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• Starting from field content of the MSSM, the most general superpotential, 
preserving all gauge symmetries, is:

B & L Conserving

L Violating 
WΔL=1

B Violating 
WΔB=1 i, j, k: generation indices

• Unlike SM, baryon and lepton number do not appear automatically as accidental 
symmetries of the renormalizable theory.

ℒ ⊃ λ′�LQd̃*R + λ′�′�ucdcd̃*R + …
λ′�λ′�′�

u

d Q

L
d̃R

• Experimental data requires,          ≳ 1015 GeV  if md̃R
λ′�, λ′�′� ∼ O(1)

Proton decay at tree level:
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WΔL=1 = WΔB=1 = 0

RP = (−1)3(B−L)+2S   RP = +1 for SM particles (RP even)

  RP = -1 for superpartners (RP odd)

• Define a new multiplicative quantum number:       [Farrar & Fayet, ’78]
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R-Parity

• The Lightest Supersymmetric Particle (LSP) is stable. 
 ➥ Thus LSP makes for an attractive dark matter candidate, but must be neutral!

Additional consequences of imposing R-Parity:

• Each sparticle must decay into an odd number  
of sparticles.

• At colliders, sparticles can only be produced  
in even numbers.

SUSY

SUSY

SM…

SM

SM

SUSY

SUSY
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RP = (−1)3(B−L)+2S   RP = +1 for SM particles (RP even)

  RP = -1 for superpartners (RP odd)

• Define a new multiplicative quantum number:
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• Conservation of R-Parity an essential feature of many of our SUSY search strategies:

Canonical decay mode

SUSY

SUSY 
(E)

SM…

Canonical production mode

SM

SM

SUSY

SUSY

Pair production of on-shell sparticles

➥ Costs        to make SUSY 2mf̃

Decay chains of sparticles always end 
in 1 or more LSP's

➥ Lots of missing energy! 
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R-Pari
ty Conserv

ing
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What about finding SUSY through virtual particle exchange?

SM

SM

SM

SM

SU
SY

SM

SM

SM

SM

W± Disallowed by RP

SM

SM

SM

SM
SU
SY

SUSY virtual effects appear only  
in loops …  

… mostly precision measurements 
of rare processes are sensitive. 

g2

M2
W

ψ̄ ψ ψ̄ ψ
λ2

m2
f̃

ψ̄ ψ ψ̄ ψ

1
16π2

λ4

m2
f̃

ψ̄ ψ ψ̄ ψ
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WMSSM = WRP
+ WRP

leads to fast proton decayWRP

But fast proton decay can be avoided by considering only L or B violating couplings.

λ = λ′� = μ′� = 0 λ′�′� = 0or

Viable RPV models assume only B- or L-violating terms are non-zero.


Still leaves many free parameters:

                            


                9      +     27     +      3       or     9     parameters
LLe LQd LHu udd
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• LSP is no longer absolutely stable — will decay into 2+ SM particles.
Identities of final state SM particles 
depends both on: 


• identity of LSP

• RPV couplings of LSP

SUSY
SM

…
…

•Sparticles can be singly produced through RPV interactions.

SM

SM

SUSY

• Production rates depend crucially 
on RPV couplings.  


• Final states involve competition 
between RP-conserving and RPV 
couplings.

•Virtual sparticle exchange/deviations in SM observables.

SM

SM

SM

SM

SU
SY

• Single particle exchange possible, 
so much bigger effect than in RP-
conserving models!


• Sensitive to masses, but also pairs 
of RPV couplings.
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•Virtual sparticle exchange/deviations in SM observables.

SM

SM

SM

SM

SU
SY

sL dR

d̄L s̄R

ν̃i

λ′�i21

λ′�i12

ΔmK ⟹ λ′�i12 λ′�i21 × ( 1 TeV
mν̃ )

2

< 2.2 × 10−8

Generally, the most constraining of SM processes (FCNC, CPV, LFV) require more than  
one non-zero coupling ➛ constraints on pairs of couplings can be quite strong!

[Domingo, Dreiner, Kim, Krauss, Lozano, Wang (2018)]

Most commonly considered in context of low-
energy, high precision measurements of rare 
processes.
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[I. Hinchliffe & T. Kaeding (1993)]
[Huitu, Maalampi, Raidal and Santamaria (1997)]

μ → 3e
μ e

e

e

ν̃j

λ

λ

μ → e (Ti)

f̃
μ e

fλ(′�) λ(′�)

K+ → π+νν̄

d̃c
ks d

ν ν

K+ π+
u

[K. Agashe and M. Graesser (1995)]

λ′�λ′�

[B. C. Allanach, A. Dedes and H. K. Dreiner (1999); assumes MSUSY = 100 GeV]

L ~ O(10-5) — O(10-9)

B ~ O(10-3) — O(10-4)

➛
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[B. C. Allanach, A. Dedes and H. K. Dreiner (1999); assumes MSUSY = 100 GeV]

➛

These observables are covered by the    
Rare Processes and Precision 

Measurements Frontier.  

Opportunity for collaboration and cross-
pollination of ideas with Energy Frontier.


But these constraints are always on pairs of 
couplings, not on individual couplings.
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[D. Dercks, H. Dreiner,  
M. E. Krauss, T. Opferkuch and  
A. Reinert (2017)]

40

ijk �ijk(MW ) �
0
ijk(MW ) �

00
ijk(MW )

111 - 5.2⇥ 10�4 ⇥
�

mẽ
100 GeV

�2 ⇥
q

m�̃0

100 GeV -

112 - 0.021⇥ ms̃R
100 GeV 10�15 ⇥

⇣
mq̃

⇤̃GeV

⌘5/2

113 - 0.021⇥
mb̃R

100 GeV 10�4

121 0.049⇥ mẽR
100 GeV 0.043⇥

md̃R
100 GeV 10�15 ⇥

⇣
mq̃

⇤̃GeV

⌘5/2

122 0.049⇥ mµ̃R
100 GeV 0.043⇥ ms̃R

100 GeV -
123 0.049⇥ m⌧̃R

100 GeV 0.043⇥
mb̃R

100 GeV (1.23)

131 a 0.062⇥ mẽR
100 GeV 0.019⇥

mt̃L
100 GeV 10�4

132 0.062⇥ mµ̃R
100 GeV 0.28⇥

mt̃L
100 GeV (1.04) (1.23)

133 0.0060⇥
p

m⌧̃
100 GeV 0.0014⇥

q
mb̃

100 GeV -

211 0.049⇥ mẽR
100 GeV 0.059⇥

md̃R
100 GeV -

212 0.049⇥ mµ̃R
100 GeV 0.059⇥ ms̃R

100 GeV (1.23)
213 0.049⇥ m⌧̃R

100 GeV 0.059⇥
mb̃R

100 GeV (1.23)

221 - 0.18⇥ ms̃R
100 GeV (1.12) (1.23)

222 - 0.21⇥ ms̃R
100 GeV (1.12) -

223 - 0.21⇥
mb̃R

100 GeV (1.12) (1.23)

231 0.070⇥ mẽR
100 GeV 0.18⇥

mb̃L
100 GeV (1.23)

232 0.070⇥ mµ̃R
100 GeV 0.56 (1.04) (1.23)

233 0.070⇥ m⌧̃R
100 GeV 0.15⇥

q
mb̃

100 GeV -

311 0.062⇥ mẽR
100 GeV 0.11⇥

md̃R
100 GeV (1.12) -

312 0.062⇥ mµ̃R
100 GeV 0.11⇥ ms̃R

100 GeV (1.12) 0.50 (1.00)
313 0.0060⇥

p
m⌧̃

100 GeV 0.11⇥
mb̃R

100 GeV (1.12) 0.50 (1.00)

321 0.070⇥ mẽR
100 GeV 0.52⇥

md̃R
100 GeV (1.12) 0.50 (1.00)

322 0.070⇥ mµ̃R
100 GeV 0.52⇥ ms̃R

100 GeV (1.12) -
321 0.070⇥ m⌧̃R

100 GeV 0.52⇥
mb̃R

100 GeV (1.12) 0.50 (1.00)

331 - 0.45 (1.04) 0.50 (1.00)
332 - 0.45 (1.04) 0.50 (1.00)
333 - 0.45 (1.04) -
a
The constraint on �0

131 is at the 3� level, since the data disagree

with the standard model prediction.

TABLE XIII: Upper bounds on the magnitude of R-partiy violating couplings at the 2� confidence level, taken from [105]. The
constraints arise from indirect decays. The concrete processes are described in detail in the original paper. Additionally the
perturbativity constraints are shown in parentheses in case they are more stringent than for m

q̃,l̃
= 1TeV. The numbers where

no mass-dependence is specified where derived assuming a degenerate mass spectrum of 100GeV. The constraints on �
00
112,121

are derived from double nucleon decay and depend on a hadronic scale ⇤̃ that can be varied from 0.003 to 1.
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In discussing searches for RPV, strategies differ by operator, and often even the 
{i,j,k}-generation indices of the operator.


 Squarks behave like leptoquarks with this operator. 

•  Can generate  and , competing with RPC decays.


 Squarks behave as diquark resonances, but perhaps more importantly, 
          neutralinos can decay to 3 jets.


 Called bRPV scenario, can generate neutrino-Higgsino mixing (also sneutrino- 
          Higgs mixing), leading to , possibly correlated with .

LQd :
L3Q3d3 : t̃ → τb b̃ → tτ

udd :

LHu :
H̃ → Wτ H̃ → Wμ

Even though UV models may generate multiple RPV operators, it is technically natural to 
talk about them one at a time, since operator coefficients set to zero will not be 

generated by loops, thanks to non-renormalization theorem.
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Most collider searches for RPV follow a similar pattern:


• Production of SUSY in pairs begins with  
(RP-conserving) strong interactions.


 

• Decays typically proceed by RP-conserving  
interactions until no longer possible  
(i.e., decay to LSP). 
 
 

• LSP decays through RP-violating interactions,  
either promptly (for “large couplings”) or with  
displaced vertex (for “small couplings” within  
a limited range).
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Figure 1: RPC SUSY processes featuring gluino ((a), (b), (c), (d)) or third-generation squark ((e), (f)) pair pro-
duction studied in this analysis. RPV SUSY models considered are gluino pair production ((g), (h), (i), (j)) and
t-channel production of down squark-rights ((k), (l)) which decay via baryon- or lepton-number violating couplings
�00 and �0 respectively. In the diagrams, q ⌘ u, d, c, s and ` ⌘ e, µ, ⌧. In Figure 1(d), ˜̀ ⌘ ẽ, µ̃, ⌧̃ and ⌫̃ ⌘ ⌫̃e, ⌫̃µ, ⌫̃⌧.
In Figure 1(f), the W⇤ labels indicate largely o↵-shell W bosons – the mass di↵erence between �̃±1 and �̃0

1 is around
1 GeV.

subsequent electroweakino-mediated decays (Figures 1(e) and 1(f)). The former is characterized by final
states with bottom squark pairs decaying to tt̄WW�̃0

1�̃
0
1. The latter, addressed here by looking at a final

state with three same-sign leptons, is a model that could explain the slight excess seen in same-sign lepton
signatures during Run 1 [30]. Finally, a full SUSY model with low fine-tuning, the non-universal Higgs
model with two extra parameters (NUHM2) [31, 32], is also considered. When the soft-SUSY-breaking
electroweakino mass, m1/2, is in the range 300–800 GeV, the model mainly involves gluino pair produc-
tion with gluinos decaying predominantly to tt̄�̃0

1 and tb�̃±1 , giving rise to final states with two same-sign
leptons and Emiss

T .

In the case of non-zero RPV couplings in the baryonic sector (�00i jk), as proposed in scenarios with minimal
flavour violation [33–35], gluinos and squarks may decay directly to top quarks, leading to final states
with same-sign leptons [36, 37] and b-quarks (Figures 1(g) and 1(h)). Although these figures illustrate
decay modes mediated by non-zero �00313 (resp. �00321) couplings, the exclusion limits set for these scenarios
also hold for non-zero �00323 (resp. �00311 or �00322), as these couplings lead to experimentally indistinguishable

3

[Fig by ATLAS]
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For B-violating RPV (i.e., UDD scenario):

• Final state dominated by jets.

• Searches strategies at hadron colliders include: 


• gluino pair production, with tops among gluino  
decay products (decaying to lepton(s)), and  
stops or neutralinos decaying to jets.
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(a) gluino direct decay
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�̃0
1

p

p

q q

�00

q

q
q

q q

�00

q

q
q

(b) gluino cascade decay

Figure 1: Diagrams for the benchmark processes considered for this analysis. The black lines represent Standard
Model particles, the red lines represent SUSY partners, the grey shaded circles represent e�ective vertices that
include o�-shell propagators (e.g. heavy squarks coupling to a �̃0

1 neutralino and a quark), and the blue solid
circles represent e�ective RPV vertices allowed by the baryon-number-violating �00 couplings with o�-shell
propagators (e.g. heavy squarks coupling to two quarks). Quark and antiquark are not distinguished in the
diagrams. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this
article.)

gluino exclusively decays into a final state of a top quark, a bottom quark and a strange quark, usingp
s = 13 TeV pp collision data.

2 ATLAS detector

The ATLAS detector [25] covers almost the whole solid angle around the collision point with layers
of tracking detectors, calorimeters and muon chambers. The inner detector, immersed in a magnetic
field provided by a solenoid, has full coverage in � and covers the pseudorapidity range |⌘ | < 2.5.1 It
consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation straw-tube
tracker. The innermost pixel layer, the insertable B-layer, was added between Run-1 and Run-2 of
the LHC, at a radius of 33 mm around a new, thinner, beam pipe [26]. In the pseudorapidity region
|⌘ | < 3.2, high granularity lead/liquid-argon (LAr) electromagnetic (EM) sampling calorimeters are
used. A steel/scintillator tile calorimeter provides hadronic calorimetry coverage over |⌘ | < 1.7. The
end-cap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimetry for
both the EM and hadronic measurements. The muon spectrometer surrounds these calorimeters, and
comprises a system of precision tracking chambers and fast-response detectors for triggering, with
three large toroidal magnets, each consisting of eight coils, providing the magnetic field for the muon
detectors. A two-level trigger system is used to select events [27]. The first-level trigger is implemented
in hardware and uses a subset of the detector information. This is followed by the software-based
high-level trigger, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam direction. The x-axis points toward the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ ⌘ � ln[tan(✓/2)].
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Figure 1: RPC SUSY processes featuring gluino ((a), (b), (c), (d)) or third-generation squark ((e), (f)) pair pro-
duction studied in this analysis. RPV SUSY models considered are gluino pair production ((g), (h), (i), (j)) and
t-channel production of down squark-rights ((k), (l)) which decay via baryon- or lepton-number violating couplings
�00 and �0 respectively. In the diagrams, q ⌘ u, d, c, s and ` ⌘ e, µ, ⌧. In Figure 1(d), ˜̀ ⌘ ẽ, µ̃, ⌧̃ and ⌫̃ ⌘ ⌫̃e, ⌫̃µ, ⌫̃⌧.
In Figure 1(f), the W⇤ labels indicate largely o↵-shell W bosons – the mass di↵erence between �̃±1 and �̃0

1 is around
1 GeV.

subsequent electroweakino-mediated decays (Figures 1(e) and 1(f)). The former is characterized by final
states with bottom squark pairs decaying to tt̄WW�̃0

1�̃
0
1. The latter, addressed here by looking at a final

state with three same-sign leptons, is a model that could explain the slight excess seen in same-sign lepton
signatures during Run 1 [30]. Finally, a full SUSY model with low fine-tuning, the non-universal Higgs
model with two extra parameters (NUHM2) [31, 32], is also considered. When the soft-SUSY-breaking
electroweakino mass, m1/2, is in the range 300–800 GeV, the model mainly involves gluino pair produc-
tion with gluinos decaying predominantly to tt̄�̃0

1 and tb�̃±1 , giving rise to final states with two same-sign
leptons and Emiss

T .

In the case of non-zero RPV couplings in the baryonic sector (�00i jk), as proposed in scenarios with minimal
flavour violation [33–35], gluinos and squarks may decay directly to top quarks, leading to final states
with same-sign leptons [36, 37] and b-quarks (Figures 1(g) and 1(h)). Although these figures illustrate
decay modes mediated by non-zero �00313 (resp. �00321) couplings, the exclusion limits set for these scenarios
also hold for non-zero �00323 (resp. �00311 or �00322), as these couplings lead to experimentally indistinguishable
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Figure 1: RPC SUSY processes featuring gluino ((a), (b), (c), (d)) or third-generation squark ((e), (f)) pair pro-
duction studied in this analysis. RPV SUSY models considered are gluino pair production ((g), (h), (i), (j)) and
t-channel production of down squark-rights ((k), (l)) which decay via baryon- or lepton-number violating couplings
�00 and �0 respectively. In the diagrams, q ⌘ u, d, c, s and ` ⌘ e, µ, ⌧. In Figure 1(d), ˜̀ ⌘ ẽ, µ̃, ⌧̃ and ⌫̃ ⌘ ⌫̃e, ⌫̃µ, ⌫̃⌧.
In Figure 1(f), the W⇤ labels indicate largely o↵-shell W bosons – the mass di↵erence between �̃±1 and �̃0

1 is around
1 GeV.

subsequent electroweakino-mediated decays (Figures 1(e) and 1(f)). The former is characterized by final
states with bottom squark pairs decaying to tt̄WW�̃0

1�̃
0
1. The latter, addressed here by looking at a final

state with three same-sign leptons, is a model that could explain the slight excess seen in same-sign lepton
signatures during Run 1 [30]. Finally, a full SUSY model with low fine-tuning, the non-universal Higgs
model with two extra parameters (NUHM2) [31, 32], is also considered. When the soft-SUSY-breaking
electroweakino mass, m1/2, is in the range 300–800 GeV, the model mainly involves gluino pair produc-
tion with gluinos decaying predominantly to tt̄�̃0

1 and tb�̃±1 , giving rise to final states with two same-sign
leptons and Emiss

T .

In the case of non-zero RPV couplings in the baryonic sector (�00i jk), as proposed in scenarios with minimal
flavour violation [33–35], gluinos and squarks may decay directly to top quarks, leading to final states
with same-sign leptons [36, 37] and b-quarks (Figures 1(g) and 1(h)). Although these figures illustrate
decay modes mediated by non-zero �00313 (resp. �00321) couplings, the exclusion limits set for these scenarios
also hold for non-zero �00323 (resp. �00311 or �00322), as these couplings lead to experimentally indistinguishable

3

Basic strategy 

1. Pair produce gluinos (or 
squarks) thru strong interaction. 

2. After gluino decays, decay final 
state(s) using RPV couplings into 
quark jets. 


Role of RPV entirely in final 
step of the decay cascade!

• gluino pair production decaying directly or  
indirectly to n-jets, for large n 
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For L-violating RPV (i.e., LQD or LLE scenario):

• Final state has one or more leptons!

• Searches strategies at hadron colliders include: 


• gluino pair production, cascading down to LSP 
which has 1+ leptons among decay products
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Figure 1: RPC SUSY processes featuring gluino ((a), (b), (c), (d)) or third-generation squark ((e), (f)) pair pro-
duction studied in this analysis. RPV SUSY models considered are gluino pair production ((g), (h), (i), (j)) and
t-channel production of down squark-rights ((k), (l)) which decay via baryon- or lepton-number violating couplings
�00 and �0 respectively. In the diagrams, q ⌘ u, d, c, s and ` ⌘ e, µ, ⌧. In Figure 1(d), ˜̀ ⌘ ẽ, µ̃, ⌧̃ and ⌫̃ ⌘ ⌫̃e, ⌫̃µ, ⌫̃⌧.
In Figure 1(f), the W⇤ labels indicate largely o↵-shell W bosons – the mass di↵erence between �̃±1 and �̃0

1 is around
1 GeV.

subsequent electroweakino-mediated decays (Figures 1(e) and 1(f)). The former is characterized by final
states with bottom squark pairs decaying to tt̄WW�̃0

1�̃
0
1. The latter, addressed here by looking at a final

state with three same-sign leptons, is a model that could explain the slight excess seen in same-sign lepton
signatures during Run 1 [30]. Finally, a full SUSY model with low fine-tuning, the non-universal Higgs
model with two extra parameters (NUHM2) [31, 32], is also considered. When the soft-SUSY-breaking
electroweakino mass, m1/2, is in the range 300–800 GeV, the model mainly involves gluino pair produc-
tion with gluinos decaying predominantly to tt̄�̃0

1 and tb�̃±1 , giving rise to final states with two same-sign
leptons and Emiss

T .

In the case of non-zero RPV couplings in the baryonic sector (�00i jk), as proposed in scenarios with minimal
flavour violation [33–35], gluinos and squarks may decay directly to top quarks, leading to final states
with same-sign leptons [36, 37] and b-quarks (Figures 1(g) and 1(h)). Although these figures illustrate
decay modes mediated by non-zero �00313 (resp. �00321) couplings, the exclusion limits set for these scenarios
also hold for non-zero �00323 (resp. �00311 or �00322), as these couplings lead to experimentally indistinguishable
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Figure 1: Diagram showing production of the top squark and its antiparticle (both denoted by t̃), in which the top
squarks decay into a muon and a quark. With su�ciently small values of the R-parity-violating coupling � 023k , the
lifetime of the t̃ becomes long enough to give rise to decays which are significantly displaced from their production
point.

measurements. Many of these constraints suggest that the value of any non-zero RPV coupling needs to be
small. In turn, this naturally leads to suppression of the decay processes and gives rise to long-lived SUSY
particles. A non-zero � 023k coupling would allow a top squark to decay to a muon and a k th-generation
down-type quark, as shown in Figure 1. The strongest indirect constraints on this coupling come from
partial width measurements of the Z boson at LEP excluding � 023k > 0.45 assuming the existence of a
squark with a mass of 100 GeV. See Ref. [25] for a summary of experimental constraints on RPV SUSY.

In models with su�ciently small � 023k coupling values and where the t̃ is the LSP, the suppression of the
decay causes it to occur at discernible distances from the pp interaction point where the t̃ pair was produced.
This would give rise to muons and hadronic jets that are significantly displaced from the interaction point,
yielding a distinctive detector signature in a collider experiment, with no irreducible backgrounds from SM
processes. The search presented here is designed to be sensitive to this signature.

Other proposed BSM scenarios that could result in long-lived particle decays to at least one muon include
long-lived lepto-quarks [26], long-lived BSM particles appearing in decays of Higgs bosons [27, 28],
scenarios with right-handed neutrinos with Majorana masses below the electroweak scale [29] and RPV
scenarios with a long-lived electroweakino LSP decaying through a virtual scalar muon and a � 02jk
coupling [30].

Searches for a t̃ decaying promptly via the � 0i jk couplings have been performed by the ATLAS and CMS
collaborations [31, 32]. Exclusion limits on long-lived top squarks decaying to a muon and a hadronic jet
have also been obtained by the CMS collaboration, excluding t̃ masses below 1.4 TeV for a mean proper
lifetime of 0.1 ns [33–35]. Related searches for displaced lepton production in association with displaced
hadronic activity have been performed by the ATLAS Collaboration [36, 37].

After a brief introduction of the ATLAS detector in Section 2, details of the analyzed dataset and the event
reconstruction techniques are shown in Sections 3 and 4, respectively. The selection of events, estimation
of background process yields, and various sources of uncertainties are described in Sections 5–7. Finally,
the results and conclusions are presented in Sections 8 and 9.

3

Basic strategy 

1. Pair produce gluinos (or 
squarks) thru strong interaction. 

2. After gluino decays, decay final 
state(s) using RPV couplings into 
quark jets plus leptons, or leptons 
and missing energy.


Role of RPV entirely in final 
step of the decay cascade!

• stop production, with stops decaying directly 
to quarks and leptons. 
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Bounds on sparticles in RPV models are typically similar to those in RPC models:
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Figure 1: Diagrams for the benchmark processes considered for this analysis. The black lines represent Standard
Model particles, the red lines represent SUSY partners, the grey shaded circles represent e�ective vertices that
include o�-shell propagators (e.g. heavy squarks coupling to a �̃0

1 neutralino and a quark), and the blue solid
circles represent e�ective RPV vertices allowed by the baryon-number-violating �00 couplings with o�-shell
propagators (e.g. heavy squarks coupling to two quarks). Quark and antiquark are not distinguished in the
diagrams. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this
article.)

gluino exclusively decays into a final state of a top quark, a bottom quark and a strange quark, usingp
s = 13 TeV pp collision data.

2 ATLAS detector

The ATLAS detector [25] covers almost the whole solid angle around the collision point with layers
of tracking detectors, calorimeters and muon chambers. The inner detector, immersed in a magnetic
field provided by a solenoid, has full coverage in � and covers the pseudorapidity range |⌘ | < 2.5.1 It
consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation straw-tube
tracker. The innermost pixel layer, the insertable B-layer, was added between Run-1 and Run-2 of
the LHC, at a radius of 33 mm around a new, thinner, beam pipe [26]. In the pseudorapidity region
|⌘ | < 3.2, high granularity lead/liquid-argon (LAr) electromagnetic (EM) sampling calorimeters are
used. A steel/scintillator tile calorimeter provides hadronic calorimetry coverage over |⌘ | < 1.7. The
end-cap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimetry for
both the EM and hadronic measurements. The muon spectrometer surrounds these calorimeters, and
comprises a system of precision tracking chambers and fast-response detectors for triggering, with
three large toroidal magnets, each consisting of eight coils, providing the magnetic field for the muon
detectors. A two-level trigger system is used to select events [27]. The first-level trigger is implemented
in hardware and uses a subset of the detector information. This is followed by the software-based
high-level trigger, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam direction. The x-axis points toward the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ ⌘ � ln[tan(✓/2)].

3
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Bounds on sparticles in RPV models are typically similar to those in RPC models:
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For small RPV couplings:

• Couplings within some range lead to displaced vertices.


Example: ATLAS searches for displaced vertices in stop LSP scenarios with 
 RPV couplings place bounds on stops approaching 1-1.8 TeV for the 

range:


corresponding to decay lengths of mm to 10’s of meters.

LQd
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t̃
p

p
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23k

µ

q

�0
23k

µ

q

Figure 1: Diagram showing production of the top squark and its antiparticle (both denoted by t̃), in which the top
squarks decay into a muon and a quark. With su�ciently small values of the R-parity-violating coupling � 023k , the
lifetime of the t̃ becomes long enough to give rise to decays which are significantly displaced from their production
point.

measurements. Many of these constraints suggest that the value of any non-zero RPV coupling needs to be
small. In turn, this naturally leads to suppression of the decay processes and gives rise to long-lived SUSY
particles. A non-zero � 023k coupling would allow a top squark to decay to a muon and a k th-generation
down-type quark, as shown in Figure 1. The strongest indirect constraints on this coupling come from
partial width measurements of the Z boson at LEP excluding � 023k > 0.45 assuming the existence of a
squark with a mass of 100 GeV. See Ref. [25] for a summary of experimental constraints on RPV SUSY.

In models with su�ciently small � 023k coupling values and where the t̃ is the LSP, the suppression of the
decay causes it to occur at discernible distances from the pp interaction point where the t̃ pair was produced.
This would give rise to muons and hadronic jets that are significantly displaced from the interaction point,
yielding a distinctive detector signature in a collider experiment, with no irreducible backgrounds from SM
processes. The search presented here is designed to be sensitive to this signature.

Other proposed BSM scenarios that could result in long-lived particle decays to at least one muon include
long-lived lepto-quarks [26], long-lived BSM particles appearing in decays of Higgs bosons [27, 28],
scenarios with right-handed neutrinos with Majorana masses below the electroweak scale [29] and RPV
scenarios with a long-lived electroweakino LSP decaying through a virtual scalar muon and a � 02jk
coupling [30].

Searches for a t̃ decaying promptly via the � 0i jk couplings have been performed by the ATLAS and CMS
collaborations [31, 32]. Exclusion limits on long-lived top squarks decaying to a muon and a hadronic jet
have also been obtained by the CMS collaboration, excluding t̃ masses below 1.4 TeV for a mean proper
lifetime of 0.1 ns [33–35]. Related searches for displaced lepton production in association with displaced
hadronic activity have been performed by the ATLAS Collaboration [36, 37].

After a brief introduction of the ATLAS detector in Section 2, details of the analyzed dataset and the event
reconstruction techniques are shown in Sections 3 and 4, respectively. The selection of events, estimation
of background process yields, and various sources of uncertainties are described in Sections 5–7. Finally,
the results and conclusions are presented in Sections 8 and 9.
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For B-violating RPV (i.e., UDD scenario):

• Squarks can be produced singly 

• Will decay either through same RPV coupling 
back to quarks … 
 
 
 
 
 
… or through RP-conserving interactions  
in a cascade, to LSP. 

• LSP then decays to quark jets.
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Figure 2: Stop resonant production and decay modes considered in this work: (a) dijet

resonances, (b) same-sign tops and (c) b-rich multi-jet resonances. Red dots denote the R-

parity violating couplings, �00
3jk. The respective conjugated processes are not shown.

they are expected to be the largest in models where flavor symmetries determine a hierarchical

structure of the RPV couplings [13–16]. We note that the cross section for any (right-handed)

up-type squark ũi is the same as for the stop, with the substitution �00
3jk ! �00

ijk
. Down type

squarks could also be produced resonantly, but given the absence of top quarks in the proton

PDF, the only couplings that can be probed are �00
ijk

, i 6= 3. Couplings involving multiple

first-generation quarks are constrained by flavor physics to be well below one [12], so we do

not investigate production via �00
1jk. The couplings �00

2jk are relatively less constrained and

we will shortly discuss their signatures in Section 5, but the cross section will be somewhat

suppressed by the charm quark PDF.

A particular feature of this channel is that production of anti-stops via the couplings �00
312

and �00
313 makes use of valence d quarks, while production of stops needs virtual anti-quarks;

thus, there is an asymmetry between the yield of squarks and anti-squarks. For
p
s = 8 TeV,

the ratio of cross sections �(d̄j d̄k ! t̃ )/�(djdk ! t̃⇤) is in the range 0.1 � 0.4 (as listed in

Table 1) for stop masses in the range 200 GeV � 4 TeV. As expected, anti-stop production

prevails for �00
312,�

00
313 while the ratio for resonant production via �00

323 is nearly one.

2.2 Stop decays and signatures

The decay modes of the stop will in general depend on the detailed superpartner mass spec-

trum and they will include both R-parity conserving and R-parity violating channels. The

RPV decay t̃ ! djdk is always present and corresponds to a dijet resonance, while the R-

parity conserving modes depend on which supersymmetric states are lighter than the stop:

for simplicity we will study simplified models where the only light states are the stop and a

neutralino (including charginos if appropriate). For concreteness, we decouple all the other

superpartners by setting their mass to 10 TeV.

If the stop is the Lightest Supersymmetric Particle (LSP), its decay via o↵-shell neu-

tralinos or gluinos will always be subdominant compared to the direct decay t̃ ! jj. For

a non-LSP stop, the decay modes to neutralinos/charginos will open; the dijet decays will

dominate over other decay channels for large RPV couplings, �00
3jk � 0.1, with the only pos-

sible exception being the decay to a gluino, t̃ ! tg̃ (forbidden in the simplified spectrum).

– 6 –

di

dj

t̃�1

di

dj

(a)

di

dj

t̃�1

t̄

�̃0
1

t̄

t̃1

d̄i

d̄j

(b)

di

dj

t̃�1

b̄

�̃�
1

b

t̃�1

di

dj

(c)

Figure 2: Stop resonant production and decay modes considered in this work: (a) dijet

resonances, (b) same-sign tops and (c) b-rich multi-jet resonances. Red dots denote the R-

parity violating couplings, �00
3jk. The respective conjugated processes are not shown.

they are expected to be the largest in models where flavor symmetries determine a hierarchical

structure of the RPV couplings [13–16]. We note that the cross section for any (right-handed)

up-type squark ũi is the same as for the stop, with the substitution �00
3jk ! �00

ijk
. Down type

squarks could also be produced resonantly, but given the absence of top quarks in the proton

PDF, the only couplings that can be probed are �00
ijk

, i 6= 3. Couplings involving multiple

first-generation quarks are constrained by flavor physics to be well below one [12], so we do

not investigate production via �00
1jk. The couplings �00

2jk are relatively less constrained and

we will shortly discuss their signatures in Section 5, but the cross section will be somewhat

suppressed by the charm quark PDF.

A particular feature of this channel is that production of anti-stops via the couplings �00
312

and �00
313 makes use of valence d quarks, while production of stops needs virtual anti-quarks;

thus, there is an asymmetry between the yield of squarks and anti-squarks. For
p
s = 8 TeV,

the ratio of cross sections �(d̄j d̄k ! t̃ )/�(djdk ! t̃⇤) is in the range 0.1 � 0.4 (as listed in

Table 1) for stop masses in the range 200 GeV � 4 TeV. As expected, anti-stop production

prevails for �00
312,�

00
313 while the ratio for resonant production via �00

323 is nearly one.

2.2 Stop decays and signatures

The decay modes of the stop will in general depend on the detailed superpartner mass spec-

trum and they will include both R-parity conserving and R-parity violating channels. The

RPV decay t̃ ! djdk is always present and corresponds to a dijet resonance, while the R-

parity conserving modes depend on which supersymmetric states are lighter than the stop:

for simplicity we will study simplified models where the only light states are the stop and a

neutralino (including charginos if appropriate). For concreteness, we decouple all the other

superpartners by setting their mass to 10 TeV.

If the stop is the Lightest Supersymmetric Particle (LSP), its decay via o↵-shell neu-

tralinos or gluinos will always be subdominant compared to the direct decay t̃ ! jj. For

a non-LSP stop, the decay modes to neutralinos/charginos will open; the dijet decays will

dominate over other decay channels for large RPV couplings, �00
3jk � 0.1, with the only pos-

sible exception being the decay to a gluino, t̃ ! tg̃ (forbidden in the simplified spectrum).
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Advantage: 

• Because this is single 
production, limits are roughly 
twice as strong as typical pair 
production bounds!


Disadvantage: 

• Because sparticle can decay 
through RPC or RPV couplings, 
decay chain introduced lots of 
model dependence.

Unlike RP-conserving SUSY, in RPV sparticles can be singly produced:
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For L-violating RPV (i.e., LQD and LLE couplings): 

• LLE couplings only relevant for production in future lepton colliders 

• LQD couplings produce sleptons at hadron colliders

• slepton can decay promptly back to dijets

• OR, slepton can cascade decay to LSP, and then 

to dijets.
}
}

Mimics the UDD scenario 
from previous slides

Mimics searches for Z’ 
decaying to dileptons  

and dijets

• Both LQD and LLE together allow for production 
of sleptons in any collider, and then decay to leptons,  
but competition between dijet final state and dilepton 
final state always present.


These searches are highly model-
dependent, with signals depending on 

both spectrum and couplings in a 
multi-dimensional parameter space! λ′�311 = 0.11

λ312 = 0.07

Phys.Rev.D 98 (2018) 092008 [TeV]
τν
∼m

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 B
 [p

b]
σ

5−10

4−10

3−10

2−10
Exp 95% CL with b-veto

σ 1±Expected 
σ 2±Expected 

Exp 95% CL without b-veto
Obs 95% CL with b-veto
Obs 95% CL without b-veto

τν
∼RPV 

ATLAS

µ e→ τν
∼

-1 = 13 TeV, 36.1 fbs

=0.07321λ=312λ=0.11, 311
'
λ λ321 = 0.07
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•Virtual sparticle exchange/deviations in SM processes.

SM

SM

SM

SM

SU
SY

Tree-level exchange of sparticles can generate 
observable deviations in SM processes even for 

sparticle masses too heavy for on-shell 
production. Perfect target for Energy Frontier.

Two simplest processes to consider at hadron colliders:


Drell-Yan scattering thru  operator. 

Dijet production thru  or  operators 

At lepton colliders, both  and  can be probed.

LQd

LQd uud

LLe LQd

In heavy mass/decoupling limit, , for a single coupling .ℳ ∝ λ2/m̃2 λ
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Collider Searches - Virtual RPV

• Each RPV coupling yields multiple processes and multiple effective operators!

Limitations of effective operator approach:

At large masses, this approaches the limit of an effective operator analysis:


• Consider the                    coupling, for                   for all relevant      .

e−

e+u

ū
(λ′�11k)2

m2
d̃R

(LQ)(LQ)

md̃R
≳ 17 TeV (if λ′� = 4π) ⟹ md̃R

≳ 4.8 TeV (if λ′� = 1)

λ′�11k L1Q1dc
k m2

d̃k
≫ Q2 Q2

d~

u

ū

e+

e−

After Fierzing and comparing to LHC results:

• Effective operator is not really “effective” for O(TeV) sparticles.

m̃2 ≫ Q2
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+(d̄kPLdj ν̃i + d̄kPLuj ℓ̃i)]
ℒ = λ′�ijk[(d̄c

j PLνi − ūc
j PLℓi)d̃c

k + (d̄kPLνi d̃j − d̄kPLℓi ũj)
• The Lagrangian for the λ’ term: 

   Dilepton

uc
j `�

ūc
j `+

d̃ck

dk `�

d̄k `+

ũk

 Monolepton

dcj ⌫`

ūc
j `+

d̃ck

Collider Searches - Virtual RPV

Good news: 
Shares most of the same 
systematics, backgrounds, 
etc. with the dim-6 EFT 

analyses in Drell-Yan and 
dijet production.
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An Analysis of LQd at LHC

• Previous work: In two papers we* used DY events from 36 fb-1of data from ATLAS 
to obtain bounds on the 27  couplings and associated squark masses from 
differential cross sections, similar to techniques used by ATLAS and CMS for their 
4-fermion operator analyses.


* = S. Bansal, A. Delgado, CK and M. Quiros 
[Phys Rev D99, 093008 (2019), arXiv:1812.04232] 

[Phys Rev D100, 093005 (2019), arXiv:1906.01063] 

• From existing data, we found bounds on 15 of 27 couplings that are stronger than 
those in literature.  

• Projection for HL-LHC also made, pushing some mass bounds above 10 TeV for 
weak-strength couplings ( ).


• Because no on-shell sparticles are created, these searches continue to gain power 
rapidly with increased luminosity, not just increased energy. 

LQd

λ = 0.64
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Electrons: λ′�1 jkL1QjDc
k

Muons: λ′�2 jkL2QjDc
k

Taus: λ′�3jkL3QjDc
k
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Projected @ 3ab-1

Drell-Yan @ 36fb-1

Existing

λ′� = 0.64Current & Future Limits

Need DY di-tau studies{
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Work to be Done

• This analysis was possible thanks to ATLAS working out their systematics,  
efficiencies, backgrounds, etc, bin-by-bin for most of their DY data.  

• Di-tau final states at HL-LHC have not been estimated.

• To extend to future colliders, estimates of all of these will need to be done.

• But analysis should share most of these with EFT/four-fermion operator analyses.


• The  dijet case is currently being studied by part of Notre Dame group (Bansal, 
Delgado, Kim and Martin). Based on published compositeness limits, current 
bounds on uds and udb interactions should be somewhere around 2-3 TeV for 

. 
  


• The  case for lepton colliders remains to be done. 

• NLO corrections to  and  operators at hadron colliders are probably 
significant — may boost signal rate significantly. 

uud

λ′ �′�11k = 0.64

LLe

LQd udd
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RPV: A Multi-Pronged Approach
Searching for RPV SUSY at the LHC benefits from a multi-prong approach:

( ≲ 10−8 ) :

(10−8 ≲ λ(′�,′�′�) ≲ 0.1) :

( ≳ 0.1) :

• For RPV couplings that are extremely small 

• sparticles are pair produced thru gauge/RPC interactions, 

• cascade down to LSP, and 

• LSPs decay with displaced vertices.


         Searches already underway at ATLAS/CMS, more planned for future.

• For RPV couplings that are moderately small

• Traditional RPV signals, following above, but with prompt LSP decay 

to leptons or jets. 

• For RPV couplings that are sizable

• Search for s-channel production, mimicking Z’ analyses. 


• Doubles mass reach, but very model dependent!

• Study deviations in differential cross sections, à la 4-fermion operator or 
compositeness analyses.

• Model-independent, probing to O(5 TeV) now, O(20 TeV) for HL-LHC. 
• Could potentially be go much higher (or to much smaller couplings) 

with next-generation colliders. 
• Steady improvement in reach not just with  but also  .s ℒint


