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We investigate the phenomenology of top squarks at the Large Hadron Collider (LHC) in a
supersymmetric model where lepton number is identified with an approximate U(1), symmetry in such
a way that one of the left-chiral sneutrinos can acquire a large vacuum expectation value and can play the
role of the down-type Higgs. This R symmetry allows a subset of trilinear R-parity violating interactions,
which determine the collider phenomenology of this model in a significant way. The gauginos are Dirac
particles and gluinos are relatively heavy in this class of models. The model contains a right handed
neutrino superfield, which gives a tree level mass to one of the active neutrinos. An order one neutrino
Yukawa coupling also helps enhance the Higgs boson mass at the tree level and results in a very light bino-
like neutralino (79) with mass around a few hundred MeV, which is a carrier of missing (transverse) energy
(E7). The model can accommodate two rather light top squarks, compatible with the observed mass of the
Higgs boson. The lighter top squark (7;) can decay into £79, and thus the signal would be similar to the
signal of top quark pair production at the LHC. In addition, fully visible decays such as 7, — be™ can give
rise to interesting final states. Such signals at the LHC combined with other features like a heavy gluino
could provide strong evidence for this kind of a model. Our analysis shows that m; < 575(750) GeV and
m;, < 1.2(1.4) TeV can be probed with 5¢ statistical significance at the 13 TeV LHC with 300(3000) fb~!

of integrated luminosity. Finally, we observe that in the presence of superlight carriers of £7, the so-called
“stealth” top squark scenario may naturally appear in our model.
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I. INTRODUCTION

The discovery of a Higgs boson at the Large Hadron
Collider (LHC) with a mass around 125 GeV [1,2] is of
immense importance in high energy physics and, in
particular, in the context of electroweak symmetry break-
ing. However, in spite of its enormous success over the
years, the Standard Model (SM) of particle physics suffers
from several drawbacks. From a theoretical perspective, the
naturalness problem remains a troublesome issue in the
framework of SM. Supersymmetry (SUSY) renders an
elegant solution to this problem and has become the most
popular choice for physics beyond the Standard Model to
date. Nevertheless, searches for superpartners by the LHC
collaborations (ATLAS and CMS) in pp collisions at the
center-of-mass energies of /s = 7 and 8 TeV have shown
no significant excess [3,4] over the SM background. This
has put stringent lower limits on the superpartner masses in
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many different SUSY scenarios. Recent experimental
analyses within the framework of a simplified phenom-
enological minimal supersymmetric Standard Model have
set a lower bound of 1.7 TeV [5] for comparable masses of
the gluino and the first two generation squarks.

On top of that, finding a Higgs boson with a mass
~125 GeV and the nonobservation of any signals of
physics beyond the SM have severely constrained many
supersymmetric scenarios which are otherwise very well
motivated. In view of this, models with Dirac gauginos and
U(1), symmetry have become popular as they can sig-
nificantly lower the current exclusion bounds on the first
and second generation squarks and at the same time can
address the 125 GeV Higgs boson even in the presence of
lighter top squarks. Other virtues of such scenarios include
significant suppression of flavor- as well as CP-violating
effects. Assorted versions of models with Dirac gauginos
and U(1), symmetry can be found in the literature [6—67].

On the other hand, experiments in the neutrino sector
have firmly established the fact that neutrinos have tiny
masses and nontrivial mixings. Nonvanishing neutrino
masses and mixings [68—71] are very important indications
of new physics. An interesting question to investigate is
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whether models with Dirac gauginos could also provide
explanation for observed neutrino masses and mixings. As
we shall describe later on, the introduction of a right handed
neutrino superfield with an appropriate R charge and
Yukawa coupling “f”” can give rise to a small neutrino mass
of the right order at the tree level. At the same time, an order
one f generates an additional tree level contribution to the
Higgs boson mass. Thus, physics in the Higgs sector and the
physics in the neutrino sector become intimately related in
this model. This gives an opportunity to look into the Higgs
sector through the neutrino window and vice versa. The
additional tree level contribution to the Higgs boson mass
also opens up the possibility of having rather light top
squarks in the spectrum. This can also ameliorate the
situation with so-called “naturalness” that is somewhat
compromised in popular SUSY frameworks like the minimal
supersymmetric Standard Model (MSSM). There, the top
squark masses are pushed to higher values [~O(TeV)] to
ensure a Higgs boson as heavy as observed at the LHC.
Another very interesting outcome of this scenario is to have a
very light bino-like neutralino, also identified as the lightest
supersymmetric particle (LSP), with a mass in the range of a
few hundred MeV. The scenario violates R parity. Thus, such
a light neutralino LSP could decay to SM fermions.
However, the decay length turns out to be much larger than
the collider dimension [72]. Hence it would essentially
contribute to missing transverse energy (MET; E7).

In such a backdrop, we study the phenomenology of light
top squarks at the LHC in a U(1), symmetric model, first
introduced in Refs. [45,46] and later on augmented by a right
handed neutrino superfield in Refs. [52,58,63]. The R charges
are identified with the lepton numbers in such a way that the
left-chiral sneutrino vacuum expectation values (VEVs) can be
large, and are not constrained by the Majorana mass of the
neutrinos. Thus, the sneutrino can play the role of adown-type
Higgs field. There also exists a subset of R-parity violating
(RPV) operators, mixings between the neutrinos and the
neutralinos, as well as between the charged leptons and the
charginos. Once U(1), symmetry is invoked, the gauginos
cease to have Majorana masses. However, they can acquire
Dirac masses which requires additional chiral superfields
living in the adjoint representation of the SM gauge group.
Itis somewhat crucial in the context of the present work to note
that R-symmetric models also prohibit the traditional trilinear
scalar couplings (“A” terms) and the Higgsino mass parameter
(u term). To generate a u term, one needs to incorporate two
more chiral superfields R, and R ; with appropriate R charges.

The main motivation for having a right handed neutrino
superfield is to have a tree level neutrino mass [52].
However, such a simple extension has enormous implica-
tion for the lightest CP-even Higgs boson mass [52,63] and
for the dark matter sector [58].

The squarks in the present context carry a nonzero R
charge (R = 1) and hence a nonzero lepton number since
lepton number is identified with the R charges. Top squarks
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can naturally be light in this model and can have novel
signatures at the LHC. In the present work, we take the
obviously natural direction of connecting to the top squark
sector which is very much in the focus of the current LHC
program and thus could be put to test in a straightforward
way. This work presents for the first time the collider
implications of the very characteristic top squark sector of
the scenario under consideration. Various possibilities in
the decays of both top squarks are discussed in detail. A
novel final state in the form of bbe ™ e is highlighted where
the final state objects can, in principle, be reconstructed to
the mass of the heavier top squark. The decay of the top
squark to be™ differs from typical R-parity violating
MSSM decay modes, and is typical for this model. This
also provides us with an interesting handle, using which the
reach of 7, can be enhanced significantly, so much so, that
the enhanced rate could also lead to its discovery even
before its lighter cousin.

As for 7,, pair production of top squarks and their
subsequent decays might lead to a signal similar to top
quark pair production and provide important information
on the model and, in particular, on the scenario with an
order one neutrino Yukawa coupling f. A characteristic
difference in the signal is in the form of a somewhat softer
E7, when compared to similar m;, values in the MSSM.
This is because of the presence of a MeV neutralino LSP,
which is again a salient feature of our scenario. It is also
demonstrated how various decay modes of 7; remain
simultaneously open thus necessitating a thorough analysis
of the experimental data from the 13 TeV run of the LHC.

The paper is organized as follows. A brief description of
the model is presented in Sec. II. The neutral scalar sector
of the model and its characteristic features are discussed in
Sec. III. Section IV describes the electroweak gauginos in
general. We start with a generic discussion of the neutralino
sector and its role in generating the tree level neutrino mass
both in U(1); conserving case as well as taking into
account mild violation of this R symmetry. We discuss the
possibility of mixings among the neutralinos and the
neutrinos. Later on, we discuss the chargino sector of this
model and the corresponding mixing between the charginos
and the electron. The focus area of this work, that is to say,
the top squark sector is described in Sec. V. Expressions for
the decay rates in various relevant modes are presented. The
latest bounds on the masses of the top squarks as reported
by the LHC collaborations are also discussed. The model is
incorporated in SARAH (v4.4.1) [73-75]. In Sec. VI we
present a few benchmark points that reflect the character-
istic decay patterns of the two top squarks and are found to
be instrumental in shaping the interesting signatures at the
LHC. Section VII is devoted to the actual simulation study
of the signals and the most relevant backgrounds using
event generators. Estimations of the reaches in the masses
of the top squarks are also presented. In Sec. VIII we briefly
analyze the issue of the stealth top squark which arises
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naturally in our scenario. We summarize with some con-
cluding remarks in Sec. IX.

II. THE U(1), LEPTON NUMBER MODEL

We minimally extend an R-symmetric model, first
discussed in [45,46], by a single right handed neutrino
superfield N¢ [52]. Along with the chiral superfields of the
MSSM superfields, I:Iu, I:Id, Q,», f/f, ﬁf, ﬁ,», Ef’, the model
contains two “inert” doublet superfields fiu and Rd with
opposite hypercharges. To prohibit spontaneous R breaking
and hence the emergence of R axions, the scalar compo-
nents of R, and R, are barred from receiving any nonzero
VEV. This is why R, and R, are labeled as inert. Similarly,
the scalar component of N¢ does not acquire any nonzero
VEV. The Dirac gaugino masses can be constructed with
the introduction of chiral superfields living in the adjoint
representation of the SM gauge group. A singlet Sis needed
to form a Dirac mass for the U(1) gaugino, a triplet 7" under
SU(2), is required to have a Dirac mass for the SU(2),
gauginos and similarly an octet O under SU(3), must be
there to generate the Dirac gluino mass. The U(1) charges
of the chiral superfields along with their SM gauge
quantum numbers are shown in Table L.

Note that the scalar components transform in the same
manner as their respective chiral superfields whereas the
fermions have R charge one less than that of the corre-
sponding chiral superfields. Following Ref. [45], we also
identify the lepton numbers of the component fields to the
negative of their R charges. Such an identification leaves
the lepton number assignments of the SM fermions
unchanged from the usual ones while the superpartners
acquire nonstandard lepton numbers. As mentioned in the
Introduction, it is quite conspicuous that the left-chiral
sneutrino VEVs can be large since they do not become
constrained by the lepton-number-violating Majorana neu-
trino masses [45]. As a result, the sneutrino can play the
role of a down-type Higgs field. It is now possible to
integrate out the superfields R, and H,, which simplifies
the superpotential and the scalar potential considerably. At
this point all three sneutrinos can acquire substantial VEVs.
However, without any loss of generality, one can always
choose a basis in which only one of the sneutrinos get a
nonzero VEV, which we choose to be the electron-type
sneutrino,1 whereas, the VEVs of the other two sneutrino
fields are zero. Thus, the electron sneutrino ([0, a = 1(e)]
plays the role of a down-type Higgs field. With this basis
choice and the assumptions of [52,63], the superpotential
takes the following form:

"It should be noted at this point that the formulation, though
independent of this kind of a choice of a particular basis, could
have crucial impacts on the actual observables at the experiments.
We justify our choice later in this paragraph.
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TABLE 1. Chiral superfields with the SM gauge quantum
numbers and U(1), charge assignments.

Superfields SUB3)e, SU2)., U(1)y U(l)g
0 @3, 2, %) 1
¢ (3. 1,-3 1
bs (3. 1,3 1
L, (1,2, -1) 0
E¢ 1, 1,2) 2
H, 1,2, 1) 0
H, (1,2, -1) 0
R, 1,2, 1) 2
R, (1,2, -1) 2

S 1, 1, 0) 0
T 1, 3,0 0
0 8, 1,0 0
Ne 1, 1, 0) 2

W= y?]ﬁlquf]; +/’tuﬁukd +fi‘aﬁuivc
+ AgSH, R, 4+ 227H, TR, — MxN°§S + W', (1)

W =" fLL. LB+ Y fIL.Q D
=23 k=1,2,3
1 oo s
+ Y Sy lbLAES +

k=123 2

3T A R
ALy QDY
J.k=12,3:0=273

(2)

where yj; is the up-type Yukawa coupling, u, is the
Higgsino mass parameter consistent with the R-charge
assignments. f represents the neutrino Yukawa coupling, Ag
and A7 are the trilinear couplings and finally My is the
coefficient of the bilinear term N°S.

Note that for simplicity in this work we have neglected
the terms kN°S S, nN¢, ENTr(T T') and (N°Tr(O O) from
the superpotential. As long as n ~ Mgy, k, & ¢~ 1 and
VEVs of the scalar components of § and 7" are very small
[~O(107*) GeV, as we shall consider later], we do not
expect any significant changes in the analysis and the
results presented in this work.

The prime in W’ indicates the mass basis for the down-
type quarks and charged leptons. When the electron
sneutrino gets a VEV, the first two terms in W’ give
masses to the down-type charged leptons and quarks.
However, SU(2) invariance ensures that LLE operator in
Eq. (2) cannot generate a mass for the electron. The
electron mass can be generated from higher-dimensional
operators suppressed by a mass scale as discussed in [45].
Such operators would, in principle, contribute to the masses
of other charged leptons as well. However, these contri-
butions will be subdominant compared to the contribution
to their masses from the LLE operators. This makes it a
natural choice for the electron sneutrino to acquire a
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nonzero VEV. The other two terms in W’ include all the = where W/, = A, + 0,D’ isaspurion superfield parametrizing
trilinear R-parity violating but lepton number preserving  D-type SUSY breaking. W,,’s are the field strength tensors
terms in this model. containing the gauginos of the MSSM vector superfields.

In a realistic supersymmetric model, one needs to  The D-term VEV generates Dirac gaugino masses which can

incorporate  soft-SUSY breaking terms such as the e schematically written as MP = «; (D’>, where «;’s are the

i ~ S
gaugino and the scalar hass terms. The Lagrangian . qer one coefficients and A is the scale of SUSY mediation.
consisting of the Dirac gaugino mass terms [45] can be

Similarly, R-conserving but soft-SUSY breaking terms

written as in the scalar sector can be generated from a spurion
o w’ . . superfield X, where X = x 4 6*Fy [45]. The nonzero
‘CgDallrxdgLino = / d’0 Ta (V2K W18 + 2V 265t (W, T) VEV of the F term generates the scalar soft terms.
N In the rotated basis where only the electron-type sneutrino

+2V2k3tr(W3,0)] + Hee., (3)  acquires a VEV, the soft-SUSY breaking terms are given by

Vsoft = m%,uH;Hu + m%dR;Rd + m Zlia + mzzbz,zz,b + M]ZVNCTNC + mzkii;izRi + mZQleQ, + m%iﬁgiﬁm

b=23

+ mf.lia;iizm + m3S'S + 2m2 (T T) + 2m3tr(0T0) — (Buy H,L, + H.c.) + (158 + H.c.)

2
Lﬂ

+ % bs(S* + H.c.) + by(tr(TT) + H.c.) + Bo(tr(00) + H.c.). (4)

It is important to note that the scalar singlet tadpole term (#5S) is suppressed [42] in the scenarios with Dirac gaugino masses
and that is what we will consider in the present context. With this short description of the theoretical framework we now
proceed to describe the scalar and the fermionic sectors of the model in appropriate details.

III. THE NEUTRAL SCALAR SECTOR AND THE STANDARD-MODEL-LIKE HIGGS BOSON

In this section we discuss the CP-even scalar sector followed by a rather important discussion on the lightest CP-even
mass eigenstate. The scalar potential receives contributions from the F term, the D term, the soft-SUSY breaking terms and
the dominant quartic terms generated at one loop and can be written down as

V=Vr+Vp+ Ve + Vone-loop' (5)
From the scalar potential and the subsequent minimization equations, one can now write down the CP-even scalar mass

matrix in the basis (g, Ug, Sg, Tg), where the subscript R indicates the real parts of the corresponding superfields. Both R

and N¢ carry R charges of two units and hence get decoupled from the CP-even scalar mass matrix. In the R-symmetric
scenario the elements of CP-even 4 x 4 scalar mass matrix are given by [52]

o (FHID) 5., _p,a -1 2¢in2
(M) = T, v B+ (fMgvg — Bug)(tan f)~" + 264, v°sin°p,
2+ g% =26
(M%,)l2 = f2,U2 Sln2ﬁ+Bﬂz _MUZ Sin2ﬂ—fMRUS,

4

(M%),5 = 223vgvsin f 4 2u, Agv sin f + 2Agdpvoy sin f 4+ V2g MPvsin f — fMgv cos 3,

(M2%),, = 223070 sin f + 2u, Apvsin f + 2Agdpvsv sin f — V2gM2 v sin f,

(& +9%)
2

(M3)y, = v2c08?B + (fMgvg — Bué) tan 8 + 264, v*cos?3,

(M§)23 = —\/EjM?vcosﬁ — fMypvsin f,
(M%)5, = V2gMB v cos B,
Z}zsiHZﬂ iSlTUTUZSiIlzﬁ s N g/M?UQ cos 2,6 N fMRl)z sin 2,5

(M§)33 = —H,As

Vg Vg Vg \/EUS 2/US
(M5)34 = Ashrv*sin®p,
2 2 MD 2
(M3)4y = —~pudy — sinB — Aghpvs—sin?fp — 2—2 2 cos 28. (6)
Ur Ur 2 vt
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The &’s appearing only in (M2),,, (M2),, and (M%),, quantify the dominant one-loop radiative corrections” to the quartic

potential coming from the terms 164, (|H,|?)

5)4
1n

3)’ ‘ myz, my
S In{ —=-
" 1622 < m? ) *

167°

2, 2603 HO |0, |* and 164, (|0, |*)* where

2 4 2
my AS ms
In( =5
< >+16 <2>+

S m3 22 m3
Sh T 1 T s .
373042 < >+32 < ) +

5)4
L)

3y, . (Mp,M;
oA, = 1 L=
Y 16x? n< m? > i

mg, my are the singlet and triplet soft masses while the
singlet and the triplet VEVs are denoted by vg¢ and vy,
respectively [22]. ¢, g are the U(1), and SU(2), gauge
coupling constants, M, M? are the Dirac bino and wino
masses, respectively. tan§ = v,/v,, where v, is the VEV
of the up-type neutral Higgs field and v, represents the
VEV of the electron-type sneutrino. The ellipsis at the end
of each expression stands for missing subdominant terms.

In this work, we study a simplified scenario in which the
singlet and the triplet VEVs are very small. These effec-
tively decouple the corresponding scalar fields. Thus, the
CP-even scalar mass-squared matrix turns outto be a2 x 2
one and can be written down in a compact form as

M2, = M2%sin’f + Ecot f,
1 .
M3, = —§+—M%(a —1)sin28 = M5,

M3, = Etan 4+ MZcos’p, (8)

where a = 2{;%”2 and &= fMgvg— Byy.
M3 > M%, where M3 E%{;’W is the CP-odd
Higgs mass, we find that the tree level upper bound on
the lightest CP-even Higgs boson mass is [52]

As long as

2 < [M%cos®2p3 + f20%sin?2p]. 9)

Clearly, this result is very interesting since for a large
neutrino Yukawa coupling, f~ O(1), the Higgs boson
mass receives a large tree level enhancement. This addi-
tional tree level contribution (Am2)g.. = f2vsin?2p
grows at low tan # and becomes significant for order one
neutrino Yukawa coupling f [52,63]. The resulting
enhancement could play a significant role in lifting the
Higgs boson mass to 125 GeV. Furthermore, this additional
contribution ameliorates the naturalness (pertaining to the
mass of the Higgs boson) issue in the MSSM. However,
this tree level contribution gets diluted at large values of
tan . There, the one-loop quartic corrections [22,45] can

See Refs. [22,45] for a detailed discussion.

1672

<m%> N % <m§> . (7)

|

come into play and can substantially enhance the Higgs
boson mass in the presence of order one couplings, Ag and
Ar, as shown in Eq. (7). Thus, even for larger values of
tanf, one can easily find a Higgs boson as heavy as
observed at the LHC experiments, when the top squarks
are relatively light. Figure 1 illustrates the region in the
plane of m; and m;, compatible with 124.7 GeV < m,, <
126.2 GeV and various slices of 15 over the ranges shown.
This takes into account the one-loop corrections computed
in the effective potential approach to the neutral scalar
potential as implemented in SARAH (v4.4.1) [73-75]. For this
scattered plot we use tanf = 23, MP = M2D = 1.2 TeV,
MY =15TeV, u,=200GeV, f =1, vg=v;=10"*GeV,
Bu; = —(200 GeV)?, tg = (174 GeV)? and vary Ag in the
range 0.8 < Ag < 1.3. We also vary the soft scalar masses
(mg)33. (my)z; in the range —8 x 10° (GeV)* to 8 x
10% (GeV)? to vary the top squark mass. We observe that
higher values of the superpotential coupling Ag [hence
larger Ap, as Ay = Agtan@y, (Oy being the usual weak

2000

1800
1600
1400
1200
1000

E(GCV)

800
600

400 |
200 |124.7 GeV < mj, < 126.2 GeV

200 400 600 800 1000 1200 1400 1600
m; (GeV)

FIG. 1. Allowed region in the (m; —m;,) plane compatible
with 124.7 GeV < m;, < 126.2 GeV Higgs mass after taking
into consideration the full one-loop corrections. The grey bands
indicate the values of m; and m;, ruled out by the LHC (see text
for more details). The narrow vertical strip over 197 GeV <
m;, < 205 GeV refers to the stealth top squark regime.

~
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mixing angle) chosen to fit the neutrino mass at the tree
level] provide larger corrections to the Higgs boson mass at
the loop level and hence the requirement of having multi-
TeV top squarks can be avoided. The largest values
considered for m; and m;, in this plot are close to 1660
and 1830 GeV, respectively.

As can be seen from this figure, relatively light top
squarks with m; = m; may be generic to our scenario
(though such a situation could attract more aggressive
constraints from the LHC). Furthermore, both of them can
have sub-TeV masses simultaneously and can still be
consistent with the observed value of the SM-like Higgs
mass if 1¢ > 1. In the absence of any appreciable chiral
mixing [left-right (L — R) mixing], top squarks as heavy as
values considered here could only raise the Higgs boson
mass up to around 114 GeV in the MSSM. Hence the model
under consideration has a very interesting and distinct
feature where light to moderately heavy (~1 TeV) top
squarks with negligible L — R mixing can be compatible
with the observed mass of the Higgs boson. Similar
possibilities are discussed earlier in generic setups [76]
and more recently, in a specific SUSY scenario like the
next-to-minimal SUSY extension of the SM [77].

Taking advantage of this situation, we explore relatively
light top squarks satisfying the relevant direct search
constraints. We further note that a top squark within a
narrow mass window between 197 and 205 GeV [78],
which is still allowed by data from the 8 TeV run of the
LHC, can be obtained in our scenario for g > 1.2. Such a
mass window with m; = m;, is known in the literature as the
stealth window [79-83] for the top squark when the carriers
of MET are extremely light (as with the neutrinos in the
cascade of the SM top quark). This renders the signal
characteristics of the top squark rather similar to that of the
top quark thus making the presence of the former in the data
difficult to recognize. Given that the model we consider
indeed bears superlight carriers of MET (as we will discuss
in Sec. IVA), such a stealth scenario can be easily
accommodated in our scenarios. Precise measurements
of the SM top quark properties such as its pair-production
cross section could offer probe to the stealth top squark
scenario. Equivalently, the presence of a light top squark
may also have some impact on the measurements of the top
quark mass [84]. We briefly touch upon the situation with
such stealth top squarks in Sec. VIIL

IV. THE ELECTROWEAK GAUGINOS

In this section we discuss issues pertaining to neutrino
masses and the fermionic sector of the scenario. These will
help us understand the effect of large neutrino Yukawa
coupling (f) in the present context. The electroweak
gauginos are comprised of the neutralinos and charginos.
However, contrary to the MSSM scenario, the neutralinos
are Dirac fermions in the R-preserving case. In the
R-breaking case they take a pseudo-Dirac form, in general.

PHYSICAL REVIEW D 93, 075005 (2016)

A. The neutralino sector

The decay branching fractions in various available final
states of the top squarks depend crucially on the neutralino
sector. The neutralino sector in this model differs from that
of the MSSM due to the presence of additional fermionic
fields such as S‘, 7°, i?g. In addition, due to the non-
vanishing sneutrino VEV, the active neutrino mixes with
the neutralinos. Let us first discuss the neutralino mass
matrix in the R-preserving scenario, although, ultimately
we carry out our analysis by considering a mild R-
symmetry violation. This opens up several new and
interesting phenomenological issues, which we will men-
tion in due course.

1. The R-conserving case

The part of the Lagrangian that corresponds to the neutral
fermion mass matrix is given by £ = (y*") M2y ")
where 0+ = (b°, W%, RY, N¢) and y° = (5,7° H°,1,).
The superscript () indicates the respective R charges which
are +1 and —1. The neutral Dirac fermion mass matrix M f is
given by [52]

D gy _ v
My 0 % v
D _9v, 9Va
mp=| 0 M ﬁ vz o)
/"“SUM /1]"7),4 ﬂu+ASUS+1T7}T 0
MR 0 _fva _fvu

The Dirac neutralino mass matrix can be diagonalized by a
biunitary transformation involving two unitary matrices VV
and UV. The resulting four Dirac mass eigenstates are

-0
A=), with i=1, 2,3 4 and 0" = Vi)',

W)™ = UNyY. With certain simplifying assumptions [52]
and with

AT = j‘S tan ew,

_ V2fMP tan g

M
K gtan Oy

(11)

the expression for the mass of the lightest neutralino state
(;}(1)) i.e., the Dirac neutrino reduces to [52]

(M2 —M?)
MPM3

b v3fgsinf
m, = T

o V2(u, + Agvs + Apvr)

(12)

Note that only v, acquires a mass at the tree level since only
the electron-type sneutrino gets anonzero VEV. By choosing
nearly degenerate Dirac masses for the electroweak gaugi-
nos, i.e., (M2 — MP = 0.1 GeV) one can find from Eq. (12)
that the Dirac neutrino mass can be in the right ballpark of
0.1eVeven when f ~ O(1) and assuming MP, MY and y,, to
be close to a few hundred GeV. The requirement of such a
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degeneracy between the Dirac masses of the electroweak
gauginos, however, could be relaxed if one can consider an
appropriately small A ~ 1070 [52]. However, a small A is
not so interesting for our purpose since this results in a
diminished contribution to m, and thus, brings back the
scenario with multi-TeV top squarks to have the Higgs
boson mass at the right ballpark. At colliders, a direct
attempt to probe this connection would inevitably involve
the heavy right handed neutrino (Ny) coupling to an active
neutrino (v,) and the SM-like Higgs boson. However,
while a larger value of f enhances this coupling, this also
pushes up the mass of the right handed neutrino, as
conspicuous from Eq. (11). We find that it is rather difficult
to obtain my, < 1.5 TeV in a consistent manner while
keeping f ~ O(1). An immediate probe to this at the LHC
can be the electroweak process pp — Nye™ h followed by
Ny decaying to hv, thus giving rise to a final state v, et hh.
|

PHYSICAL REVIEW D 93, 075005 (2016)

Our preliminary study reveals that the corresponding rate
could barely reach an attobarn level at the 13 TeV run of the
LHC and thus one needs to wait for a very high integrated
luminosity. A detailed analysis in this context is beyond the
scope of this paper and we postpone it for a future
work [85].

2. The R-breaking case

In the context of a supergravity theory broken sponta-
neously in the hidden sector, we consider R symmetry to be
broken by a nonzero gravitino mass. The R-breaking
information has to be communicated from the hidden
sector to the visible sector. We choose anomaly mediated
supersymmetry breaking to play the role of a messenger
[39,52]. The R-breaking Lagrangian contains the follow-
ing terms

L= MBD" + My + M3gg+ > ALLL,E, + Y AIL,0.D

b=23

1 -~ ~ ~
¢ 3 MubLE Y
k=1,2,3

A/bl/jki‘ijDCk + ADHuZaNC + HMQAM ch’

k=123

(13)

Jk=12,3:0=23

where, M|, M, and M3 are the Majorana masses corresponding to U(1), SU(2) and SU(3) gauginos, respectively. The A
terms are the standard trilinear scalar couplings. For the rest of this work, we will consider the R-breaking effects to be
small, parametrized in terms of the gravitino mass considered to be roughly ~20 GeV.

The Majorana neutralino mass matrix containing R-breaking effects can be written in the basis y° =
(b°,8,W°, T, Ry, H, N¢, v,)" as

s L
L3 =3 ) 'Myy® + He. (14)
The symmetric 8 x 8 neutralino mass matrix M )’}” is given by
M, MP 0 0 0 % 0o - q;%
MP 0 0 0 Asvy, 0 Mp
D _ g 9V
0 0 M, M5 0 A 0 v
0 0 M? 0 A 0 0 0
MY = 2 Tt (15)
0 /IS’UM 0 ATUM 0 Hy +/1S1)S +/1TUT 0 0
Le 0 =% 0+ Asvs+ Aoy 0 —fv, 0
0 My 0 0 0 —fu, 0 —fv,
— g/va gUg —_
7 0 i 0 0 0 fu, 0
This can be diagonalized by a unitary transformation
We define the two-component mass eigenstates as
=Nyl  ij=1..38. (17)
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Finally the four-component Majorana spinors in terms of
the two-component states are defined as

0
P = <ZO> i=1,..8
Xi

The lightest state (;??), which is the neutrino, becomes a
Majorana particle. Similar to the Dirac case, the lightest
eigenvalue of this Majorana neutralino mass matrix resem-
bles the mass of the active neutrino. The other two active
neutrinos remain massless at this stage. Using the relation-
ships between Ay and Ay as well as Mk and f as shown in
Sec. IVA 1, the mass of the active neutrino can be
expressed as [52]

(18)

2 [QATUZ(Mé) - M?) sinﬂ]2

= — , 19
(ml/>Tree v [M1a2 + M252] ( )
where

2MPM?2 (p, + Agvs + Arvr) tan

a =
gtan@,,

+ V20225 tan f(MPsin?f + MPcos?p),

8 = V2MP v 2y tan B, (20)

It is noteworthy that the parameter A not only gives a tree
level mass to the neutrinos but also helps lift the Higgs mass
through quartic terms generated at one-loop level. For
example, we have observed that the tree level Majorana
mass of the active neutrino varies from 0.09 to 0.23 eV
when A7 varies in the range 0.8—1.3, used in Fig. 1, which
gives correct SM-like Higgs mass (~125 GeV) when top
squarks are also not too heavy. Also note that the neutrino
Majorana mass given in Eq. (19) does not depend on the
neutrino Yukawa coupling f. This is because the expression
has the functional form My/f. Since M ~ f therefore, the
neutrino Majorana mass becomes devoid of f. Similar to
the case of Dirac neutrino mass, an appropriately small
Majorana mass of the active neutrino requires highly
degenerate Dirac gaugino masses. Note that [Eq. (19)]
the neutrino Majorana mass is independent of the neutrino
Yukawa coupling f. This is in clear contrast to the Dirac
case. However, by choosing appropriate values of other
parameters one can obtain a light active neutrino (;}?) with
mass 0.1 eV. Nevertheless, some interesting observations
can be made for various sizes of f. For example, f ~
O(107*) gives a sterile neutrino with mass around a few
keV [58] which can be accommodated as a dark matter
candidate. On the other hand, for f~ O(1), where we
obtain a large tree level correction to the Higgs boson mass
for low values of tan /3, a light bino-like neutralino (39) with
mass around a few hundred MeV (mass of this neutralino is
mostly controlled by the R-breaking parameter M ). This

PHYSICAL REVIEW D 93, 075005 (2016)

MeV neutralino LSP could decay to SM fermions via R-
parity violating modes. The probable decay modes could be
73— qqu, ete v, v, qg'e”, where g, ¢ are the SM light
quark states from the first two generations. However, as
these involve very small couplings thus resulting in small
total decay widths, the decay lengths happen to be much
larger than the collider dimension [72]. As a result, the LSP
neutralino contributes to MET signals. Furthermore, the
gravitino NLSP (~20 GeV) would decay to a photon and
the bino-like LSP neutralino. This affects the light element
abundances which are strongly constrained observationally
and results in an upper bound on the reheating temperature
of the Universe T; < 10® GeV [86]. In our scenario, one of
the active neutrinos acquires a mass at the tree level. In
addition, there are one-loop contributions to the neutrino
Majorana mass matrix. We observe that in this model and
for our benchmark points, the one-loop contributions

involving the b — b, 7 — 7 loop interfere destructively with
the Higgs-neutralino loop resulting in a somewhat relaxed
bound (~20 GeV) on the gravitino mass. This cancellation
occurs for (m,);, where the Higgs-neutralino loop is
present. For other elements in the neutrino mass matrix
we obtain a bound on the relevant RPV operators [52]. This
cancellation was not considered previously [34,39] and as a
result a stronger bound on gravitino mass was obtained. We
have also implemented the model in SARAH 4.4.1, which
performs a full one-loop correction to the neutralino mass
matrix, and we have cross-checked with the spectrum file
that gravitino mass in the ballpark of O(10) GeV is
consistent with light neutrino masses and mixing.

B. The chargino sector

Just like the neutrino and the neutralinos would mix, the
charged lepton mixes® with the charginos. This results in an
extended chargino mass matrix [63] compared to the
MSSM. The relevant Lagrangian after R breaking consists
of the following terms

Loy = Myt~ + (MB = gup) Tt + V240, TRy
+ gu H W™ = p, Hy Ry + dpvpHY Ry — AsvsH Ry
+ gvawvte; + (MDD 4 gog) TS~ + m,eGe; +H.e.
(21)

The 4 x 4 chargino mass matrix written in the basis w;” =
(W, T, Hy )T andy; = (W™, T7, Ry, e;)T is given by

The mixing between the charged leptons and the charginos
gives rise to deviation of the Z to charged lepton couplings. Such
a deviation is very much constrained from the electroweak
precision measurements leading to a lower bound on tanf >
2.7 [34,45]. It is also pertinent to mention that an upper bound on
tan / comes from 7 Yukawa coupling contributing to the ratio
R, =T(t = eb,v,)/T (7 = uv,v,) [34,45]. Choosing m;_ to be
around 1 TeV corresponds to tan g < 70.
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M, M?‘Q”T

MP 0

M, — | M2t
gv, 0
0 0

Again, this can be diagonalized by a biunitary trans-
formation UM VT = M3. The chargino mass eigenstates
(two component) are written in terms of the gauge
eigenstates in a compact form as

xi = Ui,
)(;r = Vijll/f- (23)

The four-component Dirac spinors written in terms of the
two-component spinors take the form

= ()fj> (i=1,....4). (24)

Xi

The lightest chargino (77) corresponds to the electron; 75
is the lightest chargino state reminiscent of the lighter
chargino in the MSSM with mass of O(100) GeV. It is also
pertinent to mention that y; and y;” would also include u7,
77 and g, 7%, respectively. However, as discussed in Sec. II
only the electron-type sneutrino acquires a VEV, and the
VEV of the other two sneutrinos can be rotated away
|
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0 gv,
V20,7 0

22
—Hy, — /151)5' + lT’UT 0 ( )

0 m,

without any loss of generality. Therefore, 4 and 7 do not
mix with the chargino states.

V. THE TOP SQUARK SECTOR

In this work we concentrate on the third generation
squarks, mainly the top squarks, which play important roles
in lifting the Higgs boson mass. Scenarios with light top
squarks draw their motivations from the naturalness argu-
ment. They also provide rich and interesting collider
signatures. As discussed in Sec. III, the model which we
consider here gives us the opportunity to study such light
top squarks. Furthermore, R symmetry prohibits any tri-
linear scalar couplings (the A terms) and Higgsino mass
parameter (the u term). Therefore, we investigate a situation
where both the top squarks are light (~500 GeV) and have
negligible chiral mixing, which originates from small R
breaking.

The relevant terms in the top squark mass matrix are
generated from the F' term, the D term and the soft terms.
The SU(2), and U(1), contributions to the D fields are
given by

D = g[H}wH, + LIt°L; + G, i, + T12°T] + V2[MYT* + MDT1],

1 Fiy S 1
DY = —Eg’ H}H, - LjLi + 2ejgeir +

—V2MP[S + 7).

o 4 . ~a
g%TLQiL - g”:'rR”iR + 3 irAir

(25)

The 7 and A matrices are the generators of the SU(2), group in the fundamental and adjoint representation, respectively.
From Eq. (25) it is straightforward to calculate the elements of the mass-squared matrix in the top squark sector, which in

the basis (7, 7z) turn out to be

1 2 2
(M3),, = m2~3 +mi +m3 0052/3<§ —gsmzew) +£st? +vV2gMB vy,

0
(M;2>12 = (M‘Z)Zl =0,

t

3

43

2, 2
(M3)5 = m3, + mi + 3 misin’Oy cos 2 — —= g M{vs. (26)

Note that in absence of A terms and the u term, the oft-
diagonal entries vanish and hence the top squark sector is
devoid of any chiral mixing. Thus, the left- and right-chiral
states are equivalent to the mass eigenstates. Such a “zero”
mixing situation can be contrasted with the MSSM, in

[
which a substantial mixing is generally required to obtain
the observed value of the Higgs mass. Motivated by the
recent collider bounds on the masses of the top squarks
(depending on its various decay modes), to be justified in
some detail in Sec. V C, we choose 7, ~ 1z and 1, & 1 .
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At the LHC, top squarks are being searched in their
direct production, pp — tt*, followed by their subsequent
decays in various possible modes. Out of these, the decays
that are relevant to our scenario [87-90] are the R-parity
conserving ones

t— byt and 71— t°, (27)
and the modes that violate R parity when a top squark could
decay to a bottom quark and a charged lepton [91,92]

i bt (28)

These channels are of major relevance in the context of our
model. The reasons are twofold: First, in the large f
scenario, we obtain a light bino-like neutralino with mass
around a few hundred MeV, in addition to an active
neutrino. Therefore, the channels with top squark decaying
to a top quark and a bino-like neutralino and/or an active
neutrino open up. Second, a top squark decaying to a
bottom quark and a chargino is also important.
Additionally, a top squark decaying to a bottom quark
and an electron becomes an interesting channel to look for.
This decay mode is predominantly controlled by the R-
parity violating operator A|5;. In the framework of the
MSSM with R-parity violation, a strong limit on this
particular coupling exists from the neutrino Majorana mass,

|A)33] ~ 3.4 x 1073 z—: [93]. Hence, in such a scenario, the

resulting decay rate becomes highly suppressed. However,
in the present context, |5, is identified with the bottom
Yukawa coupling y,. The smallness of the neutrino mass is
then explained through a small R-breaking effect para-
metrized in terms of a small gravitino mass [52]. Thus, a
large decay rate for 7 — be™ becomes a generic feature in
our model. In principle, 7 could also decay to bu™ and br*
via RPV couplings 435, and A35;. However, these decays are
subdominant compared to 7 — be™ because of the stringent
constraints on the relevant couplings as discussed later. We
note in passing that 7 — 1G is also a possibility but highly
suppressed [94] for a gravitino of mass ~20 GeV in the
present context.

The relevant Lagrangians are worked out in the four-
component notation following [95,96] and are given by

] J -
Ly, = —1 [ytPLNi6 + gPrNi +Z PrNyy ¢ | 1077

1
ﬁ{ 73
+?{ﬁP N —y,P N-]ER;?Q+HC (29)
3\/§ LVil tf RIVi6 i .C.
and
Lipz+ = b[—gPLUn )i i¢ + bly, PRV sligks
+ A3l PLUiib + Hee., (30)
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my
veosp?

is the top Yukawa coupling and m, and m, are

where 1’133 =y, = the bottom Yukawa coupling and

Yt = Ysin
the top gnd the bottom quark masses, respectively. The
neutralino and the chargino mixing matrices N;;, U;; and
V; are as defined earlier. Note that for i = 1 (correspond-
ing to ¢ = ¢~) the mixing matrix elements U, and V5 are
suppressed. In the following subsections we briefly discuss
the salient decay modes of the lighter (7, ~ 7z) and the
heavier (7, ~ 1, ) top squarks.

A. Decay rates of t;(~1tg)

The partial decay widths of 7, in the 77! and by;” modes
are given by

0t — 177)
= Tomm [(ﬂm + Cri) (m3 m; — mi — m;( o) = 4ngiCrimmyp]
X [m;l + m}:? +mt - 2m~ m, 2m)(0mt 2m: Omz]%
(31)
and
F(;1 - b)ﬁ)
- 167:m§1 (o2, + B2%;) (m? —m3 — mg+) 4agifrimpmy:]

1
X [ +m. + my —2m3 my — 2m~+mb 2m~+m2}7
i

(32)
where
4q
NRri = 3\/’ z]v
Cri = YilNis,
ag; =0,
Bri = y/Vis. (33)

We note down a few important observations below.
(1) In the large f case we obtain a light (~ few hundred
MeV governed by the R-breaking Majorana mass
M) bino-like neutralino (%9). This is because of the

presence of the M #N°S term in the Lagrangian,
where the coefficient My becomes very large
(~10° GeV) for an order one f. This results in
forming a heavy pseudo-Dirac pair with mass ~Mp
and makes the lightest eigenvalue very small and
predominantly bino-like.

(i1)) The Dirac wino mass Mé’ is considered to be heavy
to evade bounds from Z boson coupling to electrons
[45] (see also Sec. IV B). The y, parameter, which
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(iii)

(iv)

)

controls the mass of the Higgsino (both neutral and
charged) can vary between the electroweak scale
(~200 GeV) and a much larger value, i.e., a few TeV.
Based on the above discussion and with the help of
Egs. (29)-(33), we find that 7, would decay into
179 34 and by . The neutralino can be both bino- or
Higgsino-like whereas the chargino would only be
Higgsino-like, assuming the Higgsino mass param-
eter p, (< m;) < M.

We expect the dominant decay modes of 7, to have
the Higgsino-like neutralinos or chargino as the
decay products rather than the bino-like neutralino.
This is because of the enlarged couplings for the
former which are proportional to the top Yukawa
coupling, y;.

Finally, in the limit when u, > m; , the top squark
cannot decay to an on-shell top quark and a
Higgsino-like neutralino or a bottom quark and a
Higgsino-like chargino due to phase space con-
straints. Therefore, the dominant channel would
only be 7; — 179, where 79 is the bino-like MeV
neutralino. Moreover, 7, — tv, would also contrib-
ute to MET, although the branching is suppressed
due to the small neutralino-neutrino mixing.

B. Decay rates of f,(~1;)

The partial decay widths of 7, are given by

[(1, — 7))

1
x [m? + m?{o + mf —2m2 mf — Zm?(om% - Zm%)m2 |2
2 i 2 i i

2
153

W [(n7; + &7:) (m2 —m7 — m;}?) - 4’7LiCLimtm)??]
2

I

(34)
and
L(t, = by})
= W (a7, + ﬂ%i)(mzzz —mj — m}) - 40‘Liﬁumbm;;ﬂ

!
x [m3 +m. +my —2m3 mj = 2m>.my — 2mZ.m |2,
i v v

where

1

(35)
NLi = YilNis,
1 J
Cri 275 N3 +§Ni1 ,
ar; = —gUj,
PrLi= (36)
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In addition, for 7, we also have the interesting possibility
of 7, » be". The corresponding partial decay width is
given by

:y12;|Ui4|2 3

r(;z - b€+) 16]7; 1*

(37)

Some features of 7, decays are as follows:

®

(i)

(iii)

®

(ii)
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The decay 7, — be™ is an interesting possibility.
This faces no suppression from the phase space and
the decay rate is proportional to the bottom Yukawa
coupling, y, which grows with tanf. Hence a
substantial branching fraction in this mode is ex-
pected at large tan # and for a fixed top squark mass.
When p, < mj,, 1, would decay to a Higgsino-like
chargino and neutralinos. Also, decay to a bino-like
neutralino is a possibility. However, a quick look at
the couplings in Eq. (36) would suggest that the
decay to Higgsino-like neutralinos (79, 79) is ny; ~
v, enhanced and hence, is more probable than a
decay to a bino-like neutralino (suppressed by ¢'/3
in the coupling) or to a Higgsino-like chargino
(suppressed by ¢ times the wino component of
the lighter chargino, U;;).

Again, for u, > m;,, decays of 1, to Higgsino-like
neutralinos and charginos are kinematically barred.
Under such a circumstance, 7, mainly decays to a
bottom quark and an electron (positron). The decay
mode 7,(7;) = ¥ is again suppressed because of a
(comparatively) small involved coupling. Finally,
agr; = fr; = 0 reflects the absence of H, in the
Lagrangian, which has been integrated out from the
theory.

C. Bounds on top squarks

Recently ATLAS measured the spin correlation in
the top-antitop quark events and searched for top
squark pair production [97] in the pp collisions at
\/s = 8 TeV center-of-mass energy and integrated
luminosity (£) of 20.3 fb~!. This particular search
has ruled out top squarks with masses between the
top quark mass and 191 GeV with 95% confidence
level. A very recent study [78] reveals that the
window of 197 GeV < m; <205 GeV, in the so-
called stealth regime (i.e., with vanishing LSP mass)
cannot yet be ruled out.

Dedicated searches for pair-produced top squarks
decaying 100% of the time to bottom quarks and
lighter charginos have been performed [98,99]
within the framework of the MSSM. For a chargino
with mass close to 200 GeV, the top squark below
470 GeV has been ruled out at the /s = 8 TeV run
of the LHC. In our scenario, 7z decays to this
particular channel if p, <m; . Although in our
model corresponding branching ratio (BR) is less
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than 100%, we take a conservative approach and
respect this bound. In addition, this search gives the
most relaxed bound on the mass of the top squark
which is relevant to our analysis. Hence in the
present study we choose 7z to be the lighter top
squark, i.e., f; ~ tz.

(iii) Another decay mode of the top squark relevant to
our scenario is 7 — £}, where 7Y implies the lightest
supersymmetric particle in the MSSM (in our work,
however, 7! is identified with the active neutrino and
79 represents the lightest bino-like neutralino). At
the 8 TeV run of the LHC, a top squark with mass
below 550 GeV is ruled out at 95% confidence level
[98,99] with the assumption BR(7; — £7}) = 100%.
This bound applies for a massless neutralino
(mj(? = 0). For heavier neutralinos in the final states,

this lower bound on the top squark mass can be
relaxed further. Note that in the large f scenario we
find a light superlight bino-like neutralino with mass
around a few hundred MeV which thus attracts this
bound on the mass of the lighter top squark.

(iv) A top squark decaying via R-parity violating mode
has also been probed by the LHC experiments. If a
top squark undergoes an R-parity violating decay
only to a bottom quark and an electron, a stringent
lower bound [91,92] exists on the top squark mass
with m; > 900 GeV.* Accommodating an even
lighter top squark, which is central to our present
work, thus requires a situation where such a bound is
preferentially applicable to the heavier top squark
state (f,) of the scenario. As described in Sec. V B,
only 7; could decay to a bottom quark and an
electron (positron). Hence we choose the heavier top
squark 7, to be the 7;, i.e., f, ~ f;. Note again that
our consideration is pretty conservative and,
as we would find in Sec. VI, for generic scenarios
where such a decay can have a branching fraction
below 50%, the bounds can get considerably weaker
thus allowing for an even lighter 7,. Phenomeno-
logical discussions on top squarks undergoing
such an R-parity violating decay can be found in
Refs. [101-107].

The squarks from the third generation have understand-

ably attracted a lot of attention in the recent times. The

*Note however, that if 7 — bzt opens up, the corresponding
lower bound on the top squark mass can be relaxed. The decay
T — bt is mostly controlled by the R-parity violating coupling
As5. The existing bound on this particular coupling is much
relaxed: Aj;; < l.4cosf [45] and can be saturated for small
values of tan #(< 5). However, in the present scenario we confine
ourselves in the limit where tan # 2 20, which renders the decay
t — br* insignificant. On the other hand, the decay 7 — bu* is
also negligible because of the strong constraint |A5;| < 6.8 x
1073 cos 8 [100].
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flavor changing decay of the top squark 7; — ¢} has been
analyzed in great detail in [77,108-111]. Recent searches
performed by both ATLAS and CMS collaborations have
looked into this channel extensively and ruled out top
squark masses below 300 GeV [78,112,113]. Top squarks
decaying to a top quark along with a neutralino (LSP or
next-to-lightest SUSY particle (NLSP)) have also been
probed in various SUSY models. A lower limit close to
1 TeV for the top squark mass can be obtained at /s =
14 TeV and with the high luminosity option [114-116]. In
addition, thorough phenomenological studies have also
been performed in the decay of top squark into a bottom
quark and a chargino [117,118].

Wenotein passing thatinteresting final state signatures can
be obtained for the decays of bottom squarks as well [119].
For example b; decays to a bottom quark and the bino-like

neutralino with a branching ratio close to 71% and b r decays
toatop quark and an electron with abranching close to47% in
the first bench mark (BP-I) scenario. Such a branching would
imply 2 b jets + E7 or 2 b jets + 4 leptons + E7 in the final
states, respectively. The moststringentlimiton the mass of the
bottom squark comes from the search where it decays to a
bottom quark and the lightest neutralino (LSP) with BR

(1; - b)) = 100%. Bottom squark mass up to 700 GeV has
been excluded at 95% confidence level for neutralino mass
less than 50 GeV [120]. We note that all the benchmark points
are chosen in a way such that they satisfy existing bounds on
top squark mass under various circumstances pertaining to
its decay.

VI. THE BENCHMARKS AND THE FINAL STATES

In this section we discuss a few benchmark scenarios that
would be broadly representative of the phenomenology that
is expected of the framework under consideration. As
mentioned earlier in Sec. III, we embed the model in
SARAH (v4.4.1) [73=75]. We use the low energy output of
SARAH (v4.4.1) and generate the SUSY spectrum using
SPheno (v3.3.3) [121,122]. FlavorKit [123] is used to ensure
benchmark points are consistent with all relevant flavor-
violating constraints. Higgs boson cross sections and signal
strengths are computed using HiggsBounds [124—127] and
HigesSignals [128,129]. As discussed earlier, we will mainly
consider two regimes, viz., u, > mj, , and p, < mj, . For
each case, we point out the dominant decay modes of both
1, and 7,. These dictate the types of interesting signatures at
the LHC for each of these cases.

A. Case 1: u, < m;

Two benchmark points for this case are shown in
Table II. A relatively low value of u,(= 200 GeV) is
chosen for both the benchmark points. The masses of the
Higgsino-like chargino and the neutralinos are mainly
controlled by p,. We assume the singlet and the triplet
VEVs to be small, roughly to be around 10~* GeV. The

075005-12



LIGHT TOP SQUARKS IN A U(1), LEPTON NUMBER ...

TABLE II. Benchmark sets of input parameters in the large
neutrino Yukawa coupling (f) scenario and the resulting mass
values for some relevant excitations for u, < mj,, (case 1). Mp
denotes the Dirac gluino mass. Also indicated are some of the
relevant flavor observables and their values, all of which are
currently allowed by experiments. The corresponding values of
Uy, (the estimated Higgs diphoton rate compared to its SM

expectation) are also mentioned.

Parameters BP-1 BP-2
MP 1200 GeV 800 GeV
MP 1200.1 GeV 800.1 GeV
M 1500 GeV 1500 GeV
Hy, 200 GeV 200 GeV
ms 20 GeV 20 GeV
tan 23 35
(m?)33 2.3 x 10° GeV? 2.5 x 10° GeV?
(m2Q)33 5.5 x 10° GeV? 6.1 x 10° GeV?
f 1 1
vg 2 x 107 GeV 1.5x 107 GeV
vy 107 GeV 107* GeV
As 1.130 1.116
Bu; —(200 GeV)? —(200 GeV)?
tg (174 GeV)? (174 GeV)?
Observables BP-1 BP-2
my, 124.9 GeV 125.7 GeV
m;, 566.2 GeV 580.5 GeV
mz, 918.5 GeV 904.8 GeV
ms =m,, 0.01 eV 0.04 eV
mz (bino-like) 167.9 MeV 168.3 MeV
ms 211.5 GeV 213.8 GeV
m;(ﬁ 211.5 GeV 213.8 GeV
Mmze =m, 0.51 MeV 0.51 MeV
My 243.8 GeV 247.1 GeV
Flavor observables BP-1 BP-2
BR(B - Xg7) 3.4 x107* 3.3x 10
BR(BY — /,t,u) 2.4 %107 2.5x 107
BR(u — ey) 3.8 x 107 49 x 10724
BR(u — 3e) 3.0 x 10726 4.0 x 10720
Hyy 1.05 1.06

Dirac gluino mass (M?) is considered to be 1.5 TeV. Since
we are considering a small amount of R breaking, the
Majorana gaugino masses are roughly around a few
hundred MeV. Fixing the order parameter of R breaking,
i.e., the gravitino mass O(10 GeV), fixes these soft-SUSY
breaking parameters. Both A¢ and Ay are considered to be
large, which for large tanf (>20), provide significant
radiative corrections to the Higgs boson mass through
one-loop quartic terms. Such a choice allows us to have a
situation where both the top squarks are moderately light.
Note that the chosen values of m; (~470 GeV) for BP-1
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TABLE III. Decay branching fractions of 7, in BP-1 and BP-2
for p, < mj,.

Decay modes BR for BP-1 BR for BP-2
1 - byy 52.5% 51.7%

i =17 20.0% 20.1%

i — 17 20.0% 20.1%

1 =1 6.0% 6.6%

and BP-2 are expected to be consistent with the latest LHC
bounds discussed in Sec. VC. The bound assuming
BR(7; — by{) = 100% is evidently satisfied while the
one (m; > 550 GeV) that assumes BR(7; — 17}) =
100% is not applicable here (see Table III). Furthermore,
the neutrino Yukawa coupling f is chosen to be 1. Hence, to
have the active neutrino mass in the right ballpark, we need
to consider the Dirac bino and wino masses to be almost
degenerate. As conspicuous from Eq. (19), this degeneracy
provides a suitable suppression to the neutrino Majorana
mass when the Dirac gaugino masses themselves are
roughly around a TeV or so. Some of the low energy
flavor-violating branching ratios (which satisfy the respec-
tive experimental constraints) are also shown in Table II.

1. Decay branching fractions of t

The dominant decay branching fractions of 7, for BP-1
and BP-2 are indicated in Table III. 73 is the Higgsino-like
chargino and %9, are the Higgsino-like neutralinos. 73 is
the bino-like neutralino with mass in the ballpark of a few
hundred MeV. As can be seen from Table III, the top
squarks, once produced in pairs, can undergo both sym-
metric as well as asymmetric decays. Table IV lists all
possible final state topologies. However, in the context of
this work, we will mainly consider the dilepton final states
accompanied by b jets and MET. Such a final state might
arise when the top squarks, on being pair produced,
undergo the decay 7, — by;. ¥3 in turn, decays to a
W* and a 75(3}) with a branching ratio close to 90%
(10%) followed by W’s decaying leptonically. Although a
semileptonic (£vjj) final state from W decays is a good
compromise between the rate and the cleanliness of the
signal, we go for a cleaner channel where both the W
bosons decay leptonically. As shown in Fig. 2(c), such a
topology leads to a final state 2 b jets + 2 leptons + E7.
A similar final state could also arise from other decays of
the lighter top squark, such as those involving 7, — t)}g as
shown in Figs. 2(a) and 2(b). However, the effective
branching ratio is rather suppressed.

We note in passing that the various decay combinations
shown in Table III could also provide exotic multilepton
and multijet final states depending on the leptonic or
hadronic decays of both W* or Z bosons. For example,
decays such as 7; — 173 /4 could give rise to a 2b jets +

6 leptons + E7 final state. Some relevant final states arising
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TABLE IV. Possible final states arising out of various decay modes of 7, when y, < mj, .

py < my: decays of 1

pp—>;12; ab/)?;lijggebﬁngWJ — 2b +2W + Ef

pp — L} —>t;{2t;(/\2—>bW+;((2)bW —>2b+2W+ET

pp — Lt — b;(2 t)(2+HC —>bW+)(ng 9+H.c. > 2b +2W + E7
pp—»tlt*—>t;(3/4t;(2+Hc —>bW+Z)(ng 9+H.c. > 2b+2W + Z + E;

PHYSICAL REVIEW D 93, 075005 (2016)

pp = Lt —>b;(2 t;(3/4—|—Hc —>bW+)(ng Z¥)+H.c. > 2b +2W + Z + E7

pp = L1} — t;(3/4 t;;‘ - bW*Z)(ng ZyS > 2b+2W +2Z + E

from the decays of 7, are tabulated in Table IV. The
branching fractions in BP-1 and BP-2 are rather similar
since we are dealing with similar top squark masses. Also,
top Yukawa coupling is practically insensitive to larger
values of tan f, as considered in our study. This results in
similar branching fractions in the by" mode in BP-1 and
BP-2. The dynamics of other decays are essentially con-
trolled by the gauge couplings and therefore, they remain
similar.

vy

~
= <0
/ AN W
V-

o
NN

~

2. Decay branching fractions of t,

The dominant decay branching fractions of 7, for BP-1
and BP-2 are shown in Table V. The pattern can be justified
following the discussion in Sec. V B. The branching
fractions of , to the three modes indicated are comparable.
These lead to distinct final state signatures with appreciable
strength. Possible final states arising from the decays of 7,
are listed in Table VI. The decay channels 7, — 7, Z(h) are

b A

0 v

(a) Asymmetric decays of the top squarks with one decaying (b) Symmetric decays of top squarks with both decaying to

to bX4 while the other decaying to tx3, thus leading to
2b + 2¢ + E7 final state.

tx5, thus leading to 2b + 2¢ + E7 final state.

€+

7

Yy

=

(c) Symmetric decays of top squarks with both decaying to
bY*, thus leading to 2b 4 2¢ + E7 final state.

FIG. 2. The three figures described in (a), (b) and (c) correspond to final state topologies yielding 2b + 2¢ + £ for case 1 scenario.
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TABLE V. Decay branching fractions of 7, in BP-1 and BP-2
for which p, < my,.

Decay modes BR for BP-1 BR for BP-2
1, = be™ 27.8% 47.2%
B — 173 35.7% 26.0%
7 35.7% 26.0%

absent due to negligibly small mixing between the left- and
the right-chiral states of the top squark. A remarkable point
to note here is the significant decay branching fraction of 7,
to a bottom quark and an electron. To reiterate, this decay
rate is proportional to A{5;, which is identified with y,.
Therefore, the corresponding decay rate is large. Also,
because of the large difference between the mass of the
decaying particle (7,) and the total mass of the particles in
the final state (m,, + m, ), the final state electron is expected
to be hard. The schematic diagram for such a process is
presented in Fig. 3. Other decay modes presented in
Table VI are similar to the previous case where the decay
products of 7, are a top quark and a Higgsino-like
neutralino. These would further decay to give a final state
comprised of 6leptons + 2 bjets + E7. The variations in
the branching fractions as we go from BP-1 to BP-2, as can
be seen in Table V, are due to changing bottom Yukawa
coupling as tan # changes.

B. Case 2: p, > m; |

As opposed to the previous case, we consider the
situation where p, > m; ,. To have the Higgs boson mass
in the right range we tweak Ag. The soft masses (m,)3; and
(mg)3; are modified to get different top squark masses
satisfying relevant LHC constraints. v just takes a different
sign when compared to BP-1 and BP-2 only to exclude
tachyonic states. All the other parameters are kept fixed to
their values in Table II. Due to such a choice of yx,, a top
squark cannot decay to a Higgsino-like chargino and
neutralinos. Note that, in the present case as well, the
masses of the top squarks are chosen in such a manner that
they satisfy the present experimental bounds. Values of
flavor observables are checked to satisfy experimental
constraints. However, those are not shown explicitly
this time.
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FIG. 3. 2b + e*e™ final state arising from both 7,’s decaying
directly to a bottom (antibottom) quark and a positron (electron).

P Ve Yy

FIG. 4. Symmetric decays of 7, and 7 (via tv,) mode leading to
2b +2¢ + Er.

1. Decay branching fractions of t,

The decay branching fractions for 7, when u, > m;, , are
shown in Table VIII for the benchmark points BP-3 and
BP-4. An interesting point to note here is that the top squark
decays only to a top quark accompanied either by a 9
[Fig. 2(b)] or av, (Fig. 4) both of which are carriers of MET
while the former being the dominant one. Again, both
symmetric and asymmetric decays of the pair-produced 7,’s
are possible. These would lead to 2 b-jets + 27 + E7 final
states. Note that more exotic final states with a larger lepton
multiplicity would be absent as heavier Higgsino-like
neutralino(s) will now be missing in the cascades of 7;.
This is in sharp contrast with what is expected for p, < m;

TABLE VI. Possible final states arising out of various decay modes of 7, when y, < my,.

Hy, < m;,: decays of 7,

pp = Lty = bet be~ = 2b + ete~

pp — hi; — l;:?f(g“ +H.c. - l;e:l_?W‘Zf(g +Hec. - 204+ WHZ+ et +E;
pp = bty = 73,173, = bW ZZ3 bW 273 — 2b + 2W + 2Z + E;
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TABLE VII. Same as in Table II but for an extra sign on vy and
for BP-3 and BP-4 for both of which p, > myj , (case 2). Values
of flavor observables, not shown here explicitly, satisfy all the
experimental constraints.

Parameters BP-3 BP-4

My 1500 GeV 1100 GeV
vr —107* GeV —107* GeV
(m2)s3 4 x10° (GeV)? 5% 10° (GeV)?
(my)s3 52 x 10° (GeV)? 6 x 10° (GeV)?
As 1.09 1.06
Observables BP-3 BP-4
my, 126.6 GeV 126.1 GeV
m;, 728.7 GeV 802.8 GeV
ms, 909.5 GeV 908.8 GeV
mpy =m,, 0.03 eV 0.12 eV
my (bino-like) 175.8 MeV 175.6 MeV
my 1202.1 GeV 804.3 GeV
msy 1202.2 GeV 804.3 GeV
mye =m, 0.51 MeV 0.51 MeV
M+ 1304.2 GeV 877.4 GeV
TABLE VIII. Decay branching fractions of 7, in BP-3 and BP-4
for which u, > m; .

Decay modes BR for BP-3 BR for BP-4
=1 87.8% 94.6%

1 - t, 12.2% 5.3%

TABLE IX. Decay branching fractions of 7, for BP-3 and BP-4
for which u, > mj,.

Decay modes BR for BP-3 BR for BP-4
1, = be™ 97.8% 98.7%
1, — 173 1.8% 0.9%

(case 1) as discussed in Sec. VIA and thus, may be
exploited to distinguish between these two broad scenarios.

2. Decay branching fractions of t,

Similarly, the absence of a light Higgsino-like chargino
and neutralinos implies 7, would dominantly decay to a
bottom quark and an electron (positron). The branching
fractions of 7, under such a circumstance are presented in
Table IX.

VII. COLLIDER (LHC) ANALYSIS

In this section we present the setup and the results of the
simulation we carry out at the 13 TeV LHC for pair-
produced top squarks that eventually cascade to the final
states discussed in Sec. VL.
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A. The simulation setup and reconstructing
the physics objects

We have implemented the model in
MadGraph5_aMC@NLO [130]. Events for both signals and
backgrounds are generated using the same. We use the
parton distribution function CTEQ6L1 [131] and a factori-
zation/renormalization scale of | /mjm;, for generating
events at the lowest order. The inclusive rates are then
normalized to their respective values obtained after higher-
order corrections as given by MadGraphs_aMC@NLO in the
cases for the SM background and Prospino2 (v2.1) [132,133]
for the case of the SUSY productions. Appropriate branch-
ing fractions are obtained from the spectrum generator
SPheno [121] which, in the first place, is generated by
SARAH [73-75]. We note in passing that the production
cross section for the top squarks (at the tree level) in this
model is same as in the MSSM, considering only the
dominant strong interaction.

Events in the Les Houches (LHE) format are fed into
Pythia 6.4.28 [134] for showering, hadronization and jet
formation. Clustering of jets is performed with the built-
in Pythia module PYCELL which employs a cone algorithm
and incorporates appropriate smearing of the momenta. In
PYCELL we allowed for an angular coverage of || < 5 for
the hadron calorimeter with a cell segmentation of Agy x
A¢ = 0.1 x 0.1 which resembles a generic LHC detector.
A cell is required to have a minimum value of deposited
Er =1 GeV for it to be considered. A jet-cone radius of
AR(j,j) = 0.4 is employed for finding jets. A minimum
summed E7 of 20 GeV is required within such a geometry
for the configuration to be considered as a jet. Ultimately,
formed jets within || < 2.5 are considered in our analysis.
Care has been taken to isolate final state leptons by
imposing the following cuts and isolation criteria:

(i) To select leptonic events we have used p% >

10 GeV and |n,| < 2.4.

(ii)) Lepton-lepton separation has been done by choosing
AR(Z',¢) > 0.2, where AR = /(An)? + (Ag)>.

(iii) Subsequently, to separate leptons from jets we have
used AR(j,Z) > 0.5.

(iv) Finally, the sum of the energy deposits of the
hadrons which fall within a cone of AR <0.2
around a lepton, must be less than 10 GeV.

In this work, by leptons we mean only electrons and muons
for which the detection efficiencies are generally very high,
unlike the 7 lepton. We have used a minimum p7 cut of 10
and 17 GeV to isolate muons and electrons, respectively. To
estimate the number of b jets in the final state, a flat (but
somewhat conservative) b-tagging efficiency of 60% has
been used.

B. Top squark pair-production cross section

The phenomenology we discuss in this work crucially
depends on the rate of pair production of the top squarks. It
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FIG. 5. Variation of production cross section for a pair of top

squarks at the 13 TeV LHC. Other parameters are kept fixed at
values given for BP-4 in Table VII (see text). Rates include
appropriate K factors obtained from the package Prospino2.

is to be noted that at the lowest order these rates are the
same as in the MSSM. Considering the dominant strong
contributions in the rates, the variation of the same is only
dependent on the mass of the top squark, irrespective of its
chiral content. As a quick reckoner for this basic rate, we
present the same as a function of m; in Fig. 5 for the 13 TeV
run of the LHC. Appropriate K factors as obtained from the
package Prospino2 [132,133] are already folded in. To this
end, we fix all the parameters as given in BP-4 except for
the right handed soft squark mass, which we varied from
—4 x 10* GeV? < (m2)4; < 8 x 10° GeV2. Such a choice
would surely move the Higgs mass away from the allowed
range. However, we are here merely concentrating on study
of the production cross section for 7#*. The parameters such
as Ag, Ay can be adjusted to fit the Higgs mass, which is
unlikely to affect the production rate significantly (via
unknown higher-order effects).

C. The Standard Model backgrounds

As mentioned earlier, we would mostly concentrate on
the final states with 2 b jets + 2 leptons + E7 and 2 b jets +
e"e™. In the first case, we consider only the most dominant
background coming from #f production when both the top
quarks decay leptonically. In order to have a realistic
normalization of this background, ¢7 events generated at
the lowest order (LO) using MadGraph5_aMC@NLO and the
size of the event sample is scaled appropriately to corre-
spond to its next-to-leading-order (NLO) + next-to-next-
to-leading-log (NNLL) cross section (=816 pb) [135].
The heavier top squark undergoes a significant decay to
a bottom quark and an electron. The dominant background
comes from the direct production of a pair of bottom quarks
with one of them radiating a Z or y* which subsequently
produces a pair of eTe~. This background can be largely
suppressed by putting an on-shell Z veto for the e™ e~ pair.
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To be conservative and for the robustness of the estimate,
the NLO computation [136-139] is done with two addi-

tional jets (10 GeV < pJTet < 60 GeV) in the final state.

The SM cross section for pp — bbeTe™ + jets we used
is 9.43 pb.

D. Event selection

To optimize the signal-to-background ratios, we now
have to adopt a set of event selection criteria. Towards this,
various appropriate kinematic distributions are studied for
both signals and the backgrounds. We present our study for
two broad scenarios discussed in Sec. VI, i.e., for p, < m; ,

and p, > m; . For each of these cases, two different final

states are considered, viz., 2 b jets + 2 leptons + E7 and
bbe*e~, arising from 7, and 7, decays, respectively.

1. Case I: p, < m;

Here we discuss the decays of both the top squarks
pertaining to the case where p, < m; ,.

pp =11 = byt /17— 2bjets+2leptons+ £y (Fig. 2).—
Such a final state could arise from top squarks decaying
to by; and/or 7. The final state leptons arise from the
decays of W bosons. In addition, y5 is somewhat heavier
than the top quark for both BP-1 and BP-2. Hence, on an
average, one would expect the leptons to be a little harder
compared to the background leptons originating in the
cascades of the top quarks. This can be seen from the left
panel of Fig. 6, where the p; distributions of the harder
lepton in the signal in both the benchmarks have extended
tails compared to a similar lepton originating from the SM
background. The signal distributions for BP-1 and BP-2 are
similar because of similar values of top squark masses in
the two benchmarks. The signal K7 distributions are
different from the corresponding distribution for the SM
background. This may be attributed to the much larger mass
of the top squark (compared to m;,) and the presence of
extra carriers of 7, i.e., the bino-like MeV neutralino (79)
and the active neutrino (v,) emerging from top squark
decays. It is evident from the right panel of Fig. 6 that the
SM background can be effectively suppressed by applying
a hard enough E7 cut, viz., E7 > 200 GeV. We have also
constructed the dileptonic stransverse mass variable to see
if the SM background can be suppressed further. The
stransverse mass is a kinematic variable which is used to
measure the masses of the pair-produced semi-invisibly
decaying heavy particles. The dileptonic stransverse mass
is defined as [140]

ME5(p7. p7. o)
= minﬂT:FITer% [max{MT(p? PT): MT(I’?’ 7).
(38)
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FIG. 6. py distributions of the harder lepton (left) and the £% distributions (right) for the background and the signals and dileptonic
stransverse mass (in benchmark scenarios BP-1 and BP-2) in the 2 b jet + 2 lepton + £ final state arising from decays of 7, for the case

Hy < m;l.

where ¢ and ¢, are two isolated leptons and p7 is the total
missing transverse momentum in the event and the trans-
verse mass of the system My has its usual definition.
Although, the stransverse mass is a standard variable used
in the recent top squark search, however, the yield with £
cut is more effective compared to the dileptonic M%5 cut for
BP-1 and BP-2.

pp — b1 — bbete™ (Fig. 3).—As has been pointed out
earlier, 7, could have a significant decay branching fraction
to a bottom quark and an electron, which is a characteristic
of such a scenario. Along with the enlarged phase space
available to this decay mode, a moderately large coupling
(~A33 = y;) does boost the decay rate. Naturally, we expect
electrons (positrons) with high p7. In the absence of a
genuine carrier of £7 in such a final state, low or at most a
moderate £ is expected from mismeasured momenta of
the involved physics objects. The leptons are also expected
to have uncorrelated momenta. Such events are rare in the
SM. The left of panel Fig. 7 illustrates the hardest electron
(positron) p; distribution in the scenario where 7, decays to
a bottom quark and an electron (positron). We impose a

minimum p7 cut of 200 GeV to reduce the SM background
substantially. Since m;, is very similar for BP-1 and BP-2
and so is its kinematics for these two benchmark points, the
distributions look very similar. In the right panel of Fig. 7,
we present the MET distribution which arises in this case
from mismeasurements of momenta of visible entities in
the final state. As expected, the MET distributions peak at
small MET (25 GeV).

Note that eventually, one should be able to reconstruct
f,’s in the invariant mass spectra of appropriately chosen b-
jet-electron (positron) systems which would show peaks at
m;,. Clearly, the efficiency of reconstructing 1, would be
limited by various detector effects and a close study of the
kinematic distributions discussed above would surely be of
crucial help. Nonetheless, it appears that the peaks cannot
be missed and a reasonable estimation of m;, would thus be

possible.

2. Case 2: p, > m; ,
For u, > mj ,, the top squarks decay mostly in a
symmetric manner with 7, — 79 and 7, — be* as can
be seen from Table IX.
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pp—1,1; = 17917 — 2bjets + 2leptons+ Ey [Fig. 2(b)].—
For p,, > m; , 1, decays mostly to a top quark and a bino-
like neutralino (see Table VIII). The top quark would
subsequently decay to a W boson and a b jet via cascades.
A pair of W’s can then decay leptonically, semileptonically
or hadronically. We confine ourselves to leptonic decays of
W bosons for cleaner signals. The final state would then be

10° . . -
pp— ity — bbUY " Er
l{=e,u

13 TevV Baci(ground —
13 TeV BP3 ——
13 TeV BP4 ———

~—~
>

(]

O

S~—

ZNE

5SS 02
==

comprised of 2 b jets + 2 leptons + E7. The py distribu-
tions for the harder of the final state leptons are shown in
the left panel of Fig. 8. The presence of an additional source
of E; and the heavier mass of 7, in the signal are behind
harder E; distributions (see right panel of Fig. 8) when
compared to the SM background. To optimize the signal
significance, we have observed the dileptonic M%5 cut of
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150 GeV works better compared to the £7 cut of 200 GeV
as used in case 1.

pp — Ly = bbete~ (Fig. 3).—In this case the over-
whelmingly dominant decay mode is 7, — bet. As men-
tioned earlier, the emitted electron (positron) could have a
very high py as is evident from the left panel of Fig. 9. A
strong pr cut (> 200 GeV) on the electron can thus be
easily afforded to suppress the SM background effectively.
Similar to the case of Fig. 7, the distributions of MET (of
spurious origin) for the present case are presented in the
right panel of Fig. 9. Again, the MET distributions peak at
small values (~25 GeV), as expected and explained earlier.
Again, possible reconstructions of 7,’s in the invariant mass
distributions of suitable pairs of b-jet-electron (positron)
systems are on the cards. We will touch briefly on this issue
later in this section.

It is also important to note that ATLAS has performed a
search for RPV stops in this channel [141]. Our analysis
strategy is somewhat different from what they have chosen.
ATLAS uses a cut on hadronic transverse momentum Hpy >
1.1 TeV and requires the invariant masses of the b-lepton
pairs to be within 20% of each other. We find that the
simple cut on electron momentum suppresses the back-
ground equally well and should be robust even at high
pileup conditions.

Before going into the assessment of the signal
significance, we mention below some issues of interest/
importance pertaining to possible final states in these
two cases.

(i) For both p, <m; (Sec. VIA) and pu, > m;
(Sec. VIB), we have only looked into the 2 b jet +
2lepton + E; final state arising from 7, pair pro-
duction. However, the first scenario is phenomeno-
logically richer as it can yield multilepton signals
with four to six leptons in the final states when 7,’s
and 1,’s decay via cascades involving the heavier
neutralinos and charginos that in turn decay to SM Z
bosons (see Tables III and V). Some corroborative
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analyses can take advantage of such inclusive final
states comprised of four to six leptons along with b
jets and MET.
Furthermore, such a possibility could help differ-
entiate 7, from the two distinct scenarios considered
in this work. For u, <m;, in addition to the
2bjets + ete™ final state out of which a pair of
f,’s could be reconstructed, there would also be
multilepton final states where leptons other than
et (e”) would appear. This is sharp contrast to the
regime with p, > my,.
A final state like 2 bjets + e*e™ arising from the
decays of 7,’s would be ideally free from any MET.
However, as pointed out earlier, in reality, mismea-
surements of various momenta may give rise to a
low to moderate amount of MET thus rendering the
final state arising from a pair of 7,’s to be similar to
that obtained from #; pair production in a part of the
phase space. This gives rise to some legitimate
concern as to how efficiently the signature of 7,’s
could be deciphered, given the rates for such a final
state originating in #; pair production would be, in
general, large thanks to smaller mass of 7.

Such contaminations, however, can be avoided to
a reasonable extent by imposing hard cuts on the
minimum py of the leading electrons as guided by
the lepton py distributions in the left panels of
Figs. 6 and 7 (for u, < m; ) and Figs. 8 and 9 (for
Hy > my). In addition, imposition of a cut on the
maximum allowed MET could effectively restrict
the contamination thus allowing for a more efficient
reconstruction of 7,. By studying the MET distri-
butions presented in the right panels of Figs. 7 and 9,
we find an optimal value of this cut to be Ej <
50 GeV that helps retain a healthy number of
“signal” events with low £7, a characteristic of such
a final state originating in the decays of 7,.

In Fig. 10 we present the invariant mass distri-
butions of appropriately chosen pairs of b jet and an

"13 TeV Backgfound
13 TeV BP3 ——
13 TeV BP4 ——

=]

pp — t~2t~2* — bbete

0 50 100 150 200 250 300 350 400

ET(GCV)

FIG. 9. Same as in Fig. 7 but for benchmark scenarios BP-3 and BP-4 and for the case p, > mj,.
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Invariant mass distributions for the appropriate pairs of b-jet-electron (positron) systems [with low MET characteristic of R-

parity violating decays of 7, to a bottom quark and an electron (positron)] for y, < m;, (left) and p,, > m;; (right). The distributions are
obtained by imposing p; > 200 GeV for the leading electron and E; < 50 GeV.

electron (positron). Guided by Figs. 7 and 9, a high
pr threshold of 200 GeV for the leading electron is
demanded along with requiring an £7 < 50 GeV to
ensure that we mostly confine ourselves to the signal
region. The left (right) panel of Fig. 10 represents the
case with u, < m;, (4, > mg). We find that in both
cases clear peaks at m; show up thus raising the
hope that not only #,-s could be discovered in this
mode but also a reliable estimate of its mass would
be possible.

Before we close this subsection we like to mention that
although we have only discussed two broad scenarios, i.e.,
Hy < mg, and p, > mg, other intermediate situations are all
a priori viable. However, the expectations under those
scenarios could be substantiated in a straightforward
manner from the two cases we present. For example, an
increase in value of y, from that in case 1 would result in
suppression of the branching fractions to Higgsino-like
neutralinos and charginos. With increasing y,, at some
point, these decay modes (see Table III) would be closed
for 7, and BR(7; — 179) = 1. At the same time, branching
fractions to the Higgsino-like states for 7, would also get
suppressed before these decay modes get completely closed
as it happens in case 2. A detailed study of possible
correlations among the event rates in various final states

could, in principle, shed light on the relative value of y,
with respect to m; and m;. However, this is beyond the
scope of the present work.

E. Signal significance and the reach

The signal significance (o) is estimated using the
expression [142]

- \/2{(S+B)ln<l+%) —s]

which is appropriate for the situation with a small number
of events (in particular when the number of background
events is less than 50). Equation (39) is based on likelihood
ratios and follows from the Poisson distribution. Here, S
and B stand for the numbers of the signal and the back-
ground events, respectively after imposition of the set of
optimal cuts discussed in Sec. VII D. The K factors for 77*
are computed using Prospino2 (v2.1) [132,133].

We now estimate the required integrated luminosities for
a 50 reach of 7, and 7, in the four benchmark scenarios we
consider. The final states we focus on are 2bjets +
2leptons + E; and bbete™, which stem from the decay
of 7, and ,, respectively. For the first case (see Table X) the

(39)

TABLE X. Required values of integrated luminosities (£) to obtain a 5¢ significance in the final state at /s = 13 TeV. The most
important SM background arising from #7 pair production is normalized to a cross section of 816 pb obtained at the NLO + NNLL
level (see Sec. VII C). The cut acceptance for the background is 2.3 x 107*. A flat h-tagging efficiency of 60% is used.

pp — 117 = 2bjets + 2leptons + E7 BP-1 BP-2 BP-3 BP-4
o(pp — 1,1}) (fb) 428.9 463.4 193.0 73.6
Cut acceptance for signal 1.5x 1072 1.6 x 1072 4.4 %1073 44 %1073
(E7 > 200 GeV for BP-1
and BP-2) (M%5 > 150 GeV
for BP-3 and BP-4)
Required £(fb~!) for 5¢ significance 256.0 316 2350.0 3000 (30)
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Required values of integrated luminosities (£) to obtain a 5c significance in the 2bjets + eTe™ final state at

/s = 13 TeV. The SM background (see Sec. VIIC) at NLO is found to be 9.43 pb (see Sec. VIIC). The cut acceptance for the
background is 1.25 x 107*. A flat h-tagging efficiency of 60% is used.

pp — Hfs = 2b jets + ete- BP-1 BP-2 BP-3 BP-4
o(pp — 113) (fb) 7.83 8.69 8.45 8.48
Cut acceptance for signal (p; > 200 GeV, E < 50 GeV) 1.96 x 1072 5.26 x 1072 1.9 x 107! 1.9 x 107!
Required £(fb~") for 5¢ significance 501.23 63.92 6.85 6.61

dominant background comes from 7 pair production which
subsequently decays to the 2bjet + 2lepton + E7 final
state. An appropriate K factor of ~1.6 is used to derive the
NLO cross sections from the LO ones for 7-pair production.

We note that a 5S¢ signal significance can be achieved for
BP-1 and BP-2, with an integrated luminosity around
100 fb~!. To achieve a similar significance for BP-3 and
BP-4, one has to wait for a much higher accumulated
luminosity, for example, 500 and 3000 fb~!, respectively
at /s = 13 TeV.

In Table XI we present the required luminosities for a 5o
reach of 7, for the four benchmark points. The dominant
SM background comes from bbZ/y* production followed
by Z/y* giving rise to eTe~ pairs. This can be efficiently
suppressed by using an on-shell Z veto for the e e™ pairs,
as discussed in Sec. VII C. Thus, as can be seen from this
table, a 5o significance can be obtained with an integrated
luminosity as low as <10 fb~! for the benchmark scenarios
BP-3 and BP-4 with /s = 13 TeV. In addition, we also
study the Hy distribution, i.e., the scalar sum of the p; of
the eTe™ pair and the reconstructed b jets and the improve-
ments are marginal. The wildly varying integrated lumi-
nosities across the benchmark points are the artifact of
varying branching fractions that are instrumental, as has

been pointed out in Sec. VI.
o
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Figure 11 summarizes the mass reach for the two top
squarks with varying accumulated integrated luminosities
(or, in other words, luminosity required to probe a certain
top squark mass) at the 13 TeV LHC. The left panel
illustrates the case for 7, in the final state 2b + 2 lepton +
E; in BP-2 while the right one does the same for 7, via
2b + ete final state in BP-4. As indicated by Tables X
and X1, Fig. 11 also reveals that 7, has a significantly better
reach compared to 7, with the final states under consid-
eration. This may lead to a tantalizing possibility of
discovering 7, of such a scenario much earlier than 7,
and the former could guide us to find the latter. We observe
that at the 13 TeV LHC and with the mass reaches for 7, and
1, are around 575 (750) GeV and 1.2 (1.4) TeV respectively,
with an integrated luminosity of 300 (3000) fb~!.

VIII. THE STEALTH TOP SQUARK SCENARIO

The SUSY model under consideration, with superlight
carriers of MET like 7 = v, and a MeV neutralino LSP (79)
can easily conceive a rather low mass top squark lying right in
the so-called stealth window of 197 GeV < m; < 205 GeV
[78]. As discussed in Sec. V C, the experimental lower bound
on m;, is more stringent considering its decay modes. Hence
we choose 7 to be the lightest top squark (71). A benchmark

3000

o
2500 100
2000 50 80
-
! 60
2 1500
N
Q
40
1000
20
500
0
0
900 1000 1100 1200 1300 1400 1500
m;z(GeV)

3000 /
2500

FIG. 11. Density plot reflecting the reach for top squark masses via 2 b jet + 2 lepton + E7 final state in BP-2 in the m; — L plane

(left) and via 2 b jet + e* e final state in BP-4 in the m;, — £ plane (right). The thick black curves are contours of 5¢ significance above

and on the left of which the masses can be explored with > 5¢ significance. The cuts are kept fixed at values mentioned in the text for the
respective cases.
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FIG. 12. py distributions of the harder lepton (left) and the E7 distributions (right) for the background and the signal in the
2 bjet + 2lepton + £ final state arising from the decays of a pair of 7,’s in the stealth top squark scenario.

point can be obtained by choosing (m?2);;=-2.5x 10*Ge V2.
This results in m; ~200GeV. Such a light top squark cannot
provide enough correction to the Higgs mass. Hence we
choose a relatively large value of Ay (= 1.28) so that the
radiatively generated additional quartic contributions could
lift the Higgs boson mass to the observed range. All other
parameters are fixed at the values mentioned in BP-1 (see
Table II). Note that the additional tree level contribution
proportional to the neutrino Yukawa coupling f remains small
(even for its order one value) because of large values of tan
that we require. As a result, 7, mostly decays to 7 and 7; —
tv, with ~85% and ~15% branching fractions, respectively.
The possible final state topologies are exactly the same as
those that result from top quark pair production.

We again analyze the final state with 2bjets+
2leptons+ £7. We checked that the distributions of various
kinematic observables look very similar for the signal and
the 77 background, which is something literally expected of
a stealth top squark and what makes it so elusive. In Fig. 12
we present the p; distribution of the harder lepton (left
panel) and the £ distribution (right panel) which clearly
demonstrate how similar the behaviors of the SM back-
ground and the signal could get. In this context, tech-
niques to exploit differences in spin correlations inherent
to ¢ and 71* systems [82], use of various transverse mass
variables [143] including the one like my, in the
dileptonic decay channel [144], incorporating a new
variable like “topness” [145] using asymmetric decays
of the top squarks have been proposed to study the
stealth top squark regime in search for an improved
sensitivity. Clearly the issue demands dedicated addressal
which is beyond the scope of the present discussion.

IX. SUMMARY AND CONCLUSIONS

We study a U(1) lepton number model augmented with a
right handed neutrino superfield. The R charges are iden-
tified with the lepton numbers in such a way that the

sneutrinos acquire large VEVs. Such large VEVs for
sneutrinos are not prohibited since, in such a scenario, the
same are not constrained by the Majorana masses of the
neutrinos. In this paper, we choose to work in a basis in
which only the electron-type sneutrino acquires a nonzero
VEV whereas the VEVs of the other two sneutrinos are
rotated away. This simple extension with a right handed
neutrino superfield is rather interesting in the sense that the
Higgs boson mass gets a tree level contribution which can be
substantial in the low tan ff regime and for order one neutrino
Yukawa coupling f. Also present is the large one-loop
contribution to the Higgs boson mass arising from new
couplings in the theory. Thus, one can easily accommodate a
scenario where both top squarks are light. In addition, a very
light bino-like neutralino comes out naturally in this
scenario along with an active neutrino endowed with an
appropriately small Majorana mass. Therefore, rich and
interesting collider signatures are expected in such a
scenario. The signature of a top squark decaying to a top
quark and a neutralino and/or a neutrino is similar to the top
quark pair production in the SM. Under favorable circum-
stances, a top squark could also decay to a bottom quark and
a chargino leading to a similar final state containing two b
jets and two leptons along with MET. In this mode, top
squark mass of around 575 (750) GeV can be probed with
300 (3000) fb~! of integrated luminosity.

Furthermore, in an R-parity violating scenario such as
ours, the charginos mix with the electron. The decay width
of the top squark to a bottom quark and an electron
(positron) is enhanced because of the enhanced coupling
X33 as well as an unsuppressed phase space. Hence we
study in detail the final state with two b jets accompanied
by an ete™ pair arising from such a dominant decay.
We show that even when the top squark is heavy
[m;, < 1.2(1.4) TeV], this particular channel could deliver

a large signal significance with 300 (3000) fb~! of inte-
grated luminosity.
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In the model discussed in this work, only 7, (%7, ) decays to
be™. This is an artifact of no L — R mixing in the top squark
sector. Also, note that the scenario prohibits 7, decaying to
bu™ or br*. The final state arising from both top squarks
decaying to the be™ (be™) mode could carry MET which can
only be of spurious origin (mismeasurements of various
visible momenta, defects in the detector, etc.) and hence is
characteristically small. This feature can be used to establish
such a model and differentiate it from other competing ones.
Due to a relatively clean final state and hence, a possibility to
reconstruct the heavier top squark mass reasonably effi-
ciently, such a state could be within an easier reach of the
current LHC run when compared to its lighter peer. Such a
scenario thus, gives rise to an interesting possibility that 7,
can be found much earlier than 7, at the LHC and could carry
a reliable hint as to where exactly to look for the latter. The
signal region for 7, is attributed with a much larger MET as is
usual in searches for new heavy states in scenarios with a
stable charge- and color-neutral particle(s). This is in sharp
contrast with the case of 7, in such a scenario.

Although the analyses in this work are presented in terms
of two broad scenarios, viz., u, < m; and p, > mg, it is
pointed out that the signatures discussed are robust under
intermediate situations except for some obvious quantita-
tive issues getting in. Simultaneous searches in various
channels described in this work are expected to shed light
on the detailed aspect of the spectrum and the involved new
couplings of such a scenario.

PHYSICAL REVIEW D 93, 075005 (2016)

Finally, we demonstrate how the stealth top squark
can appear in our model naturally. However, probing
such a window, 197 GeV < m; <205 GeV [78] needs
dedicated analysis which is an active area of research on
its own merit. Overall, characteristic signatures for these
light top squark states at the LHC even have the potential to
discriminate between competing scenarios that may
give rise to such a light pair of top squarks. In addition,
such issues and projections are not readily available
for the 13/14 TeV run. Therefore, it is important to
study all these issues at the dawn of 13 TeV run of the
LHC.
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