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Hidden Sector 
(Break SUSY)

Visible Sector 
(MSSM)

Messengers

It is clear that supersymmetry, if it exists, must be broken at some 
scale

Question

    How is it broken? 
(what scale)

What is the mediation 
mechanism
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scale. A continuous U(1)B−L forbids the renormalizable terms that violate B and L [74, 75], but this
gauge symmetry must be spontaneously broken, since there is no corresponding massless vector boson.
However, if gauged U(1)B−L is only broken by scalar VEVs (or other order parameters) that carry
even integer values of 3(B−L), then PM will automatically survive as an exactly conserved discrete
remnant subgroup [75]. A variety of extensions of the MSSM in which exact R-parity conservation is
guaranteed in just this way have been proposed (see for example [75, 76]).

It may also be possible to have gauged discrete symmetries that do not owe their exact conservation
to an underlying continuous gauged symmetry, but rather to some other structure such as can occur
in string theory. It is also possible that R-parity is broken, or is replaced by some alternative discrete
symmetry. We will briefly consider these as variations on the MSSM in section 11.1.

6.3 Soft supersymmetry breaking in the MSSM

To complete the description of the MSSM, we need to specify the soft supersymmetry breaking terms.
In section 5, we learned how to write down the most general set of such terms in any supersymmetric
theory. Applying this recipe to the MSSM, we have:

LMSSM
soft = −1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.

)

−
(
ũau Q̃Hu − d̃ad Q̃Hd − ẽae L̃Hd + c.c.

)

−Q̃†m2
Q Q̃− L̃†m2

L L̃− ũm2
u ũ

† − d̃m2
d
d̃
†
− ẽm2

e ẽ
†

−m2
Hu

H∗
uHu −m2

Hd
H∗

dHd − (bHuHd + c.c.) . (6.3.1)

In eq. (6.3.1), M3, M2, and M1 are the gluino, wino, and bino mass terms. Here, and from now on,
we suppress the adjoint representation gauge indices on the wino and gluino fields, and the gauge
indices on all of the chiral supermultiplet fields. The second line in eq. (6.3.1) contains the (scalar)3

couplings [of the type aijk in eq. (5.1)]. Each of au, ad, ae is a complex 3× 3 matrix in family space,
with dimensions of [mass]. They are in one-to-one correspondence with the Yukawa couplings of the
superpotential. The third line of eq. (6.3.1) consists of squark and slepton mass terms of the (m2)ji type
in eq. (5.1). Each of m2

Q, m
2
u, m

2
d
, m2

L, m
2
e is a 3 × 3 matrix in family space that can have complex

entries, but they must be hermitian so that the Lagrangian is real. (To avoid clutter, we do not put
tildes on the Q in m2

Q, etc.) Finally, in the last line of eq. (6.3.1) we have supersymmetry-breaking

contributions to the Higgs potential; m2
Hu

and m2
Hd

are squared-mass terms of the (m2)ji type, while b

is the only squared-mass term of the type bij in eq. (5.1) that can occur in the MSSM.§ As argued in
the Introduction, we expect

M1, M2, M3, au, ad, ae ∼ msoft, (6.3.2)

m2
Q, m

2
L, m

2
u, m

2
d
, m2

e , m
2
Hu

, m2
Hd

, b ∼ m2
soft, (6.3.3)

with a characteristic mass scale msoft that is not much larger than 1000 GeV. The expression eq. (6.3.1)
is the most general soft supersymmetry-breaking Lagrangian of the form eq. (5.1) that is compatible
with gauge invariance and matter parity conservation in the MSSM.

Unlike the supersymmetry-preserving part of the Lagrangian, the above LMSSM
soft introduces many

new parameters that were not present in the ordinary Standard Model. A careful count [77] reveals
that there are 105 masses, phases and mixing angles in the MSSM Lagrangian that cannot be rotated
away by redefining the phases and flavor basis for the quark and lepton supermultiplets, and that
have no counterpart in the ordinary Standard Model. Thus, in principle, supersymmetry breaking (as
opposed to supersymmetry itself) appears to introduce a tremendous arbitrariness in the Lagrangian.

§The parameter called b here is often seen elsewhere as Bµ or m2
12 or m2

3.
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Soft breaking terms (RPC)

m2 = cijm̃
2

Is proportional to unity in GMSB,AMSB etc.
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But in Planck scale mediation generically  cij = O(1) 8 i, j

Is there a flavour problem in SUGRA models?



In the WFR case the effective action at the scale M is determined by

W = (Y U
ij + AU

ijX)QiUjHu + (Y D
ij + AD

ijX)QiDjHd

+(Y E
ij + AE

ijX)LiEjHd

K = ϵ−2qiQ†
iQi + CijX

†XQ†
iQj · · · . (2)

Here the factors ϵ−2qi are the wave function renormalisation factors, originating from
the physics between M0 and M , and in the notation suitable for the comparison of the
two approaches. Any order unity flavour mixing in the kinetic terms at the scale M0

has already been rotated away. After rescaling of the wave functions Qi → ϵqiQi, etc
(also including the possiblity of rescaling of the Higgs fields), the effective action in the

WFR case is given by

W = ϵqi+uj+hu(Y U
ij + AU

ijX)QiUjHu + ϵqi+dj+hd(Y D
ij + AD

ijX)QiDjHd

+ϵli+ej+hd(Y E
ij + AE

ijX)LiEjHd

K = Q†
iQi + Cijϵ

qi+qjX†XQ†
iQj · · · . (3)

The comparison of the two approaches is immediate. For the two models to give

identical predictions for Yukawa couplings at the high scale the parameters of the
supersymmetric WFR models are fixed in terms of the charge assignment in the FN

models. However, since the wave function renormalisation does not distinguish between
particles and antiparticles, the suppression of sfermion masses is much stronger in the
WFR case. Similar observation in the non-SUSY case has been made in [22]. Actually

the class of FN models which really compare directly to WFR models are the ones
with only one U(1)X , positive charges and with only one familon field of negative

charge breaking it, such that all Yukawas are generated by holomorphic couplings to
the familon.

For any comparison with experimental data we have to be in the basis where the

quark mass matrices are diagonal. Since the main experimental constraints come from
the down quark sector it is very convenient to remain in an electroweak basis (for

explicit SU(2)×U(1) gauge invariance) but the one in which the down quark Yukawa
matrix is diagonal. Thus, the scalar field terms in the Lagrangian are subject to
(appropriate) left and right rotations that diagonalise down quark Yukawa matrix.

Such rotations, acting on the off-diagonal terms in the sfermion mass matrices do not
change their leading suppression factors (powers of ϵ) but generically are the source

of additional contributions to the off-diagonal terms coming from the splitting in the
diagonal entries. For FN models, the two obvious sources of the diagonal splitting are

5

Addressing the fermion flavour problem in SUSY can lead 
to flavourful soft masses (Supergravity)

This can arise in..

Warped extradimensional  
models with SUSY

Soft breaking masses in such models become

Strong WFR models

m̃2
ij ' ✏ci+cjm̃2

3/2
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Other Examples where flavourful soft terms can arise

Messenger-Matter Mixing in GMSB (extended due to small A terms)

Supersymmetric FN models (Similar to WFR models) 

Extra-dimensional models

See-saw extensions of SUSY
(Borzumati Masiero, Hall Kostelecky Raby, Masiero Vempati Vives)

Fuks Herrman Klassen, Shadmi Szabo, Calibbi Paradisi Ziegler

Nomura Papucci Stolarski

Feng Lester Nir Shadmi
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But where are the sleptons?

To find LFV in  SUSY we must first find leptons



Before we hope to see a flavour violating decay we must 
first see a flavour conserving decay of sleptons.

Not here!!

24 9 Interpretations of the searches

with equal probability into all three lepton flavors, as expected for èL;
• the “t-enriched” scenario: the chargino decays exclusively to a t lepton as expected

for èR, while the neutralino decays democratically;
• the “t-dominated” scenario: the chargino and neutralino both decay only to t lep-

tons.

Figure 12 displays the results from the three-lepton search, interpreted in the flavor-democratic
scenario. The figure depicts the 95% CL upper limit on the cross section times branching frac-
tion in the mec0

1
versus mec0

2
(=mec±

1
) plane. The 50% branching fraction to three leptons is taken

into account. The upper limit on the cross section times branching fraction generally becomes
more stringent with the increasing mass difference between the chargino or heavy neutralino
and the LSP. A drop in sensitivity is observed in the region where this mass difference leads to
dilepton pairs with invariant masses close to that of the Z boson, and is caused by a higher rate
for the WZ background.

The corresponding results for the combination of the SS dilepton and three-lepton searches are
shown in Fig. 13 for two values of xè (0.05 and 0.95).
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Figure 12: Interpretation of the results of the three-lepton search in the flavor-democratic sig-
nal model with slepton mass parameter xè = 0.5. The shading in the mec0

1
versus mec0

2
(= mec±

1
)

plane indicates the 95% CL upper limit on the chargino-neutralino production cross section
times branching fraction. The contours bound the mass regions excluded at 95% CL assum-
ing the NLO+NLL cross sections for a branching fraction of 50%, as appropriate for the visi-
ble decay products in this scenario. The observed, ±1stheory observed, median expected, and
±1sexperiment expected bounds are shown.

Figure 14 presents the corresponding limits for the t-enriched scenario and Fig. 15 for the t-
dominated scenario. For the xè = 0.50 scenario, all three leptons are produced with significant
values of pT. As a consequence, the trilepton analysis is more sensitive than the SS dilepton
search, for which the limit contours are omitted in Figs. 12, 14(upper right), and 15. For the
other limit curves in Figs. 13-15, the increase in the combined mass limit due to incorpora-
tion of the SS dilepton search occurs in the experimentally challenging region where the two
neutralinos have similar masses.

For the models with xè = 0.05 (Figs. 13(left) and 14(upper left)), the decay et ! tec0
1 is not

kinematically allowed for signal scenarios with mec±
1

� mec0
1

< 20mt. Therefore, in this region,
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(a) ℓ̃L-mediated simplified model
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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the colliders are identified in this section. In Section III we explain our choice of OFOS and SFSS

combination to extract the signal with a detailed description of the simulation. The results of the

simulation for the background and the representative points for the signal events are presented.

In Section IV we show regions of the parameter space which can be probed at the LHC Run 2

experiment in the near future. We conclude in Section V.

II. MODEL PARAMETRIZATION

In this section we introduce the basic model set-up and related parameters necessary to describe

LFV. In order to reduce the dependence on many parameters, we consider a simplified SUSY model

(SMS) approach with only left handed sleptons, wino and a bino while decoupling the rest of the

spectrum. The µ term is assumed to be ⇠ 1 TeV to make the neutralino/chargino dominantly

composed of gauginos with a very small higgsino component. In this case, the mass of �0
2, the second

lightest neutralino and �±
1 , the lightest chargino, are roughly the same as ⇠ M2, the mass of the

SU(2) gauginos. The lightest neutralino �0
1, which is assumed to be the lightest supersymmetric

particle (LSP) has mass ⇠ M1, same as the mass of the U(1) gaugino.

For the slepton sector we focus on the flavour violation in the left handed sector making the

right handed sleptons very heavy and set the left-right chiral mixing in the slepton mass matrix

to be negligible. For simplicity, we assume only two generations. With these assumptions, the left

handed slepton mass matrix in the basis l
F

⌘ (ẽ
F

, µ̃
F

) is given as,

m̃2 =

2

4m
2
L11

m2
L12

m2
L12

m2
L22

3

5 , (1)

where F denotes the flavour basis (SUPER CKM) for the sleptons. In this basis the flavour

violating parameter �12 is parametrised as [20, 61],

�12 =
m2

L12q
m2

L11
m2

L22

. (2)

Naturally, this flavour violating parameter �12 is coupled to the rates corresponding to flavour

violating rare decays in the first and second generation lepton sector. Hence an upper bound on

this parameter exists due to non-observations of these rare decays like µ ! e� [63], µ�e conversion

[64] and µ ! eee [65].

In order to obtain the mass eigenvalues of the sleptons, the matrix in Eq.1 can be rotated into

4
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The flavour violating parameter is defined  

This is an accurate description of flavour violation in the 
Mass Insertion Approximation (MIA)

lF ⌘ (ẽF , µ̃F )Slepton mass matrix in the basis is given as
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a diagonal form by an angle ✓ given by,

sin 2✓ =
2m2

L12

m2
L2

�m2
L1

, (3)

where m2
Li

are the eigenvalues. It can be related to the flavour violating parameter �12 as,

�12 =
sin 2✓(m2

L2
�m2

L1
)

2m2
L

(4)

where m
L

=
mL1+mL2

2 . The structure of the mass matrix, Eq.1 allows for the possibility of

flavour oscillations similar to neutrino flavour oscillations. The probability P (ẽ
F

! µ) of a flavour

eigenstate ẽ
F

decaying into a muon is given by [43],

P (ẽ
F

! µ) = sin2 2✓
(�m2)2

4m̄2�2 + (�m2)2
BR(µ̃ ! µ),

⇠ sin2 2✓ BR(µ̃ ! µ) for � ⌧ �m2, (5)

with �m2 = m2
L2

�m2
L1
. The above expression can be re-expressed in terms of the parameter �12

from Eq.4. Thus the branching ratio for the flavour violating decay, �0
2 ! e ẽ ! e µ �0

1 can be

computed as,

BR(�0
2 ! e µ �0

1) = B
LFV

BR(�0
2 ! ẽ e) BR(ẽ ! e�0

1) + e $ µ (6)

Here the suppression factor due to flavour violation is given by,

B
LFV

= sin2 2✓ =

✓
m

L

�12
�m12

◆2

, (7)

where �m12 = m
L2 �m

L1 .

As mentioned before, bounds on �12 and hence B
LFV

can be obtained by taking into account

the experimental upper limit on the BR(µ ! e�) < 5.7 ⇥ 10�13 [63]. The higher dimensional

operator contributing to this process is parametrized as [66],

L
FV

= e
m

l

2
ē �

↵�

(A
L

P
L

+A
R

P
R

) µ F↵� , (8)

where the model dependence is captured by the Wilson coe�cients A
L,R

. The branching ratio for

this process is then given by [66],

BR(µ ! e�) =
48⇡3

G2
F

�
|A

L

|2 + |A
R

|2
�
. (9)

In our considered model, A
R

⌘ 0, as the right handed sleptons are assumed to be very heavy.

A
L

on the other hand receives three contributions due to chargino, neutralino and bino mediated

diagrams and is given as [66],

A
L

=
�12
m2

L

✓
↵
Y

4⇡
f
n

✓
M2

1

m2
L

◆
+

↵
Y

4⇡
f
n

✓
M2

1

m2
L

◆
+

↵2

4⇡
f
c

✓
M2

2

m2
L

◆◆
(10)

5

In the MIA the flavour violating parameter is 

Rotates sleptons from flavour basis to mass basis 

Larger �12 are compatible with larger masses since  

B.R.(µ ! e�) / �12
m̃4

L

Large masses are however accompanied by corresponding 
reduction in production cross-section
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FIG. 1. The full vs. MIA results for BR(µ ! e�) in the simplified models considered in this paper
as a function of the normalized mass-splitting �m/m.

reasonably accurate up to mass splitting of order �m/m . 0.5, while they underestimate
the result for larger mass splittings.

IV. SIMPLIFIED MODELS: LFV VERSUS LHC BOUNDS

In this Section, we analyze the implications of the current CLFV bounds for di↵erent sim-
plified models, and display the excluded regions together with the results of LHC searches
for sleptons and charginos/neutralinos. The latter assume flavor-blind sleptons, with de-
generate selectrons and smuons, and no flavor mixing4. In this section, we simply display
the limits from CLFV experiments together with the LHC limits. In the next section, we
discuss the possible e↵ects of relaxing the assumption of flavor blind sleptons, and address
the impact of large inter-generation mixing, or mass splittings, on LHC searches.

For simplicity, we restrict ourselves to models defined by at most three mass scales. We
denote each model by the light superpartners it contains. For example, in è

R
eB models, the

only superpartners are right-handed sleptons and a Bino-like lightest neutralino. All other
sleptons, neutralinos and charginos are assumed to be very heavy, so that they are beyond
the reach of the LHC, and furthermore, their contributions to the various dipole transitions
can be neglected. The latter is a much stronger assumption. Indeed, the cross sections
for producing heavy superpartner pairs fall very fast with the superpartner mass, whereas
the contributions of heavy superpartners to CLFV processes decouple more slowly. We will
address this point in detail at the end of this Section, and show the parameter ranges for
which the simplified expressions of each model represent a good approximation of the full
amplitude of the CLFV processes.

4 A notable exception is [49], where separate limits on the selectron and smuon masses are shown in the

auxiliary plots.

7

Validity of the mass insertion approximation

�12 = sin 2✓
�m

mL
where

�m = mL2 �mL1

Calibbi et al. 2015
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Physics of lepton flavour oscillations

In the presence of additional scalars there are seven 
additional scalar mixing matrices. (Wa)ij

(Wa)ijf̃i
fj

�0
1

This vertex can contribute to  
direct and indirect processes .

(Wa)ijA non zero opens up the 

possibility of slepton flavour 

oscillations

generations. Further details of this case, and the reach for flavor violation involving the tau,
will be given in a subsequent paper [3].

If WeL,eR12
are comparable to the Cabibbo angle, then the rate for µ → eγ is typically

four orders of magnitude above the experimental bound; this is part of the well-known
supersymmetric flavor changing problem [4]. It is solved by having considerable degeneracy
between the superpartners ẽ and µ̃, leading to a superGIM cancellation in the amplitude
for µ → eγ. The near degeneracy of ẽ and µ̃, together with their mass mixing, which
results in non-zero WeL,eR12

, implies that the direct production of ẽ and µ̃ results in lepton
flavor oscillations, analogous to strangeness oscillations and neutrino oscillations. Unlike the
neutrino case, however, ẽ and µ̃ decay very quickly, and hence the relevant signal is the time
integrated one. Nevertheless, the reach of an experiment is best described by plotting event
rate contours in the (sin 2θ, ∆m2) plane [5].

The gauge eigenstate scalars |ẽ⟩, |µ̃⟩ are related to the mass eigenstate scalars |1⟩, |2⟩ via

|ẽ⟩ = + cos θ|1⟩ + sin θ|2⟩
|µ̃⟩ = − sin θ|1⟩ + cos θ|2⟩ , (2)

where sin θ = W12. Suppose that at time t = 0 we produce a gauge eigenstate selectron in
an e–e collision: |ψ(0)⟩ = |ẽ⟩. The state at time t is

|ψ(t)⟩ = cos θe−
Γ

2
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where we have neglected the difference between the widths of the two mass eigenstates and
set them equal to Γ. The probability P (ẽ → fµ) that the gauge eigenstate selectron decays
into the final state containing a muon, fµ, is

P (ẽ → fµ) =

∫ ∞
0 dt|⟨µ̃|ψ(t)⟩|2

∫ ∞
0 dt⟨ψ(t)|ψ(t)⟩

× B(µ̃ → fµ)

= 2 sin2 θ cos2 θ
(∆m2)2

4m̄2Γ2 + (∆m2)2
× B(µ̃ → fµ) , (4)

where ∆m2 = m2
1 − m2

2, m̄ = (m1 + m2)/2, and B(µ̃ → fµ) is the branching fraction for
µ̃ → fµ. The term depending on ∆m2 is the quantum interference factor neglected in [5].
Note that when ∆m2 ≫ m̄Γ, this factor becomes 1 and the interference effect can be ignored.
However, when ∆m2 ≪ m̄Γ, the factor goes to zero and the interference effect cannot be
neglected. Γ is typically much smaller than m̄: for instance, if the only decay mode for
a gauge eigenstate right-handed selectron is ẽ → eχ̃0, where χ̃0 the lightest neutralino,

Γ/m̄ = α
2 cos2 θW

(

1 − m2
χ̃0/m̄2

)2

∼ 0.01. Thus, as long as ∆m2/m̄2 > 0.01, there is no

interference suppression of the flavor changing process. However, B(µ → eγ) constrains the
product sin θ cos θ∆m2/m̄2 to be (roughly) less than ∼ 0.01, so there is competition between
these different probes of flavor violation.

We have calculated the cross sections for the flavor-violating processes e+e− → e±µ∓χ̃0χ̃0

and e−e− → e−µ−χ̃0χ̃0. In calculating these cross sections, we have correctly treated the

Mass Eigenstates 

Mixing angle

(i 6= j)
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Gauge eigenstate slectron ẽ
 produced at t=0

| (0)i = ẽ
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generations. Further details of this case, and the reach for flavor violation involving the tau,
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|ẽ⟩ = + cos θ|1⟩ + sin θ|2⟩
|µ̃⟩ = − sin θ|1⟩ + cos θ|2⟩ , (2)

where sin θ = W12. Suppose that at time t = 0 we produce a gauge eigenstate selectron in
an e–e collision: |ψ(0)⟩ = |ẽ⟩. The state at time t is
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P (ẽ → fµ) =

∫ ∞
0 dt|⟨µ̃|ψ(t)⟩|2

∫ ∞
0 dt⟨ψ(t)|ψ(t)⟩

× B(µ̃ → fµ)

= 2 sin2 θ cos2 θ
(∆m2)2

4m̄2Γ2 + (∆m2)2
× B(µ̃ → fµ) , (4)

where ∆m2 = m2
1 − m2

2, m̄ = (m1 + m2)/2, and B(µ̃ → fµ) is the branching fraction for
µ̃ → fµ. The term depending on ∆m2 is the quantum interference factor neglected in [5].
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these different probes of flavor violation.

We have calculated the cross sections for the flavor-violating processes e+e− → e±µ∓χ̃0χ̃0

and e−e− → e−µ−χ̃0χ̃0. In calculating these cross sections, we have correctly treated the

a diagonal form by an angle ✓ given by,

sin 2✓ =
2m2

L12

m2
L2

�m2
L1

, (3)

where m2
Li

are the eigenvalues. It can be related to the flavour violating parameter �12 as,

�12 =
sin 2✓(m2

L2
�m2

L1
)

2m2
L

(4)

where m
L

=
mL1+mL2

2 . The structure of the mass matrix, Eq.1 allows for the possibility of

flavour oscillations similar to neutrino flavour oscillations. The probability P (ẽ
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As mentioned before, bounds on �12 and hence B
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can be obtained by taking into account

the experimental upper limit on the BR(µ ! e�) < 5.7 ⇥ 10�13 [63]. The higher dimensional
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5

This factor is ~ 1 for mL� ⌧ �m2

We work in this limit to 
`maximise’  the oscillation 

probability

Question#1: What is the mixing 
angle required to get the desired 

sensitivity to this decay and 
consistent with flavour bounds. 

Answer later!!

Arkani Hamed, Cheng, Feng, Hall. 1996
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In a model with flavour violation the slepton can decay in

flavour 
conserving 

mode 

flavour violating 
mode could act as

Standard techniques employed to distinguish SM 
background from the slepton discovery signal may not be 

very effective
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Slepton production in Drell Yan process

where the BR on the right-side of the above equation is in the absence of mixing. Here l is either

e or µ. This result applies for χ0
2 decays to real sleptons, i.e., for mχ0

2
> ml̃. For mχ0

2
< ml̃,

there is an additional suppression of (∆m)/m in the decay amplitude due to the supersymmetric

analog of the Glashow-Iliopoulos-Maiani (GIM) cancellation as in the case of µ → eγ, resulting

in negligible eµ signal. So an observable eµ signal requires the production of real sleptons 7.

2 Slepton Production by Drell-Yan Process

One way to produce sleptons at a hadron collider is through the Drell-Yan process:

p p(or p̄)
γ,Z→ l̃∗ l̃ → l+l−χ0

1χ
0
1. (10)

Thus the production of sleptons is identified by events with no jets, 2 hard isolated leptons and

̸ pT , assuming that χ0
1 is stable or decays outside the detector. These events will be referred to

as “flavor conserving” dilepton events.

There is a SM background to the signal from W+W− and t̄t production. These backgrounds

are known, in principle. In [7] a set of kinematic cuts on the leptons, as well as a jet–veto, are

found which sufficiently reduce these backgrounds. These cuts reduce the signal as well – of

course, the reduction is much more for the background.

There is also a SUSY background from pp → χ+χ− → W+W−χ0
1χ

0
1. This background de-

pends on the model–dependent χ+χ− production cross section. But, for supergravity motivated

parameter choices with mq̃ ≈ mg̃, this background can be sufficiently reduced by using the same

cuts used to remove the SM background [7]. For example, from the analysis of [7] (see Table III

of [7]) with 10 (fb)−1 and for a slepton mass ∼ 100 GeV there are ∼ 20 signal events with no

background events remaining after the cuts.

Actually, a clever method [5] for detecting the sleptons is to form the asymmetry AF =

N(e+e− + µ+µ−)−N(e+µ− + e−µ+). The background does not contribute to AF , so a non-zero

value would provide evidence for slepton production.

In the lepton flavor mixing case the pair production of sleptons will produce eµ events with

̸ pT – these events will be referred to as “flavor violating” dilepton events. The background to

this signal is from the same sources as for the flavor conserving dilepton signal (with the same

rate) as well as from τ̃ τ̃ ∗ production followed by leptonic decays of τs.

The detection of SUSY lepton flavor violation using the above flavor violating dilepton events

for the CMS detector at the LHC was studied in references [4, 5] for the case of maximal mixing

(θ = π/4). With the mixing angle being maximal, the flavor violating dilepton signal rate is

high; see Eqn.(5) (assuming x ∼ 1). In fact, the number of flavor conserving and flavor violating

events from slepton production in this case are the same and each is equal to one half the signal

7Alignment models with ∆m ∼ m are not considered here since sin θ ∼ O(10−2).
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The SM backgrounds can be reduced using kinematic cuts 
on leptons and jet veto
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̸ pT , assuming that χ0
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are known, in principle. In [7] a set of kinematic cuts on the leptons, as well as a jet–veto, are

found which sufficiently reduce these backgrounds. These cuts reduce the signal as well – of

course, the reduction is much more for the background.

There is also a SUSY background from pp → χ+χ− → W+W−χ0
1χ

0
1. This background de-

pends on the model–dependent χ+χ− production cross section. But, for supergravity motivated

parameter choices with mq̃ ≈ mg̃, this background can be sufficiently reduced by using the same

cuts used to remove the SM background [7]. For example, from the analysis of [7] (see Table III

of [7]) with 10 (fb)−1 and for a slepton mass ∼ 100 GeV there are ∼ 20 signal events with no

background events remaining after the cuts.

Actually, a clever method [5] for detecting the sleptons is to form the asymmetry AF =

N(e+e− + µ+µ−)−N(e+µ− + e−µ+). The background does not contribute to AF , so a non-zero

value would provide evidence for slepton production.

In the lepton flavor mixing case the pair production of sleptons will produce eµ events with

̸ pT – these events will be referred to as “flavor violating” dilepton events. The background to

this signal is from the same sources as for the flavor conserving dilepton signal (with the same

rate) as well as from τ̃ τ̃ ∗ production followed by leptonic decays of τs.

The detection of SUSY lepton flavor violation using the above flavor violating dilepton events

for the CMS detector at the LHC was studied in references [4, 5] for the case of maximal mixing

(θ = π/4). With the mixing angle being maximal, the flavor violating dilepton signal rate is

high; see Eqn.(5) (assuming x ∼ 1). In fact, the number of flavor conserving and flavor violating

events from slepton production in this case are the same and each is equal to one half the signal

7Alignment models with ∆m ∼ m are not considered here since sin θ ∼ O(10−2).

4

SUSY Background:
Reduction is model dependent

AF = N(e+e� + µ+µ�)�N(e+µ� + µ+e�)Asymmetries like
could be useful but depends on chargino production cross-

section

zero for 
charginos!!

Agashe, Graesser ’99, Hisano et al. ‘99
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background from WW production is 9920 for the same set of cuts. Thus a 5σ signal (requiring

S/
√

B > 5) is possible only for sin θ
>∼ 0.4. Since this signal was obtained for a 24 GeV LSP,

only larger angles will be probed for larger LSP masses (since the leptons will be softer in that

case). For sleptons heavier than 100 GeV the prospects for detecting small mixing angles are

clearly worse.

Thus, in the situation where the SUSY background is known to be small, e.g. if an appropriate

set of cuts for a more general spectrum can separate the chargino background from the signal,

then the flavor violating dilepton events from Drell–Yan production of sleptons is a promising

signal for the detection of flavor violation in the case of large mixing angles. Otherwise, it is

important to look for other discovery channels for slepton flavor violation.

3 Slepton Production in Cascade Decays

The other way to produce sleptons is through the cascade decays of gluinos and squarks. At the

LHC, the production cross sections of squarks and gluinos are much larger than the Drell-Yan

production of sleptons, neutralinos, and charginos. So, a larger production of sleptons (if they

are light) is expected in the cascade decays than from direct Drell-Yan production. In a generic

SUSY event, the production of two real (or virtual from gluino decay) squarks will be followed by

their cascade decays ultimately to the LSP through intermediate electroweak sparticles (sleptons,

charginos, neutralinos). Assuming for simplicity that the spectrum is gaugino-like, i.e., χ0
2 ≈ W̃3,

χ+
1 ≈ W̃+ and χ0

1 ≈ B̃, the following squark decays are obtained:

BR(q̃R → qχ0
1) ≈ 1,

BR(q̃L → qχ0
2) ≈

1

3
,

BR(q̃L → q′χ+,−
1 ) ≈

2

3
. (11)

Thus, a typical SUSY event is:

pp → g̃g̃, g̃q̃ → q̃q̃

→ χEWχ′

EW + X, (12)

with χEW , χ′
EW one of χ0

1,2, χ+,−
1 .

3.1 Dilepton Events

If one of the squarks decays to χ0
2 followed by the decay of χ0

2 to a slepton (if BR(χ0
2 → l̃l) is

significant) a large number of eµ events in the presence of lepton flavor mixing (see Eqns.(6) and

(9)) is obtained. These events also have at least 2 high pT jets and large ̸pT .

6

Slepton production in Cascade decays

Dilepton events 4 lepton events 3 lepton events

pp ! g̃g̃, g̃q̃ ! q̃q̃
! �EW�0

EW +X

eµ+ 2 j + pmiss
T

�+��
background

�+�0
2 �+�0

2�0
2�

0
2

(Cascade or direct)

(3e+ µ or 3µ+ e) + 2j + pmiss
T Our scenario!

No jets and OFOS and 
SFSS

direct production
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Simplified model is composed of electro-weakinos, left 
handed sleptons

Rest of spectrum is considered to the very massive.

This model affects the L-L mixing in the lepton sector.

µThe term is ~ 1 TeV to make the �0
2/�

±
1 predominantly  

gaugino like and reduce the higgsino component  

Sleptons are produced from 
cascade in direct  �

0
2/�

±
1 production

Events are characterised 
 by 3 leptons in the  
final state

No jets and large 
 Missing energy 
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Simplified Model



Mass Parametrisation
The mass of �0

2 is M2 (Predominantly Wino like)

The slepton masses are chosen such that they are always 
produced on-shell M1 < m̃L < M2

is defined to be arithmetic mean of the slepton mass 
eigenstates

m̃L

Valid approximation in 
the MIA 

The LSP is �0
1 with mass M1 =

M2

2
(Predominantly Bino like)
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Constraints from flavour experiments

Mixing between the first two generation leptons is 
constrained due to non-observation of  µ ! e�

Prospects of observing the flavour violating decay should be 
consistent with the current bounds on the non-observation 

of the rare process(es)
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For the given model since the right handed leptons are massive AR ⇠ 0

ALThe left handed amplitude due to the three contributions is given as 

In this model chirality flip occurs only on the external lines!!

NO µ tan�or dependance 
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FIG. 1: Region satisfying Eq.11 and 12 (green), while the orange regions satisfy the µ ! e� constraint

for �12 = 0.1. The blue regions are allowed by the upper bound on BR(µ ! e�) for �12 = 0.01 (left) and

�12 = 0.02 (right). Units of mass are in GeV.

FIG. 2: Contours of BLFV for �12=0.01 (left) and �12 = 0.02 (right). The horizontal blue line is excluded

by BR(µ ! e�) for �12 = 0.01 (left) and �12 = 0.02 (right). The units of mass are in GeV.

III. SIGNAL AND BACKGROUND SIMULATIONS

As mentioned in the introduction, we probe the signal of LFV in slepton decay producing it via

cascade decays of sparticles which are produced in proton-proton collisions at the LHC. Here we

7
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Signal Characteristicsfocus on �±
1 �

0
2 production which eventually leads to a tri-lepton final state as,
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(13)

where i, j denote flavour indices (e, µ). The flavour violating vertex causes the decay of a slepton

(l̃
i

), coming from �0
2 decay, in Eq.13, into a lepton of flavour l

j

with i 6= j. It is clear from the

above process that the signature of LFV is the presence of 3 leptons of which 2 leptons are with

opposite flavour and opposite sign (OFOS) in addition to missing energy (/E) due to the presence

of two LSP and neutrino. The leptons with OFOS originate from �0
2 decay while the third lepton

comes from the �±
1 decay. Thus, following this decay scenario, it is possible to have 8 combinations

of tri-leptons, each having at least one OFOS lepton pair as,

e+e+µ� ; e�e�µ+ ;µ�e+µ� ;µ+e�µ+

e+e�µ+ ; e�e+µ� ;µ+e+µ� ;µ�e�µ+. (14)

On the other hand, the pair production of �±
1 �

0
2 will also give rise to tri-lepton final state with a

flavour conserving decay of �0
2 i.e. �0

2 ! l+l��0
1. Note that this flavour conserving decay scenario

also results in 8 combinations of tri-lepton final state given as

e+µ+µ� ; e�µ+µ� ;µ�e+e� ;µ+e+e�

µ+µ+µ� ; e�e+e� ; e+e+e� ;µ�µ�µ+ (15)

out of which four combinations of OFOS exist as seen in the first line of Eq.15. It is clearly

a potential background corresponding to the signal channel in Eq.14 and expected to have the

same rate as signal. However, a closer look at these two final states in Eq.14 and 15 reveals a

characteristic feature. For example, in the case of signal, out of the 8 combinations of tri-leptons

with OFOS combinations, notice that four combinations shown in the first line in Eq.14, also possess

a pair of leptons with same flavour and same sign (SFSS) which are absent in the background final

states, shown in Eq.15. The rest of the states with OFOS combination in Eq.14 are identical to

the final states given in Eq.15. We exploit this characteristic feature to extract the LFV signal

events out of all three lepton events including all backgrounds. Thus our signal is composed of

three leptons having combinations of both OFOS and SFSS together, which is an unambiguous

and robust signature of LFV in SUSY. Note that while choosing a clean signature of LFV decay

in SUSY, we pay a price by a factor of half as is clear from Eq.14. However, this specific choice of

8

Final State

3 leptons No jets

Large missing energyAtleast one lepton pair with OFOS

These characteristics are not enough to get a significant sensitivity of the 
signal over the background 
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differentiate between the flavour 

violating and conserving decays?
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1

1 Introduction
Many searches for supersymmetry (SUSY) [1–5] carried out at the CERN Large Hadron Collider
(LHC) have focused on models with cross sections dominated by the production of strongly in-
teracting new particles in final states with high levels of hadronic activity [6–17]. Null results
from these searches constrain the squarks and gluinos to be heavier than several hundred GeV.
In contrast, in this paper, we describe searches motivated by the direct electroweak production
of charginos ec± and neutralinos ec0, mixtures of the SUSY partners of the gauge and Higgs
bosons, and of sleptons è, the SUSY partners of leptons. These production modes may domi-
nate at the LHC if the strongly interacting SUSY particles are heavy. The corresponding final
states do not necessarily contain much hadronic activity and thus may have eluded detection.

The smaller cross sections typical of direct electroweak SUSY production require dedicated
searches targeting the wide variety of possible signal topologies. Depending on the mass spec-
trum, the charginos and neutralinos can have significant decay branching fractions to leptons
or W, Z, and Higgs bosons (H), yielding final states with at least one isolated lepton. Simi-
larly, slepton pair production gives rise to final states with two leptons. In all these cases, and
under the assumption of R-parity conservation [5], two stable, lightest SUSY particles (LSP)
are produced, which are presumed to escape without detection, leading to significant missing
transverse energy Emiss

T . We thus search for SUSY in a variety of final states with one or more
leptons and Emiss

T .

The searches are based on a sample of proton-proton (pp) collision data collected at
p

s = 8 TeV
with the Compact Muon Solenoid (CMS) detector at the LHC in 2012, corresponding to an
integrated luminosity of 19.5 fb�1. The study is an update of Ref. [18], with improvements to
the analysis techniques and the addition of new signal scenarios and search channels. Similar
studies in the two-lepton, three-lepton, and four-lepton final states have been performed by the
ATLAS Collaboration [19–21]. The new-physics scenarios we consider are shown in Figs. 1–3.
These figures are labeled using SUSY nomenclature, but the interpretation of our results can
be extended to other new-physics models. In SUSY nomenclature, ec0

1 is the lightest neutralino,
presumed to be the LSP, ec0

2 is a heavier neutralino, ec±
1 is the lightest chargino, and è is a slepton.

We also consider a model in which the gravitino (eG) is the LSP.
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Figure 1: Chargino-neutralino pair production with decays mediated by sleptons and sneutri-
nos, leading to a three-lepton final state with missing transverse energy Emiss

T .

The results are interpreted considering each diagram in Figs. 1–3 individually. The masses of
the new-physics particles are treated as independent parameters. SUSY models with a bino-
like ec0

1 and wino-like ec0
2 and ec±

1 motivate the simplifying assumption mec ⌘ mec±
1
= mec0

2
since

these two gauginos belong to the same gauge group multiplet. We thus present results as a
function of the common mass mec and the LSP mass mec0

1
.

In the models shown in Figs. 1 and 3(left), the slepton mass mè is less than the common mass mec,
and the sleptons are produced in the decay chains of the charginos and neutralinos. The results
in these scenarios also depend on the mass mè of the intermediate slepton (if left-handed, taken

2 1 Introduction
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Figure 2: Chargino-neutralino production, with the chargino decaying to a W boson and the
LSP, and with the neutralino decaying to (left) a Z boson and the LSP or (center) a Higgs boson
and the LSP; (right) a GMSB model with higgsino pair production, with c̃i and c̃j indicating
nearly mass-degenerate charginos and neutralinos, leading to the ZZ + Emiss

T final state.
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Figure 3: (left) Chargino, and (right) slepton pair production leading to opposite-sign lepton
pairs with Emiss

T .

to be the same for its sneutrino en), parametrized in terms of a variable xè as:

mè = men = mec0
1
+ xè (mec � mec0

1
), (1)

where 0 < xè < 1. We present results for xè = 0.50, i.e., the slepton mass equal to the mean
of the LSP and the ec masses, and in some cases for more compressed spectra with xè = 0.05
or 0.95, i.e., the slepton mass close to either the LSP or the ec mass, respectively.

For the models in Fig. 2, we assume that sleptons are so massive that diagrams containing vir-
tual or real sleptons in the chargino or neutralino decay process can be ignored. In Figs. 2(left)
and 2(center), the chargino decays to a W boson and the LSP, while the neutralino may decay
either to a Z or H boson and the LSP, with branching fractions that depend on model details.
The H boson is identified with the lightest neutral CP-even state of extended Higgs sectors.
The H boson is expected to have SM Higgs boson properties if all other Higgs bosons are much
heavier [22]. We thus search in both the WZ + Emiss

T and WH + Emiss
T signatures. There is little

sensitivity to the ZZ channel of Fig. 2(right) if the ec0
2 and ec±

1 are wino-like, in which case neu-
tralino pair production is suppressed relative to neutralino-chargino production. Therefore,
for the ZZ signature, we consider a specific gauge-mediated supersymmetry breaking (GMSB)
model with higgsino next-to-lightest SUSY particles (NLSP) and a gravitino LSP [23–25], which
enhances the ZZ+ Emiss

T production rate. In this model, the ec0
2 and ec±

1 particles are nearly mass
degenerate with the ec0

1 NLSP, and each decay to the ec0
1 through the emission of low-pT, unde-

tected SM particles. The ec0
1 then decays to a Z boson and the gravitino LSP. The production of

the HH + Emiss
T and ZH + Emiss

T final states is also possible in the GMSB model, depending on
the character of the NLSP. These latter two final states are not considered in the current study.

Figure 3(left) depicts chargino pair production. For this process, each chargino can decay via
either of the two modes shown. Thus, there are four different decay pairs, but all yield a similar
final state, with two opposite-sign leptons and Emiss

T . For this model, we consider xè = 0.5 only.
Figure 3(right) illustrates slepton pair production, where each slepton decays to a lepton of the
same flavor and to the LSP. We consider left- and right-handed slepton production separately,

SUSY Backgrounds
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and robust signature of LFV in SUSY. Note that while choosing a clean signature of LFV decay

in SUSY, we pay a price by a factor of half as is clear from Eq.14. However, this specific choice of
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where i, j denote flavour indices (e, µ). The flavour violating vertex causes the decay of a slepton

(l̃
i

), coming from �0
2 decay, in Eq.13, into a lepton of flavour l

j

with i 6= j. It is clear from the

above process that the signature of LFV is the presence of 3 leptons of which 2 leptons are with

opposite flavour and opposite sign (OFOS) in addition to missing energy (/E) due to the presence

of two LSP and neutrino. The leptons with OFOS originate from �0
2 decay while the third lepton

comes from the �±
1 decay. Thus, following this decay scenario, it is possible to have 8 combinations

of tri-leptons, each having at least one OFOS lepton pair as,

e+e+µ� ; e�e�µ+ ;µ�e+µ� ;µ+e�µ+

e+e�µ+ ; e�e+µ� ;µ+e+µ� ;µ�e�µ+. (14)

On the other hand, the pair production of �±
1 �

0
2 will also give rise to tri-lepton final state with a

flavour conserving decay of �0
2 i.e. �0

2 ! l+l��0
1. Note that this flavour conserving decay scenario

also results in 8 combinations of tri-lepton final state given as

e+µ+µ� ; e�µ+µ� ;µ�e+e� ;µ+e+e�

µ+µ+µ� ; e�e+e� ; e+e+e� ;µ�µ�µ+ (15)

out of which four combinations of OFOS exist as seen in the first line of Eq.15. It is clearly

a potential background corresponding to the signal channel in Eq.14 and expected to have the

same rate as signal. However, a closer look at these two final states in Eq.14 and 15 reveals a

characteristic feature. For example, in the case of signal, out of the 8 combinations of tri-leptons

with OFOS combinations, notice that four combinations shown in the first line in Eq.14, also possess

a pair of leptons with same flavour and same sign (SFSS) which are absent in the background final

states, shown in Eq.15. The rest of the states with OFOS combination in Eq.14 are identical to

the final states given in Eq.15. We exploit this characteristic feature to extract the LFV signal

events out of all three lepton events including all backgrounds. Thus our signal is composed of

three leptons having combinations of both OFOS and SFSS together, which is an unambiguous

and robust signature of LFV in SUSY. Note that while choosing a clean signature of LFV decay

in SUSY, we pay a price by a factor of half as is clear from Eq.14. However, this specific choice of
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same sign (SFSS)
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OFOS+SFSS+Missing Energy
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Simulations were performed using the following selections
Jet selection: Reconstructed usin anti-kt and R=0.5. The jets passing min pT

are accepted.

Lepton selection: Three isolated leptons with p
l1,2,3
T � 20, 10, 10 GeV

Missing Transverse Momentum: A minimum of 100 GeV for each event

b -like Jet selection: Identified through jet quark matching i.e. jets which 
satisfy �R(b, j) < 0.3

Presence of OFOS +SFSS
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with the slepton mass m
L

lying midway between the two, m
L

= (M1 +M2) /2.

Spectrum Characteristics A B C D E F

�0
2/�

±
1 210 314 417 518 619 718

�0
1 95.8 144 193 241 290 339

mL 156 229 303 377 452 526

BR(�0
2 ! ẽLe) 0.13 0.15 0.16 0.16 0.16 0.16

BR(�0
2 ! µ̃Lµ) 0.13 0.15 0.16 0.16 0.16 0.16

TABLE I: Representative choices of SUSY parameter space. All masses are in GeV.

In Table II and III we present the e↵ects of selection of cuts in simulation for both the signal

and backgrounds respectively. In addition to the SM backgrounds which are mainly due to tt̄

and WZ, we also simulate the background taking into account the contributions due to flavour

conserving decay of �0
2 for each of the representative points in Table I. There are other sub-dominant

backgrounds like tbW , ZZ if one lepton is missed or WW , if jets fake as leptons. However these

backgrounds are expected to be very small and not considered here. We present results for signals

corresponding to those representative parameter space as shown in Table II . In this table, the first

column shows the sequence of cuts applied in the simulation, while the second column onwards

event yields for the signal are shown. Table III presents the same for the backgrounds due to SUSY

in the second column and the SM in the third column. Notice that lepton isolation requirement

and a cut on /p
T

has considerable impact in reducing tt̄ and WZ background. As noted earlier,

we find the SFSS criteria to be very e↵ective in isolating the SUSY background due to flavour

conserving decay of �0
2 for all the representative points in Table I . Finally, it is possible to have

large number of tri-lepton events in background processes, but imposition of specific choices like

OFOS and SFSS along with large missing energy cut help in isolating it to a great extent as shown

in Table III . In spite of this suppression of background events, the signal yields are far below than

the total background contribution owing to it’s huge production cross sections as shown in Table

III. Therefore, in order to improve signal sensitivity further, we impose additional requirements by

looking into the other characteristics of signal events. For example, signal events are free from any

kind of hadronic activities at the parton level i.e. no hard jets are expected in the signal final state,

whereas in background process, in particular events from tt̄ are accompanied with large number of

jets. We exploit this fact to increase signal sensitivity by adding following criteria.

Case a: Jet veto

In this case we reject events if it contain any hard jets. In Table III we see that while the jet veto

10

08



Signal(�0
2�

±
1 )

M2 =) 200 300 400 500 600 700

No. of events generated 10000 10000 10000 10000 10000 10000

p
`1,2
T > 20, p`3T > 10, |⌘| < 2.5 1371 1752 2014 2218 2225 2342

Lepton isolation cut 1330 1669 1883 2055 2036 2112

/pT > 100 474 959 1326 1600 1683 1860

OFOS 470 952 1319 1581 1659 1828

Z mass veto 423 849 1218 1485 1574 1752

SFSS 223 462 640 783 804 892

Case a: jet veto 91 205 288 337 346 380

Case b: b-like jet veto 221 458 635 777 798 884

Case c: nj  1 and b-like veto 161 375 479 604 617 687

TABLE II: Event summary for signal after all selections. All energy units are in GeV.

SUSY(�0
2�

±
1 ) SM

A B C D E F tt̄ WZ

M2 =) 200 300 400 500 600 700 - -

Cross section (fb) at 14 TeV 1.65⇥ 103 370.5 118.8 45.6 20.5 9.57 9.3⇥ 105 4.47⇥ 104

No. of events generated 10000 10000 10000 10000 10000 10000 107 3⇥ 106

p
`1,2
T > 20, p`3T > 10, |⌘| < 2.5 1299 1779 2015 2195 2245 2361 164895 23960

Lepton isolation cut 1251 1672 1874 2044 2051 2131 70233 22366

/pT > 100 454 967 1311 1624 1722 1872 19241 1669

OFOS 209 482 656 820 855 918 14012 858

Z mass veto 126 346 547 728 768 853 12395 122

SFSS 4 6 11 14 15 25 4598 22

Case a: jet veto  1 1 1 5 4 4 29  1

Case b: b-like jet veto 4 5 10 14 13 23 131 13

Case c: nj  1 and b-like veto 1 3 7 9 9 19 48 5

TABLE III: Event summary for SUSY and SM background. All energy units are in GeV.

criteria reduces the tt̄ and WZ background significantly, but it also substantially damage the signal

by a factor of 2 or 3 as shown in Table II . In signal process, jets arise mainly from the hadronic

radiation in initial and final states and it is true for all the representative signal points. The reason

can be attributed to enhancement of hadronic activities at higher energies. Nevertheless the jet

11
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SUSY and SM background

Signal(�0
2�

±
1 )

M2 =) 200 300 400 500 600 700

No. of events generated 10000 10000 10000 10000 10000 10000

p
`1,2
T > 20, p`3T > 10, |⌘| < 2.5 1371 1752 2014 2218 2225 2342

Lepton isolation cut 1330 1669 1883 2055 2036 2112

/pT > 100 474 959 1326 1600 1683 1860

OFOS 470 952 1319 1581 1659 1828

Z mass veto 423 849 1218 1485 1574 1752

SFSS 223 462 640 783 804 892

Case a: jet veto 91 205 288 337 346 380

Case b: b-like jet veto 221 458 635 777 798 884

Case c: nj  1 and b-like veto 161 375 479 604 617 687

TABLE II: Event summary for signal after all selections. All energy units are in GeV.

SUSY(�0
2�

±
1 ) SM

A B C D E F tt̄ WZ

M2 =) 200 300 400 500 600 700 - -

Cross section (fb) at 14 TeV 1.65⇥ 103 370.5 118.8 45.6 20.5 9.57 9.3⇥ 105 4.47⇥ 104

No. of events generated 10000 10000 10000 10000 10000 10000 107 3⇥ 106

p
`1,2
T > 20, p`3T > 10, |⌘| < 2.5 1299 1779 2015 2195 2245 2361 164895 23960

Lepton isolation cut 1251 1672 1874 2044 2051 2131 70233 22366

/pT > 100 454 967 1311 1624 1722 1872 19241 1669

OFOS 209 482 656 820 855 918 14012 858

Z mass veto 126 346 547 728 768 853 12395 122

SFSS 4 6 11 14 15 25 4598 22

Case a: jet veto  1 1 1 5 4 4 29  1

Case b: b-like jet veto 4 5 10 14 13 23 131 13

Case c: nj  1 and b-like veto 1 3 7 9 9 19 48 5

TABLE III: Event summary for SUSY and SM background. All energy units are in GeV.

criteria reduces the tt̄ and WZ background significantly, but it also substantially damage the signal

by a factor of 2 or 3 as shown in Table II . In signal process, jets arise mainly from the hadronic

radiation in initial and final states and it is true for all the representative signal points. The reason

can be attributed to enhancement of hadronic activities at higher energies. Nevertheless the jet
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FIG. 3: OFOS dilepton invariant mass distribution for spectrum A (left) and spectrum F (right). The events

are selected at the SFSS level.

Signal (S) Background (B)

Properties A B C D E F tt̄ WZ

Cross section (fb) at 14 TeV 1.65⇥ 103 370.5 118.8 45.6 20.5 9.57 9.3⇥ 105 4.47⇥ 104

Normalized cross sections

Case a: jet veto 15.01 7.59 3.41 1.51 0.67 0.37 2.69  1

Case b: b-like veto 36.4 16.9 7.54 3.54 1.63 0.85 12.1 0.19

Case c: nj  1 and b-like veto 26.5 13.9 5.7 2.75 1.26 0.66 4.4 0.07

Sp
B
(@100) fb�1

Case a: jet veto 91.43 45.93 20.78 9.32 4.31 2.24 - -

Case b: b-like veto 100.99 47.87 21.34 10.04 4.64 2.43 - -

Case c: nj  1 and b-like veto 122.4 64.4 26.4 12.8 5.92 3.12 - -

TABLE IV: Normalized cross-section (fb) and S/
p
B for signal and background subject to three selection

conditions

However, we can roughly estimate the position of the edge using the blue (solid) line as ⇠ 120 GeV

for the left panel and ⇠ 375 GeV for the right panel. We find that these values are in fairly good

agreement with the corresponding numbers used in our simulation. It may be noted here that such

distributions with a sharp edge are the characteristic feature of these type of decays which can also

be exploited to suppress backgrounds [53] in order to increase signal to background ratio.
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where i, j denote flavour indices (e, µ). The flavour violating vertex causes the decay of a slepton

(l̃
i

), coming from �0
2 decay, in Eq.13, into a lepton of flavour l

j

with i 6= j. It is clear from the

above process that the signature of LFV is the presence of 3 leptons of which 2 leptons are with

opposite flavour and opposite sign (OFOS) in addition to missing energy (/E) due to the presence

of two LSP and neutrino. The leptons with OFOS originate from �0
2 decay while the third lepton

comes from the �±
1 decay. Thus, following this decay scenario, it is possible to have 8 combinations

of tri-leptons, each having at least one OFOS lepton pair as,

e+e+µ� ; e�e�µ+ ;µ�e+µ� ;µ+e�µ+

e+e�µ+ ; e�e+µ� ;µ+e+µ� ;µ�e�µ+. (14)

On the other hand, the pair production of �±
1 �

0
2 will also give rise to tri-lepton final state with a

flavour conserving decay of �0
2 i.e. �0

2 ! l+l��0
1. Note that this flavour conserving decay scenario

also results in 8 combinations of tri-lepton final state given as

e+µ+µ� ; e�µ+µ� ;µ�e+e� ;µ+e+e�

µ+µ+µ� ; e�e+e� ; e+e+e� ;µ�µ�µ+ (15)

out of which four combinations of OFOS exist as seen in the first line of Eq.15. It is clearly

a potential background corresponding to the signal channel in Eq.14 and expected to have the

same rate as signal. However, a closer look at these two final states in Eq.14 and 15 reveals a

characteristic feature. For example, in the case of signal, out of the 8 combinations of tri-leptons

with OFOS combinations, notice that four combinations shown in the first line in Eq.14, also possess

a pair of leptons with same flavour and same sign (SFSS) which are absent in the background final

states, shown in Eq.15. The rest of the states with OFOS combination in Eq.14 are identical to

the final states given in Eq.15. We exploit this characteristic feature to extract the LFV signal

events out of all three lepton events including all backgrounds. Thus our signal is composed of

three leptons having combinations of both OFOS and SFSS together, which is an unambiguous

and robust signature of LFV in SUSY. Note that while choosing a clean signature of LFV decay

in SUSY, we pay a price by a factor of half as is clear from Eq.14. However, this specific choice of
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FIG. 3: OFOS dilepton invariant mass distribution for spectrum A (left) and spectrum F (right). The events

are selected at the SFSS level.

Signal (S) Background (B)

Properties A B C D E F tt̄ WZ

Cross section (fb) at 14 TeV 1.65⇥ 103 370.5 118.8 45.6 20.5 9.57 9.3⇥ 105 4.47⇥ 104

Normalized cross sections

Case a: jet veto 15.01 7.59 3.41 1.51 0.67 0.37 2.69  1

Case b: b-like veto 36.4 16.9 7.54 3.54 1.63 0.85 12.1 0.19

Case c: nj  1 and b-like veto 26.5 13.9 5.7 2.75 1.26 0.66 4.4 0.07

Sp
B
(@100) fb�1

Case a: jet veto 91.43 45.93 20.78 9.32 4.31 2.24 - -

Case b: b-like veto 100.99 47.87 21.34 10.04 4.64 2.43 - -

Case c: nj  1 and b-like veto 122.4 64.4 26.4 12.8 5.92 3.12 - -

TABLE IV: Normalized cross-section (fb) and S/
p
B for signal and background subject to three selection

conditions

However, we can roughly estimate the position of the edge using the blue (solid) line as ⇠ 120 GeV

for the left panel and ⇠ 375 GeV for the right panel. We find that these values are in fairly good

agreement with the corresponding numbers used in our simulation. It may be noted here that such

distributions with a sharp edge are the characteristic feature of these type of decays which can also

be exploited to suppress backgrounds [53] in order to increase signal to background ratio.
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FIG. 5: Minimum value (in small box) of BLFV for a S/
p
B = 5 discovery for L = 100 fb�1 (left) and

L = 1000 fb�1 (right). The S/
p
B is computed using jet veto condition. The filled triangles correspond

to the representative points A-F from left to right. The plot is truncated at the point where BLFV > 1 is

required to get a 5 � sensitivity of signal for that particular luminosity. Masses are in GeV.

V. CONCLUSION

The observation of flavour violating rare decays would be one of the best indicators of the exis-

tence of physics beyond the SM. Measurements of such decays play an important role in constraining

several new physics models and hence has received a lot of attention recently. We attempt to ex-

plore the flavour violation in the lepton sector in the context of well motivated models of flavourful

supersymmetry. We follow an approach based on a simplified model with only the left handed

sleptons along with the neutralinos which are gaugino dominated. We consider pair production of

�0
2�

±
1 and their subsequent leptonic decays which includes the LFV decays of �0

2. The final state is

composed of three leptons and accompanied by large missing energy. In addition to the presence of

a lepton pair with OFOS, we observed that certain tri-lepton combinations are also characterized

by a lepton pair with SFSS -which is a unique and robust signature of LFV in SUSY.

The discovery potential of observing this LFV signal is primarily dependent on the masses of

sleptons and gauginos. These masses are however constrained by non-observation of FCNC decays

such as µ ! e� and they get stronger as the flavour violating parameter �12 becomes larger. We

have identified the allowed range of slepton and gaugino masses relevant for our study. In addition

variation of LFV parameter B
LFV

with masses of slepton and mass di↵erence between lepton mass

eigenstates (�m) are also presented.
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FIG. 6: Varition of �12 as a function of �m
mL

for di↵erent choices of (mL,M2) L = 100 fb�1. The plot is

terminated on the right at the point where the �12 exceeds the current experimental bound for the given

mass.

V. CONCLUSION

The observation of flavour violating rare decays would be one of the best indicators of the exis-

tence of physics beyond the SM. Measurements of such decays play an important role in constraining

several new physics models and hence has received a lot of attention recently. We attempt to ex-

plore the flavour violation in the lepton sector in the context of well motivated models of flavourful

supersymmetry. We follow an approach based on a simplified model with only the left handed

sleptons along with the neutralinos which are gaugino dominated. We consider pair production of

�0
2�

±
1 and their subsequent leptonic decays which includes the LFV decays of �0

2. The final state is

composed of three leptons and accompanied by large missing energy. In addition to the presence of

a lepton pair with OFOS, we observed that certain tri-lepton combinations are also characterized

by a lepton pair with SFSS -which is a unique and robust signature of LFV in SUSY.

The discovery potential of observing this LFV signal is primarily dependent on the masses of

sleptons and gauginos. These masses are however constrained by non-observation of FCNC decays

such as µ ! e� and they get stronger as the flavour violating parameter �12 becomes larger. We

have identified the allowed range of slepton and gaugino masses relevant for our study. In addition

variation of LFV parameter B
LFV

with masses of slepton and mass di↵erence between lepton mass

eigenstates (�m) are also presented.

Estimating the various background contributions, we predict the signal sensitivity for a few

representative choices of SUSY parameters. The combination of three leptons with OFOS and

SFSS is found to be very useful to achieve a reasonable sensitivity. It is found that for gaugino

masses ⇠ 250 GeV and slepton masses ⇠200 GeV, the LFV parameter B
LFV

as low as 0.05 can
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This analysis was essentially a combinatorial game to 
identify the signal over the background

We identified a feature which was unique to our signal and 
avoids contamination with SUSY and SM backgrounds.

It would be nice to check if a similar analysis could give us 
an estimate of the mass splitting-Possibly an upper bound 

on  

This analysis can be extended to the exploring 1-3 and 2-3 
sectors (where    decays leptonically)⌧

µ ! e�

End


