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DARK MATTER IN THE MSSM
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Figure 1. The results of the parameter space scan in terms of neutralino relic density versus lightest
neutralino mass, broken down by di↵erent neutralino compositions, color-coded as in the legend.

primarily appearing as mixed states. Bino mixed dark matter also has the greatest mass
extent consistent with the WMAP range (shown by the horizontal black dotted lines in the
firgure) for the dark matter relic density; higgsino, wino, and wino-bino states appear within
the WMAP range only for masses at or above a TeV.

4 Results

The upgrade of the IceCube detector with PINGU will increase the detector sensitivity to
lower mass dark matter models by increasing the e↵ective volume of IceCube at low energy
through increased, albeit localized, string density. Figure 2 compares the IceCube neutrino
count rate (for muon energies above 1 GeV) with and without PINGU. The upper panel

refers to IceCube only strings, whose e↵ective area we take as equivalent to V
2/3
eff , with

the e↵ective volume as given in [22]. The lower panel makes use of IceCube including the
DeepCore Subarray, whose e↵ective area is given in [12]. The e↵ective area for IceCube with
PINGU was instead taken from Ref. [22] and is used for all panels. We consider separately
the sensitivity improvement that PINGU will bring to IceCube and DeepCore, since each
of the three are separate detectors from one another. The question we are thus asking is
how PINGU by itself would perform in addition to IceCube or in addition to IceCube plus
DeepCore. The two panels to the right indicate the same results, this time exclusively for
models with a thermal neutralino relic density consistent, to the 2� level, with the WMAP
7 year results [19].

Our results clearly show the substantial increase in the sensitivity of IceCube to a
neutrino flux from dark matter annihilation that is brought about by lowering the energy
threshold needed for neutrino detection. Thanks to PINGU alone (upper panel of Figure 2)
the performance of IceCube is boosted to a relative count rate increase of 20 to 1000 times
for masses below 70 GeV.
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Figure 1: Top: Conventional trilepton channel (left) and the proposed search channel to explore
the ‘inverted hierarchy’ at the LHC.

channel:

pp → χ̃±
1 {→ χ̃0

1 + ℓν}+ χ̃0
2 {→ χ̃0

1 + ℓ+ℓ−} (+X) [⇒ /ET + ℓ+ ℓ+ℓ− (+X)].

Here we propose the following search channels having the same final state as the above process:

pp → χ̃0
1 + χ̃±

2 {→ χ̃±
1 Z → χ̃0

1ℓν + ℓ+ℓ−} [⇒ /ET + ℓ+ ℓ+ℓ− (+X)].

2 The MSSM neutralino sector
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Figure 1: The two signal topologies, (a) S1 and (b) S2, that can contribute to the 3ℓ+ /ET

signature.

which is typically also the LSP and thus our DM candidate, and can be expressed as the

linear combination

χ̃0
1 = |N11|2B̃0 + |N12|2W̃ 0

3 + |N13|2H̃0
d + |N14|2H̃0

u . (2.2)

It is clear that the sizes of M1, M2 and µ, i.e., the bino, wino and higgsino mass parameters,

respectively, describe the composition of the LSP. For example, if M2 ≪ M1, µ, then the

LSP has a mass mχ̃0
1
≃ M2 and is thus referred to as ‘wino-like’. For convenience, we define

ZB ≡ |N11|2 , ZW ≡ |N12|2 , and ZH ≡ |N13|2 + |N14|2, (2.3)

and, in the following, limit ourselves only to a ‘wino-dominated’ DM candidate, i.e., to χ̃0
1

with ZW > max(ZB , ZH).

The charged higgsinos (H̃+
u and H̃−

d ) and winos (W̃+ and W̃−) also mix to form the

chargino eigenstates, χ̃±
a (a = 1, 2). The mass matrix for the charginos is given by

Mχ̃± =

(
M2

√
2mW sin β√

2mW cos β µ

)

, (2.4)

where mW is the mass of the W± boson. By rotating this mass matrix using two unitary

2 × 2 matrices U and V , the mass eigenvalues of the two physical charginos are obtained

as

m2
χ̃±
1,2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W ∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|M2µ−m2

W sin 2β|2
]
.

(2.5)

In the limit of M2 ≪ M1, µ, where the LSP is wino-like, the lightest chargino is also domi-

nantly wino-like and is nearly mass-degenerate with the LSP, as noted in the Introduction.

2.2 Trilepton searches at the LHC

At the LHC, the standard process that is assumed to give the 3ℓ + /ET final state is the

following one:

Si
1 : pp → χ̃0

i χ̃
±
1 → χ̃0

1 Z
(∗) χ̃0

1 W
±(∗) → χ̃0

1 ℓ
+ℓ− χ̃0

1 ℓ
± νl , with i = 2, 3, 4 .
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Figure 2: Top: Comparison of the two trilepton production channels (left) and the rate vs. mass
difference for the proposed channel (right).

mh = 125 ± 2GeV (9)

Mt = 172.5GeV (10)

4

Parameter Scanned range
M1 (GeV) 10 – 1000
M2 (GeV) 90 – 1000
|µ| (GeV) 90 – 1000
MQ (GeV) 0 – 5000
ML (GeV) 0 – 3000
A0 (GeV) −7000 – −500

tan β 2 – 50
mA (GeV) 125 – 3000

Table 1: NMSSM parameters and their scanned ranges.
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Table 2: XS refers to cross section. Scenario: M2 < |− µ| < M1.
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Table 3: XS refers to cross section. Scenario: M2 < |− µ| < M1.
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MQ ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 (6)

ML ≡ ML1,2,3 = ME1,2,3 (7)

M3 = 2000GeV (8)
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Parameter Scanned range
M1 (GeV) 10 – 1000
M2 (GeV) 90 – 1000
|µ| (GeV) 90 – 1000
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ML (GeV) 100 – 3000
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Table 1: NMSSM parameters and their scanned ranges.

A0 ≡ At̃ = Ab̃ = Aτ̃ ,

Scenario mχ̃0
1

mχ̃0
2

mχ̃0
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mχ̃0
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mχ̃
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mχ̃
±
2

S1 = σ(χ̃0
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σ(χ̃0
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[GeV][GeV][GeV][GeV][GeV][GeV] ×10−2[pb] ×10−2[pb]

M2 < |− µ| < M1 113 204 224 718 115 233 1.15 0.83
|− µ| < M2 < M1 100 160 204 230 103 227 2.09 1.41

Table 2: XS refers to cross section. Scenario: M2 < |− µ| < M1.

BP mχ̃0
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MSSM8-m2nmum1-decay-50 113 204 224 718 115 233 0.83 1.47 3.75 1.35
m2m1nmu-decay-1 100 160 204 230 103 227 2.09 1.41 3.51 3.28
m2m1nmu-decay-12 194 238 285 317 198 313 0.21 0.24 0.85 0.39

Table 3: XS refers to cross section. Scenario: M2 < |− µ| < M1.

4 Simulation and Analysis

In the definition of such MSSM benchmarks we have used SARAH [1] and SPheno [2, 3] to build the
MSSM and calculate masses, couplings and BRs. The matrix-element calculation and parton level S
and B events were derived from MadGraph5 v2.2.2 [4] whereas, for showering and hadronization, we
have used PYTHIA6 [5]. Further, we have performed a fast detector simulation with the DELPHES
package [6]. We cluster jets using the anti-kt algorithm with a cone radius ∆R = 0.5 and jets =
g, u, c, d, s, ū, c̄, d̄, s̄. Finally, we have manipulated the Monte Carlo (MC) data with MadAnalysis5

[7].
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 Parameters defined at the EW scale
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Figure 2: Top: Comparison of the two trilepton production channels (left) and the rate vs. mass
difference for the proposed channel (right).

mh = 125 ± 2GeV (9)

Mt = 172.5GeV (10)
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Parameter Scanned range
M1 (GeV) 10 – 1000
M2 (GeV) 90 – 1000
|µ| (GeV) 90 – 1000
MQ (GeV) 0 – 5000
ML (GeV) 0 – 3000
A0 (GeV) −7000 – −500

tan β 2 – 50
mA (GeV) 125 – 3000

Table 1: NMSSM parameters and their scanned ranges.
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Table 3: XS refers to cross section. Scenario: M2 < |− µ| < M1.

4 Simulation and Analysis

5

χ̃±
1

W±

χ̃0
1

χ̃0
2/3 χ̃0

1

Z0

p

p

χ̃±
2

χ̃0
1

χ̃±
1

Z0

χ̃0
1

W±

p

p

Figure 1: Top: Conventional trilepton channel (left) and the proposed search channel to explore
the ‘inverted hierarchy’ at the LHC.

channel:

pp → χ̃±
1 {→ χ̃0

1 + ℓν}+ χ̃0
2 {→ χ̃0

1 + ℓ+ℓ−} (+X) [⇒ /ET + ℓ+ ℓ+ℓ− (+X)].

Here we propose the following search channels having the same final state as the above process:

pp → χ̃0
1 + χ̃±

2 {→ χ̃±
1 Z → χ̃0

1ℓν + ℓ+ℓ−} [⇒ /ET + ℓ+ ℓ+ℓ− (+X)].

2 The MSSM neutralino sector

Mχ̃0 =

⎛

⎜⎜⎜⎝

M1 0 − g1vd√
2

g1vu√
2

0 M2
g2vd√

2
− g2vu√

2

− g1vd√
2

g2vd√
2

0 −µ
g1vu√

2
− g2vu√

2
−µ 0

⎞

⎟⎟⎟⎠
, (2)

Mχ̃± =

(
M2 g2vu
g2vd µ

)
, (3)

ψ̃0 = (−iB̃0,−iW̃ 0
3 , H̃

0
d , H̃

0
u) ; Lmass = −

1

2
(ψ̃0)TMχ̃0 ψ̃0 + h.c. , (4)

χ̃0
1 = N11B̃

0 +N12W̃
0
3 +N13H̃

0
d +N14H̃

0
u (5)

3 Light Wino DM and the role of chargino

MQ ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 (6)

ML ≡ ML1,2,3 = ME1,2,3 (7)

M3 = 2000GeV (8)
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Parameter Scanned range
M1 (GeV) 10 – 1000
M2 (GeV) 90 – 1000
|µ| (GeV) 90 – 1000
MQ (GeV) 1000 – 5000
ML (GeV) 100 – 3000
A0 (GeV) −7000 – −500

tan β 2 – 50
mA (GeV) 125 – 3000

Table 1: NMSSM parameters and their scanned ranges.

A0 ≡ At̃ = Ab̃ = Aτ̃ ,
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1

mχ̃0
2

mχ̃0
3

mχ̃0
4

mχ̃
±
1

mχ̃
±
2

S1 = σ(χ̃0
1χ̃

+
2 )S2 =

4∑

i=2

σ(χ̃0
i χ̃

+
1 )

[GeV][GeV][GeV][GeV][GeV][GeV] ×10−2[pb] ×10−2[pb]

M2 < |− µ| < M1 113 204 224 718 115 233 1.15 0.83
|− µ| < M2 < M1 100 160 204 230 103 227 2.09 1.41

Table 2: XS refers to cross section. Scenario: M2 < |− µ| < M1.

BP mχ̃0
1

mχ̃0
2

mχ̃0
3

mχ̃0
4

mχ̃
±
1

mχ̃
±
2

4∑

i=2

XSχ̃0
iZ XSχ̃±Z S1/

√
BS2/

√
B

[GeV][GeV][GeV][GeV][GeV][GeV]×10−2[pb]×10−2[pb] 300/fb 300/fb

MSSM8-m2nmum1-decay-50 113 204 224 718 115 233 0.83 1.47 3.75 1.35
m2m1nmu-decay-1 100 160 204 230 103 227 2.09 1.41 3.51 3.28
m2m1nmu-decay-12 194 238 285 317 198 313 0.21 0.24 0.85 0.39

Table 3: XS refers to cross section. Scenario: M2 < |− µ| < M1.

4 Simulation and Analysis

In the definition of such MSSM benchmarks we have used SARAH [1] and SPheno [2, 3] to build the
MSSM and calculate masses, couplings and BRs. The matrix-element calculation and parton level S
and B events were derived from MadGraph5 v2.2.2 [4] whereas, for showering and hadronization, we
have used PYTHIA6 [5]. Further, we have performed a fast detector simulation with the DELPHES
package [6]. We cluster jets using the anti-kt algorithm with a cone radius ∆R = 0.5 and jets =
g, u, c, d, s, ū, c̄, d̄, s̄. Finally, we have manipulated the Monte Carlo (MC) data with MadAnalysis5

[7].
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Figure 1: The two signal topologies, (a) S1 and (b) S2, that can contribute to the 3ℓ+ /ET

signature.

which is typically also the LSP and thus our DM candidate, and can be expressed as the

linear combination

χ̃0
1 = |N11|2B̃0 + |N12|2W̃ 0

3 + |N13|2H̃0
d + |N14|2H̃0

u . (2.2)

It is clear that the sizes of M1, M2 and µ, i.e., the bino, wino and higgsino mass parameters,

respectively, describe the composition of the LSP. For example, if M2 ≪ M1, µ, then the

LSP has a mass mχ̃0
1
≃ M2 and is thus referred to as ‘wino-like’. For convenience, we define

ZB ≡ |N11|2 , ZW ≡ |N12|2 , and ZH ≡ |N13|2 + |N14|2, (2.3)

and, in the following, limit ourselves only to a ‘wino-dominated’ DM candidate, i.e., to χ̃0
1

with ZW > max(ZB , ZH).

The charged higgsinos (H̃+
u and H̃−

d ) and winos (W̃+ and W̃−) also mix to form the

chargino eigenstates, χ̃±
a (a = 1, 2). The mass matrix for the charginos is given by

Mχ̃± =

(
M2

√
2mW sin β√

2mW cos β µ

)

, (2.4)

where mW is the mass of the W± boson. By rotating this mass matrix using two unitary

2 × 2 matrices U and V , the mass eigenvalues of the two physical charginos are obtained

as

m2
χ̃±
1,2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W ∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|M2µ−m2

W sin 2β|2
]
.

(2.5)

In the limit of M2 ≪ M1, µ, where the LSP is wino-like, the lightest chargino is also domi-

nantly wino-like and is nearly mass-degenerate with the LSP, as noted in the Introduction.

2.2 Trilepton searches at the LHC

At the LHC, the standard process that is assumed to give the 3ℓ + /ET final state is the

following one:

Si
1 : pp → χ̃0

i χ̃
±
1 → χ̃0

1 Z
(∗) χ̃0

1 W
±(∗) → χ̃0

1 ℓ
+ℓ− χ̃0

1 ℓ
± νl , with i = 2, 3, 4 .

– 4 –

Parameter Scanned range

M1 (GeV) 10 – 1000

M2 (GeV) 90 – 1000

µ (GeV) (±) 90 – (±) 1000

MQ (GeV) 1000 – 5000

ML (GeV) 100 – 3000

A0 (GeV) −7000 – −500

tan β 2 – 50

mA (GeV) 125 – 3000

(a)

Observable Measurement

BR(B → Xsγ)× 104 3.32 ± 0.15 [52]

BR(Bu → τ±ντ )× 104 1.06 ± 0.19 [52]

BR(Bs → µ+µ−)× 109 3.0 ± 0.85 [53]

µgg 1.14+0.19
−0.18 [54]

µZZ 1.29+0.26
−0.23 [54]

µWW 1.09+0.18
−0.16 [54]

µττ 1.11+0.24
−0.22 [54]

µbb 0.70+0.29
−0.27 [54]

(b)

Table 1: (a) MSSM parameters and their scanned ranges. (b) Experimental observables

and their measured values, imposed as constraints on the scanned points.

In the case of wino-like DM, an alternative possibility, that has rarely been explored in

literature, is the NLSP to be higgsino-like (implyingM2 < µ < M1). In such a scenario, not

only are χ̃0
1 and χ̃±

1 nearly mass-degenerate but also are χ̃0
2,3 and χ̃±

2 . This means that the

mass difference between the two charginos, ∆mχ̃± ≡ mχ̃±
2
−mχ̃±

1
, is very close to ∆mχ̃0

2/3
.

This has some interesting phenomenological repercussions, with a crucial one being that,

in certain regions of the MSSM parameter space, besides the standard Si
1 channels noted

above, the following process can contribute strongly to the 3ℓ+ /ET final state:

S2 : pp → χ̃0
1 χ̃

±
2 → χ̃0

1 χ̃
±
1 Z(∗) → χ̃0

1 χ̃
0
1W

±(∗) ℓ+ℓ− → χ̃0
1 χ̃

0
1 ℓ

± νl ℓ
+ℓ− .

The diagrammatic representation of the processes Si
1 and S2 is given in figure 1. In the

following sections we shall explore in depth these two processes and show that their com-

plementarity can result in a large sensitivity to wino-like DM at the LHC Run-II.

3 Parameter space scans and features

We first study some important general characteristics of the wino-dominated DM. For this

purpose, we numerically scanned the parameter space of the phenomenological MSSM,

wherein all the free parameters are input at the EW scale. In order to reduce the number

of free parameters, we imposed the following universality conditions on them:

MQ ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 ,

ML ≡ ML1,2,3 = ME1,2,3 , (3.1)

A0 ≡ At̃ = Ab̃ = Aτ̃ ,

where MQ1,2,3 , MU1,2,3 and MD1,2,3 are the soft masses of the squarks, ML1,2,3 and ME1,2,3

those of the sleptons, and At̃,b̃,τ̃ the soft trilinear couplings. These and the other free

– 5 –

But three leptons (+ MET) can also 
result from a different event 
topology - more so for Wino DM

12

Figure 6: Expected and observed yield comparison in the search regions. Two example signal
mass points along the WZ corridor are overlaid for illustration. The mass values for the signal
points are given as (mec0

2
/mec0

1
) in GeV. The bottom panel shows the ratio of observed data to

predicted yields. The dark purple band shows the statistical uncertainty in the background
prediction, while the light blue band shows the total uncertainty.
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parameters were scanned in the ranges given in table 1(a). In order to avoid any potential

conflict of a scanned point with the null gluino searches at the LHC, we fixed (mg̃ ∼) M3 =

2TeV. Note that we performed two separate scans corresponding to µ > 0 and µ < 0 each,

since the DM-nucleon scattering cross section depends strongly on the sign of µ in addition

to its magnitude, impacting the consistency of a given DM mass with direct detection

limits.

3.1 Tools and methodology

For each randomly generated point in the above parameter space, the mass spectra as

well as the decay Branching Ratios (BRs) of the Higgs bosons and sparticles were cal-

culated using the public code SPheno-v3.3.8 [55, 56]. For computing Ωχ̃0
1
h2 and the

spin-independent χ̃0
1-proton scattering cross section, σSIp , we passed the output file gen-

erated by SPheno for a given point to the code MicrOMEGAs-v4.3.1 [57–59]. We then

required each point to satisfy Ωχ̃0
1
h2 ≤ 0.131, thus allowing a +10% error in the PLANCK

measurement of ΩDM = 0.119 [2]. Moreover, in this study we identify the lightest CP-even

Higgs boson, h, with the one observed at the LHC [60, 61]. We therefore retained only

points with mh = 125± 2GeV from the scans. We allow such flexibility in mh, instead of

enforcing the exact measurement (125.09 ± 0.32GeV [62]) on it, to accommodate hitherto

unknown corrections from higher order calculations.

The points collected in the scans were further subjected to some other experimental

constraints, which are listed in table 1(b). The MSSM estimates of the b-physics observables

shown in the table were obtained from SPheno itself. The theoretical counterpart of the

signal strength, µX , of h in the X decay channel, can be defined (at the tree level) as

RX =
σ(pp → h)

σ(pp → hSM)
×

BR(h → X)

BR(hSM → X)
, (3.2)

where hSM denotes the SM Higgs boson. We obtained these quantities for a given MSSM

point from the public program HiggsSignals-v1.4.0 [63]. Note that, while the errors

shown in the table are 1σ, the points we consider allowed actually have model predictions

lying within 2σ of the corresponding measured central values. Finally, the scanned points

were also tested with HiggsBounds-v4.3.1 [64–66], and only the ones for which the heavier

Higgs bosons (H, A) were consistent with the exclusion bounds from Tevatron and LHC

were used for subsequent analysis.

3.2 Phenomenology of Wino-like DM

Since the dominant contribution to χ̃0
i χ̃

±
j production comes from an s-channel W±(∗), we

begin our analysis by first calculating the phase-space independent effective quantities

Si, eff
1 : g2

W χ̃0
i χ̃

±
1

× BR(χ̃0
i → χ̃0

1 µ
+µ−) × BR(χ̃±

1 → χ̃0
1 µ

±νµ) ; i = 2, 3, 4 , (3.3)

so that Seff
1 =

4∑
i=2

Si, eff
1 , and

Seff
2 : g2

W χ̃0
1 χ̃

±
2

× BR(χ̃±
2 → χ̃±

1 µ+µ−) × BR(χ̃±
1 → χ̃0

1 µ
±νµ) . (3.4)

– 6 –

parameters were scanned in the ranges given in table 1(a). In order to avoid any potential

conflict of a scanned point with the null gluino searches at the LHC, we fixed (mg̃ ∼) M3 =

2TeV. Note that we performed two separate scans corresponding to µ > 0 and µ < 0 each,

since the DM-nucleon scattering cross section depends strongly on the sign of µ in addition

to its magnitude, impacting the consistency of a given DM mass with direct detection

limits.

3.1 Tools and methodology

For each randomly generated point in the above parameter space, the mass spectra as

well as the decay Branching Ratios (BRs) of the Higgs bosons and sparticles were cal-

culated using the public code SPheno-v3.3.8 [55, 56]. For computing Ωχ̃0
1
h2 and the

spin-independent χ̃0
1-proton scattering cross section, σSIp , we passed the output file gen-

erated by SPheno for a given point to the code MicrOMEGAs-v4.3.1 [57–59]. We then

required each point to satisfy Ωχ̃0
1
h2 ≤ 0.131, thus allowing a +10% error in the PLANCK

measurement of ΩDM = 0.119 [2]. Moreover, in this study we identify the lightest CP-even

Higgs boson, h, with the one observed at the LHC [60, 61]. We therefore retained only

points with mh = 125± 2GeV from the scans. We allow such flexibility in mh, instead of

enforcing the exact measurement (125.09 ± 0.32GeV [62]) on it, to accommodate hitherto

unknown corrections from higher order calculations.

The points collected in the scans were further subjected to some other experimental

constraints, which are listed in table 1(b). The MSSM estimates of the b-physics observables

shown in the table were obtained from SPheno itself. The theoretical counterpart of the

signal strength, µX , of h in the X decay channel, can be defined (at the tree level) as

RX =
σ(pp → h)

σ(pp → hSM)
×

BR(h → X)

BR(hSM → X)
, (3.2)

where hSM denotes the SM Higgs boson. We obtained these quantities for a given MSSM

point from the public program HiggsSignals-v1.4.0 [63]. Note that, while the errors

shown in the table are 1σ, the points we consider allowed actually have model predictions

lying within 2σ of the corresponding measured central values. Finally, the scanned points

were also tested with HiggsBounds-v4.3.1 [64–66], and only the ones for which the heavier

Higgs bosons (H, A) were consistent with the exclusion bounds from Tevatron and LHC

were used for subsequent analysis.

3.2 Phenomenology of Wino-like DM

Since the dominant contribution to χ̃0
i χ̃

±
j production comes from an s-channel W±(∗), we

begin our analysis by first calculating the phase-space independent effective quantities

Si, eff
1 : g2

W χ̃0
i χ̃

±
1

× BR(χ̃0
i → χ̃0

1 µ
+µ−) × BR(χ̃±

1 → χ̃0
1 µ

±νµ) ; i = 2, 3, 4 , (3.3)

so that Seff
1 =

4∑
i=2

Si, eff
1 , and

Seff
2 : g2

W χ̃0
1 χ̃

±
2

× BR(χ̃±
2 → χ̃±

1 µ+µ−) × BR(χ̃±
1 → χ̃0

1 µ
±νµ) . (3.4)

– 6 –

parameters were scanned in the ranges given in table 1(a). In order to avoid any potential

conflict of a scanned point with the null gluino searches at the LHC, we fixed (mg̃ ∼) M3 =

2TeV. Note that we performed two separate scans corresponding to µ > 0 and µ < 0 each,

since the DM-nucleon scattering cross section depends strongly on the sign of µ in addition

to its magnitude, impacting the consistency of a given DM mass with direct detection

limits.

3.1 Tools and methodology

For each randomly generated point in the above parameter space, the mass spectra as

well as the decay Branching Ratios (BRs) of the Higgs bosons and sparticles were cal-

culated using the public code SPheno-v3.3.8 [55, 56]. For computing Ωχ̃0
1
h2 and the

spin-independent χ̃0
1-proton scattering cross section, σSIp , we passed the output file gen-

erated by SPheno for a given point to the code MicrOMEGAs-v4.3.1 [57–59]. We then

required each point to satisfy Ωχ̃0
1
h2 ≤ 0.131, thus allowing a +10% error in the PLANCK

measurement of ΩDM = 0.119 [2]. Moreover, in this study we identify the lightest CP-even

Higgs boson, h, with the one observed at the LHC [60, 61]. We therefore retained only

points with mh = 125± 2GeV from the scans. We allow such flexibility in mh, instead of

enforcing the exact measurement (125.09 ± 0.32GeV [62]) on it, to accommodate hitherto

unknown corrections from higher order calculations.

The points collected in the scans were further subjected to some other experimental

constraints, which are listed in table 1(b). The MSSM estimates of the b-physics observables

shown in the table were obtained from SPheno itself. The theoretical counterpart of the

signal strength, µX , of h in the X decay channel, can be defined (at the tree level) as

RX =
σ(pp → h)

σ(pp → hSM)
×

BR(h → X)

BR(hSM → X)
, (3.2)

where hSM denotes the SM Higgs boson. We obtained these quantities for a given MSSM

point from the public program HiggsSignals-v1.4.0 [63]. Note that, while the errors

shown in the table are 1σ, the points we consider allowed actually have model predictions

lying within 2σ of the corresponding measured central values. Finally, the scanned points

were also tested with HiggsBounds-v4.3.1 [64–66], and only the ones for which the heavier

Higgs bosons (H, A) were consistent with the exclusion bounds from Tevatron and LHC

were used for subsequent analysis.

3.2 Phenomenology of Wino-like DM

Since the dominant contribution to χ̃0
i χ̃

±
j production comes from an s-channel W±(∗), we

begin our analysis by first calculating the phase-space independent effective quantities

Si, eff
1 : g2

W χ̃0
i χ̃

±
1

× BR(χ̃0
i → χ̃0

1 µ
+µ−) × BR(χ̃±

1 → χ̃0
1 µ

±νµ) ; i = 2, 3, 4 , (3.3)

so that Seff
1 =

4∑
i=2

Si, eff
1 , and

Seff
2 : g2

W χ̃0
1 χ̃

±
2

× BR(χ̃±
2 → χ̃±

1 µ+µ−) × BR(χ̃±
1 → χ̃0

1 µ
±νµ) . (3.4)
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corresponding to the two signal processes of our interest. Note that the g2
W χ̃0

i χ̃
±
j

in the

above equations have been simply defined as the sums of the absolute-squares of the left-

and right-handed W±-neutralino-chargino couplings,

g2
W χ̃0

i χ̃
±
j
≡
∣∣∣∣−ig2

(
U∗
j1Ni2 +

1√
2
U∗
j2Ni3

)(
γµ ·

1− γ5
2

)∣∣∣∣
2

+

∣∣∣∣ig2
( 1√

2
Vj2N

∗
i4 − Vj1N

∗
i2

)(
γµ ·

1 + γ5
2

)∣∣∣∣
2

. (3.5)

The purpose of defining the dimensionless Seff
1 and Seff

2 is a qualitative and comparative

overview of the two processes without having to calculate their total cross sections for each

allowed point. Thus, the neutralino BRs used in eq. (3.4) actually imply
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i → χ̃0

1 µ
+µ−) =

⎧
⎪⎪⎨

⎪⎪⎩

BR(χ̃0
i → χ̃0

1 µ
+µ−) , ∆mχ̃0

i
< mZ

BR(χ̃0
i → χ̃0

1 Z)× BR(Z → µ+µ−) , mZ < ∆mχ̃0
i
< mh∑

X=Z, h
BR(χ̃0

i → χ̃0
1 X)× BR(X → µ+µ−) , mh < ∆mχ̃0

i

.

(3.6)

The top panels of figure 2 show Seff
1 and Seff

2 for the scanned points along the x and y

axes, respectively. We see in panel (a) that, in the case of µ > 0, points with the largest

values of Seff
1 (shown in grey in the background) are ruled out by the 95% confidence level

(CL) exclusion limits on σSIp from the XENON1T direct detection (DD) experiment [67],

so that for the allowed points Seff
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0
1 → bb̄ annihilation in dwarf
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points with wino-higgsino DM and higgsino-like χ̃0
2,3, lying in the top 1/4th of the area

of the two panels, Seff
2 is highly enhanced. These points can in fact be divided into two

scenarios. In the first one, χ̃0
1 is almost equal parts wino and higgsino (the purple points
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Figure 1: The two signal topologies, (a) S1 and (b) S2, that can contribute to the 3ℓ+ /ET

signature.

which is typically also the LSP and thus our DM candidate, and can be expressed as the

linear combination

χ̃0
1 = |N11|2B̃0 + |N12|2W̃ 0

3 + |N13|2H̃0
d + |N14|2H̃0

u . (2.2)

It is clear that the sizes of M1, M2 and µ, i.e., the bino, wino and higgsino mass parameters,

respectively, describe the composition of the LSP. For example, if M2 ≪ M1, µ, then the

LSP has a mass mχ̃0
1
≃ M2 and is thus referred to as ‘wino-like’. For convenience, we define

ZB ≡ |N11|2 , ZW ≡ |N12|2 , and ZH ≡ |N13|2 + |N14|2, (2.3)

and, in the following, limit ourselves only to a ‘wino-dominated’ DM candidate, i.e., to χ̃0
1

with ZW > max(ZB , ZH).

The charged higgsinos (H̃+
u and H̃−

d ) and winos (W̃+ and W̃−) also mix to form the

chargino eigenstates, χ̃±
a (a = 1, 2). The mass matrix for the charginos is given by

Mχ̃± =

(
M2

√
2mW sin β√

2mW cos β µ

)

, (2.4)

where mW is the mass of the W± boson. By rotating this mass matrix using two unitary

2 × 2 matrices U and V , the mass eigenvalues of the two physical charginos are obtained

as

m2
χ̃±
1,2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W ∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|M2µ−m2

W sin 2β|2
]
.

(2.5)

In the limit of M2 ≪ M1, µ, where the LSP is wino-like, the lightest chargino is also domi-

nantly wino-like and is nearly mass-degenerate with the LSP, as noted in the Introduction.

2.2 Trilepton searches at the LHC

At the LHC, the standard process that is assumed to give the 3ℓ + /ET final state is the

following one:

Si
1 : pp → χ̃0

i χ̃
±
1 → χ̃0

1 Z
(∗) χ̃0

1 W
±(∗) → χ̃0

1 ℓ
+ℓ− χ̃0

1 ℓ
± νl , with i = 2, 3, 4 .
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Figure 2: The two effective cross sections, Seff
1 (x-axis) and Seff

2 (y-axis), for the allowed

points from the parameter space scans for (a) the µ > 0 case and (b, c, d) the µ < 0

case. The colour map in (a, b and c) corresponds to the wino component and in (d) to

the higgsino component in χ̃0
1. The grey points in (a, b) are the ones ruled out by the

XENON1T constraint, and are shown only for a perspective. The grey points in panel

(d) are similarly the ones further ruled out by the combined 95% CL exclusion limits from

Fermi-LAT and MAGIC collaborations, i.e, those lying above the corresponding line shown

in panel (c).

in panel (b)). In this scenario S2, eff
1 and Seff

2 mostly have nearly identical values, and we

refer to it as the ‘wino with large higgsino’ (WLH) scenario here. In the second, ‘wino

with small higgsino’ (WSH), scenario, ZW in χ̃0
1 dominates over ZH by roughly 7:3 (the

red points in panel (b)). Crucially for this scenario, the Seff
2 can be more than an order

of magnitude larger than Seff
1 . The points highlighted in light (dark) green in panels (c)

and (d) are the BPs corresponding to the WSH (WLH) scenario that we selected for our

detector-level analysis discussed later.

In figure 3 (and onwards), we show only S2, eff
1 for further clarity, as it is the dominant

– 8 –
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Figure 3: (a) S2, eff
1 and (b) Seff

2 as functions of the χ̃0
1 mass. In panels (c) and (d) the

same quantities are plotted, respectively, as functions of the χ̃0
1-χ̃

±
1 mass difference. The

colour maps in all the panels correspond to the wino component in χ̃0
1.

contributor to Seff
1 . We notice in panel (a) that the maximal S2, eff

1 stays almost constant

with increasing mχ̃0
1
, while according to panel (b) Seff

2 rises slowly until mχ̃0
1
reaches about

200GeV and then falls relatively steeply. The bottom panels of figure 3 show that the

maximal value of S2, eff
1 (Seff

2 ) is obtained for maximal (minimal) mχ̃±
1
− mχ̃0

1
possible in

each scenario (given the experimental constraints imposed). However, a conflict with the

strong CMS limit on the chargino lifetime [69] does not arise, since this mχ̃±
1
− mχ̃0

1
is

always higher than 1GeV [39], except for some points with a very large ZW (which we will

ignore here).

The most important feature of relevance to this study is illustrated in figure 4, where

we note that points with ∆mχ̃0
2
! 60GeV do not appear. This is because a larger higgsino

component in χ̃0
1 leads to exclusion by the XENON1T constraint, implying that mχ̃0

1
lying

just above the noted value only barely satisfy it. With increasing ZW the mass-splitting

– 9 –
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Figure 5: (a) BR(χ̃0
2 → χ̃0

1Z) as a function of the χ̃0
1-χ̃

0
2 mass difference, and (b) BR(χ̃±

2 →
χ̃±
1 Z) as a function of the χ̃±

1 -χ̃
±
2 mass difference. The colour map corresponds to the wino

component in χ̃0
1.

the corresponding coupling,

g2Zχ̃0
i χ̃

0
j
=

∣∣∣∣−
i

2

(
g1 sin θW + g2 cos θW

)(
N∗

j3Ni3 −N∗
j4Ni4

)(
γµ ·

1− γ5
2

)∣∣∣∣
2

+

∣∣∣∣
i

2

(
g1 sin θW + g2 cos θW

)(
N∗

i3Nj3 −N∗
i4Nj4

)(
γµ ·

1 + γ5
2

)∣∣∣∣
2

, (3.7)

depending only on the higgsino components in χ̃0
1 and χ̃0

2. Thus, for a wino-like χ̃0
1 and

higgsino-like χ̃0
2,3 this coupling can undergo reduction due to large cancellations. Such

cancellations are not as strong in the case of the coupling,

g2
Zχ̃±

i χ̃±
j
=

∣∣∣∣
i

2

(
2g2U

∗
j1 cos θWUi1 + U∗

j2

(
− g1 sin θW + g2 cos θW

)
Ui2

)(
γµ ·

1− γ5
2

)∣∣∣∣
2

+

∣∣∣∣
i

2

(
2g2V

∗
i1 cos θWVj1 + V ∗

i2

(
− g1 sin θW + g2 cos θW

)
Vj2

)(
γµ ·

1 + γ5
2

)∣∣∣∣
2

,

(3.8)

responsible for the χ̃±
2 → χ̃±

1 Z decay, the BR for which consequently rises to about 42%

just before the χ̃±
2 → χ̃±

1 h decay threshold. We point out here that the χ̃0
3 → χ̃0

1Z decay

follows a characteristic trend very similar to the χ̃0
2 → χ̃0

1Z decay in this scenario, and is

therefore not illustrated separately here.

4 Signal-to-background analysis of benchmark points

In order to perform a detector-level analysis, we picked five BPs for each of the two DM

scenarios from the allowed points, as noted earlier. In the WSH (WLH) scenario, those

points were identified as BPs for which the highest Seff
2 (Seff

1 ) was obtained in each of the

– 11 –
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)(
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2

,

(3.8)

responsible for the χ̃±
2 → χ̃±

1 Z decay, the BR for which consequently rises to about 42%

just before the χ̃±
2 → χ̃±

1 h decay threshold. We point out here that the χ̃0
3 → χ̃0

1Z decay

follows a characteristic trend very similar to the χ̃0
2 → χ̃0

1Z decay in this scenario, and is

therefore not illustrated separately here.

4 Signal-to-background analysis of benchmark points

In order to perform a detector-level analysis, we picked five BPs for each of the two DM

scenarios from the allowed points, as noted earlier. In the WSH (WLH) scenario, those

points were identified as BPs for which the highest Seff
2 (Seff

1 ) was obtained in each of the
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Figure 4: (a) S2, eff
1 and (b) Seff

2 as functions of the χ̃0
1-χ̃

0
2 mass difference. In panels

(c) and (d) the same quantities are plotted, respectively, as functions of the χ̃±
1 -χ̃

±
2 mass

difference. The colour maps in all the panels correspond to the wino component in χ̃0
1.

increases and S2, eff
1 first drops slowly and then takes a sharp dip around the χ̃0

2 → χ̃0
1Z

threshold. It is precisely at this ∆mχ̃0
2
that the transition from the WLH to the WSH

scenario takes place, so that Seff
2 becomes dominant over S2, eff

1 , as noted earlier and seen

again in figure 4(b). In fact, Seff
2 has the maximal achievable values here, and thus compen-

sates for the reduction in S2, eff
1 . According to figure 4(c), when ∆mχ̃0

2
is around the χ̃0

1Z

threshold (causing the dip in S2, eff
1 ), ∆mχ̃± lies above ∼ 100GeV, so that the χ̃±

2 → χ̃±
1 Z

decay is allowed. This results in the enhancement in Seff
2 seen in panel (d), until ∆mχ̃±

exceeds ∼ 120GeV, after which the χ̃±
2 → χ̃±

1 h decay channel opens up, pulling Seff
2 down.

The behaviour of S2, eff
1 and Seff

2 discussed above is evidently driven largely by the BRs

for the χ̃0
2 → χ̃0

1Z and χ̃±
2 → χ̃±

1 Z decays, which are shown in figure 5, panels (a) and (b),

respectively. BR(χ̃0
2 → χ̃0

1Z) is minimal right at the threshold, which is a consequence of
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EVENT ANALYSIS

Background or signal SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

ZZ events 410 59 10 280 39 12

ZW± events 1391 595 71 6850 661 189

tt̄ events 1715 401 62 272 178 19

All background events 3516 1055 143 7402 878 220

BP1 signal events 12 37 19 191 134 130

BP2 signal events 20 46 18 270 144 96

Table 4: The number of background and signal events at the 14TeV LHC for L = 300 fb−1

in each of the signal regions of the ATLAS 3ℓ search.

BP1 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 0.178 246.9 10.0 3770.0

Cut efficiency 0.123 2.15 × 10−4 6× 10−5 1× 10−6

Effective cross section (fb) 0.022 0.053 0.0006 0.003

No. of events 6.6 15.9 0.18 0.9

Table 5: The backgrounds and the signal for the BP1 in the µcol search channel at the

14 TeV LHC for L = 300 fb−1.

BPs, different sets of cuts need to be implemented for each of them.

We quantify the strengths of the two analyses in terms of S/B for comparing them

against each other. This quantity is listed in table 7 for the two BPs in each of the search

channel. The 3ℓ analysis gives a slightly higher S/B for the BP1 compared to that for the

BP2. On the other hand, S/B for the BP2 in the µcol analysis is considerably larger than

the S/B obtained for the BP1 in each of the two analyses. This is due, evidently, to the

sizable BR(χ̃0
2 → A1χ̃0

1) and BR(A1 → µ+µ−), as noted in table 3. In addition, the cut

efficiency for the signal is much higher while that for the Wγ∗ background is much lower

in the case of the BP1.

For a more realistic analysis of the prospects of a signal process though, the statistical

and systematic uncertainties in it also need to be taken into account. Hence, for each

BP we have also provided in table 7 the statistical significance, given by the approximate

formula,

Z ≡
S√

B + (εB)2
, (5.2)

where the systematic uncertainty is given by the fraction ε of the background. From the

ATLAS 3ℓ search [54], we note that the systematic uncertainty is 21% for the SRZc signal

region, where the highest sensitivity is achieved, as seen above. We expect this number

not to vary considerably at the 14TeV LHC and hence use ε = 0.21 in our estimation

of Z for the 3ℓ channel. For the W + µcol + /ET channel, since there is no experimental

analysis available, the systematic uncertainty has to be estimated roughly. There are two

major sources of this uncertainty: the reconstruction of the µcol, in which case it is around
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Cuts
Backgrounds Signals Significances

W±Z W+W− ZZ S1 S2 Z1 Z2 Z3ℓ

Events before cuts 778670 4444650 73213 5084 5616 2.21 2.44 4.65

|η(ℓ)| < 2.4 701373 3538624 59515 4537 5046 2.19 2.43 4.62

n(ℓ) ≥ 1 with pT > 20GeV 674906 3295789 56633 4366 4902 2.18 2.44 4.62

∆R(ℓ, j) > 0.4 428099 1616502 27309 2543 2887 1.77 2.01 3.78

pT (j) > 30GeV 343438 1280660 21741 2154 2457 1.68 1.92 3.60

|η(j)| < 2.5 270703 1017195 18403 1943 2222 1.70 1.94 3.64

b-jet veto 267997 984850 17870 1859 2127 1.65 1.89 3.54

> 160GeV 516 16 2 1 1 0.04 0.04 0.08

MT 120 − 160GeV 750 54 2 1 1 0.04 0.04 0.08

0− 120GeV 35705 1827 34 9 7 0.05 0.04 0.09

/ET > 100GeV 21026 60391 3411 666 917 2.29 3.15 5.44

75GeV < Mℓ+ℓ− < 105GeV 7452 2793 1511 319 459 2.94 4.23 7.17

Table 3: Cut-flow for S1, S2 and the SM backgrounds for BP1, at the LHC with
√
s =

14TeV for L = 300 fb−1. The numbers in the last two (green-shaded rows) are obtained

by disregarding the cuts on MT (shown in the red-shaded rows).

that the ℓ3 is generally very soft, so that any cut on MT almost completely diminishes both

the signals, as figure 7(a) illustrates. However, figure 7(b) shows that a 75 GeV < Mℓ+ℓ− <

105 GeV selection condition on the OSSF lepton pair can prove crucial in recovering the

signal events while keeping the SM background under control.

For each of the ten BPs we then calculated the statistical significance, defined as

Zi ≡
NSi√
NB

, (4.2)

where the number of events for the S1 signal is given as NS1
=

4∑
i=2

NSi
1
, with NSi

1
corre-

sponding to the Si
1 signal processes for i = 1−3, NS2

is the number of S2 signal events and

NB the total number of background events. We also define the total number of 3ℓ + /ET

signal events as NS3ℓ = NS1
+ NS2

in order to calculate the combined significance of the

two production modes considered.

In table 3, we show the cut-flow for NS1
, NS2

and NB for BP1, as well as the individual

and combined signal significances at the LHC with
√
s = 14TeV for L = 300 fb−1. In

accordance with the discussion above, for the final Zi quoted, we ignore the MT selection

cuts shown in the red rows, as they highly suppress the signals, and instead impose the

following two cuts: /ET > 100GeV and 75GeV < Mℓ+ℓ− < 105GeV, in the rows highlighted

in green. In table 4 we show a similar cut-flow for the same BP but with L = 1000 fb−1.

We note in both the tables that Z2 is larger than Z1 and hence our slight modification

of the selection procedure raises the combined significance, Z3ℓ, to a considerably higher

value than what would be achievable with the cuts adopted in the 3ℓ+ /ET searches at the

LHC so far.
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��P
i=1�5 Dii(ŝ)
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MDi�

���
2

���
P

i=1�5

P
�,�=± MPi�

DiiMDi�

���
2

���
P

i,j=1�5

P
�,�=± MPi�

DijMDj�

���
2

A2
gg!yy

2

 (GeV) TE
0 50 100 150 200 250 300 350 400

 ) 
-1

E
ve

nt
s /

 5
 G

eV
  (

 L
 =

  3
00

 fb

1

10

210

310

410

510 WW
WZ
ZZ

1S
2S

Figure 6: Cumulative number of signal and background events for BP1 versus /ET at the

LHC with
√
s = 14TeV for L = 300 fb−1.

production. This can be easily deduced from figure 6, containing the /ET distributions for

the two signals and the considered backgrounds.
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Figure 7: Cumulative number of signal and background events for BP1 versus (a) the

invariant mass of the OSSF lepton pair and (b) the transverse mass at the LHC with√
s = 14TeV for L = 300 fb−1. The legend in (a) applies to (b) also.

In the trilepton searches at the LHC, the two OSSF leptons are characterised by the

invariant mass Mℓ+ℓ− , while the third lepton, ℓ3, is identified by constructing the transverse

mass,

MT =
√
2 /ET pT (ℓ3) (1− cos∆φℓ3, /ET

) , (4.1)

where ∆φℓ3, /ET
is the difference between the azimuthal angles of ℓ3 and /ET . The LHC

searches [44–49] define certain regions in MT , i.e., MT > 160GeV, 120GeV < MT <

160GeV, and 0GeV < MT < 120GeV, in order to suppress the huge W±Z background.

In the wino-like DM scenario though, the near mass-degeneracy between χ̃0
1 and χ̃

±
1 implies
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10

BP (scenario)
mχ̃0

1
mχ̃0

2
mχ̃0

3
mχ̃0

4
mχ̃±

1
mχ̃±

2
σS1

σS2

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [fb] [fb]

1 (WSH) 115 214 234 891 117 243 17 18.7

2 (WLH) 119 183 216 844 123 223 63.7 9.66

Table 2: Masses of the neutralinos and charginos as well as cross sections corresponding

to the two signal processes for the BP with the lowest mχ̃0
1
in each scenario.

five bins of 20GeV in mχ̃0
1
ranging between 100–200 GeV. This upper cut-off at 200GeV

in mχ̃0
1
is essentially inspired, besides the phase-space considerations, by the observation in

figure 3(b) that the Seff
2 starts declining rapidly after this value. For the selected BPs, the

parton-level cross sections at the leading order (LO) for the S1 and S2 signals were calcu-

lated with MadGraph5 aMC@NLO [70] for the LHC with
√
s = 14TeV.2 These cross sections

were then multiplied by a k-factor of 1.25, since it is almost a constant for the neutralino and

chargino mass ranges of our interest, obtained from the public code PROSPINO-v2.1 [71].

As noted in the previous section, for a given mχ̃0
1
in each scenario, S2, eff

1 and Seff
2 peak

for particular values of ∆mχ̃0
2
and ∆mχ̃±. Thus, once a scenario and mχ̃0

1
in it have been

specified, mχ̃0
2
and mχ̃±

2
are almost fixed by the requirement of maximal S2, eff

1 and Seff
2 .

For this reason, in table 2 we provide the neutralino and chargino masses along with the

S1 and S2 cross sections only for the lowest mχ̃0
1
BPs chosen for each of the two scenario,

for reference in the discussion to follow.

The SM backgrounds (B) were also obtained from MadGraph, but at the next-to-LO

(NLO) for consistency. The MadGraph outputs were then passed to PYTHIA6 [72] for parton-

showering and hadronisation, with jet (j)-clustering (where j = g, u, c, d, s, b) performed

using the anti-kt algorithm [73] with a cone radius ∆R = 0.5, pseudorapidity |η(j)| <

2.5, and pT (j) > 30GeV, and subsequently to the DELPHES package [74] for fast detector

simulation. Finally, we manipulated the Monte Carlo (MC) data with MadAnalysis5 [75].

We required each event to contain exactly three reconstructed leptons, with each of

them having |η(ℓ)| < 2.4, two being OSSF ones, and at least one having pT > 20GeV. Jets

were separated from the lepton candidates through ∆R(ℓ, j) > 0.4, and those consistent

with anomalous noise in the calorimeters were rejected [76]. The dominant irreducible back-

grounds for this search are from W±Z and tt̄ production, of which the latter is suppressed

by rejecting events with at least one b-tag. We also take into account the subdominant

background from ZZ production, but disregard those from rare SM processes such as

tt̄Z, tt̄W , tt̄H and tri-boson production. Furthermore, since the DM of our interest here is

wino-like and thus always heavier than ∼ 100GeV, rejecting events with /ET < 100GeV can

substantially suppress the additional backgrounds from events with Z + jets and W+W−

2We have adopted here 14TeV as a realistically achievable energy by the LHC over the time frame

necessary to accrue the O(1000) fb−1 luminosities needed to establish some of our signals (as we will see

below). However, if we were to instead use
√
s = 13TeV in our analysis, the cross sections would typically

be lower by 10− 20% and the signal significances would scale accordingly.
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Cuts
Backgrounds Signals Significances

W±Z W+W− ZZ S1 S2 Z1 Z2 Z3ℓ

Events before cuts 778670 4444650 73213 5084 5616 2.21 2.44 4.65

|η(ℓ)| < 2.4 701373 3538624 59515 4537 5046 2.19 2.43 4.62

n(ℓ) ≥ 1 with pT > 20GeV 674906 3295789 56633 4366 4902 2.18 2.44 4.62

∆R(ℓ, j) > 0.4 428099 1616502 27309 2543 2887 1.77 2.01 3.78

pT (j) > 30GeV 343438 1280660 21741 2154 2457 1.68 1.92 3.60

|η(j)| < 2.5 270703 1017195 18403 1943 2222 1.70 1.94 3.64

b-jet veto 267997 984850 17870 1859 2127 1.65 1.89 3.54

> 160GeV 516 16 2 1 1 0.04 0.04 0.08

MT 120 − 160GeV 750 54 2 1 1 0.04 0.04 0.08

0− 120GeV 35705 1827 34 9 7 0.05 0.04 0.09

/ET > 100GeV 21026 60391 3411 666 917 2.29 3.15 5.44

75GeV < Mℓ+ℓ− < 105GeV 7452 2793 1511 319 459 2.94 4.23 7.17

Table 3: Cut-flow for S1, S2 and the SM backgrounds for BP1, at the LHC with
√
s =

14TeV for L = 300 fb−1. The numbers in the last two (green-shaded rows) are obtained

by disregarding the cuts on MT (shown in the red-shaded rows).

that the ℓ3 is generally very soft, so that any cut on MT almost completely diminishes both

the signals, as figure 7(a) illustrates. However, figure 7(b) shows that a 75 GeV < Mℓ+ℓ− <

105 GeV selection condition on the OSSF lepton pair can prove crucial in recovering the

signal events while keeping the SM background under control.

For each of the ten BPs we then calculated the statistical significance, defined as

Zi ≡
NSi√
NB

, (4.2)

where the number of events for the S1 signal is given as NS1
=

4∑
i=2

NSi
1
, with NSi

1
corre-

sponding to the Si
1 signal processes for i = 1−3, NS2

is the number of S2 signal events and

NB the total number of background events. We also define the total number of 3ℓ + /ET

signal events as NS3ℓ = NS1
+ NS2

in order to calculate the combined significance of the

two production modes considered.

In table 3, we show the cut-flow for NS1
, NS2

and NB for BP1, as well as the individual

and combined signal significances at the LHC with
√
s = 14TeV for L = 300 fb−1. In

accordance with the discussion above, for the final Zi quoted, we ignore the MT selection

cuts shown in the red rows, as they highly suppress the signals, and instead impose the

following two cuts: /ET > 100GeV and 75GeV < Mℓ+ℓ− < 105GeV, in the rows highlighted

in green. In table 4 we show a similar cut-flow for the same BP but with L = 1000 fb−1.

We note in both the tables that Z2 is larger than Z1 and hence our slight modification

of the selection procedure raises the combined significance, Z3ℓ, to a considerably higher

value than what would be achievable with the cuts adopted in the 3ℓ+ /ET searches at the

LHC so far.
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Figure 8: Statistical significances obtained for the signals S1 (left column) and S2 (central

column) and their combination, S3ℓ, (right column) for each of the five BPs per scenario.

See text for further details.

ables, and most importantly, the recent exclusion limits from the XENON1T detector and

from the Fermi-LAT and MAGIC experiments combined.

Through this analysis, we have noted that, while the standard production mode gener-

ally results in a relatively poor sensitivity for the DM of our interest, there are regions in the

MSSM parameter space where the net yield in the trilepton final state can be substantially

enhanced. This is thanks to an alternative channel, the production of the wino-like DM

directly in association with the heavier chargino, coming into play. We have demonstrated

that, through some optimisation of the kinematical cuts currently employed by the LHC

collaborations in the trilepton searches, the complementarity of the two channels can be

fully exploited. In particular, we have proposed to drop the MT cut, the main purpose

of which is conventionally to reduce the W±Z background. In the case of the wino-like

DM though, the third lepton (coming from the W±∗) is very soft, so that the background

essentially contains only two leptons. Hence, instead of this selection, our suggested mod-

ified cuts on /ET and Mℓ+ℓ− can be utilised to isolate the combination of the two signals

from the SM backgrounds.

The relevance of our analysis for the phenomenology of the MSSM is thus very clear-cut,

as a hint of such wino-like DM at the LHC would point towards the following configuration

of SUSY:

1. µ < 0,

2. an inverted EWino mass hierarchy incompatible with an mSUGRA-inspired SUSY-

breaking mechanism,
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column) and their combination, S3ℓ, (right column) for each of the five BPs per scenario.

See text for further details.
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from the Fermi-LAT and MAGIC experiments combined.

Through this analysis, we have noted that, while the standard production mode gener-

ally results in a relatively poor sensitivity for the DM of our interest, there are regions in the

MSSM parameter space where the net yield in the trilepton final state can be substantially

enhanced. This is thanks to an alternative channel, the production of the wino-like DM

directly in association with the heavier chargino, coming into play. We have demonstrated

that, through some optimisation of the kinematical cuts currently employed by the LHC

collaborations in the trilepton searches, the complementarity of the two channels can be

fully exploited. In particular, we have proposed to drop the MT cut, the main purpose

of which is conventionally to reduce the W±Z background. In the case of the wino-like

DM though, the third lepton (coming from the W±∗) is very soft, so that the background

essentially contains only two leptons. Hence, instead of this selection, our suggested mod-

ified cuts on /ET and Mℓ+ℓ− can be utilised to isolate the combination of the two signals

from the SM backgrounds.

The relevance of our analysis for the phenomenology of the MSSM is thus very clear-cut,

as a hint of such wino-like DM at the LHC would point towards the following configuration

of SUSY:

1. µ < 0,

2. an inverted EWino mass hierarchy incompatible with an mSUGRA-inspired SUSY-

breaking mechanism,
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Figure 6: Cumulative number of signal and background events for BP1 versus /ET at the

LHC with
√
s = 14TeV for L = 300 fb−1.

production. This can be easily deduced from figure 6, containing the /ET distributions for

the two signals and the considered backgrounds.
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Figure 7: Cumulative number of signal and background events for BP1 versus (a) the

invariant mass of the OSSF lepton pair and (b) the transverse mass at the LHC with√
s = 14TeV for L = 300 fb−1. The legend in (a) applies to (b) also.

In the trilepton searches at the LHC, the two OSSF leptons are characterised by the

invariant mass Mℓ+ℓ− , while the third lepton, ℓ3, is identified by constructing the transverse

mass,

MT =
√
2 /ET pT (ℓ3) (1− cos∆φℓ3, /ET

) , (4.1)

where ∆φℓ3, /ET
is the difference between the azimuthal angles of ℓ3 and /ET . The LHC

searches [44–49] define certain regions in MT , i.e., MT > 160GeV, 120GeV < MT <

160GeV, and 0GeV < MT < 120GeV, in order to suppress the huge W±Z background.

In the wino-like DM scenario though, the near mass-degeneracy between χ̃0
1 and χ̃

±
1 implies
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invariant mass Mℓ+ℓ− , while the third lepton, ℓ3, is identified by constructing the transverse

mass,

MT =
√
2 /ET pT (ℓ3) (1− cos∆φℓ3, /ET

) , (4.1)

where ∆φℓ3, /ET
is the difference between the azimuthal angles of ℓ3 and /ET . The LHC

searches [44–49] define certain regions in MT , i.e., MT > 160GeV, 120GeV < MT <

160GeV, and 0GeV < MT < 120GeV, in order to suppress the huge W±Z background.

In the wino-like DM scenario though, the near mass-degeneracy between χ̃0
1 and χ̃

±
1 implies
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Figure 8: Statistical significances obtained for the signals S1 (left column) and S2 (central

column) and their combination, S3ℓ, (right column) for each of the five BPs per scenario.

See text for further details.

ables, and most importantly, the recent exclusion limits from the XENON1T detector and

from the Fermi-LAT and MAGIC experiments combined.

Through this analysis, we have noted that, while the standard production mode gener-

ally results in a relatively poor sensitivity for the DM of our interest, there are regions in the

MSSM parameter space where the net yield in the trilepton final state can be substantially

enhanced. This is thanks to an alternative channel, the production of the wino-like DM

directly in association with the heavier chargino, coming into play. We have demonstrated

that, through some optimisation of the kinematical cuts currently employed by the LHC

collaborations in the trilepton searches, the complementarity of the two channels can be

fully exploited. In particular, we have proposed to drop the MT cut, the main purpose

of which is conventionally to reduce the W±Z background. In the case of the wino-like

DM though, the third lepton (coming from the W±∗) is very soft, so that the background

essentially contains only two leptons. Hence, instead of this selection, our suggested mod-

ified cuts on /ET and Mℓ+ℓ− can be utilised to isolate the combination of the two signals

from the SM backgrounds.

The relevance of our analysis for the phenomenology of the MSSM is thus very clear-cut,

as a hint of such wino-like DM at the LHC would point towards the following configuration

of SUSY:

1. µ < 0,

2. an inverted EWino mass hierarchy incompatible with an mSUGRA-inspired SUSY-

breaking mechanism,
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See text for further details.
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from the Fermi-LAT and MAGIC experiments combined.

Through this analysis, we have noted that, while the standard production mode gener-

ally results in a relatively poor sensitivity for the DM of our interest, there are regions in the

MSSM parameter space where the net yield in the trilepton final state can be substantially

enhanced. This is thanks to an alternative channel, the production of the wino-like DM

directly in association with the heavier chargino, coming into play. We have demonstrated

that, through some optimisation of the kinematical cuts currently employed by the LHC

collaborations in the trilepton searches, the complementarity of the two channels can be

fully exploited. In particular, we have proposed to drop the MT cut, the main purpose

of which is conventionally to reduce the W±Z background. In the case of the wino-like

DM though, the third lepton (coming from the W±∗) is very soft, so that the background

essentially contains only two leptons. Hence, instead of this selection, our suggested mod-

ified cuts on /ET and Mℓ+ℓ− can be utilised to isolate the combination of the two signals

from the SM backgrounds.

The relevance of our analysis for the phenomenology of the MSSM is thus very clear-cut,

as a hint of such wino-like DM at the LHC would point towards the following configuration

of SUSY:

1. µ < 0,

2. an inverted EWino mass hierarchy incompatible with an mSUGRA-inspired SUSY-
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See text for further details.
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MSSM parameter space where the net yield in the trilepton final state can be substantially

enhanced. This is thanks to an alternative channel, the production of the wino-like DM

directly in association with the heavier chargino, coming into play. We have demonstrated
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collaborations in the trilepton searches, the complementarity of the two channels can be

fully exploited. In particular, we have proposed to drop the MT cut, the main purpose

of which is conventionally to reduce the W±Z background. In the case of the wino-like

DM though, the third lepton (coming from the W±∗) is very soft, so that the background

essentially contains only two leptons. Hence, instead of this selection, our suggested mod-
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Figure 8: Statistical significances obtained for the signals S1 (left column) and S2 (central

column) and their combination, S3ℓ, (right column) for each of the five BPs per scenario.

See text for further details.
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The trilepton final state could serve as an 
important probe of the Wino LSSP, thanks to 
contribution from a non-standard event topology 
A ~100 GeV Wino might be accessible at the 14 TeV 
LHC even with 300/fb luminosity - through 
optimisation of the current kinematical cuts 
Observation of such a DM may hint at 

• ! < 0  
•|!| consistent with naturalness 
•inverted electroweakino soft mass hierarchy 
(inconsistent with mSUGRA) 

•Anomaly-mediated SUSY-breaking
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