mass for Ag =0, u >0, tan 8 = 3, and e, = 0.22 GeV. In this figure, the solid lines stand
for the tree-level neutrino mass m,, = 0.05 eV, corresponding to the best fit atmospheric
scale as given in Ref. [§], and we chose mg = 200 and 700 GeV. The bands in these figures
were obtained by taking m,, within the 30 allowed atmospheric mass splitting of Ref. .
From Fig. [l we can see clearly that the LSP decay length is shorter for larger LSP masses,
as expected. Furthermore, irrespective of the smallness of the neutrino mass indicated by
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Figure 1: {{ decay length versus LSP mass for Ag = 0, # > 0 and tan3 = 3 for fixed BRpV
parameters: e, = 0.22 GeV, m,,, = 0.05 eV (solid lines) and current atmospheric 30 band (shaded
bands)

the atmospheric oscillation data, the LSP (YY) decays inside the detector in a large portion
of the parameter space, specially for small mq. For further details on the neutralino decays

see Ref. [fI].

2. Signal, Backgrounds, and Selection Cuts

In R-parity conserving scenarios, trilepton production at the Tevatron proceeds via pp —
)Zg)ﬁt with )2% — XY, XY — 707 %Y, and the LSP (¥?) leaving the detector undetected.
The main SM backgrounds for trilepton production are displayed in Table . In order to
suppress these backgrounds, we have imposed the soft cuts SC2 defined in Refs. [f], [0]:

C1: We required the presence of three isolated leptons (e or ) with a hadronic E7 smaller
that 2 GeV in a cone of size AR = 0.4 around the lepton [[L1];

C2: We required the most energetic lepton to satisfy |1y, | < 1.0 and pp(¢1) > 11 GeV;

C3: The second (third) most energetic lepton must satisfy [ne, ,| < 2.0 and pr(fy3)) > 7
(5) GeV;
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C4: We required the missing transverse energy to be larger than 25 GeV;

C5: We vetoed events exhibiting a T/~ pair with an invariant mass smaller than 20 GeV
and larger than 81 GeV (this avoids both Z boson and QED contributions);

C6: We vetoed events with a transverse mass of a charged lepton and missing transverse
energy between 60 GeV and 85 GeV in order to suppress W decays.

In our analysis, the signal and backgrounds were
generated using PYTHIA [[[J], except for the W Z*(v*)
which was computed using the complete matrix ele-

| BG (fb) | o () |
WZ (Z — 77) 0.17
WHZ* W*y — Il | 0.12
WHZ* Wy — 11 | 0.15

ments. The cross section for the SM backgrounds after

cuts are shown in Table . We can see from this table

42 115 that the most important background is the ¢¢ produc-
A 0.05 tion, accounting for 70% of the total background.
total 1.64

In our BRpV model there are more SUSY reac-

Table 1: Background cross sections ~tions that can contribute to the trilepton signal than in
in fb for the trilepton signal at the the R-parity conserving case, since the )2(1] decays can
Tevatron Run II after kinematical give rise to charged leptons. In the parameter range in-
cuts discussed in the text. teresting for neutrino physics R-parity violating decay
modes are only important for the LSP decays and can
safely be neglected for the other SUSY particles. We have used the branching ratios gener-
ated by PYTHIA except for the the lightest and second neutralinos, which were evaluated
separately and inputed into PYTHIA.
Assuming that gluinos and squarks are too heavy to be produced at the Tevatron, we

considered the following processes:
pp— 00 Pl XX} G()=1,2) , XX sand XX;(i=1,2).

The ¥{ decays can contain charged leptons, and therefore, we should also analyse
multilepton (> 4¢) production. In order to extract this signal, we applied the cuts C1, C3,
C5, and C2 but accepting leptons with |n(¢)| < 3. We also required the presence of an
additional isolated lepton with pr > 5 GeV and demanded the missing transverse energy
to be larger than 20 GeV. The main SM backgrounds for this process are tt, WZ, and ZZ
productions whose cross sections after cuts are shown in Table [}

We can see from Fig. [] that the lightest neutralino might not decay inside the detector
depending on the point of the parameter space. If it decays inside the tracking system, it
can give rise to spectacular events exhibiting displaced vertices without an incoming track
associated to it. In our analyses, we did not look for displaced vertices since the corre-
sponding backgrounds depend upon details of the detector. This possibly is a conservative
hypothesis since this kind of events should present a small background, leading to a larger
reach of the Tevatron. Nevertheless, we kept track of the position of the neutralino decay
and accepted events where the neutralino decays inside the tracking system, rejecting all
events where one of the neutralinos decays outside a cylinder around the beam pipe of
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radius 0.5 m and length 2.0 m; we named this requirement C7. Again, this is another
conservative estimate of the expected BRpV signal.

‘ BG (fb) ‘ o (i) ‘ We investigated the regions of the mo®m; /o plane where the
trilepton and multilepton signals can be established at the Teva-

\ZZZE* 8(1)(1) tron for integrated luminosities of 2 fb~! and 25 fb~! and fixed
_ - values of Ag (=0), tan 3, sign(u) (> 0), €,, and m,, (= 0.05 eV).
t 0.16 We exhibit our results in the mo ® my , plane, denoting by black
total 0.27 circles the theoretically excluded points, and by white circles the

Table 2: Background experimentally excluded by sparticle and Higgs boson searches
cross sections in fb for at LEP2 [[J]. The black squares represent points accessible to
the multilepton signal at Tevatron experiments at 5o level with 2 fb~! of integrated lumi-

the Fermilab Tevatron posity, while the white squares are accessible with 25 fb~1. Points
Run II after kinemati-

denoted by diamonds are accessible only at the 3o level with 25
cal cuts discussed in the

toxct fb~!, while the stars correspond to the region not accessible to
the Tevatron.

The trilepton cross section is always dominated by the Xf)zl_ and )ngﬁ productions,
with the second process being about 20% to 50% larger than the first. For example, these
reactions are responsible for approximately 99% of the cross section at large mg. Note that
the first process can contribute to the trilepton signal only in R-parity violating scenarios.
Moreover, at small and moderate mg (< 400 GeV), the )Z?)Zf production is responsible for
approximately 5-10% of the signal cross section and the production of sleptons also gives
a sizable contribution.

Here we present the best scenario case where tan 3 and €, are small; for a more complete
discussion see Ref. [[f]. In Fig. P, we present the region of the mg ® m, /2 plane that can
be probed at the Tevatron for tan 3 = 3 and BRpV parameters ¢, = 7 x 1074 GeV and
my, = 0.05 eV. For these values of the parameters, the signal cross section is dominated
by X1 Xy production followed by Y1 — ¥{Tv, X — ¥{qq and the LSP {{ decays mainly
into Tud. As expected, the long lifetime of the neutralino reduces considerably the signal
in the shaded area of Fig. P after we apply the cut C7. Therefore, we might be able to
further probe this region by looking for displaced vertices, and consequently enhance the
Tevatron reach.

It is interesting to compare our results presented in Fig. P| with the ones in Ref. [f].
First of all, the presence of BRpV interactions reduces the Tevatron reach in the trilepton
channel for small values of mg. This happens because there are some competing effects in
this region of parameters: on the one hand there are new contributions to the trilepton
process due to LSP decay and on the other hand, the decay of the neutralinos produce
a larger hadronic activity, worsening the lepton isolation, and reducing the missing Er
compared with the MSSM case. Besides that, the leptons from the ¥? decay can give rise
to additional isolated leptons which can contribute to the trilepton signal or, alternatively,
can suppress it due to the presence of more than three isolated leptons. The last effect and
the larger hadronic activity reduce the trilepton signal at small mg in the BRpV model.
In contrast, as can be seen from Fig. f], the trilepton reach at large m( always tends
to increase with respect to the MSSM expectation. This follows from the fact that the
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Figure 2: Reach of Fermilab Tevatron Run II using the trilepton signal in the mo ® m, /2 plane for
Ag=0,tan 3 =3, u >0, ¢, =7 x 107* GeV, and m,, = 0.05 eV. The conventions are described
in the text.
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Figure 3: (a) Reach of Fermilab Tevatron Run II in the 4 or more lepton channel. (b) Combined

trilepton and multilepton results. All parameters and conventions were chosen as in Fig. E

drastic reduction of the {3 branching ratio into leptons at large mg is compensated by the
additional production of charged leptons in Y9 decays.

In Fig. B(a) we present the Tevatron reach in the multilepton (four leptons or more)
channel for the same parameters adopted in Fig. P} As we can see, the multilepton reach
is larger than the trilepton one, increasing the discovery potential at large values of m ;.
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For instance, the Tevatron reach at large mg is >~ 225 GeV in our BRpV model while
it is of the order of 150 GeV in the MSSM. Moreover, unlike the trilepton signal, the
discovery potential at small mg is also increased with respect to that of the MSSM. In this
region it is clear that the reduction of the trilepton signal is largely due to the presence
of additional isolated leptons. As in Fig. P the shaded area represent the region where
displaced vertices could be used to further increase the sensitivity to BRpV. In Fig. §(b) we
present the combined results for the trilepton and multilepton searches using the chi-square
criteria. It is interesting to notice that the presence of R-parity violating interactions leads
to a 50 SUSY discovery even at large mg, a region where the usual R-parity conserving
SUGRA model has no discovery potential at all. Notice the importance of combining
trilepton and multilepton signals to achieve this conclusion.

3. Conclusion

We have analysed the production of multileptons ( > 3¢ with £ = e or p) in the simplest
supergravity model with violation of R parity at the Fermilab Tevatron. In this model,
an effective bilinear term in the superpotential parameterises the explicit breaking of R
parity. Despite the small R-parity violating couplings needed to generate the neutrino
masses indicated by current atmospheric neutrino data, the lightest supersymmetric par-
ticle is unstable and can decay inside the detector. This leads to a phenomenology quite
distinct from that of the R-parity conserving scenario. We have quantified by how much
the supersymmetric multilepton signals differ from the R-parity conserving expectations,
displaying our results in the mo®m; /5 plane. We have shown that the presence of bilinear
R-parity violating interactions enhances the supersymmetric multilepton signals over most
of the parameter space, specially at moderate and large mg. These topologies are useful
not only for discovery, but also to verify whether R parity is conserved or not.

We have shown how the presence of BRpV interactions leads to a small suppression
of the trilepton signal at small values of mg irrespective of the value of BRpV parameter
¢,. This is due to the X! decay into vbb. However, the X{ decays lead to a drastically
extended reach at large mg as a result of the LSP decay into 7ud. Moreover, the presence
of additional isolated leptons in the signal allows us to look for multilepton events.

We have demonstrated that combining the trilepton and multilepton searches increases
the Tevatron Run II sensitivity for most of SUGRA and R-parity breaking parameters.
Note, however, that for neutrino masses in the range indicated by current atmospheric
data one has a gap between the Y masses that can be probed at LEP2 (up to 40 GeV
or so) and those that can be studied at the Tevatron (above 70 GeV or so): within this
range the Y decay length is rather large, requiring the study of other topologies, like the
presence of displaced vertices in the tracking system.
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