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The 𝜇𝜈SSM 

• Coupling to Higgs super fields ⇒ Solve the 𝜇 problem of the MSSM 

• Coupling to Left handed lepton super fields ⇒ Give mass to neutrino sector.
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D.López-Fogliani, C.Muñoz.Phys. Rev. Lett. 97 (2006) 041801 𝜇𝜈SSM extends the MSSM particle content 
with right haded neutrino superfields:

The presence of both 
couplings at the same time 
breaks R-parity explicitly.
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The LSP is no longer stable ⇒ Can’t be interpreted as DM

However, the gravitino could be a viable DM candidate.
Ki-Young Choi et al JCAP 03 (2010) 028 

A. Albert et al JCAP 10 (2014) 023



• In the limit          , R-parity is restored. 

• After EWSB, all neutral scalars can develop VEVs. 

• The value of viR are naturally around MSUSY. While       
implies viL ➝ 0, and can be estimated as 
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? In the limit Y ij
⌫ ! 0, R-parity is restored.

? After EWSB, all neutral scalars can develop VEVs .
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After EWSB the <𝜙> generates several effective 
terms in the Lagrangian:

• 𝜇-term for the Higgs sector ⇒ 

• Majorana mass for rigth handed neutrinos  ⇒ 
• Dirac mass for neutrinos ⇒
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After EWSB, several effective terms are generated:
? µ-term for the Higgs sector) µe↵ = �iviR

? Majorana mass for right handed neutrinos )
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Electroweak scale Type-I seesaw with Y⌫ij ⇠ 10�6.

? The µ⌫SSM mix all the states with the same spin, CP and charge
properties. Phenomenology different from RPC models.
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If the value of Y𝜈ij ~10-6  ⇒  Electroweak scale Type-I seesaw. 

The μνSSM mix all the states with the same spin, CP and charge  
properties. Phenomenology different from RPC models.  
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At first approximation meff = −mT · M−1 · m . With 3 generations of right-
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With a single generation of right-handed neutrinos:
I.L., D. E. López-Fogliani, C. Muñoz, N. Nagata, H. Otono, and R. Ruiz De Austri Phys. Rev. D98 no. 7, (2018) 075004
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From supergravity ⇒ Interaction term gravitino-photon field strength-photino

• In R-parity conserving SUSY 

• In the 𝜇𝜈SSM, photino and left-handed neutrino are mixed: 

Dark Mater in the SSMμν

From supergravity fi Interac�on term gravi�no-photon 'eld strength and pho�no

 In R-parity conserving SUSY:

 In the μνSSM photino and the left-handed neutrinos are mixed:

Dark Mater in the SSMμν

From supergravity fi Interac�on term gravi�no-photon 'eld strength and pho�no

 In R-parity conserving SUSY:

 In the μνSSM photino and the left-handed neutrinos are mixed:

R-parity suppression

Planck suppression
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≪1017 s ~ age of the universe.

ψ 3/2 → γ χ 0 if mψ 3/2
> mχ 0 or χ

0 → γ ψ 3/2 if mψ 3/2
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≫



Dark Mater in the SSMμν

From supergravity fi Interac�on term gravi�no-photon 'eld strength and pho�no

 In R-parity conserving SUSY:

 In the μνSSM photino and the left-handed neutrinos are mixed:

Dark Mater in the 𝜇𝜈SSM 
Monochromatic photons produced in the decay of the gravitino⇒ 

Indirect detection of DM through gamma-ray measurements.

Constraints from Fermi-LAT:

Dark Mater in the SSMμν

Monochromatic photons produced in the decay of the gravitino 

⇒ Indirect detection of DM through gamma-ray measurements

Constraints from Fermi-LAT:

Germán A. Gómez-Vargas, Daniel E. López-Fogliani, Carlos Muñoz, Andres D. Perez, Roberto 

Ruiz de Austri  JCAP 1703 (2017) no.03, 047
Germán A. Gómez-Vargas, Daniel E. López-Fogliani, Carlos Muñoz, Andres D. Perez, Roberto Ruiz de Austri JCAP 1703 (2017) no.03, 047  

s

Dark Mater in the SSMμν

From supergravity fi Interac�on term gravi�no-photon 'eld strength and pho�no

 In R-parity conserving SUSY:

 In the μνSSM photino and the left-handed neutrinos are mixed:

Neutrino 
physics 

related with 
DM life-time



Collider phenomenology of the 𝜇𝜈SSM

The violation of R-parity in the 𝜇𝜈SSM produces a particular phenomenology: 

• The LSP is not stable ⇒ any particle could be at the bottom of the SUSY 
spectrum. 

• The characteristic signal of SUSY is no longer missing transverse energy.

The small value of Y𝜈 required by neutrino 
seesaw imply small R-parity violation: 

• Particles more massive than the LSP will 
produce the LSP in the decay. 

• Suppression of the decay amplitude of the 
LSP ⇒ long lived particle.

SUSY spectrum

LSP

SM spectrum

Non-suppressed decays  

R-parity suppressed  



Back to the neutrino seesaw
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Three representative solutions with diagonal Yukawas:
•M<0, with Yv1 < Yv2, Yv3, and v1 > v2, v3. Needs a mild tuning 

between 1st and 2nd terms of the seesaw.⇒        is the smallest 
sneutrino mass. 

•M>0, with Yv3 < Yv1 <Yv2, and v1 < v2~v3. Dominated by gaugino 
seesaw and Yv3 can be small⇒       is the smallest

•M>0, with Yv2 < Yv1 <Yv3, and v1 < v2~v3. Similar to previous 
solution but exchange on 2⟷3. ⇒        is the smallest

m !ν1

m !ν3

m !ν2

Using non-diagonal Yukawas changes completely the story

Neutrino physics makes the left sneutrino a natural LSP 



•CP-odd/even sneutrino states are (almost) degenerated in 
mass.  

•Sleptons would normally be slightly more massive than 
sneutrinos: −mW

2 cos 2β  

•Neglecting small terms, the mass of sneutrinos is 
approximately: 
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If MSUSY lies at ~TeV scale with soft terms consistently at this scale 
and 𝜇eff at the same scale→ Left sneutrino is naturally the LSP. 

If vR~1 TeV,           ~1 and A𝜈 ~ -100 GeV, then the mass of the 
left sneutrino is ~ 100 GeV.

Yνvu
viL

Sneutrino a Natural LSP candidate



CP-even left sneutrino c⌧ vs mass
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CP-even odd sneutrino c⌧ vs mass
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CP-even left sneutrino cτ vs mass  CP-odd left sneutrino cτ vs mass  

Prompt

Long-lived
Long-lived

Prompt

Below ~100 GeV the left sneutrino is long lived

Decay of the sneutrino LSP mediated by RPV interactions 
Suppressed 
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If prompt, several visible signals: 
- Diphoton plus missing transverse momentum. For 
- Diphoton plus     . For 
- Multilepton signal. For   

!νµ ,e

τℓ !ντ

!ντ
P. Ghosh, I. L, D. E. López-Fogliani, C. Muñoz, and R. Ruiz de Austri. Int. J. Mod. Phys. A33 (2018) 1850110 pp. 1-62 

If displaced, dilepton signal:

Left sneutrino LSP

l

Proper decay length ~ 0.1mm-5mm

Mixing higgsino-lepton makes possible the decay:

 sneutrino→2leptons

Pair production through Z bosons

I.L., Daniel E. López-Fogliani,Carlos Muñoz,Natsumi Nagata,Hidetoshi Otono, Roberto Ruiz de Austri 

Phys.Rev. D98 (2018) no.7, 075004

Left sneutrino LSP

l

Proper decay length ~ 0.1mm-5mm

Mixing higgsino-lepton makes possible the decay:
 sneutrino→2leptons

Pair production through Z bosons

I.L., Daniel E. López-Fogliani,Carlos Muñoz,Natsumi Nagata,Hidetoshi Otono, Roberto Ruiz de Austri 
Phys.Rev. D98 (2018) no.7, 075004

I.L., Daniel E. López-Fogliani, Carlos Muñoz, Natsumi Nagata, 
Hidetoshi Otono, Roberto Ruiz de Austri Phys.Rev. D98 (2018) no.7, 
075004  



Dilepton displaced-vertex search

20,3 fb
�1

@ 8TeV µ�
e
�

Trigger* pT > 50 GeV, |⌘| < 1,07 pT1 > 120 or pT1,2 > 40 GeV
Lepton tracks pT > 10 GeV , 0.02 |⌘|  2,5

d0 > 2 mm d0 > 2,5 mm

Vertex selection mDV > 10 GeV, rDV < 300 mm, |ZDV | < 300 mmp
(xDV � xPV )2 + (yDV � yPV )2 � 4 mm

*Both electron and muon triggers don’t make use of tracking information. Large

Pt cut imposed to reject background.

ATLAS collaboration found no displaced dilepton events:

Channel No. of background vertices (⇥10
�3

)

e
+
e
�

1,0 ± 0,2 +0,3
�0,6

e
±µ⌥

2,4 ± 0,9 +0,8
�1,5

µ+µ�
2,0 ± 0,5 +0,3

�1,4
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*Both electron and muon triggers don’t make use of tracking information. Large Pt cut 
imposed to reject background. 
  

ATLAS collaboration found no displaced dilepton events:  
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Exclusion power highly limited by harsh 
trigger requirements

ATLAS search for long-lived particles using displaced lepton pairs 



Optimization
Using inner detector information we can change the trigger to 
mu24i(G.Aad et al. Eur. Phys. J. C75 (2015) 120). Looser Pt and 𝜂 
requirements on tracks.⇒More signal 
Background still under control increase of order ~10 still 
compatible with zero

Information about the performance of the pt > 120 GeV for e� not
available ) Only muon trigger optimized.
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20.3fb-1 @ 8TeV

Non-optimized Optimized

m !ν3
m !ν3



Analysis of the 3-generations 𝝁𝝂SSM parameter space
E. Kpatcha ,I.L., Daniel E. López-Fogliani, Carlos Muñoz, Natsumi Nagata, Hidetoshi Otono, Roberto Ruiz de 

Austri. To be published

Scan 1 (S1) Scan 2 (S2)
tan � 2 (10, 16) tan � 2 (1, 4)

Y⌫i 2 (10�8
, 10�6)

vi 2 (10�6
, 10�3)

�T⌫3 2 (10�6
, 10�4)

M2 2 (150, 2000)

Table 2: Range of low-energy values of the input parameters that are varied in the two
scans, where Y⌫i , vi, T⌫3 and M2 are log priors while tan � is a flat prior. The VEVs vi, and
the soft parameters T⌫3 and M2, are given in GeV.

Parameter Scan 1 (S1) Scan 2 (S2)
� 0.102 0.42
 0.4 0.46
vR 1750 421
T� 340 350
�T 390 108

�Tu3 4140 1030

m eQ3L
2950 1972

meu3R 1140 1972
M3 2700

m eQ1,2L
, meu1,2R , mee1,2,3R 1000

Tu1,2 0
Td1,2 , Td3 0, 100

Te1,2 , Te3 0, 40

�T⌫1,2 10�3

Table 3: Low-energy values of the input parameters that are fixed in the two scans. The
VEV vR and the soft trilinear parameters, soft gluino masses and soft scalar masses are
given in GeV.

16

Scan over significant 
parameters for sneutrino 
phenomenology 

Impose constraints form: 
•Neutrino mass differences and mixing angles (NO) 
•Higgs physics  (HiggsBounds+HiggsSignals) 
•Flavour observables 
•Chargino mass bound 
•Stability of EWSB vacua (Vevacious) 
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Figure 2: �A⌫3 versus Y⌫3vu/v3 for scan S1 (left) and scan S2 (right). The colours indicate
different values of the tau left sneutrino LSP mass.

the full numerical computation including loop corrections, although the tree-level mass in
Eq. (11) gives a good qualitative idea of the results. In particular, in scan S1 we can see
that the allowed range of �A⌫3 is 779 � 1820 GeV, corresponding to �T⌫3 in the range
8.3 ⇥ 10�6 � 3.5 ⇥ 10�5 GeV. We can also see, as can be deduced from Eq. (11), that for
a fixed value of �A⌫3 (Y⌫3vu/v3) the greater Y⌫3vu/v3 (�A⌫3) is, the greater me⌫⌧ becomes.
For scan S2, the allowed range of �A⌫3 turns out to be 67 � 3764 GeV, corresponding to
�T⌫3 in the range 2.1⇥10�6�4.9⇥10�5 GeV. The differences in the range of allowed values
for A⌫3 and Y⌫3vu/v3 of the scan S1 with respect to S2, are due to the negative vs. the
positive contribution of the sum of the second and third terms in the bracket of Eq. (11),
respectively, as well as to the different values of vR which appears also as a prefactor in
that equation.

Let us finally note that me⌫⌧ is always larger than about 61 GeV, which corresponds
to half of the mass of the SM-like Higgs (remember that we allow a ±3 GeV theoretical
uncertainty on its mass). For smaller masses, the latter would dominantly decay into
sneutrino pairs, leading to an inconsistency with Higgs data.3

In Fig. 3, we show v3 vs. Y⌫3 for scan S1 (left) and scan S2 (right), with the colours
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indicating now different values of M . There we can see that the greater v3 is, the greater
M becomes. In addition, for a fixed value of v3, M is independent of the variation in Y⌫3 .
This confirms that, as explained in solution 2) of Subsection 2.1, the gaugino seesaw is the
dominant one for the third neutrino family. From the figure, we can see that the range of
M reproducing the correct neutrino physics is 320� 2240 GeV for scan S1 and 240� 1840
GeV for S2. Note also that for a fixed value of v3, when Y⌫3 is sufficiently large the e⌫⌧

becomes heavier than 100 GeV, and these points are excluded in the figure.
The values of Y⌫3 and v3 used in order to obtain a e⌫⌧ LSP in turn constrain the values of

Y⌫1,2 and v1,2 producing a correct neutrino physics. This is shown in Fig. 4, where �m
2 vs.

Y⌫i and vi is plotted (the other mass difference and mixing angles in Table 1 are also correctly
reproduced in these points). As we can see, we obtain the hierarchy qualitatively discussed
in solution 2) of Subsection 2.1, i.e. Y⌫3 < Y⌫1 < Y⌫2 , and v1 < v2 <⇠ v3. Concerning the
absolute value of neutrino masses, we obtain m⌫1 ⇠ 0.002 eV, m⌫2 ⇠ 0.008 eV, and m⌫3 ⇠
0.05 eV.
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5.2 Constraints from LHC searches

Once the neutrino (and sneutrino) physics has determined the relevant regions of the pa-
rameter space of the e⌫⌧ LSP in the µ⌫SSM, we are ready to analyze the reach of the LHC
search.

Given that the largest neutrino Yukawa is Y⌫2 , the most important contribution to the
dilepton BRs comes from the channel e⌫⌧ ! ⌧µ. We also expect that the BR(e⌫⌧ ! ``)
are larger for scan S1 than for S2, as can be checked in Fig. 5 (left plots), where the
relevant BR(e⌫⌧ ! µµ) is plotted vs. M , for the points fulfilling all constraints from
neutrino/sneutrino physics. The main reason is the smaller (larger) value of � (tan �)
for scan S1 with respect to S2, which are crucial parameters in Eq. (13) for the de-
cay width. Although tan � does not appear explicitly in that equation, note that Y⌧ =
(
p

2m⌧/v)
p

tan2
� + 1. In addition, as shown in Fig. 4, the value of Y⌫2 is larger for scan

S1 than for S2, contributing therefore to larger BRs. We can also observe in both plots of
Fig. 5 for the BRs that they increase with larger values of M . This can be understood from
Eqs. (14) and (15) showing that larger values of M decrease the decay width to neutrinos.
(BRs are different for scalars and pseudoscalars, why?). In Fig. 5 (right plots), we show
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On the other hand, the gauge interactions of e⌫⌧ with neutrinos and binos (winos) can
produce a large decay width into neutrinos, via the gauge mixing between these gauginos
and neutrinos. This partial decay width can be approximated for scalar and pseudoscalar
sneutrinos as
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where U
V is the matrix which diagonalizes the mass matrix for the neutral fermions, and

the above entries can be approximated as
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Here U
PMNS

il
are the entries of the PMNS matrix, with i and l neutrino physical and flavor

indices, respectively. The relevant diagrams for e⌫⌧ searches that include this decay mode
are the same as in Fig. 1, but substituting one of the ⌧ `/⌧ vertices by a two-neutrino
vertex.

Let us remark that other decay channels of the e⌫⌧ can be present and have been taken
into account in our numerical computation, but they turn out to be negligible for the
sneutrino masses that we are interested in this work.

Given the above results valid for three families of right-handed neutrino superfields,
we can now follow the prescription of Ref. [10] for improving and recasting the ATLAS
search [23] to the case of the e⌫⌧ . One of the problems with the existing searches [23, 35] is
that they are designed for a generic purpose and therefore not optimized for light metastable
particles such as the e⌫⌧ , thus it was proposed in Ref. [10] the possibility of improving these
searches by lowering trigger thresholds, relying on a high level trigger that utilizes tracker
information. This optimization turned out to be quite feasible and considerably improves
the sensitivity of the displaced-vertex searches. In particular, in the ATLAS 8-TeV analysis
the events must satisfy the following trigger requirements [23]:

• One muon with pT > 50 GeV and |⌘| < 1.07, one electron with pT > 120 GeV or two
electrons with pT > 40 GeV,

and off-line selection requirements:

• One pair e
+
e

�, µ
+
µ

� or e
±
µ

⌥ with pT > 10 GeV and 0.02 < |⌘| < 2.5 for each one.

As shown in Ref. [10], the trigger requirement for electrons is too restrictive and makes the
selection efficiency for the dielectron channel to be a few percent level, and thus ineffective
for light sneutrino searches. Nevertheless, it is possible to optimize the trigger requirements
for left sneutrino searches by relaxing the thresholds. The mu24i trigger [36], which is an
isolated single muon trigger at the event-filter, also uses the information from the inner
detector and requires the transverse momentum threshold of pT > 24 GeV. With the help
of the inner detector information, this mu24i trigger has a good performance in a wider
range of the pseudorapidity of tracks, and thus we can also relax the requirement on ⌘;
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Light sleptons-sneutrinos have an impact on the anomalous 
magnetic moment of the leptons. 

Exchange second and third generations on seesaw solution: 
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Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃

�
1 production with W-boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and
provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel
detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended
track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification
information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-Layer [32,
33], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and
b-tagging performance.

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for
|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic
measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision
chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by
cathode strip chambers in the forward region, where the background is higher. The muon trigger system
covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap
regions.

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented
in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset
of detector information, and a high-level software trigger that selects interesting final-state events with
algorithms accessing the full detector information, and further reduces the rate to about 1 kHz [34].
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Long-lived bino LSP & Wino NSLP

3

RPV samples of the type g̃ ! qq[�̃0
1 ! ``0⌫] are

produced with HERWIG++ 2.6.3 [38]. Decays of the
neutralino only into light leptons, which may be e+e�,
µ+µ�, or e±µ⌥, take place due to the nonzero values of
the RPV couplings �121 and �122 [2].

RPV samples of q̃ ! q[�̃0
1 ! `qq/⌫qq] are generated

with PYTHIA 6.426.2 [39]. The �̃0
1 decay into two light

quarks and an electron, muon, or neutrino, is governed
by the nonzero RPV coupling �0

i11. Samples contain-
ing heavy-flavor quarks, q̃ ! q[�̃0

1 ! `qb] (produced
with �0

i13 6= 0) and q̃ ! q[�̃0
1 ! `cb] (corresponding

to �0
i23 6= 0) are also generated, in order to study the

impact of long-lived charm and bottom hadrons on the
e�ciency of DV reconstruction. A g̃ ! qq[�̃0

1 ! `qq]
sample is used to quantify the e↵ect of prompt NLSP de-
cays on the reconstruction e�ciency, by comparing with
the corresponding model with squark production.

PYTHIA 6.426.2 is used to produce GGM samples
denoted g̃ ! qq[�̃0

1 ! G̃Z], in which the NLSP �̃0
1 is a

Higgsino-like neutralino. Both the leptonic and hadronic
decays of the Z boson are considered.

Within a split-supersymmetry scenario,
PYTHIA 6.427 is used to simulate production and
hadronization of a primary, long-lived gluino. Geant4
simulates the propagation of the R-hadron through
the detector [40], and PYTHIA decays the R-hadron
into a stable neutralino plus two quarks (u, d, s, c or
b), a gluon, or two top quarks. The resulting samples
are denoted [g̃ ! qq�̃0

1], [g̃ ! g�̃0
1], or [g̃ ! tt�̃0

1],
respectively.

Signal cross sections are calculated to next-to-leading
order in the strong coupling constant, adding the re-
summation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [41–45]. The nomi-
nal cross section and its uncertainty are taken from an
envelope of cross section predictions using di↵erent PDF
sets and factorization and renormalization scales, as de-
scribed in Ref. [46].

In addition to these signal samples, MC samples of
QCD dijet events, Drell-Yan events, and cosmic-ray
muons are used for estimating some systematic uncer-
tainties and some of the smaller background rates, as well
as for validation of aspects of the background-estimation
methods.

IV. EVENT RECONSTRUCTION AND
SELECTION

The event-reconstruction and selection procedures are
designed, based on MC and experience from previous
analyses [13, 14], to strongly suppress background and ac-
commodate robust background-estimation methods (de-
scribed in Sec. VI), while e�ciently accepting signal
events over a broad range of LLP masses, lifetimes, and
velocities.

The initial event selection is performed with a com-
bination of triggers that require the presence of lepton
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FIG. 1: Diagrams representing some of the processes un-
der study, corresponding to the simulated event samples. In
RPV scenarios, the long-lived neutralino may decay via the
(a) �ijk or (b) �0

ijk couplings. (c) Long-lived neutralino de-
cay in a GGM scenario. (d) Long-lived R-hadron decay in a
split-supersymmetry scenario. The quarks and leptons shown
may have di↵erent flavors. Filled circles indicate e↵ective in-
teractions.

candidates, jets, or Emiss
T . This selection is described in

Sec. IVA.
O↵-line selection criteria for leptons, jets, and Emiss

T
(see Sec. IVB) are used to further filter events for o↵-
line processing, as described in Sec. IVC.
Events satisfying the filter requirements undergo a

CPU-intensive process termed “retracking”, aimed at ef-
ficient reconstruction of tracks with large impact param-
eter (d0) with respect to the transverse position of any
primary vertex (PV) of particles formed from the pp col-
lision. Retracking is described in Sec. IVD.
At the final event-selection stage, the presence of a pp

collision is ensured by first requiring the event to have a
PV formed from at least five tracks and situated in the
longitudinal range |z| < 200mm, consistent with the IP.
The final selection is based on the reconstruction of a

multitrack DV or dilepton DV, described in Secs. IVE
and IVF, respectively.

A. Trigger requirements

Events must satisfy trigger requirements based on
muon, electron, jets, or Emiss

T criteria.
Where muon triggers are used, a muon candidate is

required by the trigger algorithm to be identified in the
MS with transverse momentum pT > 50 GeV. Its pseu-
dorapidity must be in the MS-barrel region |⌘| < 1.07,
to reduce the trigger rate from fake muons due to beam
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RPV samples of the type g̃ ! qq[�̃0
1 ! ``0⌫] are

produced with HERWIG++ 2.6.3 [38]. Decays of the
neutralino only into light leptons, which may be e+e�,
µ+µ�, or e±µ⌥, take place due to the nonzero values of
the RPV couplings �121 and �122 [2].

RPV samples of q̃ ! q[�̃0
1 ! `qq/⌫qq] are generated

with PYTHIA 6.426.2 [39]. The �̃0
1 decay into two light

quarks and an electron, muon, or neutrino, is governed
by the nonzero RPV coupling �0

i11. Samples contain-
ing heavy-flavor quarks, q̃ ! q[�̃0

1 ! `qb] (produced
with �0

i13 6= 0) and q̃ ! q[�̃0
1 ! `cb] (corresponding

to �0
i23 6= 0) are also generated, in order to study the

impact of long-lived charm and bottom hadrons on the
e�ciency of DV reconstruction. A g̃ ! qq[�̃0

1 ! `qq]
sample is used to quantify the e↵ect of prompt NLSP de-
cays on the reconstruction e�ciency, by comparing with
the corresponding model with squark production.

PYTHIA 6.426.2 is used to produce GGM samples
denoted g̃ ! qq[�̃0

1 ! G̃Z], in which the NLSP �̃0
1 is a

Higgsino-like neutralino. Both the leptonic and hadronic
decays of the Z boson are considered.

Within a split-supersymmetry scenario,
PYTHIA 6.427 is used to simulate production and
hadronization of a primary, long-lived gluino. Geant4
simulates the propagation of the R-hadron through
the detector [40], and PYTHIA decays the R-hadron
into a stable neutralino plus two quarks (u, d, s, c or
b), a gluon, or two top quarks. The resulting samples
are denoted [g̃ ! qq�̃0

1], [g̃ ! g�̃0
1], or [g̃ ! tt�̃0

1],
respectively.

Signal cross sections are calculated to next-to-leading
order in the strong coupling constant, adding the re-
summation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [41–45]. The nomi-
nal cross section and its uncertainty are taken from an
envelope of cross section predictions using di↵erent PDF
sets and factorization and renormalization scales, as de-
scribed in Ref. [46].

In addition to these signal samples, MC samples of
QCD dijet events, Drell-Yan events, and cosmic-ray
muons are used for estimating some systematic uncer-
tainties and some of the smaller background rates, as well
as for validation of aspects of the background-estimation
methods.

IV. EVENT RECONSTRUCTION AND
SELECTION

The event-reconstruction and selection procedures are
designed, based on MC and experience from previous
analyses [13, 14], to strongly suppress background and ac-
commodate robust background-estimation methods (de-
scribed in Sec. VI), while e�ciently accepting signal
events over a broad range of LLP masses, lifetimes, and
velocities.

The initial event selection is performed with a com-
bination of triggers that require the presence of lepton
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FIG. 1: Diagrams representing some of the processes un-
der study, corresponding to the simulated event samples. In
RPV scenarios, the long-lived neutralino may decay via the
(a) �ijk or (b) �0

ijk couplings. (c) Long-lived neutralino de-
cay in a GGM scenario. (d) Long-lived R-hadron decay in a
split-supersymmetry scenario. The quarks and leptons shown
may have di↵erent flavors. Filled circles indicate e↵ective in-
teractions.

candidates, jets, or Emiss
T . This selection is described in

Sec. IVA.
O↵-line selection criteria for leptons, jets, and Emiss

T
(see Sec. IVB) are used to further filter events for o↵-
line processing, as described in Sec. IVC.
Events satisfying the filter requirements undergo a

CPU-intensive process termed “retracking”, aimed at ef-
ficient reconstruction of tracks with large impact param-
eter (d0) with respect to the transverse position of any
primary vertex (PV) of particles formed from the pp col-
lision. Retracking is described in Sec. IVD.
At the final event-selection stage, the presence of a pp

collision is ensured by first requiring the event to have a
PV formed from at least five tracks and situated in the
longitudinal range |z| < 200mm, consistent with the IP.
The final selection is based on the reconstruction of a

multitrack DV or dilepton DV, described in Secs. IVE
and IVF, respectively.

A. Trigger requirements

Events must satisfy trigger requirements based on
muon, electron, jets, or Emiss

T criteria.
Where muon triggers are used, a muon candidate is

required by the trigger algorithm to be identified in the
MS with transverse momentum pT > 50 GeV. Its pseu-
dorapidity must be in the MS-barrel region |⌘| < 1.07,
to reduce the trigger rate from fake muons due to beam
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Conclusions 
• The μνSSM is a well-motivated model of SUSY which addresses the 

solution of the μ-problem and explains the origin of neutrino masses. 
• In the μνSSM R-parity is broken ⇒ the LSP is unstable. 

• Correct neutrino masses require small R-parity violation.  
• The gravitino can be a viable DM candidate thanks to the Planck 

suppression and the R-parity suppression of its decays.  
• The natural solutions of the generalized seesaw (with diagonal  

yukawa couplings) motivates one of the sneutrinos to be light. 
• LHC data @13 TeV could test a tau left sneutrino as the LSP. 
• A light muon sneutrino could induce the necessary contribution to  

a𝝁  to close the gap between the theory and experiment,


