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We investigate a neutrino mass model in which the neutrino data is accounted for by bilinear R-parity
violating supersymmetry with anomaly mediated supersymmetry breaking. We focus on the CERN Large
Hadron Collider (LHC) phenomenology, studying the reach of generic supersymmetry search channels
with leptons, missing energy and jets. A special feature of this model is the existence of long-lived
neutralinos and charginos which decay inside the detector leading to detached vertices. We demonstrate
that the largest reach is obtained in the displaced vertices channel and that practically all of the reasonable
parameter space will be covered with an integrated luminosity of 10 fb~!. We also compare the displaced

vertex reaches of the LHC and Tevatron.

DOI: 10.1103/PhysRevD.77.115025

L. INTRODUCTION

The neutrino sector is one of the most exciting sectors
of particle physics today. Our knowledge of the neutrino
parameters has increased tremendously during the past de-
cade. Both the atmospheric and the solar mass squared dif-
ferences and mixing angles are known to a good precision
[1-5]. However, only an upper bound exists on the so-
called CHOOZ angle, sin’6,5 < 0.04 [6], and the absolute
mass scale for the neutrino masses, Y m, < 0.6 eV [7].
Furthermore, there is an ambiguity in the sign of the at-
mospheric mass square difference leading to the possibility
of two different hierarchies, normal or inverse, for the neu-
trino masses.

As the neutrino experiments enter a precision phase the
need to explore different neutrino mass models increases.
The most popular model for neutrino masses, the seesaw
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mechanism [8], beautifully explains the smallness of the
neutrino masses as compared to other fermion masses.
Nevertheless, it is difficult to test this mechanism due to
its very high energy scale. The right-handed neutrinos
introduced in the seesaw model have masses of order
10'2 GeV and are too heavy to be produced in colliders.’
On the other hand, models where the origin of neutrino
masses is related to TeV-scale physics have been proposed
[10,11] and these might be tested at the future or even
present colliders [12,13].

In this paper we will consider a TeV-scale mechanism
for generating neutrino masses, namely, through R-parity
violating (RPV) supersymmetry (SUSY) [14]. In this sce-
nario the neutrino and neutralinos mix giving rise to the
neutrino masses [15]. We will be constraining ourself to
bilinear RPV (BRpV) [16,17], thus breaking lepton num-
ber but not baryon number. This model can be viewed as
the effective theory of a spontaneously broken R-parity
symmetry [18]. The BRpV neutrino mass model has only
a few free parameters and therefore is very predictive.

"However, one might see there traces in the properties of the
left sneutrinos [9].

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.77.115025

F. DE CAMPOS et al.

Furthermore, in contrast to trilinear RPV neutrino mass
models, the constraints from LEP on the R-Parity violat-
ing couplings are automatically satisfied as the couplings
are small.

We will study the specific case of anomaly mediated
supersymmetry breaking (AMSB) [19,20]. In this scenario
the contribution to the soft-supersymmetry breaking terms
from the superconformal anomaly, which is always pres-
ent, is assumed to be dominant. AMSB naturally solves the
flavor problem of the minimal supersymmetric standard
model (MSSM), since the masses of the two first gener-
ations of scalars are automatically equal and the flavor off-
diagonal terms are given in terms of the quark Yukawa
couplings. However, anomaly mediation in its pure form is
not a viable theory since without any other soft symmetry
breaking terms, tachyonic sleptons are present in the par-
ticle spectrum. Therefore, one normally adds an universal
scalar mass term. This minimal anomaly mediated scenario
(mAMSB) is the one we will pursue in an extended form
where we also add bilinear R-parity violation.

It has been shown that mAMSB with BRpV can account
for the present neutrino data [21,22]. Like any SUSY
BRpV neutrino mass model it predicts the normal hierar-
chy, since the neutrino masses becomes strongly hierarch-
ical. The hierarchy is induced because only one neutrino
mass is generated at tree-level and the other masses are
generated at loop level. In general the atmospheric mass
squared difference and mixing angle are related to tree-
level physics, whereas the solar mass squared difference
and mixing angle are established by radiative corrections.
The introduction of RPV will render the lightest super-
symmetric particle (LSP), which in mAMSB is normally
the lightest neutralino, unstable. Clearly, this fact will
be very important for the collider phenomenology. In-
deed, the standard signal with much missing energy ex-
pected from R-parity conserving (RPC) supersymmetry
will be depleted.

The RPV couplings giving rise to neutrino masses are
also responsible for the decay properties of the neutralino.
Therefore, an important smoking gun signal for these mod-
els is the strong connection between neutralino physics and
neutrino mixing parameters. Some ratios of the branching
ratios of the neutralino are related to neutrino mixing
angles [23,24]. In particular, approximately the same num-
ber of muon as taus are expected along with a W-boson
because their ratio is given by tangent of the nearly maxi-
mal atmospheric mixing angle. By measuring the decay
properties of the neutralino, which is likely to be done by
the LHC, a severe test of this model is possible.

Because of the smallness of the RPV couplings the
neutralino will have a long lifetime, but short enough for
it to mainly decay within the detectors at the LHC. A
distinct feature of the mAMSB scenario is the near degen-
eracy of the lightest neutralino and the lightest chargino,
causing even the chargino to dominantly decay through
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RPV couplings. Consequently, also the chargino will have
a lifetime in the range interesting for colliders such that it
will travel a macroscopic distance but decay before leaving
the inner detector. A very interesting and unique signal will
therefore be the observation of displaced vertices from the
neutralino and the chargino. Displaced vertices may also
be produced, although only arising from neutralino, in the
minimal supergravity (mSUGRA) scenario and has been
shown to give an excellent reach of the model parameters
[25]. As the mAMSB has two different long-lived spar-
ticles, there is a richer set of possible final states.

The prospects for collider discovery of RPV, responsible
for the neutrino masses and mixings, in mSUGRA have
been thoroughly studied [23-27]. Also, the discovery pros-
pects for mAMSB with R-parity conservation at colliders
have been analyzed [28-30]. Nevertheless, the collider sig-
nals within R-parity violating mAMSB scenario have been
analyzed so far only considering trilinear R-parity viola-
tion [31]. In this paper we will study the BRpV-mAMSB
scenario, requiring that the neutrino masses and mixings
are generated by the RPV couplings. We will analyze vari-
ous generic SUSY search channels for the LHC. In addi-
tion we will also determine the reach in the displaced
vertices channel.

We organize the paper as follows. In Sec. I we will
review the model and the main low energy constraints. In
Sec. III we outline our choice of final state channels and
describe our simulation of the signals and backgrounds. In
Sec. IV we present our results, as well as, our conclusions.

II. ANOMALY MEDIATED
SUPERSYMMETRY WITH BRPV

In this section we will give a short review of the
model we analyze. For further details we refer to [22].
The R-parity conserving soft terms will be assigned ac-
cording to the minimal anomaly mediated scenario. In
addition we will allow for bilinear R-parity violation which
contributes in total with six more parameters. The R-parity
violating couplings are restricted to values which are con-
sistent with the neutrino data, which severely constraints
the available parameter space.

Let us start by describing the mAMSB model. This
model can be parametrized by three parameters and
a sign,

tanB, sign(u) (1)

all defined at the high energy scale Mgyr. The gravitino
mass, mjs,, is much larger than the other masses, as this is
the only one generated at tree level. All the soft breaking
terms are proportional to the gravitino mass in pure AMSB.
However, as mentioned above, in order to avoid tachyonic
slepton masses an extra universal scalar mass mj3 is added
to all sfermions and Higgs masses in mAMSB. The ratio
between the vacuum expectation values of H, and H is as
usual denoted by tanfB. Finally, the sign of the Higgs/

msp, My,
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Higgsino mixing parameter, u, is free. Our conventions are
such that u enters the superpotential as —uH  H,,. For the
explicit relations between the input parameters in (1) and
the soft breaking terms in mAMSB see e.g. [32].

A typical spectrum for the anomaly mediated scenario is
shown in Fig. 1. Throughout most of the viable parameter
space the lightest neutralino is the LSP, with only a small
area having the stau or the tau-sneutrino as the LSP.
Whether the stau is heavier or lighter than the tau*sneu-
trino depends on the value of tanfB. For sufficient high
values of mg the lightest neutralino will be the LSP.
The gaugino masses are proportional to their beta func-
tions, resulting in the unique relationship for AMSB:
M:M,:Mz ~ 3:1:7. Here M, are the gaugino masses; M
is the bino mass, M, the wino mass and M5 the gluino
mass. This explains the first of two distinct characteristics
of the mAMSB spectrum; the near degeneracy of the light-
est neutralino (also the LSP is most cases) and the lightest
chargino. As the wino mass is much lighter than the others
it will be almost equal to the masses of the lightest states,
with the neutral state being slightly lighter. The winolike
nature of the lightest neutralino is important as its inter-
actions are stronger and it will be more easily produced at
colliders. The second characteristic, the near degeneracy of
the sleptons, is a less robust feature, as it is a consequence
of the assumption of a universal extra contribution to the
scalar masses and thus a feature of the minimal AMSB.

The invariance under R-parity, defined by R, =
(—1)3B-D*+25 " is normally assumed in supersymmetric
models. This is mainly motivated by two requirements:
to obtain a stable proton and to get the LSP as a dark matter
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FIG. 1 (color online). Various sparticle masses for tan8 = 10,
u>0,and mj/, =40 TeV as a function of my.
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candidate. However, the first requirement can also be ob-
tained by different symmetries forbidding only baryon
number violating terms; see, e.g., [33]. Introducing lepton
number violating terms has the benefit that neutrino masses
are generated in an intrinsically supersymmetric way. We
will introduce bilinear R-parity violation in order to pro-
duce the observed neutrino masses and mixings. Thus, we
add the following term

WBRPV = EiLiHM’ 1= 1, ,3 (2)
to the MSSM superpotential. In order to acquire agreement
with the neutrino data, the R-parity violating couplings
must satisfies €; << w. For consistency also the soft break-
ing terms,

BieiLin i= 1,...,3 (3)

are added to the MSSM. Thus, six parameters related to
break down of R-parity invariance are introduced. In gen-
eral this will give rise to sneutrino vacuum expectation
values (vevs), which in turn leads to mixing between
neutralinos and neutrinos. The four heaviest states from
the diagonalization of the 7 X 7 neutralino-neutrino mass
matrix will be almost pure neutralino states and we denote
these by )(2, k=1,...,4. Moreover, we arrange them in
order of magnitude of the masses, thus, ,\/‘1) is the lightest
neutralino. The chargino-charged lepton mass matrix is
treated in an analog way and the lightest chargino is
denoted by x{ .

Clearly the introduction of RPV has important conse-
quences for the collider phenomenology as it will render
the LSP unstable. As mentioned above, the lightest super-
symmetric particle is normally the lightest neutralino in
mAMSB as is the case in mSUGRA. As we allow for
R-parity violation, also the areas with stau or sneutrino
LSP are viable, these particles will decay. Nevertheless,
since the stau or sneutrino LSP parameter space regions are
very small, we will not discuss these areas further although
they are properly included in our analysis. In the following
discussion we will assume that x! is indeed the LSP.

As mentioned above, the R-parity conserving parame-
ters are calculated as in the mAMSB scenario. Thus, these
are fixed at the scale Mgyt and renormalization group
equation (RGE) running is used in order to extract the low
energy parameters. We will use the program SPheno [34],
suitably expanded to the case of RPV, for calculating the
mass spectrum and decay widths. For the RPC parameters
we use 2-loop RGE’s and we include all 1-loop threshold
corrections. The unification scale is defined as the scale
where the U(1) and the SU(2) coupling constants meet.
The RPV couplings are only dealt with at the low energy
scale. In the case of the bilinear parameters in the super-
potential this can be done consistently without any addi-
tional assumption as also the modulus of u is calculated at
the electroweak scale and the bilinear parameters form a
closed system within the RGE evolution [35]. The corre-
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sponding soft SUSY breaking parameters also form a
closed system [35] but one has to assume that there are
additional contributions at the high scale similar to the case
of the scalar mass parameters squared to get a consistent
picture.

The parameters of Egs. (2) and (3) are determined with
the help of neutrino physics. First we trade the B; by the
sneutrino vevs v; using the tadpole equations. The neutrino
masses and mixings are best parametrized using the quan-
tities A; = puv; + €v, and & = V;;e; where V;; is the
mixing matrix of the tree-level neutrino mass matrix [17].
In case the tree-level contribution dominates in the effec-
tive neutrino mass matrix, the modulus of A is fixed by
requiring the correct atmospheric neutrino mass difference
squared, the atmospheric neutrino mixing angle, and the
Chooz angle within the allowed experimental range. In
addition, the ratios |€|?/|A| and &, /&, are fixed by requir-
ing the correct solar mass difference and solar mixing
angle within the experimental range, respectively.

The very particular near degeneracy of xY and yi is
preserved in our model, as the R-parity violating couplings
have little impact on the sparticle masses. It is important
to calculate the chargino and neutralino masses very pre-
cisely, as the mass splitting between these particles,
Am X T M0 T My, is very small and the exact value can
have important consequences for the chargino lifetime.
In our numerical evaluation, the neutrinoi-neutralino and
chargino-charged-lepton mass matrices are evaluated to
1-loop order.

A. Constraints on the model

Here we will discuss the existing constraints from low
energy observables. Besides the requirement of agreement
with neutrino data, there are also important constraints
from the LEP data, the rare process b — sy and the
anomalous magnetic moment of the muon.

We use the following neutrino constraints, which are the
present ones at 90% confidence level:

+73X 1079 eV2< Am2, < +9.0 X 107> eV2

sol

- “4)

0.25 <sin“fy, < 0.37
15X 1073 eV < |[Am2,,| <3.4 X 1073 eV? s
)

0.36 < sin?0,,,, < 0.64.

It is not always possible to succeed in generating the
observed neutrino masses and mixings, and such points
will be excluded from our analysis.

The LEP collider at CERN has already put lower bounds
on some of the supersymmetric sparticle masses. We have
implemented the following constraints from LEP [36]:
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m; > 95 GeV, m; > 85 GeV, m; > 79 GeV,
mg+ > 95 GeV, mgo > 42 GeV, o > 95 GeV.
(6)

We have checked that also the Tevatron bounds on squark
and gluino masses are satisfied [37]. The limit on the Higgs
mass is somewhat optimistic as the bound in the MSSM is
the same as for the SM Higgs throughout most the avail-
able parameter space.2 For this reason we exhibits the
contour for m;,0 = 114 GeV in our plots of the collider
reach. The lower bound on the chargino mass translates
almost directly to a lower bound on mj3,. For tang = 10
we must require ms;, > 30 TeV in order to satisfy the
chargino mass bound.

The value of the supersymmetric contribution (da,) to
the magnetic moment of the muon is shown in Fig. 2 for
tanB = 10. The most recent data shows a 3.40 disagree-
ment with the standard model (SM) value, having da,, =
(27.6 = 8.1) X 10710 [39]. As is well known the sign of
oa,, tracks the sign of the u-parameter, in theories where
the wino and the bino mass are positive. Therefore, clearly
the case u < 0 is disfavored.

The value of BR(b — sv) is shown in Fig. 3 for tan8 =
10. The current experimental value reads, BR(b — s7y) =
(3.55 = 0.26) X 10, which is in fine agreement with the
standard model expectations. The supersymmetric contri-
bution to this rare process is enhanced by tanf [40] and
in general the rate only deviates from the standard model
value for large tanS. Therefore, the whole region in Fig. 3
lies within the 3¢ range. Please note that as the gluino
mass is negative in anomaly mediated supersymmetry one
does not find a preference for x > 0 as in the mSUGRA
scenario.

For large values of tanf (about 40) and x > 0 the neu-
trino data cannot be fitted for low values of m,. Moreover,
for large tanS the bound on the lightest neutral Higgs, as
well as the rate of b — sv, rules out a large corner of the
low m, and low mj;, parameter space. Furthermore, for
p < 0 the constraints from g — 2 of the muon excludes all
of the parameter-space at 3o for tanf8 = 10. As the super-
symmetric contribution to the magnetic moment of the
muon is proportional to tanf, the disagreement with the
measured values only becomes worse at large tang.
Henceforth, we will focus our analysis at a relative low
value of tanB, which we fix to be 10, and assume that w is
positive.

B. Neutrino parameters

In this section we study a case solution for neutrino
physics within the context of BRpV-mAMSB. We concen-
trate in the following point of mAMSB parameter space,

2Only for small pseudo scalar mass can a lighter Higgs boson
be permitted [38].
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FIG. 2 (color online).
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The supersymmetric contribution to the anomalous magnetic moment of the muon for tan8 = 10 and w >0
p <0 (right panel). The dark (red) area is theoretically excluded, due to either tachyonic particles or the fact that the

electroweak symmetry is not broken. The light (cyan) area in the left panel is the allowed 3¢ range. We also show the contour for

oa,

m3;, = 40 TeV, my = 500 GeV,

(N
tanB = 10,
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which leads to reasonable values for B(b — sv) and Ja,,,
as can be seen from Figs. 2 and 3. In the spectrum of this
model, the Higgs sector is characterized by a light Higgs
mass of m, = 111.4 GeV and a relatively heavy charged
Higgs with my= = 834 GeV. The LSP is the first neu-
tralino with m 0= = 120.85 GeV, followed by a nearly de-
generate charglno with m, by = = 120.88 GeV. The lightest
slepton is the stau with m. = 458 GeV, and the lightest
squark is the stop with m,1 = 672 GeV.

The main effect in collider physics of the presence of
BRpV is the instability of the neutralino. But in addition, in
the neutrino sector we gain a mechanism for generating
masses for the neutrinos, which in turn explain their oscil-
lations. An example solution for neutrino physics, which

T T T
BR(b - sy) x 10°

m,, (TeV)

1000 1500 2000 2500 3000 3500

m, (GeV)

4000

FIG. 3 (color online).

—4.8 X 10710 in the right panel, which corresponds to the 4o lower bound.

we call benchmark 1, is given by the following BRpV
parameters,

e; = —0.0117, €, = —0.43
€3 = —0.246 GeV A = —0.0467, )]
A, = 0.00305, A; = 0.0689 GeV>.
It predicts the following neutrino observables,
Am2, =24X1073eV:  Aml, =80X107%eV?,
tan’0,,, = 1.27,  tan’6,,; = 0.49,  tan?f,,. = 0.027.
€))

These results are calculated from the full one-loop renor-
malized 7 X 7 neutralino-neutrino mass matrix.

In order to gain some insight into the problem, we study
next some approximations. It is known that for small

T T T
BR(b - sy) x 10*

|
1000 1500 2000 2500 3000 3500 4000

m, (GeV)

500

The rate of b — sy for tanB8 = 10 and u >0 (left), u <O (right panel).
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BRpV parameters, the 3 X 3 effective neutrino mass ma-
trix takes the form,

MY = ANA; + B(Ae; + Aje)) + Ceie; (10)

where A receives contributions from tree level as well as
one-loop, and B and C are one-loop generated. These three
parameters depend only on MSSM masses and couplings
and not on BRpV parameters. All the dependence on
BRpV is in the €; and A;. From the 7 X 7 mass matrix in
benchmark 1, the corresponding numerical values for the
A, B, and C parameters of the 3 X 3 effective mass ma-
trix are,

A=~ —2.10¢eV/GeV*, B =~ 0.157 eV/GeV?,

1)
C ~ —0.162 eV/GeV>.

The error we make when we use the approximation in
Eq. (10) can be estimated with a y? evaluated at the input
values given in Eq. (8), where we defined x* as

5 (Amﬁtm - 2.35)2 (Amgol - 8.15)2
X = +

0.95 0.95
(sinzﬁatm — 0.51)2 N <sin20ml — 0.305)2 (12)
0.17 0.075

where the central values and 30 deviations were taken
from Ref. [41]. The atmospheric mass difference is given
in 1073 eV2, and the solar mass difference in 1073 eV2.
Both are defined to be positive. The neutrino observables
calculated with the effective 3 X 3 mass matrix give the
value y?> = 5.7, most of it coming from the solar angle,
indicating the kind of error we make when we use it.

For illustrative purposes, we find now the least modified
values of BRpV parameters that give a good solution for
neutrino observables calculated using the diagonalization

NS
.
S SRS Y
NN \‘\\\\\\\“ UL
S T T
R T EREUTN Soc
LU RSN UTNE R S PO
R T T TR TS E A
O TR ey 0K
SR TR NN e gt
‘\\\\\“~ \\\\\\\ ‘ SO
S \“\‘\\\\\“‘ S e%

RREEEESCSS
\‘\“\\““_“7 S

FIG. 4 (color online).

PHYSICAL REVIEW D 77, 115025 (2008)

of the effective 3 X 3 neutrino mass matrix in Eq. (10). We
call it benchmark 1':

€, = —0.0117,
A, = —0.064,

€, = —0.50, € =—0.16 GeV,

A, = 0.00305, A; =0.033 GeV?.
(13)

The difference between this benchmark 1’ and the one in
Eq. (8) indicates us how erred would be the determination
of BRpV parameters if we do not use the full 7 X 7 mass
matrix in the calculation of the neutrino observables.

In Fig. 4 we plot y?, which measures the deviation of a
given model prediction from the experimental measure-
ments. We calculate y? using the 3 X 3 effective mass ma-
trix, and we use benchmark 1'. In the left frame we vary €,
and €3, keeping all the other parameters constant as in-
dicated by benchmark 1'. In the right frame we vary A and
A3. By construction, the minimum appear at the values
defined by benchmark 1’. The fact that small deviations
on the BRpV parameters produce very large values of
x? indicate us how sensible are the neutrino observables
to them.

To explore in more detail the dependence of each neu-
trino observable on BRpV parameters we define the quan-
tities x?, i = 1, 4 as the x* calculated using only the ith
term in Eq. (12). As in Fig. 4, the x? are calculated using
the 3 X 3 effective neutrino mass matrix approximation.
We start with atmospheric parameters in Fig. 5. In the left
frame we have x?,

Am2,  — 2.35\2
2 _ atm 14
X1 ( 04'95 ) (14)

which is no more than the first term in Eq. (12), associated
with the atmospheric mass squared difference, plotted as a
function of €, and e3. In the right frame we have the solar
angle represented by x3, as a function of the same parame-

S
SSSSSNS
SSSaSnsausIe
S SsSeoNNeS

NN
S

x? in the €,-€; plane for the left frame and in the A,-Aj plane for the right frame.

115025-6



CERN LHC SIGNALS FOR A NEUTRINO MASS MODEL ...

FIG. 5 (color online).

ters. The behavior of y? can be easily understood with
some approximations which we develop next.

In normal circumstances the A-term dominates over the
other two in Eq. (10) because it receives contributions at
tree-level. Nevertheless, depending on the relative values
of the €; and A; parameters, it is possible for the C-term to
dominate the neutrino mass matrix. This is the case with
the example we are studying. We have obtained approxi-
mated solutions for eigenvalues and eigenvectors of the
3 X 3 effective neutrino mass matrix when the C-term
is much larger than the A and B terms. In this case, the
neutrino masses are,

- (15)
[€é X (A X &)|?
AT

up to terms of second order, while the lightest neutrino
has exactly m; = 0 when the mass matrix has the form in
Eq. (10). The eigenvectors are given by the following
expressions,

(z-f\)]gx(f\xz)
[€]? CléPP
exX (AXée e-ATleX (A Xée
NLUS LR PWERS LLTSLTE
|€ X (A X &) €] Clé|
A X e
g =C (16)
|A X €|

also up to terms of second order. Note that the eigenvectors
are orthogonal and normalized up to the order we are
working. The matrix Upyng is formed with the eigenvec-
tors in its columns.

PHYSICAL REVIEW D 77, 115025 (2008)

Partial y? inthe €,-€; plane: atmospheric mass for the left frame, and atmospheric angle for the right frame.

Using these approximated expressions, and neglecting
A, and €, we find,

— 2 2 o (22 4 22 At —
=m5 — m; = C*(e5 + €5)*Am_,; =

=~ AZI:A2 + 7A§ ]ztanzﬁ,t (m>2
1+ (63/€) o U33

m3
2 2 A2 2
(oo () 40
€3 V31 A3 €

a7)

2 — m2
AWlatm ny

With these approximations for the neutrino observables,
we can easily understand the different figures. The atmos-
pheric mass squared difference Am2,, in Eq. (17) indicates
that constant values of this observable are obtained at
circumferences in the €,-€; plane, which is exactly what
we see in the left frame of Fig. 5. At the same time,
constant values of the atmospheric angle are obtained at
straight lines, which is confirmed in the right frame of
Fig. 5. From Eq. (17) we also see that the dependence on
A; of the atmospheric parameters is weak, and we do not
plot it explicitly.

In Fig. 6 we concentrate on the solar neutrino parame-
ters, and we study them as a function of A| and As. From
Eq. (17) we see that the solar mass squared difference has a
constant value at ellipses in the A;-A; plane, and they can
be seen in the left frame of Fig. 6, with the eccentricity of
the ellipse depending on the ratio €;/€,. Similarly, in
Eq. (17) we learn that constant values of the solar angle
are obtained at straight lines in the A;-A; plane, and they
can be seen in the right frame of Fig. 6. The dependence of
the solar observables on €; is not weak, but we do not
show it here.
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FIG. 6 (color online).

C. R-parity violating decays of SUSY particles

The R-parity violating interactions are rather feeble
since they are related to neutrino physics. Therefore, the
R-parity violating effects are expected to be small except in
processes suppressed in the R conserving scenario. In fact,
the pair production of SUSY particles is nearly the same as
in the case of conserved R-parity and single production of
SUSY particles is strongly suppressed. The main manifes-
tation of R-parity violation is the fact that the lightest
supersymmetric particles decays.

We evaluated all possible R-parity conserving as well as
R-parity violating decays for all particles. Notwithstand-
ing, with the exception of x{ and y; the R-parity violating
channels are strongly suppressed as they are proportional
to the ratios |&[2/|ul>=10"% and |A[?/|det(m )| =
10~% and, thus, do not play any role in our analysis.
Because of the near degeneracy of the lightest neutralino
and chargino the decay of the latter through R-parity vio-
lating couplings is significant (often dominant) and we
evaluate all RPV and RPC decay channels. The decay of
X! and x{ are calculated using the two-body decay when-
ever possible. Thus, for masses above the W-mass we com-
pute the decays y — €" W=, whereas below My, we com-
pute the full three-body decay into all possible final states.
In the three-body decays, we include all intermediates
states, such as neutral scalars and pseudoscalars which
can be important in some regions of parameter space
[24]. However, the effects from the scalar intermediate
states, except the standard model like Higgs, are less im-
port in our AMSB model, as the scalars are fairly heavy.

The decay of the lightest neutralino in our model takes
place through W, Z, neutral and charged scalar and squark
states. The decays of the neutralino can be classified as
leptonic (v€€), semileptonic (€gg’, vqq) as well as in-
visible (vvv). The possible BRpV chargino decay chan-
nels, induced through the same intermediate states as for
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the neutralino, are vq'q, €qg, €€€ and €vv. Moreover,
R-parity conserving chargino decays exist with the most
important RPC channels being x| — x}7" and x; —
X)e"v. The mass difference Am,, is mainly dependent
on the value of tanf and mj),, and is so small that it
suppresses the RPC channel substantially. For this reason
the RPC decays will have the largest branching ratio for
small m3/, and large tanf, since in this case Am, is the
largest.

To understand better the decay of these particles we plot
their branching ratios in Fig. 7. The chargino decay chan-
nels with a branching ratio above 1073 are plotted and for
the neutralino we plot all channels above 1072, We have
differentiated between bottom quarks (denoted b) and
other quarks (denoted q). Also, we distinguish between a
muon or an electron (commonly denoted by /) and a tau.
We note, that as has already been observed [23,24] there is
an important connection between the neutralino decay and
the neutrino parameters. In particular, due to the large at-
mospheric mixing angle, an almost equal number of muons
and taus is expected to be produced along with a W. This
can clearly be seen from Fig. 7, as the W-mediated chan-
nels exhibit this property. We can also learn from this fig-
ure that for heavier neutralinos, i.e. larger ms/,, the most
important decay channels are u W, W, and vZ with the vh
mode having a sizeable contribution. The three-body de-
cays grow with the increase of mj3,, becoming important at
high m3,, values.

The chargino branching ratios also exhibit a number of
near equalities. For instance, from the right panel of Fig. 7
we can see that BR(y{ — €Z) =~ BR(x{ — 7Z) as well
as BR(y{ — €h) = BR(x{ — 7h). Indeed, these equal-
ities are found for all values of m3,, being a consequence
of the fact that the same R-parity breaking parameters
responsible for the SUSY decays govern also neutrino
physics [42]. Furthermore, the chargino decays predomi-
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nantly into »W for all values of ms/, and the other im-
portant decays are €Z, 7Z, €h and 7h. The mass difference
Am,, for tan = 10 is at most 300 MeV and as can be seen
from Fig. 7, the chargino RPC branching ratios are very
small and can be neglected in the analysis.

When sparticles are heavy, three-body decays of the
lightest neutralino and chargino are dominated by ampli-
tudes with intermediate gauge bosons. In this case, leptonic
decays of these particles include, for example,

where the open circle indicates a coupling that violates
R-Parity. If sparticles are not heavy, extra amplitudes with
charged sleptons and sneutrinos in the intermediate state
should be added, introducing more R-Parity violating
couplings.

On the other hand, in the previous section we have seen
that the neutrino mass matrix can be expressed in terms
of the vectors A and e times coefficients depending only
on R-parity conserving paramters. Neutrino data tell us
that the ratios |A|//Det, (or equivalently |A|/Det,) and
|€]/| | have to be small numbers. Here Det, (Det,.) is the
determinant of the MSSM neutralino (chargino) mass ma-
trix. This fact can be used to expand the R-parity violating
couplings in these ratios. As an example we give here the
dominant W+ — I — xV coupling:

gA; [_ g'Myu

\/5 2Det0
B Q(gle +g°M, |
2 2Det0
+ vp(g°M, + g*M,)

4Det0

1 M
Nll + 8 + —
Det, 2Det,

2
)NB

nw —
OLil

)le

8
mDet,

NM]

relevant for the neutralino decay, and the dominant Z —

(18)

;= ,\/f coupling [43]:
R1i i 2\/_2Det+ 11 ( )

All couplings can be expanded in a similar way, with
couplings involving sfermions and Higgs bosons in general
having terms proportional to €; in addition to A;. The com-
plete list in case of neutralinos is given in Ref. [24]. The
important point to note is, that these expansions show that
the partial R-parity violating decay widths of the lightest
neutralino and lightest chargino have the generic form

(Y = 1.X) = yxlaxA; + Byel? (20)

where yy describes the kinematics and ay and By contain
only R-parity conserving parameters. This structure re-
mains the same if /; is replaced by a »;. This feature implies
that the total width, if the R-parity Vlolatlng decay modes
dominate, is proportional to (alA]? + bA - € + c|€?) and,
thus, is correlated to neutrino masses (this has been ex-
plicitly shown in Fig. 1 of the first paper in [42]).

III. COLLIDER SIGNALS

We will analyze the LHC discovery potentials for
BRpV-mAMSB in various channels, that is, we study a
myriad of channels, ranging from jets+missing energy to
multilepton channels in addition to the displaced vertices
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signal. Throughout this paper we use SPheno [34] to gen-
erate the particle spectrum and decays which are tabulated
in the SLHA format [44]. The signal and background gen-
eration was carried out with PYTHIA [45] version 6.409
adopting the CTEQSL parton distribution function [46].

A. Canonical SUSY final state topologies at LHC

We considered several canonical supersymmetry signals
for the LHC, following what has been presented in
Refs. [28,47]:

(1) Inclusive jets and missing transverse momentum
(IN): in this class of events we include all events
that present jets and missing ;. In R-parity con-
serving scenarios this channel is one of the main
search modes [28].

(2) Zero lepton, jets and missing transverse momentum
(09): the events in this class present jets and missing
P without isolated leptons (e*, u™);

(3) One lepton, jets and missing transverse momentum
(1€): here we consider only events presenting jets
and missing p; accompanied by just one isolated
lepton;

(4) Opposite sign lepton pair, jets and missing trans-
verse momentum (OS): the events in this class con-
tain jets, missing g7, and two isolated leptons of
opposite charges;

(5) Same sign lepton pair, jets and missing transverse
momentum (SS): here we consider only events pre-
senting jets and missing p; accompanied by two
isolated leptons of the same charge;

(6) Multileptons, jets and missing transverse momen-
tum (M{): we classify in this class the events ex-
hibiting jets, missing p; accompanied by three or
more isolated charged leptons.

In our analysis we defined jets through the subroutine
PYCELL of PYTHIA with a cone size of AR =0.7.
Charged leptons (e or u™) were considered isolated if
the energy deposit in a cone of AR < (0.3 is smaller than
5 GeV. Furthermore, we smeared the energies, but not
directions, of all final state particles with a Gaussian error
given by AE/E = 0.7/+/E (E in GeV) for hadrons and
AE/E = 0.15/+/E for charged leptons.

We perform our event selection along the same lines of
[28]. Initially, we applied the following acceptance cuts:

C1 We required at least two jets in the event with

py>50GeV and |7, <3. (1)

C2 The transverse sphericity of the event must exceed
0.2, ie.
Sr>0.2. (22)

This requirement reduces efficiently the large background
due to the production of two jets in the SM.

C3 A potential source of missing transverse momentum
in the background is the mismeasurement of jets. There-
fore, we imposed the following cut in the azimuthal angle

PHYSICAL REVIEW D 77, 115025 (2008)

between the jets and the missing momentum (Ag) to
reduce the background

T T
—_ < <
T=ap=_. (23)
After applying the acceptance cuts C/-C3 we impose
further cuts to each final state topology. In order to achieve
some optimization of the cuts in different regions of the
parameter space we used floating cuts ES which can take
the values 200, 300, 400, and 500 GeV. Considering that
our main goal is to evaluate the impact or R-parity viola-
tion interactions on the searches for SUSY we have not
tried to further improve our cuts. Given one value of Ef, we
further required for all topologies that

pr*>E; and pr> ES. (24)

where pp” stand for the transverse momenta of the two

hardest jets. These are the only additional cuts applied on
the IN topology.

For the events in the 0¢ class we veto the presence of
isolated leptons with

pl.>10GeV and |n,] <2.5. (25)

In addition to comply with (24), 1€ events must present
only one isolated lepton satisfying

pl.>20GeV and |n] <2.5. (26)

Since the SM production of W’s is a potentially large
background we also imposed that the transverse mass cut

my(fr, pt) > 100 GeV. 27)

For the OS (SS) signal we required the presence of two
isolated charged leptons with opposite (same) charge after
imposing (24). The hardest isolated lepton must have

pl.>20GeV and |n] <25, (28)

while the second lepton must satisfy (25). Multilepton
events (M{€) must pass the cuts (24) and exhibit three or
more isolated leptons with the hardest one satisfying (28)
and the other leptons complying (25).
The most important SM backgrounds to the canonical
SUSY searches are
e the process with highest cross section at small E% is
the QCD production pp — jjX where j denotes a jet;
e 7 production that contributes to many final state
topologies due to its decay into WWbb;
e associated production of weak bosons and jets which
we denote by Wj and Zj;
e double weak boson production VV with V. = Z or W;
e production of a single top quark. We did not consider
the gluon-W contribution to this reaction because it is
not included in PYTHIA.
We present in Table I the total background cross section
after cuts for the final state topologies that we analyzed.
The main source of background is ¢ production for all the
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TABLE I. Total background cross section in fb as a function of Ef for the channels considered
here.
E$/Background IN 1¢ oS SS MY
200 GeV 261. 178. 54 0.40 1.3
300 GeV 24. 17. 0.32 0.013 0.001
400 GeV 4.0 3.1 0.015 0.0 0.0
500 GeV 0.88 0.63 0.003 0.0 0.0
process with W;j and Zj also contributing to the IN back- o YV — v€"¢ with € = e, u denoted by ¢¢;
ground. Moreover, W also plays an important role in the . /\7(1) — vqq denoted jj;
1¢ topology. For additional information on the back- o W—r1q g, called 7jj;
grounds see Ref. [47]. ° ,\7(1) — vbb, that we denote by bb;
Comparing our results for the SM backgrounds with the o ¥ —wrtr, called 77,
ones in Ref. [28] we can see that they agree within a factor o ¥ — 7l called 7¢€.

of 2. This is indeed expected since PYTHIA and ISAJET
have different choices for the event generation, specially in
the hadronization procedure. This does not pose a serious
problem for the LHC experiment since the backgrounds
can be obtained from actual data.

B. Displaced vertices at LHC

In our BRpV-mAMSB model both x9 and y{ can travel
macroscopic distances before decaying. Consequently, the
long lifetimes of these particles can give rise to a further
striking signal, that is, the existence of displaced vertices
in the events. However, the decay must be confined within
the inner parts of the detector in order for it to be fully
reconstructible.

The decay lengths in the rest frame of x? and y; are
depicted in Fig. 8 as a function of the neutralino (chargino)
mass for different choices of parameters. We can see from
this figure that these SUSY particles typically decay within
the inner detector, even when taking into account the time
dilation y-factor. Because of the fact that the sparticles
production is completely dominated by R-parity conserv-
ing interactions, there will almost always be two long-lived
sparticles in the reaction chain that may lead to a displaced
vertex, either )((1) or ,\/f’. Thus, our analysis will require the
presence of two displaced vertices in the event. Notwith-
standing, there is a small corner of the parameter space
where x! and y; decay very fast as we can see in the bot-
tom curves of Fig. 8. This region is characterized by the
LSP being the stau, and consequently, ,\/‘1) and y{ fast de-
cay is due to R-parity conserving interactions. Moreover,
in this region of the parameter space the stau decay is too
fast, at least by a factor of 10* with respect to chargino and
neutralinos, washing out the displaced vertex signal.

In order to be able to see the vertex, where the chargino
or neutralino decays to the secondary particles, we must
require that the decay products are such that this vertex can
be reconstructed. The following decay modes allow us to
reconstruct the neutralino decay vertex

Clearly, the invisible decay of the neutralino into neu-
trinos cannot be reconstructed and for this reason we dis-
carded it. On the other hand, it is possible to measure the
chargino decay vertex in the decays:

. — vq'q denoted jj;

— 71qg, called 7jj;

— 7tbb, called 7bb;

— 7H¢T ¢, called 7¢¢;

— £*bb, that we denote by €bb;
— ¢*€* ¢, that we denote by €{¢;
— €*qq, that we denote by €jj.

Although the decay y{ — vv{€™ can give rise to a e™ or
u™ with a high impact parameter, we do not consider the
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FIG. 8 (color online). The decay length in the rest frame of the
lightest neutralino and the lightest chargino as a function of the
mass for tanB = 10 and u >0.

115025-11



F. DE CAMPOS et al.

mode in our study since it is not possible to obtain its decay
vertex.

We considered a crude model of the LHC detectors in
order to identify events containing displaced vertices. We
selected events presenting neutralino or chargino decays
away from the primary vertex via the requirement that the
displaced neutralino/chargino vertex is outside an ellipsoid
around the primary vertex

GGG
xy xy z
where the z-axis is along the beam direction. We took
Oy = 100 um and &, = 2.5 mm that correspond to 5
times the expected resolution in each direction. To guar-
antee a high efficiency in the reconstruction of the dis-
placed vertices without a full detector simulation, we re-
quired the tracks leaving the displaced vertex to be inside
the rapidity coverage of the vertex detector, i.e. |g| < 2.5.
Moreover, we also required that the displaced vertices are
inside the vertex detector—that is, the vertices must be
within a radius of 550 mm and z-axis length of 800 mm.
The SM backgrounds coming, for instance, from dis-
placed vertices associated to b’s or 7’s can be eliminated by
requiring that the tracks defining a displaced vertex should
have an invariant mass larger than 20 GeV. This way the
displaced vertex signal passing all the above cuts is essen-
tially physics background free, however, there might exist
instrumental backgrounds which were not considered here.
An important issue in the displaced vertex search is the
trigger on the events containing them. In order to mimic the
triggers used by the LHC collaborations, we accept events
passing at least one of the following requirements:

e The event has one isolated electron with prp >
20 GeV;

=1,

T T T T
90 R conserving inclusive ll |

BRpV inclusive %

80 EEEEEEN ]

70 SSEENEEEEEEEEEEEEN-

GGG EEEEEESSEEENEN
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30

1 1
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The event has one isolated muon with p;y > 6 GeV;
The event has two isolated electrons with py >
15 GeV;

The event has one jet with py > 100 GeV;

The event has missing transversal energy >100 GeV.

IV. DISCOVERY REACH AT THE LHC

We estimated the LHC discovery reach in all the chan-
nels described in Sec. III A. We required that either the
signal leads to 5o departure from the background where
this is not vanishing or 5 events in regions where there is no
SM background. We present our results in the ms3,, ® my
plane for tan8 = 10, u > 0 and integrated luminosities of
10 fb~! and 100 fb~!.

We depict in Fig. 9 the LHC discovery potential in the all
inclusive channel (IN). For the sake of comparison, we
also present in this figure the discovery reach assuming
R-parity conservation. As we can see from this figure, the
introduction of bilinear R-parity violation reduces the
reach in m3, for a given value of m if we use the search
strategy design for the R-parity conserving case. Basically,
the decay of the LSP reduces the missing transverse en-
ergy making it harder to disentangle the SUSY signal and
the SM background. Comparing the left and right panels
of Fig. 9, we can see that a larger luminosity in this
channel expands the reach in mj/, from =~ 70-80 TeV to
=90-100 TeV.

The reach in the 1€ channel is presented in Fig. 10. In the
R-parity conserving scenario this channel is sensitive to the
spectrum details of mAMSB since the lightest chargino
decay contains soft charged particles in addition to the LSP
and consequently, there are less channels available that
give rise to hard leptons. Once again the introduction of
R-parity violation depletes this signal because of the re-
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FIG. 9 (color online).
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Discovery reach in the inclusive channel (IN) for tan8 = 10, w >0 and the integrated luminosities of

10 fb~! (left panel) and 100 fb~! (right panel). The dark (blue) square mark the points where mAMSB with R-parity conservation can
be discovered while the stars stand for the reach of our BRpV-mAMSB model. Dark (red) circles stand for the points excluded by LEP
data while no solution for the neutrino masses was found in the gray (cyan) squares. The dark (red) area on the left is theoretically
excluded by the existence of tachyonic particles and the light shaded area adjacent to this one is the area with a stau LSP. The light
(green) line is the contour for the gluino mass of 1 TeV. The Higgs mass is 114 GeV on the dashed dark line.
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FIG. 10 (color online). Discovery reach in the one lepton channel for the parameters and conventions used in Fig. 9.
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FIG. 11 (color online). Discovery reach in the multilepton channel for the parameters and conventions used in Fig. 9.
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FIG. 12 (color online). Discovery reach in the opposite sign lepton channel for the parameters and conventions used in Fig. 9.
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duced missing transverse momentum. Moreover, the extra
produced leptons in the chargino or neutralino decays have
the tendency of contributing to the trilepton topology.
Comparing the left ad right panels of this figure it is clear
that the reach in this channel is extended with the increase
of the luminosity, however, its reach is still smaller than the
IN one.

The reach in the multilepton channel is depicted in
Fig. 11. For 10 fb~! the R-parity conserving scenario has
a very limited reach with the signal being sizeable only in
the area presenting light sleptons. The inclusion of BRpV
interactions increases the LHC reach in the M{ channel
at small values of m5/, with the IN and M¢ having simi-
lar reaches at low luminosities. At higher luminosities,
100 fb~ !, the multilepton channel reach is considerably
extended with and without R-parity conservation, being
this the channel with largest reach at small m,. Moreover,
this is the SUSY canonical topology with the largest po-
tential for discovery in the R-parity violating scenario.

We also studied the exclusive channels containing two
isolated charged leptons verifying that the introduction of
R-parity violating interactions enhances these channels. In
the R-parity violating scenario the LHC OS reach is simi-
lar to the 1€ channel one except at large m, where the OS
signal has a reduced reach; see Fig. 12. On the other hand,
the SS channel presents a smaller SM background in
addition to an enhanced signal due to the presence of
majorana states in SUSY models. Therefore, this topology
has a good discovery reach in our BRpV-mAMSB model as
can be seen from Fig. 13. In fact, the SS final state has a
slightly larger reach than the fully inclusive mode IN, with
the SS channel being the second most important channel in
the presence of BRpV interactions.

Before we move on to the displaced vertex signal, we
would like to stress that our results are an indication of
R-parity violating interactions in the canonical SUSY
searches. Certainly, the introduction of a larger number
of floating cuts leads to larger reaches in all channels, like
the ones in Ref. [29]. Nevertheless, the depletion of the
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0

Discovery reach in the same sign lepton channel for the parameters and conventions used in Fig. 9.

fully inclusive channel and the enhancement of exclusive
topologies containing isolated leptons, as compared to the
R-conserving case, must persist in a more elaborate analy-
sis. In this light, it should be possible to determine whether
R-parity is broken or not by combining the results of all the
canonical SUSY search channels.

The smoking gun of BRpV-mAMSB is the existence of
detached vertices exhibiting a high invariant mass. There is
no SM background for these events except for possible
instrumental backgrounds, rendering this channel a very
strong evidence for Physics beyond the standard model.
We present in Fig. 14 the reach in the displaced vertex
topology for integrated luminosities of 10 and 100 fb~!.
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FIG. 14 (color online). Discovery reach for the LHC in dis-
placed vertices channel for tang = 10and u > 0inthe m3/, ®
mg plane and an integrated luminosities of 10 fb™! (stars) and
100 fb~! [dark (blue) squares]. The light (green) lines gives the
contour of a gluino mass of 1 TeV and 2 TeV. All other
conventions follow the ones of Fig. 9.

115025-14



CERN LHC SIGNALS FOR A NEUTRINO MASS MODEL ...

As we can see from this figure, this channel does have the
largest reach (=110(120) TeV for 10(100) fb~!) with the
nice feature of being almost independent of m, except at
small m, where the presence of light scalars lead to rapid
neutralino and chargino decay; see Fig. 8.

V. CONCLUSIONS

We have studied the phenomenology of AMSB model
augmented with bilinear R-parity parameters at the LHC.
We show that the presence of bilinear R-parity interactions
modifies the canonical channels used for the supersym-
metry search. The decay of the neutralino and chargino
weaken the fully inclusive signal, however, the existence of
further leptons in the final state leads to an enhancement of
the leptonic exclusive modes. In the case that the BRpV-
mAMSB final state contains three or more charged leptons
the reach is so enhanced that this channel alone has a
comparable reach to the fully inclusive one with R-parity
conservation. One interesting aspect of the drastic change
in the reach of the different topologies is that a possible
positive signal at the LHC can be used to disentangle
models with and without R-parity conservation.

Our BRpV-mAMSB model connects the R-parity vio-
lating parameters to measured neutrino properties. Because
of the smallness of the couplings needed to reproduce the
observed neutrino masses and mixings, our model predicts
a rather large lifetime for charginos and neutralinos. This
leads to the smoking gun of the BRpV-mAMSB theory,
that is, the existence of displaced vertices associated to
neutralino or chargino decays that exhibit a large visible
invariant mass. We showed that the search for such de-
tached vertices does lead to the largest discovery reach for
such models. Indeed this channel can probe m3,, up to =
100 TeV, which constitutes almost all the natural parame-
ter space. At this point it is interesting to point out that the
search of detached vertices at the Tevatron can cover a
large fraction of the presently allowed parameter space. We
depict in Fig. 15 the parameter space region that can be
probed at the Tevatron for an integrated luminosity of
2 fb~!, showing that the Tevatron collaborations can al-
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FIG. 15 (color online). Discovery reach at the Tevatron in
displaced vertices channel for tan8 = 10, u > 0inthe m3/,, ®
mg plane and an integrated luminosity of 2 fb~! (stars) and
10 tb~! [dark (blue) squares]. The light (green) lines gives the
contour of a gluino mass of 1 TeV and 2 TeV. All other
conventions follow the ones of Fig. 9.

ready cover a lot of ground in searching for BRpV-
mAMSB.
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