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In this work, we explore the bilinear R-parity violating supersymmetry model’s parameter space by
performing a Markov Chain Monte Carlo scan with neutrino oscillation data, Higgs mass and its coupling
strengths, and flavor observables such as B-hadron decay branching ratios. From the allowed parameter
space, we analyze the decay patterns of wino-like lighter charginos and lightest neutralinos and
demonstrate how the branching ratios to different neutrino and charged lepton flavors depend on the
neutrino mass hierarchy. Furthermore, we investigate the impact of current LHC bounds and projected
future sensitivities from trilepton resonance searches on the allowed parameter space. We show that
considering the branching ratio Br(7{ — ZI=;1 = e, pu, ) ~ 23%, obtained at the best-fit point, the wino-
like mass degenerate 77/ )”(? are excluded up to 565 GeV from LHC Run-II data. The projected exclusion
reach with a similar branching ratio at high-luminosity LHC (HL-LHC) is around 950 GeV. For a
simplified scenario where 77 /7 decays via a Z boson with branching ratios of 1%, 50%, and 100%, wino
masses can be excluded up to approximately 600 GeV, 1185 GeV, and 1350 GeV, respectively. Our analysis
shows that the HL-LHC can probe a significant portion of the 1o allowed parameter space by neutrino

oscillation measurements and other experimental constraints.
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I. INTRODUCTION

The discovery of neutrino oscillations [1-7] has
undoubtedly established that neutrinos have mass and
undergo flavor mixing. These findings present a fundamen-
tal challenge to the Standard Model (SM) [8-10], which
assumes neutrinos to be massless. Understanding the origin
and smallness of neutrino masses, as well as their mixing
patterns, remains one of the central questions and a key
driver for exploring physics beyond the Standard Model
(BSM). Supersymmetry (SUSY) [11-13] provides an
elegant solution to several longstanding issues in particle
physics, such as the hierarchy problem [14,15] and gauge
coupling unification [16—18], existence of dark matter (DM)
[19-22] in the form of lightest supersymmetric particle
(LSP), etc. Still, the Minimal Supersymmetric Standard
Model (MSSM) cannot explain the existence of nonzero
neutrino masses and their mixing. But it can naturally offer a
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mechanism to generate neutrino masses when extended to
include R-parity violation (RPV) [23-43]. Neutrino masses
and mixing are commonly generated by seesaw mecha-
nisms, which implement the dimension-5 Weinberg operator
[44,45] by extending the SM with particles like singlet
fermions (Type-I), scalar triplets (Type-1I), or fermionic
triplets (Type-III) [46-50]. Alternatively, RPV MSSM
provides a framework to explain neutrino oscillations with-
out invoking the Weinberg operator, although the operator
can still be generated from RPV terms at low energies.

The superpotential of the RPV MSSM [23-25] is
given by

PN 1
WR/ = €iLiHu +
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Here, the first three terms refer to the lepton number
violation, and the last term correspond to the baryon
number violation. L, (E) represents the left-handed
(right-handed) lepton supermultiplet, and H, corresponds
to the up-type Higgs supermultiplet. Likewise, 0 I U j» and
D, denote the left-handed quark doublet, the right-handed
up-type quark singlet, and the right-handed down-type
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quark singlet supermultiplets, respectively. ¢; refers to the
bilinear coupling, which shows the coupling between the
neutrino and the Higgsinos. The trilinear coupling 4; (ﬂ;.j ")

shows coupling between lepton, slepton, and neutrino
(quark, squark, and neutrino). Similarly, the baryon number
violating coupling 4, reflects the coupling between

squark and quarks. All three lepton number violating terms
contribute to the generation of the neutrino masses.
However, only the bilinear RPV (bRPV) term can generate
a neutrino mass at both the tree-level and loop-level
[36,51,52]. The other two terms, associated with A and
A’ couplings, generate neutrino masses exclusively at the
loop-level." The bilinear RPV term can exist independently
or be generated from trilinear terms via renormalization
group evolution, and vice versa [54-56]. So, in this work,
we focus on the bRPV model to explain the neutrino
oscillation data.

There are a few existing studies in the literature that
explore neutrino data with the bRPV model [57-67]. In a
recent study [66], the parameter space of the bRPV model
was examined in the context of neutrino oscillation data,
focusing on a bino-type neutralino LSP and a wino-type
chargino NLSP. In this work, however, we consider both
the lightest neutralino and lighter chargino to be wino-type,
where both decay directly into different bosons (W%, Z, and
h) and leptons or neutrinos [68—70]. Such signals have been
investigated by the ATLAS Collaboration at the LHC using
Run-II data [71], providing limits on wino-type lighter
chargino (77) or lightest neutralino (7)) masses based on
the branching ratio to Z boson. This branching fraction to
different flavors of neutrinos or leptons highly depends on
the neutrino mass hierarchy [68—70]. So, we explore this
scenario, extract the allowed parameter space, and study the
impact of neutrino data on the decay branching ratios of
charginos and neutralinos. In addition to the neutrino
oscillation data, we also consider Higgs data, including
the Higgs boson mass and its coupling strengths with
various SM particles. Furthermore, flavor physics observ-
ables, such as b-hadron decay branching ratios, are
included in our analysis. Given the large number of
parameters in the bRPV model and the extensive set of
observables considered, we employ the Markov Chain
Monte Carlo (MCMC) method to thoroughly scan the
parameter space and identify the allowed regions that
satisfy all constraints. Additionally, during the parameter
space scanning, we incorporate the latest exclusion limits
on sparticle masses.

'In a recent work [53], authors have explicitly explored the
parameter space of the trilinear lepton number violating model in
the context of neutrino oscillation data for bino and stop LSP and
have shown the possible collider signatures at the Large Hadron
Collider (LHC).

The strongly interacting (colored) sparticles, namely the
squarks and gluinos, are excluded up to masses of a few
TeV by the current LHC data [72,73]. In contrast, the
constraints on the electroweakino and slepton sectors are
comparatively weaker in both R-parity conserving (RPC)
and R-parity violating (RPV) scenarios [72,73]. In RPC
scenarios, light electroweakinos and sleptons play a crucial
role in dark matter phenomenology, and several phenom-
enological analyses have addressed this issue along with
the interpretations of LHC limits for various production and
decay modes [74-89]. These light sparticles in the RPV
scenarios have more diverse final states depending on the
nonzero RPV couplings and the phenomenological impli-
cations have been studied in Refs. [25,90-99]. However the
collider phenomenology with RPV SUSY models is
relatively less explored. It is worth mentioning that the
electroweakinos, particularly the charginos and neutralinos,
play a direct role in neutrino mass generation in the present
framework. Motivated by these considerations, we also
explore the collider implications of the model in the context
of trilepton resonance search at the Large Hadron Collider
(LHC). Using the Run-II results of trilepton resonance
search provided by the ATLAS Collaboration [71] with an
integrated luminosity £ = 139 fb~!, we reinterpret the
exclusion limits on wino-like 77 or 7Y mass as a function
of its branching ratio to the Z boson. We compare these
limits related to its branching ratios predicted from the
neutrino sector and show that the parameter space allowed
by neutrino oscillation data, along with other data, remains
consistent with current LHC constraints. Furthermore, we
estimate the future sensitivity of the High-Luminosity LHC
(HL-LHC) with £ =3 ab~!' and determine the projected
exclusion reach for the chargino/neutralino mass as a
function of its decay branching ratio to the Z boson.

The paper is organized as follows. In Sec. II, we discuss
the generation of neutrino masses and mixing angles in the
bRPV model, along with the observables considered in our
analysis. The recent collider limits on sparticles, the
parameter space, and the details of the MCMC analysis
are presented in Sec. IIl. Our results are shown and
explained in Sec. IV. Finally, we conclude in Sec. V.

II. NEUTRINO MASS GENERATION
AND OBSERVABLE

The Lagrangian from the superpotential of the bRPV and
the soft term in the Lagrangian [23,24,26] can be written as

,C = €,’(f121/[L - FIqullL) +H.C.,

Ly = Bi(0;H) — I7H) + He., (2.1)
where €; represents the coupling between the neutrino (v;)
and the Higgsino (AY) and the lepton (/;) and the Higgsino
(H;). Similarly, the soft coupling B; refers to the coupling
between the sneutrino (7) and the Higgs (HY) and the
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FIG. 1.

slepton (7) and the Higgs (H,"). Because of the coupling of
up-type Higgsinos with neutrinos, neutrino mass can be
generated at the tree-level. At this level, the neutralino-
neutrino mass matrix becomes a 7 x 7 structure in the
basis [26,27,51,56,66] (B, W3, HY. HY, v, v,.v,), where B
and W; refer to the bino and wino states, respectively.
Additionally, couplings between different Higgs states
(h, H, A) and sneutrinos lead to sneutrino mass splitting,
which contributes to neutrino mass generation through
loop-level processes [36]. These mechanisms are illustrated
in Fig. 1, showcasing neutrino mass generation via the tree-
level process (left), BB-loop process (middle), and e B-loop
process (right).

Combining these three contributions, one can write the
neutrino mass as [24,51]

[m,);; = Xre;e;sin* & + C;;B;B; + (CiieiBj + i< j),
(2.2)

where first, second, and third term represent the tree-level,
BB-loop, and eB-loop contribution, respectively. { shows
the alignment betwee the e; parameters and sneutrino
vev (v;) [30,56,100,101]. The definition of X; is given
by [51,52]

B mZm; cos®
 u(mgmysin 2 — MyMou)

Xy (2.3)

where m; = cos? 0, M, + sin*0,,M,. Assuming all the

neutrino masses at the electroweak symmetry breaking
(EWSB) scale (711), the approximate neutrino masses at the

TABLE L.

Neutrino mass generation mechanisms: tree-level (left), BB-loop (middle), and eB-loop (right) [66].

tree-level and from the two loop-level processes are
expressed as [25,52,60]

2
[my]ff ~ —Conil ﬂeie‘jsin2C, (24)
2 B.B;
e, 9 D% 25
[ml/]l] 6477.'2C082ﬂ ﬁ13 €q, ( . )
2
B g eBjteB;
B, , 2.6
.5 64n*cos . m? " (2:6)

where M represents the electroweak symmetry breaking
scale, and sin® ¢ corresponds to the alignment between the
bRPV coupling (¢) and the sneutrino vacuum expectation
value (v) [30,56,100,101]. The factors €y and €}, quantify
the cancellation effects of different Higgs states in the BB-
loop and eB-loop, respectively [28,51,52]. It is noteworthy
that at the tree-level, only a single neutrino, the heaviest
mass eigenstate, acquires a significant mass.

Now using this bRPV model, we attempt to satisfy the
neutrino oscillation parameters [102] corresponding to both
neutrino mass orderings: the normal hierarchy (NH) with
my, > m,, >m, and inverted hierarchy (IH) with
m,, > m, > m,, . Each scenario includes two mass square
splittings (Am3, and |Am3,|) and three mixing angles (6,3,
015, and 6,3). It should be noted that we have not
considered the charge-parity (CP)-violating phase (Ocp)
since adding this phase does not alter the parameter space
[66]. We have considered the constraint on the neutrino
masses sum coming from the cosmological data [102].
Additionally, we incorporate the Higgs data, such as the

Neutrino observables [102] and the cosmological bound on neutrino masses sum [107] corresponding to normal hierarchy

(NH) and inverted hierarchy (IH), Higgs mass [103], Higgs coupling strength modifiers [104], and b-hadron decay branching ratio

[105,106] best-fit values with their 16 uncertainties are shown.

+1
Best-fit™,?

Observable NH IH Observable Best-fit"? Observable Best-fit']?
Am3, [1075 eV?] 7.5019%2 7.5019%2 my, [GeV] 12545 Ky 0.92+93
|Am3,| [107% eV?] 2.5550% 245509 Kz 0.961 07 Ky 1013
01, [°] 343+10 343410 Kw L1150 K, LO1ES%Y
015 [°] 8.53f8"11§ 8.58J_r8_'11§ Kp 1.18f8:2179 Br(B; — ptu~)[107°] 3.094:8'1{:
63 [°] 49.261079 49.467 089 K 0.94702 Br(B - X,y)[1074] 3.321012
Prior NH H
Cosmological bound, ,; m,, <0.12 eV <0.15 eV
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TABLE II. The values of fixed parameters and the range of free parameters are shown here.

Parameter Range/Value Parameter Range/Value Parameter Range/Value
M, [GeV] 3000 tan 1-60 B; [GeV] 1-5000
M, [GeV] 500-2000 M, [GeV] 3000 A, [GeV] -3.5

M; [GeV] 3000 v; [107* GeV] 0.1-50 my [GeV] 3000

u [GeV] 3000 le;] [GeV] 0-0.5 m; [GeV] 2000

Higgs boson mass [103] and its coupling with various
Standard Model particles like Z, W, b,z,u,t,y given by
the CMS Collaboration [104]. Furthermore, we take into
account the branching ratios of b-hadron decays, including
Br(B; — pupu~) [105] and Br(B — X,y) [106]. The values
of these observables, along with the prior on the neutrino
masses sum under consideration, are listed in Table I.

III. PARAMETER SPACE
AND ANALYSIS DETAILS

In this analysis, we have considered a bRPV model with
the wino-type LSP. In this model, the lightest neutralino
(7)) and the lighter chargino (77) are almost mass degen-
erate. The strongest limits on sparticle masses in the RPV
scenarios mainly come from LLE (1) type couplings. Using
the Run-II data, the ATLAS and CMS Collaborations have
excluded gluino, light squarks, stop, slepton, and chargino
up to 2.5 TeV [108], 1.6 TeV [109], 1.9 TeV [110], 1.2 TeV
[108], and 1.6 TeV [108], respectively. However, the
ATLAS Collaboration has searched for winos and
Higgsinos in the bRPV scenario. Higgsinos in the bRPV
model are excluded up to 440 GeV [111], and winos are
excluded in the mass range 100-1100 GeV [112,113]
depending on the assumptions of the decay branching ratio
into different flavors of leptons. The decay channels
corresponding to different LSPs for different RPV cou-
plings are discussed in details in Refs. [25,93,96], and all
the limits on these SUSY particles coming from RPV
couplings are summarized in Refs. [72,73].

To avoid the existing limits, we have fixed gluino and all
the squark masses at 3 TeV and the slepton masses at 2 TeV.
Also, we have set M, and A, at 3 TeV and —3.5 TeV,
respectively.2 Also, we have set M, and u both at 3 TeV.
Now in this scenario, after fixing these parameters, we have
considered 11 free parameters to vary—~M,, tan 3, three
sneutrino vev (v;), three bRPV coupling (¢;), and three soft
bRPV coupling (B;). The ranges of these input parameters,
along with the values of fixed parameters, are mentioned in
the Table II.

We have generated our model using the package SARAH
[116-118], and to generate the spectrum, we have utilized
SPheno [119,120], which uses FlavorKit [121] for the

It may be noted that the most strongest limit on M, >
1.5 TeV (for tan f < 21) [114,115] is obtained from the H/A —
777~ search.

calculation of flavor physics observables. To scan the
parameter space, we employ the Markov Chain
Monte Carlo (MCMC) method using the EMCEE package
[122]. The MCMC algorithm samples the parameter space

according to the likelihood function L o e‘%z, thereby
identifying both the maximum-likelihood (minimum y?)
point and the surrounding high likelihood regions. The y*
function is defined as y* = > ' [@]2, where X9,
X' and o, denote the experimentally observed value, the
theoretically predicted value, and the experimental uncer-
tainty of the ith observable, respectively. In this analysis,
we have 15 observables and 11 free parameters, which lead
to 4 degrees of freedom (d.o. £). To scan the parameter
space thoroughly, we use 500 walkers and 400 steps for
each walker. To ensure that it does not depend on the initial
steps of the sampling, we employ 30% burn-in for our
analysis.

IV. RESULTS AND DISCUSSIONS

We present results for both the NH and IH scenarios,
while the collider prospects are discussed only for the NH
case. The results for the IH scenario are briefly summarized
in Sec. IV B and compared with those of the NH case.

A. Normal hierarchy

In this section, we consider the normal hierarchy
scenario, where the third neutrino (r3) is the heaviest
and the first neutrino (v;) is the lightest. In this framework,
the minimum 2 value is obtained as 3.20 for d.o.f = 4.
The posterior distributions of the input parameters are
shown in Fig. 2, where the purple, cyan, and red regions
correspond to the lo, 20, and 36 confidence intervals,
respectively. The best-fit point is indicated by the orange
dashed line. The input parameters corresponding to this
best-fit point, along with the masses of 7; and 7! and their
decay branching ratios, are shown in Table III. Based on the
relationships of tree-level and two loop-level contributions
with tan f shown in Egs. (2.2)—(2.6), we observe that tan 3
acts as a suppression factor for the tree-level contribution
while enhancing the loop-level contributions. Since the
heaviest neutrino mass primarily arises from the tree-level
contribution and the other two from loop-level contribu-
tions, tan f# should not be excessively large or small. To get
the heaviest neutrino mass from the tree-level, the higher
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FIG.2. One-dimensional posterior distribution of all the input parameter along with 16, 26, and 36 regions are shown here with purple,
cyan, and red colors, respectively. Th e best-fit value of each parameter is represented by the dashed orange colored line.

M, values are expected, which is evident from the relation ~ 7-20 GeV and 800-1900 GeV, respectively. As the third
of X with M, in Eq. (2.3). These arguments are reflected  neutrino is the heaviest one, €3 and v3 are expected to have
at the best-fit point shown in Table III. From Fig. 2, the  larger values than other ¢; and v;, as shown in Table III. As
30 allowed range for tanf and M, are approximately  the eB-loop contribution is significantly suppressed due to

TABLE III.  The input parameters at the best-fit point, along with the masses of the wino-type lightest neutralino and lighter chargino
and their respective decay branching ratios, are presented.

Best-fit Point

Input parameters My = 1191 GeV My = 1194 GeV

Parameter Value Parameter Value Decay Br (%) Decay Br (%)
M, [GeV] 1143.89 €, [1073 GeV] -9.05 We 8.68 Wu, 45.35
tan 9.93 e [1073 GeV] —26.34 Wu 8.61 he 5.11
v, [107* GeV] 3.61 B, [GeV] 355 Wzt 28.10 hu 4.31
vy [107* GeV] 4.42 B, [GeV] 64 hv, 0.06 ht 21.92
vy [107* GeV] 8.82 B; [GeV] 1670 hy, 0.17 Ze 4.40
€, [1073 GeV] -1.03 hu, 31.06 Zy 4.46

22 /d.o.f =3.20/4=0.8 Zv, 23.32 Zt 14.45
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FIG. 3. Variations of branching ratios corresponding to the three possible decay channels of a wino-type lightest neutralino (7?) and a
wino-type lighter chargino (77) as functions of tan . The blue, green, and coral points in the upper panel represent Br(;?? - Zv),
Br(;?(l) — hv), and Br(,f/? — WHIT), respectively, with [ = e, u, 7. Similarly, the blue, green, and coral points in the lower panel
correspond to Br(7i — ZI*), Br(7i — hi*), and Br(7f — W*v), respectively.

the small value of ¢ compared to the B; parameters, the B,
parameter must be larger than the B, parameter to make the
lightest neutrino mass eigenstate heavy. This is evident
from the best-fit values shown in the Table III.

The ordering of the branching ratios of the )?(1) and 77
corresponding to different lepton flavors arises from
the relative sizes of the parameters, which are driven by
the neutrino mass hierarchy. Since m,, > m,, > m, , the
branching ratios to z-flavored leptons and neutrinos are the
largest. Now we discuss the effect of tan # on the branching
ratios of the lighter chargino and the lightest neutralino,
as shown in Fig. 3. We consider the points with y? <
X + 9.0, which is the allowed y? value for a lone-
dimensional parameter space at the 3¢ level [123]. From the
large dataset of the allowed points, we randomly select only
5% points for further illustration purposes. The relations of
the branching ratios of wino-type chargino and neutralino
are discussed in Refs. [68-70]. The dependency of tan j
and the mass of neutralino is shown in Egs. (4.3)-(4.5) of
Ref. [70] and Egs. (70)—(74) in Ref. [68]. Additionally,
the relationship between the mass and tanf to the
decay branching ratios for the wino-type chargino is
shown in Egs. (3.7)—(3.9) of Ref. [70]. For the branching
ratios to Z and W bosons, tanf acts as a suppression

factor (< 1/4/1 + tan? 8), whereas for the Higgs boson,
the branching ratio increases with increasing tanf;

(x tan? B) [68—70]. We have also obtained a similar pattern
from our analysis, which is reflected in Fig. 3. Here, we
have plotted only the decay modes with a branching
fraction of >1%. In Fig. 3, Br(#) = Zv/hv/W*IF) and
Br(z — ZI*/hl*/W*v) are presented via blue, green,
and coral colored points, respectively, with [ = e, u, 7. The
upper and lower panel correspond to the decay channels of
wino-type 7Y and 77, respectively.

Also, we have shown the variation of branching ratios
with Mo and My in Fig. 4. We observe that the branching

ratios corresponding to Z and W boson increase with
increasing mo/mx, as reported in previous literature
[68,70]. We now illustrate the effect of the neutrino mass
hierarchy on different neutrino and lepton flavors corre-
sponding to various decay channels of the neutralino and
chargino in Fig. 5. The upper and lower panels represent the
decay modes of the lightest neutralino and lighter chargino,
respectively. The teal, yellow, and red colors refer to the ,
u, and e-flavored neutrino and lepton in Fig. 5. Since the
third neutrino, predominantly z-flavored, is the heaviest,
the bRPV coupling €3 has the largest value and the decay
channels 7! — Zv,, 7! = hv, dominate. Similarly, for the
chargino, the 7 — W*v, decay channel prevails over
those involving other neutrino flavors. Furthermore, due
to the hierarchy m,, > m,, > m,,, the 7 — WEcF decay
channel is significantly more prominent than 7! — W*u¥
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FIG. 4. Variations of branching ratios corresponding to the three possible decay channels of 7! and 7{ as functions of their masses.
The blue, green, and coral points in the upper panel represent Br(7) — Zv), Br(#) — hv), and Br(7) — W*IT), respectively, with
I = e, u, 7. Similarly, the blue, green, and coral points in the lower panel represent Br(71 — ZI*), Br(7F — hi*), and Br(7f —» W*v),

respectively.

and 7) — W*eT, as depicted in the right-hand plot of the
upper panel in Fig. 5. A similar pattern is observed for the
7t — Z7* and 7{ — ht* channels, as seen in the left and
middle plots of the lower panel in Fig. 5, respectively.

1. Revisiting the LHC trilieton resonance search

The ATLAS Collaboration has searched for wino-type
7ixT + 757 pair production at /s =1f with L=
139 fb~! [71]. They have looked for the trilepton invariant
mass spectrum resonance (my;), which comes from the
wino pair productions where at least one 7i decays to ZI*.
The limit on m(7F) = m(7?)* was presented as a function
of their decay branching ratio to the Z boson. The decay
channels considered by ATLAS corresponding to 7{ 7 and
7i7) are shown in Fig. 6. One reconstructed 77 is required
in the signal event. Also, events are categorized into three
signal regions (SRs: SR31, SR41, and SRFR) depending
on the number of leptons and the presence of a second
reconstructed W, Z, or h boson from the second 77 /7
decay. The SRFR region targets events where all decay
products are visible and “fully reconstructed.” The SR41
region targets events with four or more leptons and possible

*In our case, the masses are not exactly equal but are nearly
degenerate, and both the particles decay via RPV SUSY
interactions.

missing energy (£1), while the SR31 region targets events
with only three visible leptons and substantial £y, with at
least one neutrino coming from the decay of the sec-
ond 7 /7.

The ATLAS collaboration has observed that the three
signal regions contribute roughly equally to the overall
sensitivity of the search, with a minor increase in sensitivity
to Higgs boson decays from the SRFR offset by a similar
increase in sensitivity to W boson decays from SR41 (see
Sec. 8.2 of the Ref. [71]). In this work, we focus only on the
SR31 signal region. First, we validate the result quoted in
Table 5 of the auxiliary material provided by the ATLAS
collaboration [124], where democratic branching fractions
into bosons (W, Z, and Higgs) and leptons (e, u, and 7)
are considered. We generate our signal events using
Monte Carlo event generation with MadGraph [125] and
do detector simulation with Delphes-3.5.0 [126]. We use the
cross sections at 13 TeV provided by the LHC SUSY
working group [127,128]. Using this set-up, we have
validated our results for two mass points, such as
500 GeV and 800 GeV, and the comparison of the two
results is shown in the Table IV. We observe an overall good
agreement between our simulation and the ATLAS results for
the signal yields.

The 95% confidence level (CL) upper limits on the
number of signal events (S%) for each m, mass bin

obs

of every SR is provided by the ATLAS Collaboration
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respectively.

(see Table 4 of Ref [71]). As mentioned above, we
consider only the SR31 signal region, and depending on
these given upper limits, we validate the ATLAS exclu-
sion limit on the 7i /7Y decay branching fraction to the Z
and 7{/7) mass plane. In Fig. 7, we present our
validation result, where the red solid line represents
the ATLAS exclusion limit and the dashed blue line
refers to the exclusion line generated by our simulation.
Here, all three flavors of leptons (e, u, 7) have equal
branching ratios. The sum of the 7{/7) branching

li

l:t
T

Z/hJWE

T /1% v

St F

~+=0

fractions to W, Z, and h bosons is unity for each point,
and the branching fractions to W and & bosons are
considered to be equal everywhere. From Fig. 7, it is
evident that our result overlaps at the lower mass region
(below ~600 GeV), and we also have a nice agreement
with the experimental result at higher mass region. The
slight difference at the higher mass region may arise
because the ATLAS exclusion curve was derived using
three signal regions, whereas our result is based on the
SR31 signal region.

W+/Z/h

IT/v/v

FIG. 6. Diagrams of

X1X1

(left) and

X171
and 79 decay to W, Z, and h bosons according to bilinear RPV coupling e.

(right) productions and decay where atleast one 7 decays like ¥ — ZI — [ll. The other i

095005-8



COMPLEMENTARY PROBES OF BILINEAR R-PARITY ...

PHYS. REV. D 114, 095005 (2026)

TABLE IV. The signal yields provided by both ATLAS and derived from our simulation corresponding to SR31 signal region at

Mye = M = 500 GeV and 800 GeV.

X1
Mass 500 GeV 800 GeV
bival 4l bival nn

Selection ATLAS Our ATLAS Our ATLAS Our ATLAS Our
Total production (¢ x L) 6440 6442 3070 3074 661 661 307 307
>3 signal leptons 82.1 96.56 74.4 96.23 8.89 11.21 7.66 10.65
Z candidate 63.0 46.81 52.0 39.29 6.79 5.44 541 5.00
SR3/ assignment 49.5 38.48 30.8 26.69 5.29 4.38 3.16 3.22
Et > 150 GeV 334 26.32 15.2 11.93 441 3.46 2.03 1.92
mpn > 125 GeV 25.8 22.49 11.2 9.03 3.65 2.98 1.59 1.60
AR(by,by) < 1.5 24.8 21.26 10.7 8.79 3.54 291 1.49 1.58
SR31,, 23.4 21.26 10.04 8.79 3.34 291 1.41 1.579
SR31, 11.9 9.95 4.85 4.00 1.71 1.16 0.711 0.676
SR31, 11.5 11.31 5.19 4.79 1.63 1.75 0.703 0.903

All the above results are for simplified scenarios with
some assumptions. In contrast, when we satisfy neutrino
oscillation data, the branching ratios to different flavors are
generally unequal as discussed in Sec. IVA. The masses
and the branching ratios of ;?‘1] and 77 at the best-fit point are
shown in the Table III. It is clear from this table that we

have a slight (~3 GeV) mass difference between My and

Mo, and the branching ratios to Z boson are not equal for
71 and 7" because of the neutrino oscillation data. At the
best-fit point, we have obtained that we can exclude 7 up
to ~565 GeV with 23% branching ratio to the 77 — Ze +
Zu + Zt decay.
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FIG. 7. Comparison of the 95% confidence level (CL) ex-
clusion limit obtained by ATLAS collaboration with Run-II data
[71] and our analysis. The red colored solid line represents the
limit obtained by ATLAS, and the blue dashed line corresponds
to the exclusion reach obtained from our analysis. Here, [ = e, u,
7 is considered, and the charged-lepton decays of 77 /7! into any
leptons with equal probability is imposed here. The sum of the
;ﬁ / ;?(1) branching fractions to W, Z, and h bosons is unity for each
point, and the branching fractions to W and 4 bosons are chosen
so as to be equal everywhere.

2. Prospects of trilepton resonance search at the HL-LHC

We now show the sensitivity reach at the HL-LHC
(/s =14 TeV, £ =3 ab™!) for the wino-type 7{7| +
77" pair production. We apply the cuts used for the SR3L
signal region from the ATLAS paper and also assume that
the signal selection efficiencies remain unchanged for
backgrounds. The predicted exclusion reaches at the HL-
LHC are obtained by scaling the background yields from
the current ATLAS analysis [71] to the higher luminosity
and center-of-mass energy. We assume that the cross
sections for the background at 14 TeV will be increased
by a factor of 1.2. As similar to the 13 TeV results discussed
in Sec. IVA 1, the signal events are generated using

1.0 [ A w e o

| === ATLAS limit at LHC 1

| == Our projected exclusion limit at HL-LHC ,I
N r 1 sro , meso |
o 08l | PPoXEXT HXER A

L ] 1
5 I xEozit e wEy
=}
S i ! 0 ¥ )
© 06 I XimZv,WEIT hv
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He= 7
223 J
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/
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v b b b e
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Mgz = my [GeV]
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FIG. 8. 95% C.L. projected exclusion limit obtained by our
simulation at HL-LHC is shown by the magenta colored dashed
line. The red colored solid line represents the limit obtained by
ATLAS with Run-II data. Here, [ = e, p, 7 is considered, and the
charged-lepton decays of 7i/7" into any leptons with equal
probability are imposed here. The sum of the 77/ )?(1) branching
fractions to W, Z, and h bosons is unity for each point, and the
branching fractions to W and & bosons are considered to be equal
everywhere.
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MadGraph [125], and fast detector simulation is done with
Delphes-3.5.0 [126]. The NLO + NLL signal production cross
sections at 14 TeV are estimated by Resummino [127,128].
We find the exclusion mass value by applying the condition

S

/B + (AB x B)?

where S, B, and AB are the calculated signal yield, the
scaled background yield, and the uncertainty in the back-
ground yield, respectively. We consider 10% uncertainty in
the background yield here and show the projected exclu-
sion limit at the HL-LHC obtained by our simulation in
Fig. 8. Here, the magenta dashed line represents the
HL-LHC projected exclusion limit, and the red solid line
refers to the ATLAS limit with Run-II data. For branching
ratios of 7; that decays into a Z boson and a lepton of
approximately 1%, 50%, and 100%, wino masses can be
excluded up to about 600 GeV, 1185 GeV, and 1350 GeV,

> 2, (4.1)

respectively. Considering the branching ratio Br(7; — ZI*;
l=e,u,7)~23%, obtained at the best-fit point, the
wino-like mass degenerate 79/7i can be excluded up to
950 GeV at the HL-LHC. Our analysis shows that the
HL-LHC can probe a significant portion of 1o allowed
parameter space (see the distribution of M, shown in Fig. 2)
by neutrino oscillation measurements and other experi-
mental constraints.

B. Inverted hierarchy: Brief discussion

We perform a similar analysis for the IH case where the
second neutrino mass eigenstate is the heaviest one and the
third neutrino mass eigenstate is the lightest one. We also
follow the same procedure for IH as considered for the NH
scenario, and we present the allowed parameter space in
Fig. 9. The allowed region of parameter space is signifi-
cantly smaller compared to the NH scenario, which arises
due to the structure of the neutrino mass hierarchy. This
hierarchy is also reflected in the best-fit and allowed values
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TABLE V. The input parameters at the best-fit point, along with the masses of the wino-type lightest neutralino and chargino, and their
respective decay branching ratios, are presented corresponding to the IH scenario.

Best-fit Point (BFP)

Input parameters

mg = 1102 GeV Mg: = 1106 GeV
1 1

Parameter Value Parameter Value Decay Br (%) Decay Br (%)
M, [GeV] 1058.49 € [1072 GeV] -6.24 We 0.16 Wy, 43.99
tan 3 5.36 €5 [107%2 GeV] —5.58 Wu 21.46 he 0.74
vy [107* GeV] 6.79 B, [GeV] 1341 Wzt 22.36 hu 17.12
v, [1073 GeV] 1.69 B, [GeV] 2131 hv, 0.28 ht 15.57
vy [1073 GeV] 1.60 B3 [GeV] 1524 hy, 33.10 Ze 0.08
€; [1072 GeV] —4.09 hv, 0.02 Zu 11.02

;(ﬁﬁn/d.o.f =3.94/4 =098 Zv 22.62 VA3 11.48

u

of the model parameters, as shown in Table V. As
mentioned above, the second neutrino state is the heaviest
one, and it has an almost equal admixture of all the three
neutrino flavors. So, the contribution from tree-level
corresponding to any single flavor must not be very large.
This leads to the smaller tan $ and M,, as compared to the

NH scenario, as shown in Table V as well as the allowed
regions in Fig. 9. The 3¢ allowed regions corresponding to
tan f and M, are 1.5-8.0 and 850-1300 GeV, respectively.

The hierarchy of neutrino mass affects the bRPV
parameters and controls the pattern of branching ratios
of the chargino and neutralino decays into different lepton
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FIG. 10. Vranching ratios of 79 and 7 into different lepton flavors are shown. In the upper panel, Br(7) — Zv) (left), Br(7? — hv)
(middle), and Br(7) — W*IT) (right) are presented. In the lower panel, Br(7f — ZIF) (left), Br(7f — hl*) (middle), and Br(7{ —
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respectively.
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flavors, as shown in Table V. The decay branching ratios
into different bosons accompanied by a lepton or neutrino
are illustrated in Fig. 10. In the IH scenario, the values of
the bRPV parameters favor the muon flavor, and therefore,
the dominant decay channels are 7! — Zv, and - hy,,
whereas the other two flavors vanish, as discussed in the
Ref. [70]. Similarly, for the chargino decay, 7i - W=y,
becomes the dominant mode.

From Tables III and V, we observe that the total
branching ratio Br(7{" — ZI) (I = e, u, 7) is approximately
23% for both the NH and IH scenarios. However, the flavor
composition of this decay differs significantly between the
two cases. For NH, the decay 77 — Zr dominates with
a branching ratio of about 14%, while 77 — Zu and
7+ — Ze each have branching ratios of roughly 4%. In
contrast, for the IH, the branching ratios of fﬁ — Zt and
7i — Zu are both around 11%, whereas 7i — Ze is highly
suppressed. Therefore, although the inclusive 7 — ZI rate
is similar in the two scenarios, the number of events
in flavor-specific channels can differ substantially. In
particular, the u channel is expected to yield significantly
more signal events in the IH case than in the NH case.
Consequently, flavor-tagged collider searches may provide
a means to distinguish between the NH and IH neutrino
mass hierarchies.

V. CONCLUSION

Neutrino oscillation experiments have conclusively dem-
onstrated that the three light neutrinos possess nonzero
masses and mix with each other, a feature that the Standard
Model (SM) cannot explain. Supersymmetry (SUSY)
provides a well-motivated framework for new physics,
and in the bilinear R-parity violating (bRPV) SUSY
scenario, neutrino masses can be generated naturally with-
out introducing additional particles. In this work, we have
investigated neutrino mass generation in the context of the
bRPV SUSY model. By combining neutrino oscillation
data, the observed Higgs mass and its coupling strength
modifiers, and flavor physics observables such as b-hadron
decay branching ratios, we have conducted a MCMC scan
to identify the allowed parameter space for this model’s
parameters while satisfying the current LHC limits. From
this allowed region, we selected representative points to
illustrate the decay branching ratios of wino-like lighter
charginos (7{) and lightest neutralinos (;?(1)). We find that
the branching ratios to different neutrino and charged
lepton flavors depend sensitively on the neutrino mass

hierarchy. For the normal hierarchy scenario, the decay
channel producing a z-flavored neutrino together with a SM
boson is the dominant mode, whereas in the inverted
hierarchy case, the decay producing u-flavored neutrino
becomes the dominant one.

Furthermore, we explore the current LHC bounds and
future search sensitivity from the trilepton resonance
searches on the allowed parameter space. We validate
the exclusion limits provided by the ATLAS Colla-
boration for wino-like # or 77 using trilepton resonance
search with Run-II data. We showed that our simu-
lated result has a nice agreement with the experimental
limit. Using the branching ratio at the best-fit point
Br(7f — ZI*) ~23%, coming from our analysis with
neutrino oscillation data along with Higgs data and flavor
data, we obtain the current LHC exclusion on the wino-like
chargino, which is around 565 GeV from LHC Run-II data.
We also estimate the projected exclusion reach at HL-LHC
with /s = 14 TeV and £ = 3 ab~'. The projected exclu-
sion reach with a similar branching ratio at high-luminosity
LHC (HL-LHC) is around 950 GeV. For the decay of
7i/7" into a Z boson and a lepton with branching ratios of
1%, 50%, and 100%, wino masses can be excluded up to
~600 GeV, 1185 GeV, and 1350 GeV, respectively. Our
analysis shows that the HL-LHC can probe a significant
portion of the 1o allowed parameter space by neutrino
oscillation measurements and other experimental con-
straints. Overall, our results demonstrate the interplay
between neutrino physics and collider observables in
constraining bRPV SUSY and provide a road-map for
testing these scenarios at upcoming experiments.
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