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Outline
• Higgs measurements: 

- 8 TeV data:  Interpretation of the results 

- 13/14 TeV LHC:  Wino searches in split SUSY 
(Bino LSP case) 

- a 100 TeV collider: Wino searches in split SUSY 
(Higgino LSP case) 

- anomalous ttH coupling in ttH, tHj production

• Direct BSM searches:



Introduction
• The LHC run 1 brought a lot of successes:

- The discovery of a Higgs boson  
- The Higgs property measurements → SM-like 
- The direct BSM searches → strong limits 

• The LHC will resume collecting data with 13 TeV this year.

- New Higgs property measurements  
- More direct BSM searches   

more interpretation is needed

Where should we look at? 
How should we look at? 
What are the prospects?
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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Higgs decay modes
• The Higgs is observed in various decay modes. 
• The results are consistent with the SM.
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Higgs production modes
• Several Higgs production modes are measured. 
• Some processes have not been well or at all observed:  ttH, tHj, bbH, HH
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ttH and tHj productions 
• The ttH production (σ~130 fb @8TeV) is only poorly measured and the 

tHj production (σ~18 fb @8TeV) is not measured in the 7 and 8 TeV data. 

• At the 13 TeV LHC the cross sections of these processes go up and they 
become important physics targets at run 2 LHC.  

• Observation of these production modes enable us to constrain the ttH 
coupling.  
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(tt̄t+ i̃tt̄�5t)H SM: (t, ̃t) = (1, 0)
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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gg→H production H→γγ decay

L� = �
h↵s

8⇡
cgbgG

a
µ⌫G

µ⌫a +
↵em

8⇡
c�b�Fµ⌫F

µ⌫
i⇣H

v

⌘

SM: (cg, c�) = (1, 1)

Constraint on ttH coupling
• The ttH coupling is already constrained by the gluon-fusion Higgs 

production and the Higgs decay into γγ.
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Constraint on ttH coupling
• One can translate the constraint on (cg, cγ) into (κt, ~κt).  

Figure 4: Left: The constraints in the (c�, cg) plane imposed by the measurements in Fig. 1,
assuming the Standard Model values for the tree-level couplings to massive bosons and
fermions, i.e., a = c = 1. Right: The constraints in the (a, c) plane when marginalizing
over c� and cg.

We display in the left panel of Fig. 5 the one-dimensional likelihood function �2 for

the factor c� obtained by marginalizing over cg, and in the right panel the one-dimensional

likelihood function for cg obtained by marginalizing over c�. The central values and the 68%

CL ranges of c� and cg are as follows:

c� = 1.18± 0.12 , cg = 0.88± 0.11 , (6)

and the likelihood price for c� = 1 is ��2 = 2, whereas the price for cg = 1 is ��2 = 1.

4 Probing the Mass Dependence of Higgs Couplings

We now turn to the results of a global fit using the (M, ✏) parameterization (1) that probes

directly the extent to which the current measurements constrain the H couplings to other

particles to be approximately linear: ✏ ⇠ 0, and the extent to which the mass scaling

parameter M ⇠ v. The left panel of Fig. 6 shows the result of combining the measurements

shown in Fig. 1 in the (M, ✏) plane. The horizontal and vertical yellow lines correspond to

✏ = 0 and M = v, respectively, and the data are quite compatible with these values. The

central values and the 68% CL ranges of M and ✏ are as follows:

M = 244+20

�10

GeV , ✏ = �0.022+0.042
�0.021 , (7)

and the likelihood price for M = 246 GeV and ✏ = 0 is ��2 = 0.12. It is remarkable that

the data already constrain the mass dependence of the H couplings to other particles to be
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.

4

1σ2σ

Lt = �mt

v
(tt̄t+ i̃tt̄�5t)H
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• The CP phase ζt is not well constrained.
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relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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Figure 3: The ratios of �(t̄tH) to the Standard Model value (left panel) and of �(tH) to the
Standard Model value (right panel) are shown using the indicated colour codes. Also shown
is the crescent-shaped region in Fig. 1 that is allowed by present data at the 68% CL.

This e↵ect is also seen clearly in the left panel of Fig. 4, where we see that �(tH) and

�(t̄H) reach more than 3 times the Standard Model values when ⇣t > 60o. A measurement at

the Standard Model level with a factor of two uncertainty would determine ⇣t ⇠ 0± 45o. As

seen in the right panel of Fig. 4, the combination of the decrease in �(t̄tH) and the increases

in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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This e↵ect is also seen clearly in the left panel of Fig. 4, where we see that �(tH) and

�(t̄H) reach more than 3 times the Standard Model values when ⇣t > 60o. A measurement at

the Standard Model level with a factor of two uncertainty would determine ⇣t ⇠ 0± 45o. As

seen in the right panel of Fig. 4, the combination of the decrease in �(t̄tH) and the increases

in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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This effect is also seen clearly in the left panel of figure 4, where we see that σ(tH) and

σ(t̄H) reach more than 3 times the Standard Model values when ζt > 60o. A measurement

at the Standard Model level with a factor of two uncertainty would determine ζt ∼ 0±45o.

As seen in the right panel of figure 4, the combination of the decrease in σ(t̄tH) and the

increases in σ(tH) and σ(t̄H) along the crescent imply that the ratio σ(tH + t̄H)/σ(t̄tH)

increases by a factor of more than 20 along the crescent, compared to its value in the

Standard Model, ∼ 0.06.

4 Mass distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In

the case of single t or t̄ production, there is also a forward jet j corresponding to the

quark from which the virtual W was emitted, as seen in the lower panel of figure 2. Hence

there are again three final-state particles t (or t̄), H and j, and therefore four measurable

invariant masses in this case: the total invariant mass MtHj (or Mt̄Hj) and the two-particle

invariant masses MtH (or Mt̄H), Mtj (or Mt̄j), and MHj . In the following we present some

invariant mass distributions for the t̄tH and tHj (or t̄Hj) final states, starting with the

total invariant mass distributions. All the distributions shown below are idealized, as they

do not include the effects of parton showering, object reconstruction, detector resolution,

etc. We also do not consider the background contamination and the realistic selection cuts

which will be applied in experiments.4 These effects could alter the shape of distributions,

but the study of such effects lies beyond this exploratory work.
4The background contamination is known to be a serious problem for the t̄tH process. In addition to

improving the techniques to suppress the the background, e.g using jet substructure techniques [33, 34], a

precise estimation of the background shapes would be necessary to reduce the systematic uncertainties.
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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• In the diagram without ttH coupling the top is dominantly left-handed, 
whereas it is right-handed in the diagram with ttH.  Modification of ttH 
coupling may affect the top polarisation measurement in tHj. 
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• The top polarisation can be measured by the angle of the lepton w.r.t the 
top boost direction at the top rest frame.  
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Figure 9. Left panel: the distributions in the semileptonic decay angle θℓ for the tHj final state
for the indicated values of ζt. In the right panel we display the variation of the forward-backward
asymmetry in θℓ, Al, with ζt for tHj (t̄Hj) production in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14TeV.

interesting for tHj and t̄Hj production, because of the 1− γ5 factor in the Wtb coupling.

As already noted, the matrix elements of these processes have two competing Feynman

diagrams: one is proportional to the t̄tH coupling and the other to the WWH coupling,

as seen in the lower panel of figure 2. In the latter diagram, the t (or t̄) is emitted from the

initial b(b̄)-quark when it exchanges a W boson with a quark (or antiquark) in the other

proton. This t(t̄) quark therefore prefers the left-handed chirality. In the former diagram,

t (or t̄) is produced in the same way but subsequently emits a H, changing its chirality.

One can therefore expect that the tops in these processes are polarized to some extent,

depending on the details of the t̄tH coupling.

The angular distributions of the top decay products are correlated with the top spin

direction in the following way [56–58]:

1

Γf

dΓf

d cos θf
=

1

2
(1 + ωfPt cos θf ) , (5.1)

where f is the type of top decay product: f = b, ℓ, . . ., θf is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and

Pt is the degree of the top polarization:

Pt =
N(↑)−N(↓)
N(↑) +N(↓) . (5.2)

The coefficient ωf depends on the type of decay product, e.g., ωW = −ωb = 0.41 and

ωℓ = 1 at tree level.

We consider first the angle θℓ between the direction of the t and the final-state lepton

ℓ measured at the rest frame of the top in tHj production events. The left panel of figure 9

displays the cos θℓ distributions. As previously, the distribution for the Standard Model

case ζt = 0 is shown in black, and the distributions for |ζt| = π/4 and π/2 in dotted and
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solid red, respectively. We can see that the lepton momentum in the Standard Model

case strongly prefers the opposite direction to the top’s boost direction at the top’s rest

frame, meaning that tops are negatively polarized, Pt < 0. As |ζt| increases this preference
is weakend. For |ζt| = π/4 the distribution is already quite flat, and the slope is even

positive, Pt >∼ 0, for |ζt| = π/2.

The dependence on ζt can more explicitly be seen in the right panel of figure 9, which

displays the variation with ζt of the forward-backward asymmetry

Aℓ =
N(cos θℓ > 0)−N(cos θℓ < 0)

N(cos θℓ > 0) +N(cos θℓ < 0)
, (5.3)

along a contour passing trough the middle of the crescent-shape allowed region. The red

and blue curves correspond to the At
ℓ and At̄

ℓ in the tHj and t̄Hj production events, re-

spectively. The shaded bands represent estimates of the measurement error with 100/fb of

integrated luminosity at 14TeV, again ignoring effects of parton showering, top reconstruc-

tion, detector resolution,5 etc. We see that, within the range of ζt allowed by the present

data, the asymmetry is largest in magnitude (and negative) for ζt = 0 (the Standard Model

case), is reduced in magnitude for ζt ̸= 0, and changes sign for ζt = ±π/2. On the other

hand, there is no sensitivity to the sign of ζt. In the Standard Model case, the asymmetries

for the tHj and t̄Hj events are identical. For ζt ̸= 0, tops are more positively polarized in

the tHj events than in the t̄Hj events.

We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by −→p j ×−→p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of figure 2. The left panel of figure 10

shows the cos θℓ⊥ distribution, where θℓ⊥ is the angle between the lepton momentum and

the spin quantization axis defined above at the rest frame of the top. We see that the

distribution is flat for the Standard Model case ζt = 0. One the other hand, when ζt ̸= 0,

the lepton prefers one side of the hemisphere with respect to the three-body production

plane at the rest frame of the top. The right panel in figure 10 shows the variation with

ζt of the asymmetry Aℓ⊥, which is defined in the same way as in eq. (5.3) for the cos θℓ⊥,

with the same colour-coding as in figure 9. As expected, there is no up-down asymmetry

for the Standard Model case ζt = 0, but there is a measurable asymmetry for ζt = ±π/4

and ±π/2. In particular, the sign of the perpendicular asymmetry is sensitive to the sign

of ζt = arc tan(κ̃t/κt). This measurement could therefore provide a direct probe of CP

violation in the top-H couplings.

5.2 Spin correlation measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of figure 11 shows the distribution in the angle ∆φℓ+ℓ− between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

5For studies including these effects, see e.g. [35, 59, 60].
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Spin measurement in tHj
• The cosθl distribution but in the tHj rest frame

• Some dependency of the CP phase 

• ζt > 0 and < 0 are not distinguishable.

• tHj and tbarHj.  The band is the statistic error 
assuming 14 TeV LHC with 100 fb-1.

• The asymmetry is an useful measure.

• In SM the lepton prefers the opposite direction to 
the top boost direction, whereas for ζt = π/2, it 
prefers the same direction.  

14 TeV, Parton LevelJ. Ellis, KS, D.S. Hwang, M. Takeuchi (1312.5736)



p
r
o
o
f
s
 
J
H
E
P
_
0
3
5
P
_
0
1
1
4

 lθcos
-1 -0.5 0 0.5 1

N
or

m
al

iz
ed

 E
ve

nt
s

0.06

0.08

0.1

0.12

0.14
/2π= 

t
ζ

/4π= 
t

ζ
SM

/4π - 
t

ζ
/2π= - 

t
ζ

t
ζ

-2 -1 0 1 2

l
A

-0.1

0

0.1

Figure 10. Left panel: the distributions in the semileptonic decay angle θℓ⊥ out of the tHj plane
for ζt = arc tan(κ̃t/κt) = 0 (in black), ±π/4 (in dotted red and blue) and ±π/2 (in solid red and
blue). Right panel: the asymmetry perpendicular to the plane of tHj (t̄Hj) production, Al⊥, as
a function of ζt is indicated in red (blue): the shading represents an estimate of the measurement
error with 100/fb of integrated luminosity at 14TeV.

frame of the t̄t system. The sign of ∆φℓ+ℓ− is defined as the sign of −→p t · (−→p ℓ− ×−→p ℓ+).
6 As

previously, the distribution for the Standard Model case ζt = arc tan(κ̃t/κt) = 0 is shown

in black, those for ζt = ±π/4 as dotted lines, and those for ±π/2 as solid lines (red and

blue for ζt >,< 0, respectively). We see that the distribution has the form

dσ

d∆φℓ+ℓ−
∝ cos(∆φℓ+ℓ− − δ) + const. (5.4)

We see in the left panel of figure 11 that the phase shift δ vanishes for the Standard Model

case ζt = 0, but takes non-zero values for ζt ̸= 0, and we note that this phase shift is

sensitive to the sign of ζt. The right panel in figure 11 shows the value of δ as a function

of ζt. One can see that the δ varies from −π to π as ζt varies from −π/2 to π/2. We find

that the dependence of δ on ζt can be very well fitted by the function δ = 2ζt − sin(2ζt)/2.

6 Summary

We have shown in this paper that the cross sections and final-state distributions in t̄tH, tH

and t̃H production are sensitive to the ratio between the scalar and pseudoscalar top-H

couplings κt and κ̃t. In particular, the total cross section for t̄tH production decreases

significantly as the ratio κ̃t/κt increases within the ranges of values of these couplings that

are allowed by present data on the Hgg and Hγγ couplings. On the other hand, the total

cross sections for tH and t̃H production increase as the ratio κ̃t/κt increases.

6The ∆φℓ+ℓ− variable is commonly used in the spin correlation measurement in the t̄t process [61, 62],

although ∆φℓ+ℓ− is defined at the lab frame and its range is [0, π]. In order to identify CP violation, it is

crucial to measure ∆φℓ+ℓ− with respect to the top (or anti-top) axis in the range of [−π, π].
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solid red, respectively. We can see that the lepton momentum in the Standard Model

case strongly prefers the opposite direction to the top’s boost direction at the top’s rest

frame, meaning that tops are negatively polarized, Pt < 0. As |ζt| increases this preference
is weakend. For |ζt| = π/4 the distribution is already quite flat, and the slope is even

positive, Pt >∼ 0, for |ζt| = π/2.

The dependence on ζt can more explicitly be seen in the right panel of figure 9, which

displays the variation with ζt of the forward-backward asymmetry

Aℓ =
N(cos θℓ > 0)−N(cos θℓ < 0)

N(cos θℓ > 0) +N(cos θℓ < 0)
, (5.3)

along a contour passing trough the middle of the crescent-shape allowed region. The red

and blue curves correspond to the At
ℓ and At̄

ℓ in the tHj and t̄Hj production events, re-

spectively. The shaded bands represent estimates of the measurement error with 100/fb of

integrated luminosity at 14TeV, again ignoring effects of parton showering, top reconstruc-

tion, detector resolution,5 etc. We see that, within the range of ζt allowed by the present
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We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by −→p j ×−→p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of figure 2. The left panel of figure 10

shows the cos θℓ⊥ distribution, where θℓ⊥ is the angle between the lepton momentum and

the spin quantization axis defined above at the rest frame of the top. We see that the

distribution is flat for the Standard Model case ζt = 0. One the other hand, when ζt ̸= 0,

the lepton prefers one side of the hemisphere with respect to the three-body production

plane at the rest frame of the top. The right panel in figure 10 shows the variation with

ζt of the asymmetry Aℓ⊥, which is defined in the same way as in eq. (5.3) for the cos θℓ⊥,

with the same colour-coding as in figure 9. As expected, there is no up-down asymmetry

for the Standard Model case ζt = 0, but there is a measurable asymmetry for ζt = ±π/4

and ±π/2. In particular, the sign of the perpendicular asymmetry is sensitive to the sign

of ζt = arc tan(κ̃t/κt). This measurement could therefore provide a direct probe of CP

violation in the top-H couplings.

5.2 Spin correlation measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of figure 11 shows the distribution in the angle ∆φℓ+ℓ− between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

5For studies including these effects, see e.g. [35, 59, 60].

– 12 –

• The SM has a flat distribution => no CPV

• With ζt ≠ 0, the lepton prefers a particular direction 
depending on the sign of ζt.

• ζt > 0 and < 0 are distinguishable. 
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a function of ζt is indicated in red (blue): the shading represents an estimate of the measurement
error with 100/fb of integrated luminosity at 14TeV.

frame of the t̄t system. The sign of ∆φℓ+ℓ− is defined as the sign of −→p t · (−→p ℓ− ×−→p ℓ+).
6 As

previously, the distribution for the Standard Model case ζt = arc tan(κ̃t/κt) = 0 is shown

in black, those for ζt = ±π/4 as dotted lines, and those for ±π/2 as solid lines (red and

blue for ζt >,< 0, respectively). We see that the distribution has the form

dσ

d∆φℓ+ℓ−
∝ cos(∆φℓ+ℓ− − δ) + const. (5.4)

We see in the left panel of figure 11 that the phase shift δ vanishes for the Standard Model

case ζt = 0, but takes non-zero values for ζt ̸= 0, and we note that this phase shift is

sensitive to the sign of ζt. The right panel in figure 11 shows the value of δ as a function

of ζt. One can see that the δ varies from −π to π as ζt varies from −π/2 to π/2. We find

that the dependence of δ on ζt can be very well fitted by the function δ = 2ζt − sin(2ζt)/2.

6 Summary

We have shown in this paper that the cross sections and final-state distributions in t̄tH, tH

and t̃H production are sensitive to the ratio between the scalar and pseudoscalar top-H

couplings κt and κ̃t. In particular, the total cross section for t̄tH production decreases

significantly as the ratio κ̃t/κt increases within the ranges of values of these couplings that

are allowed by present data on the Hgg and Hγγ couplings. On the other hand, the total

cross sections for tH and t̃H production increase as the ratio κ̃t/κt increases.

6The ∆φℓ+ℓ− variable is commonly used in the spin correlation measurement in the t̄t process [61, 62],

although ∆φℓ+ℓ− is defined at the lab frame and its range is [0, π]. In order to identify CP violation, it is

crucial to measure ∆φℓ+ℓ− with respect to the top (or anti-top) axis in the range of [−π, π].
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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Figure 11. Left panel: the distributions in the angle ∆φℓ+ℓ− between the leptons produced in t
and t̄ decay in t̄tH production, in the centre-of-mass of the t̄t system. We display the distributions
for ζt = arc tan(κ̃t/κt) = 0 (in black), ±π/4 (in dotted red and blue) and ±π/2 (in solid red and
blue). Right panel: the phase shift δ as a function of ζt.

We have also found that the invariant mass distributions for the three-body combi-

nations t̄tH, tHj and t̃Hj are sensitive to the ratio κ̃t/κt, becoming less peaked at small

masses in the t̄tH case and more peaked in the tHj and t̃Hj cases as the ratio κ̃t/κt in-

creases. The two-body invariant mass distributions also carry information about the top-H

couplings.

Supplementary information on the ratio κ̃t/κt could be provided by angular distribu-

tions in semileptonic t and t̄ decays. In particular, lepton decay angles from the top boost

direction could provide information on the magnitude of κ̃t/κt, and lepton decay angles

against the tHj (or t̄Hj) production plane provide information on the sign of κ̃t/κt. Infor-

mation both on the magnitude and sign of κ̃t/κt could also be provided by measurements

of the angle ∆φℓ+ℓ− between the directions of leptons produced in t̄ and t decays in the

case of t̄tH production.

We conclude that there are good prospects for disentangling the scalar and pseu-

doscalar top-H couplings at the LHC via a combination of measurements of t̄tH, tH and

t̄H production.
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Direct BSM searches



Supersymmetry
• A number of SUSY searches has been conducted: ~50 analyses 

(including preliminary ones) using the 8 TeV data. 



Supersymmetry
• A number of SUSY searches has been conducted: ~50 analyses 

(including preliminary ones) using the 8 TeV data. 
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±
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• A number of SUSY searches has been conducted: ~50 analyses 
(including preliminary ones) using the 8 TeV data. 
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Figure 1: Cross sections for SUSY particle production. at
p
s = 8 TeV and 13-14 TeV. The

colored particle cross sections are from nll-fast [14] and evaluated at
p
s = 8 TeV and

13 TeV; the electroweak pure higgsino cross sections are from prospino [15] and evaluated

at
p
s = 8 TeV and 14 TeV. The electroweak pair production cross section is sensitive to

mixing, and the higgsino cross sections (shown in the figure) are approximately a factor of

2 lower than the pure wino case.
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• The actual limit is much more 
complicated and depends on:
- the LSP mass 
- the details of decay modes 
- other production modes

Wouldn’t it be nice if there is a 
program, in which you give a 
SLHA file and press a button, 
then you get the limits from 
ATLAS and CMS analyses?



Atom 
(Automated Tests Of Models)

• give HepMC event file 
• compute constraints from ATLAS/CMS analyses

I-W Kim, M.Papucci, KS, A.Weiler



How does it work?Testing a Model

ATLAS-CONF-2011-086

Process
Signal Region

� 2 jets � 3 jets � 4 jets

Z ! (⌫⌫)+jets 5.6 ± 2.1 4.4 ± 1.6 3.0 ± 1.3

W ! (`⌫)+jets 6.2 ± 1.8 4.5 ± 1.6 2.7 ± 1.3

tt̄+ single top 0.2 ± 0.3 1.0 ± 0.9 1.4 ± 0.9

QCD jets 0.05 ± 0.04 0.21 ± 0.07 0.16 ± 0.11

Total 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7

Observed 10 8 7

Table 2: Fitted background components in each signal region compared with observation. The equivalent
background estimates obtained using the independent Z ! ee/µµ + jets control region instead of CR1
are in good agreement and serve to validate these results.

which varied from 0 to 7% with |⌘| and pT. Both the JES and JER uncertainties are propagated to the
Emiss

T . The e↵ect of in-time pileup on other aspects of the standard object selection was also investigated
and found to be negligible as would be expected given the high energies of the jets entering the signal
samples.

The dominant modelling uncertainty in MC estimates of signal region and control region event counts
arises from the treatment of jet radiation as a function of me↵ . In order to assess this uncertainty the rel-
evant MC background estimates were recalculated using alternative samples produced with di↵erent
generators (ALPGEN rather than MC@NLO for tt̄ production) or reduced jet multiplicity (ALPGEN processes
with 0–4 partons rather than 0–5 partons for W/Z+jets production). Di↵erences in the absolute expecta-
tions for SR and CR event counts as high as 100% are observed; the impact on the ratios / transfer factors
is, however, much smaller (di↵erences .50%, channel dependent).

Additional uncertainties arising from photon and lepton reconstruction e�ciency, energy scale and
resolution in CR1, CR3 and CR4, b-tag/veto e�ciency (CR3 and CR4) and photon acceptance and cos-
mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates
are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response
function. Other uncertainties including multi-jet seed event statistics and response function statistical and
systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation
and renormalisation scales in PROSPINO between half and twice their default values and by consider-
ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production
processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed me↵ distributions for each of the channels used in this analysis are shown in Figure 1,
together with raw MC background expectations prior to use of the likelihood fitting procedure. The
equivalent me↵ distributions for the control regions can be found in Appendix A. The number of observed
data events and the number of SM events expected to enter each of the signal regions, determined using
the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with
the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the
(mg̃,mq̃)-plane for a simplified set of SUSY models with m�̃0

1
= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
��(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me↵ > 0.3 > 0.25 > 0.25
me↵ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me↵ is defined with a variable number of jets, appropriate to each signal region.

decays in tt̄ ! bb̄⌧⌫qq and single top events can generate large Emiss
T and pass the jet and lepton require-

ments at a non-negligible rate. The multi-jet background in the signal regions is caused by rare instances
of poor reconstruction of jet energies in calorimeters leading to ‘fake’ missing transverse momentum
and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC
against data has been performed for each of these background sources and for a wide variety of control
regions.

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for
each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed
to provide data samples enriched in particular background sources. Each ensemble of one SR and five
CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from
extrapolation from each CR to the SR.

In each channel the observations in the CRs are used to derive background expectations in the SR
through the use of ‘Transfer Factors’ (TFs) equivalent to the ratios of expected event counts in the CRs
and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR, provides a
conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and the observed
numbers of events in the CR yields an estimate of the background in a SR. The TFs for multi-jet processes
are estimated using a data-driven technique based upon the smearing of jets in low Emiss

T data events with
jet response functions derived from multi-jet dominated data control regions. For the Z+jets, W+jets and
top quark processes the TFs are derived from data-validated fully simulated Monte Carlo (MC) event
samples. In each channel a likelihood fit is performed to the observed event counts in the SR and five
CRs, taking into account correlations in the systematic uncertainties in the TFs. Some uncertainties,
such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
CRs.

The irreducible physics background from Z ! ⌫⌫̄+jets events is estimated using control regions
enriched in a related process with similar kinematics: events with isolated photons and jets (control
regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ~P miss

T vector to
obtain an estimate of the Emiss

T observed in Z ! ⌫⌫̄+jets events. Control regions enriched in Z !
ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement;
these results are not, however, used in the final fit.

The background from multi-jet processes is estimated using control regions (control regions CR2)
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such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
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mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates
are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response
function. Other uncertainties including multi-jet seed event statistics and response function statistical and
systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation
and renormalisation scales in PROSPINO between half and twice their default values and by consider-
ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production
processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed me↵ distributions for each of the channels used in this analysis are shown in Figure 1,
together with raw MC background expectations prior to use of the likelihood fitting procedure. The
equivalent me↵ distributions for the control regions can be found in Appendix A. The number of observed
data events and the number of SM events expected to enter each of the signal regions, determined using
the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with
the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the
(mg̃,mq̃)-plane for a simplified set of SUSY models with m�̃0

1
= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
��(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me↵ > 0.3 > 0.25 > 0.25
me↵ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me↵ is defined with a variable number of jets, appropriate to each signal region.

decays in tt̄ ! bb̄⌧⌫qq and single top events can generate large Emiss
T and pass the jet and lepton require-

ments at a non-negligible rate. The multi-jet background in the signal regions is caused by rare instances
of poor reconstruction of jet energies in calorimeters leading to ‘fake’ missing transverse momentum
and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC
against data has been performed for each of these background sources and for a wide variety of control
regions.

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for
each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed
to provide data samples enriched in particular background sources. Each ensemble of one SR and five
CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from
extrapolation from each CR to the SR.

In each channel the observations in the CRs are used to derive background expectations in the SR
through the use of ‘Transfer Factors’ (TFs) equivalent to the ratios of expected event counts in the CRs
and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR, provides a
conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and the observed
numbers of events in the CR yields an estimate of the background in a SR. The TFs for multi-jet processes
are estimated using a data-driven technique based upon the smearing of jets in low Emiss

T data events with
jet response functions derived from multi-jet dominated data control regions. For the Z+jets, W+jets and
top quark processes the TFs are derived from data-validated fully simulated Monte Carlo (MC) event
samples. In each channel a likelihood fit is performed to the observed event counts in the SR and five
CRs, taking into account correlations in the systematic uncertainties in the TFs. Some uncertainties,
such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
CRs.

The irreducible physics background from Z ! ⌫⌫̄+jets events is estimated using control regions
enriched in a related process with similar kinematics: events with isolated photons and jets (control
regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ~P miss

T vector to
obtain an estimate of the Emiss

T observed in Z ! ⌫⌫̄+jets events. Control regions enriched in Z !
ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement;
these results are not, however, used in the final fit.

The background from multi-jet processes is estimated using control regions (control regions CR2)
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Figure 3: Combined exclusion limits in the (m0 ; m1/2) plane of MSUGRA/CMSSM for which tan � =
10, A0 = 0 and µ > 0 taking the signal region with the best expected limit per point (limits from
individual channels can be found in Appendix B). The dashed-blue line corresponds to the expected
95% C.L. limit and the red line the equivalent observed limit. The dotted green line and the dash-dotted
green line correspond respectively to the expected and observed limits calculated with the CLs method.
Dot-dashed grey contours of constant gluino and squark mass are displayed at 200 GeV intervals. The
observed ATLAS limit from 2010 is shown by the solid black line. The star indicates the position of the
MSUGRA/CMSSM reference point with m0 = 660 GeV, m1/2 = 240 GeV, A0 = 0, tan � = 10 and µ > 0
used in Figure 1. Note: ATLAS limits from 2010 are for tan � = 3. Tevatron limits are from Refs. [7–10]
and are shown purely for illustration. CMS limits are from Ref. [50], and LEP limits from Ref. [51].

9

Interpretation



How does it work?Testing a Model

ATLAS-CONF-2011-086

Process
Signal Region

� 2 jets � 3 jets � 4 jets

Z ! (⌫⌫)+jets 5.6 ± 2.1 4.4 ± 1.6 3.0 ± 1.3

W ! (`⌫)+jets 6.2 ± 1.8 4.5 ± 1.6 2.7 ± 1.3

tt̄+ single top 0.2 ± 0.3 1.0 ± 0.9 1.4 ± 0.9

QCD jets 0.05 ± 0.04 0.21 ± 0.07 0.16 ± 0.11

Total 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7

Observed 10 8 7

Table 2: Fitted background components in each signal region compared with observation. The equivalent
background estimates obtained using the independent Z ! ee/µµ + jets control region instead of CR1
are in good agreement and serve to validate these results.

which varied from 0 to 7% with |⌘| and pT. Both the JES and JER uncertainties are propagated to the
Emiss

T . The e↵ect of in-time pileup on other aspects of the standard object selection was also investigated
and found to be negligible as would be expected given the high energies of the jets entering the signal
samples.

The dominant modelling uncertainty in MC estimates of signal region and control region event counts
arises from the treatment of jet radiation as a function of me↵ . In order to assess this uncertainty the rel-
evant MC background estimates were recalculated using alternative samples produced with di↵erent
generators (ALPGEN rather than MC@NLO for tt̄ production) or reduced jet multiplicity (ALPGEN processes
with 0–4 partons rather than 0–5 partons for W/Z+jets production). Di↵erences in the absolute expecta-
tions for SR and CR event counts as high as 100% are observed; the impact on the ratios / transfer factors
is, however, much smaller (di↵erences .50%, channel dependent).

Additional uncertainties arising from photon and lepton reconstruction e�ciency, energy scale and
resolution in CR1, CR3 and CR4, b-tag/veto e�ciency (CR3 and CR4) and photon acceptance and cos-
mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates
are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response
function. Other uncertainties including multi-jet seed event statistics and response function statistical and
systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation
and renormalisation scales in PROSPINO between half and twice their default values and by consider-
ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production
processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed me↵ distributions for each of the channels used in this analysis are shown in Figure 1,
together with raw MC background expectations prior to use of the likelihood fitting procedure. The
equivalent me↵ distributions for the control regions can be found in Appendix A. The number of observed
data events and the number of SM events expected to enter each of the signal regions, determined using
the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with
the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the
(mg̃,mq̃)-plane for a simplified set of SUSY models with m�̃0

1
= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
��(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me↵ > 0.3 > 0.25 > 0.25
me↵ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me↵ is defined with a variable number of jets, appropriate to each signal region.

decays in tt̄ ! bb̄⌧⌫qq and single top events can generate large Emiss
T and pass the jet and lepton require-

ments at a non-negligible rate. The multi-jet background in the signal regions is caused by rare instances
of poor reconstruction of jet energies in calorimeters leading to ‘fake’ missing transverse momentum
and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC
against data has been performed for each of these background sources and for a wide variety of control
regions.

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for
each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed
to provide data samples enriched in particular background sources. Each ensemble of one SR and five
CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from
extrapolation from each CR to the SR.

In each channel the observations in the CRs are used to derive background expectations in the SR
through the use of ‘Transfer Factors’ (TFs) equivalent to the ratios of expected event counts in the CRs
and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR, provides a
conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and the observed
numbers of events in the CR yields an estimate of the background in a SR. The TFs for multi-jet processes
are estimated using a data-driven technique based upon the smearing of jets in low Emiss

T data events with
jet response functions derived from multi-jet dominated data control regions. For the Z+jets, W+jets and
top quark processes the TFs are derived from data-validated fully simulated Monte Carlo (MC) event
samples. In each channel a likelihood fit is performed to the observed event counts in the SR and five
CRs, taking into account correlations in the systematic uncertainties in the TFs. Some uncertainties,
such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
CRs.

The irreducible physics background from Z ! ⌫⌫̄+jets events is estimated using control regions
enriched in a related process with similar kinematics: events with isolated photons and jets (control
regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ~P miss

T vector to
obtain an estimate of the Emiss

T observed in Z ! ⌫⌫̄+jets events. Control regions enriched in Z !
ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement;
these results are not, however, used in the final fit.

The background from multi-jet processes is estimated using control regions (control regions CR2)
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Figure 3: Combined exclusion limits in the (m0 ; m1/2) plane of MSUGRA/CMSSM for which tan � =
10, A0 = 0 and µ > 0 taking the signal region with the best expected limit per point (limits from
individual channels can be found in Appendix B). The dashed-blue line corresponds to the expected
95% C.L. limit and the red line the equivalent observed limit. The dotted green line and the dash-dotted
green line correspond respectively to the expected and observed limits calculated with the CLs method.
Dot-dashed grey contours of constant gluino and squark mass are displayed at 200 GeV intervals. The
observed ATLAS limit from 2010 is shown by the solid black line. The star indicates the position of the
MSUGRA/CMSSM reference point with m0 = 660 GeV, m1/2 = 240 GeV, A0 = 0, tan � = 10 and µ > 0
used in Figure 1. Note: ATLAS limits from 2010 are for tan � = 3. Tevatron limits are from Refs. [7–10]
and are shown purely for illustration. CMS limits are from Ref. [50], and LEP limits from Ref. [51].
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Process
Signal Region

� 2 jets � 3 jets � 4 jets

Z ! (⌫⌫)+jets 5.6 ± 2.1 4.4 ± 1.6 3.0 ± 1.3

W ! (`⌫)+jets 6.2 ± 1.8 4.5 ± 1.6 2.7 ± 1.3

tt̄+ single top 0.2 ± 0.3 1.0 ± 0.9 1.4 ± 0.9

QCD jets 0.05 ± 0.04 0.21 ± 0.07 0.16 ± 0.11

Total 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7

Observed 10 8 7

Table 2: Fitted background components in each signal region compared with observation. The equivalent
background estimates obtained using the independent Z ! ee/µµ + jets control region instead of CR1
are in good agreement and serve to validate these results.

which varied from 0 to 7% with |⌘| and pT. Both the JES and JER uncertainties are propagated to the
Emiss

T . The e↵ect of in-time pileup on other aspects of the standard object selection was also investigated
and found to be negligible as would be expected given the high energies of the jets entering the signal
samples.

The dominant modelling uncertainty in MC estimates of signal region and control region event counts
arises from the treatment of jet radiation as a function of me↵ . In order to assess this uncertainty the rel-
evant MC background estimates were recalculated using alternative samples produced with di↵erent
generators (ALPGEN rather than MC@NLO for tt̄ production) or reduced jet multiplicity (ALPGEN processes
with 0–4 partons rather than 0–5 partons for W/Z+jets production). Di↵erences in the absolute expecta-
tions for SR and CR event counts as high as 100% are observed; the impact on the ratios / transfer factors
is, however, much smaller (di↵erences .50%, channel dependent).

Additional uncertainties arising from photon and lepton reconstruction e�ciency, energy scale and
resolution in CR1, CR3 and CR4, b-tag/veto e�ciency (CR3 and CR4) and photon acceptance and cos-
mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates
are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response
function. Other uncertainties including multi-jet seed event statistics and response function statistical and
systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation
and renormalisation scales in PROSPINO between half and twice their default values and by consider-
ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production
processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed me↵ distributions for each of the channels used in this analysis are shown in Figure 1,
together with raw MC background expectations prior to use of the likelihood fitting procedure. The
equivalent me↵ distributions for the control regions can be found in Appendix A. The number of observed
data events and the number of SM events expected to enter each of the signal regions, determined using
the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with
the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the
(mg̃,mq̃)-plane for a simplified set of SUSY models with m�̃0

1
= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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��(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me↵ > 0.3 > 0.25 > 0.25
me↵ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me↵ is defined with a variable number of jets, appropriate to each signal region.

decays in tt̄ ! bb̄⌧⌫qq and single top events can generate large Emiss
T and pass the jet and lepton require-

ments at a non-negligible rate. The multi-jet background in the signal regions is caused by rare instances
of poor reconstruction of jet energies in calorimeters leading to ‘fake’ missing transverse momentum
and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC
against data has been performed for each of these background sources and for a wide variety of control
regions.

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for
each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed
to provide data samples enriched in particular background sources. Each ensemble of one SR and five
CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from
extrapolation from each CR to the SR.

In each channel the observations in the CRs are used to derive background expectations in the SR
through the use of ‘Transfer Factors’ (TFs) equivalent to the ratios of expected event counts in the CRs
and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR, provides a
conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and the observed
numbers of events in the CR yields an estimate of the background in a SR. The TFs for multi-jet processes
are estimated using a data-driven technique based upon the smearing of jets in low Emiss

T data events with
jet response functions derived from multi-jet dominated data control regions. For the Z+jets, W+jets and
top quark processes the TFs are derived from data-validated fully simulated Monte Carlo (MC) event
samples. In each channel a likelihood fit is performed to the observed event counts in the SR and five
CRs, taking into account correlations in the systematic uncertainties in the TFs. Some uncertainties,
such as those arising in MC expectations from jet energy scale calibration and modelling systematics,
are reduced in the TFs. The combined fit across all regions ensures that the background estimates are
consistent for all processes, taking into account both SM and potential SUSY signal contamination in the
CRs.

The irreducible physics background from Z ! ⌫⌫̄+jets events is estimated using control regions
enriched in a related process with similar kinematics: events with isolated photons and jets (control
regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ~P miss

T vector to
obtain an estimate of the Emiss

T observed in Z ! ⌫⌫̄+jets events. Control regions enriched in Z !
ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement;
these results are not, however, used in the final fit.

The background from multi-jet processes is estimated using control regions (control regions CR2)

3
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N (a)
BSM = ✏(a)BSM · �BSM · L

Atom
• Estimate NBSM for various SRs and confront NBSM with NUL.

I-W Kim, M.Papucci, KS, A.Weiler

N (a)
UL

database of exp. results: 
NUL, Nobs, Nsys, NSMBG ✏(a)BSM = lim

NMC ! 1 NMC

N
⇣ ⌘

Events fall into

signal region a

database of ATLAS and CMS 
analyses: the selection cuts used in 
the analyses are implemented.

The effect of detector resolution is 
taken into account.



Modelling Detector Effects
I-W Kim, M.Papucci, KS, A.Weiler

(1) reconstruct jets, MET, iso-leptons from truth level particles (not from 
detector cells) 

(2) smear the reco-objects according to detector resolutions, apply reco 
efficiencies (lepton acceptances, b and τ tagging eff.)
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Figure 1: CMS 8 TeV Z ! µµ

1 Lepton Object Validation

1.1 Electron

In this section, we show our validation of electron object implemention compar-

ing with published results.

For ATLAS, we use Fig 2-b of 1407.5063 for electron resolution. To compare

with experimental results of Z ! ee, we use Fig 28 from the same paper.

For CMS, we use page 33 of CMS-DP-2013-003 for electron resolution. to

compare with experimental results of Z ! ee, we use Fig 2 of 1402.0923

1.2 Muon

In this section, we show our validation of muon object implemention comparing

with published results.

For CMS, *** KAZUKI, WOULD YOU ADD MUON RESOLU-
TION REFERENCE HERE? *** to compare with experimental results

of Z ! µµ, we use Fig 2 of 1402.0923

1

Fig. 4)  The identification efficiency of electrons from the Z->ee decay for the Loose, 
Multilepton, Medium and Tight set of cuts as well as the Loose, VeryTight Likelihood is shown 
as a function of ET for -2.47 < η < 2.47. 
The Loose (Very Tight) likelihood was designed to have the same (similar) efficiency as the 
Multilepton (Tight) cut-based menus,  but higher rejection (almost a factor of 2 for hadronic 
jets).

10

momentum 
smearing reco-efficiency



• The approach works surprisingly well.

Analyses
 Many ATLAS and CMS analyses have been implemented and available

Update:  all 2013 ATLAS SUSY MET searches have been implemented  
 All analyses are validated (Cut-flow tables are used if available)

Lisa Zeune | Calculation of LHC constraints using Simplified Models | Helmholtz Alliance Workshop | 

• All 2013 ATLAS SUSY MET analyses have been implemented

• In total more than 200 analyses (in the ATOM framework)

• All analyses have been validated 
(using CUT-flow tables when available)

• Overall very good agreement

Analyses
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• All 2013 ATLAS SUSY MET analyses have been implemented

• In total more than 200 analyses (in the ATOM framework)

• All analyses have been validated 
(using CUT-flow tables when available)

• Overall very good agreement
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Fitting Excesses J.S.Kim,K.Rolbiecki, 
K.Sakurai, J.Tattersall 

(1406.0858)

• ATLAS and CMS have observed 
excesses in some of the SRs.  

• We fit the excess using Checkmate 
and Atom taking the relevant 
constraints into account. 

• The following processes are 
included in the scan:

Pinning down the stops

Searches included in the scan

Study SR Obs Exp SM Best Best

s.d. fit exp fit s.d

Atlas W+W�
(7 TeV) [arXiv:1210.2979] Combined 1325 1219 ± 87 1.1-� 95 0.1-�

Cms W+W�
(7 TeV) [arXiv:1306.1126] Combined 1134 1076 ± 62 0.8-� 77 0.3-�

Cms W+W�
(8 TeV) [arXiv:1301.4698] Combined 1111 986 ± 60 1.8-� 65 0.9-�

Atlas Higgs WW CR 3297 3110 ± 186 0.9-� 293 0.5-�
[ATLAS-CONF-2013-031] Higgs SR 3615 3288 ± 220 1.4-� 376 0.2-�

Atlas q̃ and g̃ Di-muon 7 1.7 ± 1 2.5-� 0.8 2.1-�
(1-2 `) [ATLAS-CONF-2013-062]

Atlas Electroweak SR0�a01 36 23 ± 4 2.1-� 4.1 1.4-�
(3 `) [arXiv:1402.7029] SR0�a06 13 6.6 ± 1.9 1.9-� 2.2 1.3-�

SR0�a10 24 16.4 ± 2.4 1.6-� 0.4 1.5-�

Description

p
s Luminosity Number Refs.

[TeV] [ fb

�1
] of SR

Atlas W+W�
7 4.6 1 [arXiv:1210.2979]

Cms W+W�
7 4.9 1 [arXiv:1306.1126]

Cms W+W�
8 3.5 1 [arXiv:1301.4698]

Atlas Higgs 8 20.7 2 [ATLAS-CONF-2013-031]

Atlas Electroweak (2 `) 8 20.3 13 [arXiv:1403.5294]

Atlas q̃ and g̃ (1-2 `) 8 20.1 19 [ATLAS-CONF-2013-062]

Atlas q̃ and g̃ razor (2 `) 8 20.3 6 [ATLAS-CONF-2013-089]

Atlas Electroweak (3 `) 8 20.3 20 [arXiv:1402.7029]

Atlas ˜t (1 `) 8 20.7 8 [ATLAS-CONF-2013-037]

Atlas ˜t (2 `) 8 20.3 12 [arXiv:1403.4853]

Cms W±Z0
8 19.6 4 [CMS-PAS-12-006]

Atlas W±Z0
8 13.0 4 [ATLAS-CONF-2013-021]

Atlas ˜t ! b⌫� �̃1 8 20.3 1 [ATLAS-CONF-2014-014]
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Pinning down the stops

Scan results
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m�̃±
1
= m�̃0

2
= mt̃1 � 7GeV

Pinning down the stops

Best fit compared to SM
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) overall reduction of 12.3 in log-likelihood compared to SM at
minimum

) best fit point:
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Best fit point:



• Testing model points by MC simulation is time consuming. 

a

b

each point requires MC simulations

We need a fast model testing method.

A fast model testing method
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Figure 13. Constraints from direct SUSY searches on the (At, (M
2
U3

+M2
Q3

)1/2) plane. The the upper plot

we choose MU3 = MQ3 and in the lower one MU3 = 2MQ3 . The other parameters are mg̃ = MD3 = 3000

GeV, tan� = 10, µ = 100 GeV. Both plots show the exclusion regions from the analyses listed in the upper

plot. The blue dashed curves show the t̃1 mass contours. The green curves represent the Higgs mass contours,

where we allow 3 (dashed) and 2 (solid) GeV deviation from the central observed value 125.6 GeV.

to enhance the applicability and speed of the program. Such approximations include shortening the
decay chains in presence of mass degeneracies in the spectrum, or recycling e�ciency maps in presence
of di↵erent SUSY particles sharing similar decay modes.

To demonstrate the utility of the program, we have studied the direct SUSY search constraints
on natural SUSY models. Using the results of the 2013 ATLAS SUSY searches, we have found that
the stop is excluded up to about 700 GeV with µ <⇠ 200 GeV, whereas the gluino mass is excluded
up to about 1.2 TeV with µ <⇠ 400 GeV. When At is varied, we found that the direct SUSY search
constraint can be more stringent compared to the Higgs mass constraint in some parameter region,
which was not the case when the 7 TeV data was considered [19]. Running Fastlim to extract the

– 21 –

µ = 100GeV, MQ3 = MU3

�m2
Hu

' � 3y2t
8⇡2

(M2
U3

+M2
Q3

+A2
t ) ln

� ⇤

mt̃

�

• Distance from the origin is sensitive to the fine-tuning

Limit on Natural SUSY
• Light stop, sbottom and Higgsinos (charginos, neutralinos). 
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Figure 5: Assuming the existence of supersymmetry we compute, as function of tan �, the

preferred value of the SUSY scale m̃ implied by the Higgs mass mh = 124GeV (upper) and

126GeV (lower) at 68, 90, 99% C.L. in the cases of High-Scale Supersymmetry (left, assuming

a degenerate sparticle spectrum at the SUSY breaking scale with arbitrary stop mixing) and Split

Supersymmetry (right, assuming the spectrum of light fermions in eq. (28) and a degenerate

sparticle spectrum at the SUSY breaking scale).

14

scalar mass [GeV]

G.Giudice, A.Strumia (1108.6077) • The measured Higgs mass (~125GeV) may 
indicate that scalars are heavy. 

• This assumption is consistent with other 
measurements: FCNC, CPV, direct SUSY 
searches, etc.. 

• Gauginos (Higgsinos) can still be light.      
→ good for gauge coupling unification. 

• In concrete models, gaugino masses are 
often loop suppressed compared to the 
scalar mass. Split SUSY  

• Among the gauginos, gluinos often become 
the heaviest due to its colour charge.     
e.g. M3 : M2 : M1 = 7 : 2 : 1. 

• Wino, Bino (or Higginos) can be accessible 
at the LHC.
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Figure 1. The tree-level diagrams for the relevant �̃0

2

and �̃±
1

production.

2 The �̃0

2

�̃±
1

! (h�̃0

1

)(W±�̃0

1

) mode

In this section we describe the setup of our analysis and clarify the assumptions we made in
the chargino and neutralino sectors. Moreover, we discuss the cross sections and branching
ratios of the production and decay modes relevant to our analysis.

2.1 The setup

Throughout this paper we consider CP-conserving EW gaugino sector and assume m�̃0

2

'
m�̃±

1

> m�̃0

1

for simplicity. This relation is realised in many SUSY breaking scenarios,
particularly in the cases where |µ| � M

2

> M
1

and M
2

� |µ| > M
1

. The former case is
motivated by the heavy scalar scenario. In the MSSM, the soft scalar masses for Hu and
Hd and the µ-parameter are related by the EW symmetry breaking condition [40]

m2

Z

2

=

m2

Hd
� m2

Hu
tan

2 �

tan

2 � � 1

� |µ|2 . (2.1)

This condition implies that the µ-parameter is expected to be of the same scale as the scalar
masses, unless mHu and mHd are carefully tuned at the EW scale in such a way that the
first terms in the right hand side of Eq. (2.1) becomes unnaturally small.2

In this section we assume the scale of µ is equal to the scalar masses and |µ| � M
2

>

M
1

> 0. However, the collider analysis described in Section 3 is applicable to other scenarios
as far as the ˜N ˜C± ! (h�)(W±�) topology is concerned, where ˜N and ˜C± are massive BSM
particles with the same mass and � is an invisible particle with an arbitrary mass. One
such scenario involves a bino LSP scenario with a higgsino NLSP, M

2

� |µ| > M
1

. The
application also includes gravitino LSP scenarios with wino or higgsino NSLP as discussed
for example in [36–39], where the same topology is realised by �̃0

1

�̃±
1

! (h ˜G)(W±
˜G) with

˜G being gravitino. We will get back to this point in the end of this section.

2.2 The cross sections

Fig. 1 shows the tree-level diagrams for the relevant modes of �̃0

2

and �̃±
1

production.
There are two types of diagrams which may interfere: s-channel diagrams with gauge
boson exchange and t-channel diagrams with squark exchange. The t-channel diagrams are
suppressed by the squark mass and it is expected that the contribution of this diagram
decreases as the squark mass increases.

2Even in that case, the same size of tuning is required on the µ-parameter.
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Wino cross section

Figure 2. The NLO production cross sections for the �̃0

1

�̃±
1

and �̃+

1

�̃�
1

modes at the 14 TeV LHC as
functions of the squark mass. The cross sections have been calculated using Prospino 2.1 [41, 42]
with all the charges summed. We have set µ = mq̃ and M

2

= 350 GeV and M
1

= 100 GeV. The
solid and dashed curves correspond to tan� = 2 and 50, respectively.

Fig. 2 shows the NLO production cross sections for the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

modes at the
14 TeV LHC as functions of the squark mass. The cross sections have been calculated
using Prospino 2.1 [41, 42] with all the charges summed. In the plot and throughout the
paper, we take |µ| = mq̃ for simplicity. For the specific plot, we take M

2

= 350 GeV and
M

1

= 100 GeV. The solid and dashed curves correspond to tan� = 2 and 50, respectively.
As a result of destructive interference between the s-channel gauge boson exchange dia-
gram and the t–channel squark exchange diagram, the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production cross
sections increase as the squark mass increases. For a squark mass larger than ⇠ 4 TeV, the
contribution of the squark exchange diagram is decoupled and the cross sections become
insensitive to the squark mass. It is interesting to note that the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

cross
sections are maximised in the limit of large squark mass. This gives additional motivation
to perform EW gaugino searches in the context of heavy scalar scenarios.

Fig. 3 shows the NLO cross sections for various gaugino production modes at the 14 TeV
LHC. We have assumed the gaugino GUT relation, M

3

: M
2

: M
1

= 7 : 2 : 1, at the EW
scale and plotted the cross sections as functions of M

2

(and mg̃ ' M
3

= 7M
2

/2). The other
relevant parameters were fixed as mq̃ = µ = 3 TeV and tan� = 10.

One can see that the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production modes have substantial cross sections.
Because of the large mass hierarchy in the gaugino GUT relation, the g̃g̃ cross section drops
much faster than the EW gaugino production cross sections as M

2

increases. Due to this
effect, �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production dominate over g̃g̃ production for M
2

>⇠ 350 GeV.
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LHC(14TeV),M2 = 350GeV,M1 = 100GeV, µ = mq̃

A.Papaefstathiou, KS, M.Takeuchi (1404.1077)



Figure 3. The NLO cross sections for various gaugino production modes at the 14 TeV LHC
as functions of M

2

(and mg̃ ' M
3

= 7M
2

/2). We have assumed the gaugino GUT relation,
M

3

: M
2

: M
1

= 7 : 2 : 1, at the EW scale. The other relevant parameters were fixed as mq̃ = µ = 3

TeV and tan� = 10.

The EW gaugino production modes other than �̃0

2

�̃±
1

and �̃+

1

�̃�
1

have cross sections
which are a few orders of magnitude smaller. This is due to the fact that these production
modes contain at least one bino state or two ˜W 0 states in the large µ limit, and there exists
no gaugino-gaugino-gauge boson couplings for those states.

As can be seen from Figs. 2 and 3, the �̃0

2

�̃±
1

cross section is more than two times larger
than the �̃+

1

�̃�
1

cross section. This is mainly because �̃0

2

�̃±
1

contains two distinctive modes:
�̃0

2

�̃+

1

with W+ exchange and �̃0

2

�̃�
1

with W� exchange. It is therefore more beneficial to
target the �̃0

2

�̃±
1

production mode in the EW gaugino searches.

2.3 The branching ratios

If scalar fermions and the MSSM Higgs bosons (other than the SM-like one) are heavier
than the �̃±

1

and �̃0

2

, these gaugino states decay predominantly into �̃0

1

and SM bosons,
W±, Z and h, if the decays are kinematically allowed. In this case, �̃±

1

exclusively decays
into W± and �̃0

1

with BR ⇠ 100%. On the other hand, �̃0

2

has two possible decay modes:
�̃0

2

! Z�̃0

1

and �̃0

2

! h�̃0

1

. The decay rates of these modes are determined by the �̃0

2

�̃0

1

Z/h

couplings, up to the phase space factor and the polarisation effect. In the limit of large
|µ| and heavy MSSM Higgs bosons, the �̃0

2

�̃0

1

Z/h couplings in the CP-conserving case are

– 6 –

Wino cross section

The chargino-neutralino production exceeds the gluino 
production at M2 ~ 300 GeV.

A.Papaefstathiou, KS, M.Takeuchi (1404.1077)

LHC(14TeV),M3 : M2 : M2 = 7 : 2 : 1, µ = mq̃ = 3TeV
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Wino → Bino decay
The chargino decay is unique: �̃±

1 ! W±�̃0
1 (100%)

�0
i

fH0 fH0 �0
j

Z
(a)

�0
i

fH0 eZ0 �0
j

h
(b)

�0
i

fH0 eZ0 �0
j

G0

(c)

1

Figure 2. Diagrams for generic processes �0
i ! �0

j +Z, h,G0. Interactions of mass eigenstates
can be approximately understood from their interaction-eigenstate mixtures and original in-
teractions. In these diagrams, intermediate Higgsinos and Zinos are interaction eigenstates
and crosses imply their mixtures in external mass eigenstates. These diagrams can provide
useful estimations of the processes but should be used with some care as discussed in text.

lence theorem. We then present a formal discussions of our signal in Sec. 3. In Sec. 4 it
is argued that Higgsino productions satisfy the necessary condition for the signal. We
then define the signal collider observable and carry out a numerical study without any
approximations, in order to demonstrate the validity of the formal discussion in Sec. 5.
Then we conclude.

2 Preliminaries on the Goldstone equivalence theorem

The Goldstone equivalence theorem [7, 8] says that the amplitude for the production
of longitudinally-polarized energetic Z bosons is equivalent to that of the Goldstone
boson.

The theorem is useful in our study because neturalinos are heavy and well-separated
in mass so that decays between them produce energetic Z bosons. It is especially
powerful when discussing Higgsino’s interactions because Higgsinos directly couple to
both Z and h bosons and necessarily to the Goldstone; thus, the processes of Z and h

bosons are inherently related in general – we will be relating partial widths into Z and
h in this paper.

Let us consider two generic processes �0
i ! �0

j + h, Z with i 6= j. One may
compare two rates based on the first two diagrams in Fig. 2. If �0

i is Higgsino-like
and �0

j is Zino-like2, one may conclude that the decay into h is more rapid because
it does not need any small mixing insertions while the decay into Z needs one small

2The Zino is a Bino-neutral Wino mixture whose mixing angle is precisely the weak mixing angle.
Zinos inherit the coupling structure of Z bosons, thus it is used to understand possible decay modes
in Fig. 2. Zinos can even be mass eigenstates for some cases that we will discuss later. Photinos are
orthogonal mixtures similarly defined in regard of photons.
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0
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Figure 4. The branching ratios of �̃0

2

! h�̃0

1

(left) and �̃0

2

! Z�̃0

1

(right) modes as functions of |µ|
in the µ > 0 case. M

2

is taken to be 350 GeV and mh = 125.5 GeV. We have fixed M
2

= 350 GeV
but we show variations of tan� and M

1

as tan� = 2 (red), 10 (blue), 50 (green) and M
1

= 100 GeV
(solid), 1 GeV (dashed).

given by [43, 44]

|C�̃0

1

�̃0

2

Z | '
e

2

m2

Z

|µ|2 ,

|C�̃0

1

�̃0

2

h| '
e

2

mZ

|µ|
���2 sin 2� +

M
1

+ M
2

µ

���, (2.2)

where e is the electric charge (↵em = e2/(4⇡)).
Fig. 4 shows the branching ratios of �̃0

2

! h�̃0

1

(left) and �̃0

2

! Z�̃0

1

(right) modes as
functions of |µ| in the µ > 0 case. M

2

has been fixed to M
2

= 350 GeV but tan� and
M

1

are varied as tan� = 2 (red), 10 (blue), 50 (green) and M
1

= 100 GeV (solid), 1 GeV
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Wino → Bino decay

The neutralino2 decays into Higgs predominantly (except for 
the cancellation region)
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h→ττ mode
• In the split SUSY with large µ-term, we have  
pp ! �̃±

1 �̃
0
2 ! W±�̃0

1h�̃
0
1

• We consider   W± ! `±⌫, h ! ⌧+⌧� channel

• The BR is small (BR(h→ττ) = 6.3×10-2), but the 
ttbar background can be controlled by b-jet veto 
and the requirement of τs.  

sample �
initial

(fb) �
basic

(fb) �
cuts

(fb)

SUSY C350-100 5.7 0.658 0.152

WZ 767 85.734 0.079

W (! `⌫`)+jets ⇠ 600⇥ 10

3 61.974 . 0.055

W (! ⌧⌫⌧ )+jets ⇠ 300⇥ 10

3 7.591 . 0.052

hV 443 5.071 0.037

t¯th 3.4 0.147 0.008

t¯t 8600 14.876 0.005

Z(! ``)+jets ⇠ 600⇥ 10

3 1659 . 0.029

Z(! ⌧⌧)+jets ⇠ 300⇥ 10

3 52.762 0.047

Table 3. The effect of the cuts on the SUSY benchmark point C350-100 and the relevant back-
grounds. The initial cross section calculations are presented in Appendix B.

variable SR1 SR2 SR3 SR4 SR5 SR6 SR7

/pT 95 GeV 120 GeV 100 GeV 90 GeV 90 GeV 150 GeV 90 GeV

M
min

235 GeV 270 GeV 220 GeV 220 GeV 300 GeV 240 GeV 200 GeV

pT,⌧⌧ 20 GeV 80 GeV 20 GeV 50 GeV 20 GeV 20 GeV 20 GeV

�R⌧,⌧ (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9)

�R⌧⌧,` (0.1, 2.6) (0.1, 2.5) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6)

Table 4. The cuts for the different signal regions (SR) used in the analysis.

region, whereas the dashed curves show the 5� discovery region. We also show in Fig. 9,
the expected exclusion region at 2� (solid) and 3� (dashed). For completeness, we show the
corresponding overlapping signal regions in Appendix E. There, we also provide the total
cross sections for the backgrounds after cuts given by the different signal regions. These
can be used to infer constraints in explicit SUSY models that contain the specific decay
chain we are considering.

The analysis can yield a low number of events for both signal and background, of
O(10), and for the calculation of significance we used the Poisson distribution to calculate
the p-values. These were subsequently converted to the corresponding Gaussian standard
deviations. Details of the procedure are provided in Appendix C, with supplementary
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1 Introduction

Supersymmetry (SUSY) [1–9] is an extension to the Standard Model (SM), which relates fermions and
bosons. For every known boson (fermion) of the SM, it postulates the existence of a yet unseen fermionic
(bosonic) partner. The introduction of these new particles provides solutions to the hierarchy prob-
lem [10–13]. Under the assumption that R-parity is conserved [14–18], a dark matter candidate is also
provided in the form of the lightest supersymmetric particle (LSP). R-parity conserving scenarios are
considered in this note, hence SUSY particles are always produced in pairs.

Gluinos (g̃) and squarks (q̃) are the SUSY partners of gluons and quarks. Sleptons are the SUSY
partners of the SM leptons. Charginos (�̃±i with i=1,2) and neutralinos (�̃0

j with j=1,2,3,4) are the mass
eigenstates formed from the linear superpositions of the SUSY partners of the Higgs and electroweak
gauge bosons. The lightest neutralino (�̃0

1) is often considered to be the LSP. Naturalness arguments [19,
20] suggest that the charginos and neutralinos have masses in the hundreds of GeV range. Their direct
production may be the dominant SUSY production mode at the LHC under the hypothesis that the masses
of gluinos and squarks are greater than a few TeV.

This note presents a search targeting the process shown in Figure 1, in which direct production of a
chargino-neutralino pair pp ! �̃±1 �̃0

2 is followed by the chargino decay �̃±1 ! W±(! `±⌫) �̃0
1 and the

neutralino decay �̃0
2 ! h(! bb̄) �̃0

1, where the �̃0
1 is the LSP and �̃±1 and �̃0

2 are assumed to be mass de-
generate. The targeted final-state signature contains one lepton (electron or muon), two jets identified as
originating from b-quarks (b-jets) consistent with a Higgs boson, and large missing transverse momen-
tum due to the neutrino and the two neutralinos in the decay, which is inspired from the equivalent SM
search for associated W/Z+H production [21]. Both the ATLAS and CMS collaborations have performed
searches [22–25] for the production of �̃±1 -�̃0

2 through various decay modes. The search presented here
focuses on a complimentary scenario exploiting the presence of a Higgs boson in the decay chain, and is
performed for the first time at the LHC.

Figure 1: The chargino-neutralino production process targeted in this search.

2 The ATLAS Detector

The ATLAS experiment [26] is a multi-purpose particle physics detector located at the LHC at CERN.
Its cylindrical geometry nearly covers 4⇡ in solid angle. The magnetic field is provided by two magnet
systems: a solenoid produces a 2 Tesla magnetic field around the inner tracking detector (ID). Outside
the calorimeters, but within the muon system, a toroidal magnetic field is produced by superconducting
barrel loops and end-cap toroidal magnets. The ID covers the pseudorapidity1 region |⌘| < 2.5 and

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points from the IP to the centre of the LHC ring,
and the y-axis points upward. Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around

1

b/⌧

b/⌧



τ-tagging

Figure 7. The efficiency of tagging a jet as a ⌧ -jet for the SUSY benchmark point C350-100 and
the W+jets background (with W ! e⌫e/µ⌫µ). For C350-100, the efficiency was defined for the
identification of ‘true’ ⌧ jets, defined to be those closest to the visible ⌧ decay products taken from
the Monte Carlo truth. For the W+jets, the efficiency was defined with respect to any jet. Jets of
pT > 20 GeV and |⌘| < 2.5 are considered in both cases.

pT,jet region of 20 � 300 GeV and then drops down to ⇠ 20% at around pT,jet ⇠ 400 GeV.
For the W+jets background the efficiency starts off at ⇠ 1% at pT,jet ⇠ 20 GeV and then
rises to an efficiency of 2� 3%, more or less constant up to pT,jet ⇠ 500 GeV.

3.3 Analysis

Since the signal events contain hard jets or isolated hard leptons, they are expected to pass
the experimental triggers with high efficiency, and hence we do not consider the effect of
triggering here. We define the first level of the analysis for discriminating the signal against
the various backgrounds as follows:

1. Particles of pT > 0.5 GeV and |⌘| < 5.0 are considered.

2. If isolated leptons with pT > 20 GeV are found, they are placed in a separate list,
and removed from the list of particles. An isolated lepton is defined as either: havingP

i pT,i less than 20% of its transverse momentum around a cone of �R = 0.4 around
it, or as a lepton that contains no photons with pT > 2 GeV and no tracks with
pT > 1 GeV in the annulus �R = (0.2, 0.4) around it.9

3. Jet finding is performed on the list of remaining particles, using FastJet and the
Cambridge/Aachen jet algorithm, with parameter R = 0.5. Jets of pT > 20 GeV are
accepted.

9We apply two different criteria to take into account the possibility of radiation from the core lepton.
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Figure 6. Distributions of the variables used for discrimination of the jets originating from ⌧ leptons
and those from QCD, for the SUSY benchmark point C350-100 and the W+jets background
(W ! e⌫e/µ⌫µ).

The basic part of the algorithm itself does not provide satisfactory rejection against the
QCD jet background to hadronically decaying ⌧ leptons. If a jet satisfies all the above
criteria, then the following variables are constructed:

• �R
max

: the distance to the track furthest away from the jet axis.

• f
core

: the fraction of the total jet energy contained in the centre-most cone defined
by �R < 0.1.

These variables provide strong discriminating power against QCD jets [54, 59].8 To perform
the rejection of QCD jets, here we apply the following cuts:

• �R
max

< 0.05.

• f
core

> 0.95.

In Fig. 6 we show the variables �R
max

and f
core

, constructed for hadronic jets for
a signal benchmark point C350-100 and the W+jets background. Only jets with pT >

20 GeV and |⌘| < 2.5 were considered. In Fig. 7 we show the efficiency of ⌧ identification
versus the transverse momentum of the jet in question, pT,jet, obtained by the procedure
outlined in this section. For the signal, the efficiency was defined for the identification of
‘true’ ⌧ jets, defined to be those closest to the visible ⌧ decay products taken from the Monte
Carlo truth. For the W+jets background, the efficiency was defined with respect to any jet.
The efficiency for the SUSY benchmark point C350-100 varies from around 50% in the

8More variables have been employed by the experimental collaborations, but we found that the two
that we consider are sufficient at this level of simulation.
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Figure 11. The M
min

distribution for WZ (black) and SUSY benchmark point (red) event samples.

• WZ: We allow for (W ! `⌫, Z ! ⌧+⌧�
) or (W ! ⌧⌫, Z ! `+`�). We use the

NLO cross section �(WZ) = 51.82 pb, according to [62]. We obtain: �
initial

=

�(WZ)⇥(BR(W ! `⌫)BR(Z ! ⌧+⌧�
)+BR(W ! ⌧⌫)BR(Z ! `+`�)) = (51.82⇥

10

3

)⇥ (0.22⇥ 3.37⇥ 10

�2

+ 0.11⇥ (6.7⇥ 10

�2

)) pb ' 767 fb.

• W+jets: The AlpGen tree-level cross section merged to the HERWIG++ parton shower
is �(W + jets) ' 300 pb per lepton flavour (electrons, muons or taus). This was
calculated for 2 associated partons with the W boson.

• hV : The processes hW and hZ are included. We assume �(hW ) = 1504 fb and
�(hZ) = 883 fb at NNLO QCD + NLO EW, taken from [63] for Mh = 125 GeV.
We allow h ! W+W� and h ! ⌧+⌧�, impose no constrain on the W decays and
allow for the Z to decay to all leptons. Hence: �

initial

= (BR(h ! ⌧+⌧�
) + BR(h !

W+W�
))⇥ (�(hZ)⇥BR(Z ! ⌧+⌧�/`+`�) + �(hW )) = (0.0632+ 0.2155)⇥ (883⇥

(10.1⇥ 10

�2

) + 1504) fb ' 443 fb.

• t¯th, t¯t: We assume that the efficiency of tagging jets originating from the decays
b quarks is 70%. If one then vetoes events that contain at least one b-tagged jet,
then for events containing t¯t, a 1� (0.72 + 2⇥ 0.3⇥ 0.7) = 0.09 rejection factor can
be achieved. We consider only leptonic decays of the W bosons originating from the
decays of the top quarks and only consider h ! ⌧+⌧�. We assume total cross sections:
�(t¯t) ⇠ 900 pb and �(t¯th) ' 611 fb [63]. This gives: �

initial

(t¯t ! leptons + jets) =

0.09 ⇥ 900 pb ⇥ BR(W ! `/⌧⌫)2 ' 8600 fb and �
initial

(t¯th ! leptons + jets +

(⌧+⌧�
)) ' 3.5 fb.

• Z+jets: The AlpGen tree-level cross section merged to the HERWIG++ parton shower
is �(Z + jets) ' 300 pb per lepton flavour (electrons, muons or taus). This sample
has been produced with one associated parton with the Z boson.
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Figure 10. The WZ background topology considered in constructing the M
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A Definition of the Mmin variable

We define the M
min

variable that we will use as a handle for rejecting non-SUSY back-
grounds. Although the variable is designed to reject the WZ background, it can also
potentially perform well against other backgrounds. There are three neutrinos in the final
state: one coming from W decay, the other two from the ⌧ lepton decays. The direction of
the ⌧ -neutrino is approximately collimated with respect to the original ⌧ lepton direction
due to the mass hierarchy, mZ � m⌧ . With this approximation, the momenta of the ⌧

lepton and the ⌧ -neutrino can be parametrised as

p⌧+ = p⇢
1

/a, p⌧� = p⇢
2

/b,

p⌫
1

= (1/a � 1)p⇢
1

, p⌫
2

= (1/b � 1)p⇢
2

, (A.1)

where p⇢
1/2

is the momentum of the visible decay products and: 0 < a(b) < 1. Note that
events that in the phenomenological analysis of this article that do not satisfy this condition
on a and b are deemed ‘unphysical’ and rejected. Assuming the event topology in Fig. 10,
the unknown neutrino momenta can be constrained by the mass shell conditions of the W

and Z bosons and the missing momentum conditions.11

a, b, p⌫ : 5 unknowns

mZ , mW , px
miss

, py
miss

: 4 constraints

Since (# of unknown �# of constraints) = 1, we can parameterise the all neutrino momenta
by a single parameter, ✓.

The mass-shell constraint for the Z boson gives

ab =
2(p⇢

1

· p⇢
1

)

m2

Z

. (A.2)

11Vectors in bold typeset represent 3-vectors.
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and Z bosons and the missing momentum conditions.11
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the system can be parametrised by a single 
parameter θ

By introducing ✓ ⌘ arctan

�
a
b

�
, a and b can be written as

a =

s
2(p⇢

1

· p⇢
1

)

m2

Z

tan ✓, b =

s
2(p⇢

1

· p⇢
1

)

m2

Z

tan

�1 ✓ (A.3)

The transverse components of the neutrino momentum are determined by

pT
⌫ = pT

miss

� (1/a � 1)p⇢
1

� (1/b � 1)p⇢
2

. (A.4)

The mass shell condition of W constrains the last unknown parameter pz⌫ as

pz±⌫ =

cpz` ±
q

E2

` (c
2 � t2` t

2

⌫)

t2`
, (A.5)

where t`/⌫ = pT
`/⌫ , c = t` · t⌫ +m2

W /2. If Eq. (A.5) yields complex solution, we simply take
the real part [60, 61].

All the neutrino momenta are now parametrised by ✓. We define the invariant mass of
the system

M±
inv

(✓) =

q⇥
p` + p±⌫ (✓) + p⌧+(✓) + p⌧�(✓)

⇤
2

, (A.6)

where ± corresponds to the discrete ambiguity in Eq. (A.5). The variable M
min

is defined
by the global minimum of the M

inv

over the ✓

M
min

⌘ min

✓2[0,⇡/2]
min{M+

inv

(✓), M�
inv

(✓)} . (A.7)

Fig. 11 shows the distributions of M
min

for the WZ and SUSY benchmark point event
samples for 1000 parton-level events. The SUSY benchmark point C350-100 involves the
parameters:

m�̃±
1

= m�̃0

2

= 350 GeV, m�̃0

1

= 100 GeV. (A.8)

B Calculation of the initial cross sections

For completeness we provide the branching ratios used to reproduce the initial cross sections
that appear in Table 3.

• SUSY benchmark C350-100: Using Prospino 2.1, the NLO cross section for the
SUSY benchmark point is �SUSY ' 200 fb. For the signal, we consider the decays
of the W to all three lepton families and the decays of the Higgs boson to either
⌧+⌧� or W+W� (again with the W s decaying to all leptons). We also assume that
BR(�̃0

2

! h�̃0

1

) = 1. Hence:

�(SUSY )

initial

= �SUSY ⇥ BR(W ! `/⌧⌫)

⇥ (BR(h ! ⌧+⌧�
) + BR(h ! W+W�

)⇥ BR(W ! `/⌧⌫)2)

= �SUSY ⇥ 0.3257

⇥ (0.0632 + 0.2155⇥ 0.32572)

' 5.7 fb . (B.1)
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• We define Mmin so that it minimises the total 
energy in terms of θ.

M2
inv(✓) = [p` + p⌫(✓) + p+⌧ (✓) + p�⌧ (✓)]

2

Mmin ⌘ min
⇥
Minv(✓)

⇤
✓
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Figure 9. The exclusion envelope on the M
2

-M
1

plane obtained for the signal regions defined in
Table 4 at integrated luminosities of 100 fb�1 (black) or 300 fb�1 (red). The solid curves show the
2� exclusion boundary, whereas the dashed curves show the 3� boundary.

modelled at hadron level with a custom-made algorithm based on the ones employed by
both the ATLAS and CMS experiments. We have employed a cut-based analysis on several
variables that bring out the properties of the signal against those of the backgrounds.
Specifically, we have constructed a mass variable, M

min

, which is sharply peaked at low
value for the WZ background and broadly falls off for the signal.

Consequently we have demonstrated the potential for discovering or constraining the
SUSY parameter space in the M

2

-M
1

plane at integrated luminosities of 100 fb�1, 300 fb�1

and 3000 fb�1, collected at a 14 TeV proton-proton centre-of-mass energy. The 5� discovery
potential of our analysis reaches up to M

2

' 350 GeV with M
1

<⇠ 100 GeV at the 14 TeV
LHC with 300 fb�1. This implies that a future e+e� collider with

p
s = 1 TeV can play

indispensable role to cover M
2

< 500 GeV region. A large part of this region can also
be covered by the 14 TeV High Luminosity LHC with 3000 fb�1, which has a discovery
potential in the M

2

<⇠ 550 GeV, M
1

<⇠ 200 GeV region.

This work serves a first study of making use of h ! ⌧⌧ mode in the chargino-neutralino
searches. We thus recommend further examination of this channel by experimental collab-
orations, including the effects of full detector simulation, ⌧ -jet tagging and multi-variate
analyses.
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sample �
initial

(fb) �
basic

(fb) �
cuts

(fb)

SUSY C350-100 5.7 0.658 0.152

WZ 767 85.734 0.079

W (! `⌫`)+jets ⇠ 600⇥ 10

3 61.974 . 0.055

W (! ⌧⌫⌧ )+jets ⇠ 300⇥ 10

3 7.591 . 0.052

hV 443 5.071 0.037

t¯th 3.4 0.147 0.008

t¯t 8600 14.876 0.005

Z(! ``)+jets ⇠ 600⇥ 10

3 1659 . 0.029

Z(! ⌧⌧)+jets ⇠ 300⇥ 10

3 52.762 0.047

Table 3. The effect of the cuts on the SUSY benchmark point C350-100 and the relevant back-
grounds. The initial cross section calculations are presented in Appendix B.

variable SR1 SR2 SR3 SR4 SR5 SR6 SR7

/pT 95 GeV 120 GeV 100 GeV 90 GeV 90 GeV 150 GeV 90 GeV

M
min

235 GeV 270 GeV 220 GeV 220 GeV 300 GeV 240 GeV 200 GeV

pT,⌧⌧ 20 GeV 80 GeV 20 GeV 50 GeV 20 GeV 20 GeV 20 GeV

�R⌧,⌧ (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9) (0.1, 2.9)

�R⌧⌧,` (0.1, 2.6) (0.1, 2.5) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6) (0.1, 2.6)

Table 4. The cuts for the different signal regions (SR) used in the analysis.

region, whereas the dashed curves show the 5� discovery region. We also show in Fig. 9,
the expected exclusion region at 2� (solid) and 3� (dashed). For completeness, we show the
corresponding overlapping signal regions in Appendix E. There, we also provide the total
cross sections for the backgrounds after cuts given by the different signal regions. These
can be used to infer constraints in explicit SUSY models that contain the specific decay
chain we are considering.

The analysis can yield a low number of events for both signal and background, of
O(10), and for the calculation of significance we used the Poisson distribution to calculate
the p-values. These were subsequently converted to the corresponding Gaussian standard
deviations. Details of the procedure are provided in Appendix C, with supplementary
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Figure 14. The exclusion on the M
2

-M
1

plane obtained for the signal regions defined in Table 4
at integrated luminosities of 100 fb�1 (upper left), 300 fb�1 (upper right) and 3000 fb�1 (bottom).
The solid curves show the 2� exclusion boundary, whereas the dashed curves show the 3� boundary.

signal on the M
2

-M
1

plane attached to this article12 to construct the signal cross section for
each signal region for explicit BSM scenarios with ˜N ˜C± ! (h�)(W±�) topology, where ˜N

and ˜C± are massive BSM particles with the same mass, M
2

, and � is an invisible particle
with mass M

1

. One can calculate the signal cross section for the process in question
according to the given model:

[signal e�ciency, signal region X]⇥ [signal cross section]⇥ [BR] , (E.1)

and use this in conjunction with the background cross section for region X as given in the
table to obtain the p-value over the parameter space. Our efficiency data considers only
the process with the W ! `/⌧, ⌫ and Higgs bosons decaying inclusively to leptons (either
h ! ⌧+⌧� or h ! W+W� ! (e+e�, µ+µ�, ⌧+⌧�

) +

/ET ). The [BR] factor in Eq. (E.1)
should therefore include these branching ratios.
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Chargino-Neutralino 
at a 100TeV pp collider
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Figure 1. The leading order cross sections for the W -ino and Higgsino pair productions at a 100
TeV proton-proton collider with decoupled squarks and sleptons.

are almost degenerate) and the W -inos (SU(2) triplet) are the second lightest charginos

and the third lightest neutralino (almost mass degenerate):

�̃±
1 , �̃

0
1, �̃

0
2 ⇠ eH±, eH0

1 , eH0
2 with m�̃±

1
' m�̃0

1
' m�̃0

2
' |µ|,

�̃±
2 , �̃

0
3 ⇠ fW±,fW 0 with m�̃±

2
' m�̃0

3
' |M2|, (2.1)

where eH0
1/2 = 1p

2
( eH0

u ⌥ eH0
d) is the neutral Higgsino mass eigenstate. With this setup, the

remaining free parameters are M2, µ and tan�. We use tan� = 10 throughout our numeri-

cal study. However, the impact of tan� on the production cross section and branching ratio

of the charginos and neutralinos that are W -ino or Higgsino like is almost negligible unless

tan� is extremely small. We therefore believe our results including the chargino-neutrino

mass reach are still useful for other values of tan�.

2.2 The cross sections

We show the leading order (LO) cross sections for the W -ino and Higgsino pair productions

at a 100 TeV proton-proton collider in Fig. 1. The cross sections are calculated using

MadGraph 5 [22]. Since squarks are decoupled, the W -inos and Higgsinos are produced via

the s-channel diagrams exchanging o↵-shell W± and Z bosons. For the pure W -inos and

Higgsinos, there is no associated W -ino-Higgsino production process. Pair production of

the same neutralino states, fW 0fW 0, eH0
1
eH0
1 , eH0

2
eH0
2 , are also absent.

One can see that the fW±fW 0 production mode has the largest cross section. The LO

cross section varies from 103 fb to 10�2 fb for the W -ino mass from 500 GeV to 8 TeV.
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Wino → Higgsino decay

h

W̃± ! W±H̃0, ZH̃±, hH̃± W̃ 0 ! W±H̃⌥, ZH̃0, hH̃0

• In Higgsino LSP case, both chagino and neutralino can decay to W, Z and h.

• The decay rates are related through the Goldstone equivalence theorem.

W̃ H̃ W̃ H̃

G0/±' '

W̃ H̃

Z0/W±



(a) (b)

Figure 2. The branching ratios of fW± (a) and fW 0 (b) as functions of M2. The µ parameter is
fixed at 200 GeV. The SUSY particles other than W -inos and Higgsinos are decoupled.

up to soft activities. Similarly, four degenerate Higgsinos would not be resolvable, since
eH± and eH0

2 usually decay promptly into eH0
1 and their decay products are too soft to be

detected. We therefore categorise the processes into distinguishable groups in terms of the

SM bosons appearing in the final states. For example, �0�0 ! WZ�� process (WZ mode)

includes fW+fW� ! (W± eH0
1/2)(Z

eH⌥), fW±fW 0 ! (W± eH0
1/2)(Z

eH0
1/2), (Z

eH±)(W± eH⌥)

and fW 0fW 0 ! (W± eH⌥)(Z eH0
1/2). We show the cross sections of the all 6 distinguishable

modes, WZ, Wh, WW , ZZ, Zh and hh modes, in the M2 � µ plane in Fig. 3.

One can see that the modes containing at least one W have considerably larger cross

sections compared to the others at the same mass point. In particular, the WZ mode is

promising1 because one can reduce the QCD and tt̄ backgrounds significantly by requiring

three high pT leptons (See Fig. 4.). Taking advantage of this we henceforth study the

expected discovery reach and exclusion limit for chargino-neutralino production in the

WZ mode.

In Fig. 5, we show the cross section of the WZ mode after taking account of the

branching ratios of the gauge bosons into 3` + ⌫. The black curve represents the limit

beyond which less than 5 signal events (�0�0 ! WZ�� ! 3`⌫��) are produced, assuming

the integrated luminosity of 3000 fb�1. This provides a rough estimate of the theoretically

maximum possible exclusion limit assuming zero background with perfect signal e�ciency.

3 The simulation setup

We use the Snowmass background samples [30] to estimate the Standard Model (SM)

backgrounds. We include the relevant SM processes, which are summarised in Table 1.

1 The Wh mode is also interesting. See [25–29] for some recent studies.
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Wino → Higgsino decay

2.3 The branching ratios

The W -ino-Higgsino interaction is derived from the kinetic terms of Higgsinos.

L �
h
H†

ue
V Hu +H†

de
V Hd

i

✓4

�
p
2g(H⇤

u
fW aT a eHu �H⇤

d
fW aT a eHd) + h.c. . (2.2)

The Higgs and Higgsino fields can be written in terms of the Goldstone bosons and the

mass eigenstates as:

 
H+

u

H0
u

!
=

 
sin� · �+ + · · ·

1p
2
(cos↵ · h+ i sin� · �0) + · · ·

!
,

 
eH+
u
eH0
u

!
'
 

eH+

1p
2
( eH0

1 + i eH0
2 )

!
,

 
H0

d

H�
d

!
=

 
�1p
2
(sin↵ · h+ i cos� · �0) + · · ·

� cos� · �� + · · ·

!
,

 
eH0
d
eH�
d

!
'
 

1p
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where h is the SM like Higgs boson, and �0 and �± are the Goldstone bosons to be eaten by

the SM gauge bosons, Z and W±, respectively. The angles ↵ and � represent the mixing

for the neutral and charged Higgs mass matrices.
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Fig. 2 shows the branching ratios of fW± and fW 0, which have been calculated using

SUSY-HIT [26]. One can see that the branching ratios approach Eq. (2.4) in the large M2

limit. For the region where |M2 � µ| is close to the masses of SM bosons, the decay mode

into W± enhances since it has the largest phase space factor.

Since the charged and neutral W -inos are almost mass degenerate, it may not be

possible to resolve fW± ! XY and fW 0 ! X 0Y 0 in hadron colliders if XY is equal to X 0Y 0
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Figure 4. The dominant event topology for signal events.
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Figure 5. The cross section of �0�0 ! WZ�� ! 3 `⌫�� as a function ofM2 and µ. The black curve
represents the limit beyond which less than 5 signal events are produced, assuming the integrated
luminosity of 3000 fb�1.

Name Snowmass Relavant sub-processes �NLO
total [pb]

diboson VV W+W�, W±Z, ZZ 430.5

top-pair + gauge boson ttV tt̄W±, tt̄Z, tt̄ h 219.9

top + gauge boson tV tW±, t̄W± 182.5

triple gauge boson VVV W+W�W±, W+W�Z, W±ZZ, ZZZ 36.4

Table 1. The Standard Model background included in the analysis. For each background category,
we only list sub-processes relevant in the 3 lepton analysis. Reported cross sections include all
sub-processes in corresponding background categories.
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3 lepton channel in WZ mode 
(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tan β, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2 <µ (M1 <µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2 <M1 <µ

(µ<M1 <M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tan β = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson

(ttV) processes for backgrounds. The signal distributions are generated at a benchmark

point: M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting

the i-th hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).

Fig. 6(a) shows the normalised distributions of the leading lepton pseudo-rapidity,

⌘`1 , for signal (black) and background (red for VV and green for ttV). The distributions

are obtained at a parton level without selection cuts apart from pT (`1) > 10 GeV to

understand the bare distribution before taking the detector acceptance into account. One

can see that the leptons in the background tend to be more forward compared to the signal

leptons. The production threshold is much lower for the backgrounds and more asymmetric
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).
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momentum configurations are allowed for the initial partons. If one of the initial partons

has a much larger momentum than the other, the system is boosted in the direction of

the beam pipe and the leptons tend to be produced in the forward region.2 Another e↵ect

is as follows. Unlike the signal, production of the backgrounds have a contribution from

t-channel diagrams. In 100 TeV colliders, the SM gauge bosons can e↵ectively be regarded

as “massless” particles and there is an enhancement in the region of the phase space where

the gauge bosons are produced in the forward region.

Fig. 6(b) shows the pT distributions of the three hardest leptons. The distributions are

obtained after taking the hadronization and detector e↵ects into account and requiring at

least 3 leptons (with pT > 10 GeV, |⌘| < 2.5), of which two are same flavour and opposite

sign (SFOS). As can be seen, the pT -spectrum of background leptons has peaks below 100

GeV, whilst the signal peaks at around 300, 150 and <⇠ 50 GeV for the leading, second

leading and third leading leptons for our benchmark point.

We also show the Emiss
T distributions in Fig. 6(c), where we use the same event sample

as those in Fig. 6(b). The main source of the Emiss
T in the background are the neutrinos

produced from W and Z decays and the distribution has a peak around 30�40 GeV. Above

this peak, the background Emiss
T distribution falls quickly. On the other hand, a large Emiss

T

can be produced from the signal from the decays of heavy charginos and neutralinos. The

typical scale of Emiss
T is given by ⇠ M2/2. As can be seen, the signal distribution has a

peak around 500 GeV. This indicates that a hard cut on Emiss
T will greatly help to improve

the signal to background ratio.

We show the transverse massmT distributions in Fig. 6(d), where the event samples are

again the same as those used in Fig. 6(b). We define mT ⌘
q
2|pT (`0)||Emiss

T |(1� cos��),

where `0 is the hardest lepton amongst those not chosen as the SFOS lepton pair and �� is

the azimuthal di↵erence between the `0 and the direction of �!p miss
T . In the WZ background,

this distribution has an endpoint at mW and above the endpoint the distribution drops

very sharply. In the signal events, the distributions are much broader, as can be seen

in Fig. 6(d). A harsh cut on mT would also be very helpful to reject a large fraction of

background without sacrificing too many signal events.

5 The limit and discovery reach

5.1 The event selection

Our event selection consists of two parts: preselection and signal region (SR) selection.

The preselection requirement is:

• exactly three isolated leptons with pT > 10 GeV and |⌘| < 2.5

• a same-flavour opposite-sign (SFOS) lepton pair with |mSFOS
`` �mZ | < 10 GeV

• no b-tagged jet

2 For the W+Z background, the initial state is often u and d̄. If the partonic collision energy is much

smaller than the proton-proton collision energy, it is more likely to find a valence quark u carrying a larger

fraction of the proton momentum compared to the sea quark d̄.
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Signal Region 3 lepton pT [GeV] Emiss
T [GeV] mT [GeV]

Loose > 100, 50, 10 > 150 > 150

Medium > 250, 150, 50 > 350 > 300

Tight > 400, 200, 75 > 800 > 1100

Table 2. The event selection cuts required in the signal regions. These cuts are applied on top of
the preselection cuts.

With the first condition one can e↵ectively reject the QCD, hadronic tt̄ and single gauge

boson backgrounds. The definition of lepton isolation and some discussion around it is given

in Appendix A. The second condition is introduced to remove the leptonic SM processes

without Z bosons, such as tt̄W± and W+W�W±. The last condition is e↵ective to reduce

the SM backgrounds containing top quarks. In the simulation we use the b-tagging e�ciency

of about 70%, which is set in the Delphes card used in the Snowmass backgrounds.

In order to obtain as large coverage as possible in theM2�µ parameter plane, we define

three signal regions: Loose, Medium, Tight. These signal regions are defined in Table 2.

The selection cuts are inspired by the kinematical distributions shown in Fig. 6. The Loose

region, which has the mildest cuts, is designed to constrain the degenerate mass region

(M2 >⇠ µ), whereas the Tight region, which has the hardest cuts, targets the hierarchical

mass region (M2 � µ). The Medium region is also necessary to extend the coverage in the

intermediate mass region.

The visible cross section (the cross section for the events satisfying the event selection

requirements) for each signal region is shown in Appendix B. The information for the

detailed breakdown of the background contribution and the visible cross section at each

step of the selection is also shown. The number of total background events are expected

to be 38400, 810 and 12.3 for the Loose, Medium and Tight signal regions, respectively, at

3000 fb�1 of integrated luminosity.

5.2 The result

In Fig. 7(a), we show the 2� exclusion limits in the µ � M2 parameter plane obtained

by the di↵erent signal regions. The shaded regions have S/
p
B � 2, where S and B

are the number of expected signal and background events falling into the signal regions,

respectively. For signal we use a constant k-factor of 1.3 across the parameter plane. One

can see that the three signal regions are complementary and M2 can be constrained up to

⇠ 1.8 TeV for µ <⇠ 800 GeV.

Fig. 7(b) shows the 5� discovery reach (S/
p
B � 5) obtained from the di↵erent signal

regions. As can be seen, the Loose and Medium signal regions provide the discovery reach

up to about 850 and 1.1 TeV, respectively, for µ <⇠ 450 GeV. On the other hand, the Tight

signal region does not have sensitivity to S/
p
B � 5.

We show in Fig. 8(a) the global 2� exclusion limits for integrated luminosities of 3000

fb�1 (red) and 1000 fb�1 (blue). The global exclusion limit is obtained by choosing the

signal region that provides the largest S/
p
B for each mass point. The shaded regions
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the beam pipe and the leptons tend to be produced in the forward region.2 Another e↵ect

is as follows. Unlike the signal, production of the backgrounds have a contribution from

t-channel diagrams. In 100 TeV colliders, the SM gauge bosons can e↵ectively be regarded
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Our event selection consists of two parts: preselection and signal region (SR) selection.

The preselection requirement is:

• exactly three isolated leptons with pT > 10 GeV and |⌘| < 2.5

• a same-flavour opposite-sign (SFOS) lepton pair with |mSFOS
`` �mZ | < 10 GeV

• no b-tagged jet

2 For the W+Z background, the initial state is often u and d̄. If the partonic collision energy is much

smaller than the proton-proton collision energy, it is more likely to find a valence quark u carrying a larger

fraction of the proton momentum compared to the sea quark d̄.
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Process No cut = 3 lepton |mSFOS
`` �mZ | < 10 no-b jet

VV 3025348 2487 2338 2176

ttV 220161 792 552 318

tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2

BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534

(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111

(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table 3. The (visible) cross sections (in fb) for the cuts employed in the preselection. The column
marked ”No cut” shows the cross sections for the background processes (defined in Table 1) and
the cross section times branching ratio into 3 leptons via WZ for signal benchmark points.

Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

p
B

VV 647 106 5.1

ttV 176 41.2 6.6

tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06

BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82

(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38

(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table 4. The visible cross sections (in fb) used in the Loose signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.

Process p`T > (250, 150, 50) Emiss
T > 350 mT > 300 S/

p
B

VV 33.8 3.13 0.106

ttV 9.84 0.780 0.119

tV 0.037 0.0213 0.00132

VVV 1.87 0.291 0.0442

BG total 45.6 4.22 0.271

(M2, µ) = (800, 200) 0.170 0.107 0.0845 8.89

(M2, µ) = (1200, 200) 0.0572 0.0463 0.0408 4.30

(M2, µ) = (1800, 200) 0.0099 0.0088 0.0081 0.845

Table 5. The visible cross sections (in fb) used in the Medium signal region. The last column
shows S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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Process p`T > (400, 200, 75) Emiss
T > 800 mT > 1100 S/

p
B

VV 5.65 0.123 0.00166

ttV 1.03 0.0056 0.00092

tV 0.015 0.0001 0

VVV 0.350 0.0109 0.00153

BG total 7.05 0.140 0.00411

(M2, µ) = (800, 200) 0.0460 0.0020 0.0012 1.00

(M2, µ) = (1200, 200) 0.0238 0.0070 0.0052 4.45

(M2, µ) = (1800, 200) 0.0053 0.0031 0.0026 2.22

Table 6. The visible cross sections (in fb) used in the Tight signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.

References

[1] ATLAS Collaboration Collaboration, G. Aad et al., Search for direct production of
charginos, neutralinos and sleptons in final states with two leptons and missing transverse
momentum in pp collisions at

p
s = 8 TeV with the ATLAS detector, JHEP 1405 (2014)

071, [arXiv:1403.5294].

[2] CMS Collaboration Collaboration, V. Khachatryan et al., Searches for electroweak
production of charginos, neutralinos, and sleptons decaying to leptons and W, Z, and Higgs
bosons in pp collisions at 8 TeV, arXiv:1405.7570.

[3] ATLAS Collaboration, Search for Supersymmetry at the high luminosity LHC with the
ATLAS experiment, Tech. Rep. ATL-PHYS-PUB-2014-010, CERN, Geneva, 2014.

[4] T. Cohen, T. Golling, M. Hance, A. Henrichs, K. Howe, et al., SUSY Simplified Models at
14, 33, and 100 TeV Proton Colliders, JHEP 1404 (2014) 117, [arXiv:1311.6480].

[5] T. Andeen, C. Bernard, K. Black, T. Childres, L. Dell’Asta, et al., Sensitivity to the Single
Production of Vector-Like Quarks at an Upgraded Large Hadron Collider, arXiv:1309.1888.

[6] L. Apanasevich, S. Upadhyay, N. Varelas, D. Whiteson, and F. Yu, Sensitivity of potential
future pp colliders to quark compositeness, arXiv:1307.7149.

[7] D. Stolarski, Reach in All Hadronic Stop Decays: A Snowmass White Paper,
arXiv:1309.1514.

[8] F. Yu, Di-jet resonances at future hadron colliders: A Snowmass whitepaper,
arXiv:1308.1077.

[9] N. Zhou, D. Berge, L. Wang, D. Whiteson, and T. Tait, Sensitivity of future collider facilities
to WIMP pair production via e↵ective operators and light mediators, arXiv:1307.5327.

[10] S. Jung and J. D. Wells, Gaugino physics of split supersymmetry spectrum at the LHC and
future proton colliders, Phys.Rev. D89 (2014) 075004, [arXiv:1312.1802].

[11] M. Low and L.-T. Wang, Neutralino Dark Matter at 100 TeV, arXiv:1404.0682.

[12] M. Cirelli, F. Sala, and M. Taoso, Wino-like Minimal Dark Matter and future colliders,
arXiv:1407.7058.

– 16 –

Cut-flow
• Cut-flows for the signal and background processes in fb



(a) (b)

Figure 7. The exclusion limits (a) and the discovery reaches (b) obtained from three signal regions.
The integrated luminosity of 3000 fb�1 is assumed.

(a) (b)

Figure 8. The global exclusion limits (a) and the discovery reaches (b) for 3000 fb�1 (red) and
1000 fb�1 (blue). The shaded region represent the uncertainty when varying the background yield
by 30%.

around the solid curves represent the uncertainty when varying the background yields by

±30%. One can see that changing the background by 30% results in a ⇠ 100 GeV shift

in M2 for the µ ⌧ M2 region. M2 can be constrained up to 1.8 TeV with µ <⇠ 800 GeV

for 3000 fb�1, which can be compared with the projected chargino neutralino mass limit

of 1.1 TeV for the high luminosity LHC with 3000 fb�1 obtained by ATLAS [3]. For 1000

fb�1 the limit on M2 is about 1.5 TeV with µ <⇠ 400 GeV as can be seen in Fig. 8(a).

Fig. 8(b) shows the global 5� discovery reach for 3000 fb�1 (red) and 1000 fb�1 (blue)

with the 30% uncertainty bands for background. One can see that charginos and neutrali-

nos can be discovered up to M2 <⇠ 1.1 TeV with µ <⇠ 500 GeV for 3000 fb�1 integrated
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Result



Summary
• The LHC will resume with 13 TeV CoM energy and the exciting 

time will start. 

• It opens up new measurements of Higgs bosons:                       
e.g.  ttH, tHj productions 

• The BSM direct searches: important to understand how to 
interpret the results. 

• Split SUSY is an interesting scenario after LHC run1.  Light 
gauginos may show up at 13 TeV LHC.  







3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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5.7 Comparing Colliders

The squark-neutralino model has a similar multi-jet plus Emiss
T signature to the gluino-neutralino

model with light flavor decays. However, the squark-neutralino model is more difficult to probe
due to the smaller number of hard jets in the final state coupled with the substantially smaller
production cross section. Since this model provides a more challenging scenario, it is interesting
to understand the impact that can be made on exploring the parameter space with different collider
scenarios. Figure 34 shows the 5� discovery reach [95% CL exclusion] for two choices of inte-
grated luminosity at 14 TeV, along with the reach using the full data set assumed for 33 and 100

TeV.

In general, we find that due to the small cross sections, it is very difficult to distinguish this model
from background with discovery level significance3. Consequentially, the discovery reach does not
appear to significantly improve with the 14 TeV luminosity upgrade. The discovery reach in the
massless neutralino limit also scales slowly with the CM energy, increasing only by a factor of 3
from 14 TeV to 100 TeV, compared to a factor of 5 for the gluino-neutralino model.

The exclusion reach for the squark-neutralino models is much more favorable in comparison. At
this level of significance the background systematics are less difficult to overcome, and the limits
scale much more favorably with luminosity and CM energy, as in the gluino-neutralino model.
Figure 8 makes a compelling case for investing in future proton colliders which can operate at
these high energies.
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Figure 34: Results for the squark-neutralino model. The left [right] panel shows the 5� discovery reach
[95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed
and pileup is not included.

3It is worth noting that this search, which was devised originally to target gluinos, has not been extensively
optimized for the signature of squark pair production. It is possible that a search exactly tailored to this signal could
improve the reach beyond what is found here.
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8.9 Comparing Colliders

The same-sign di-lepton signature of the gluino-neutralino model with heavy flavor decays pro-
vides a useful case study with which to compare the potential impact of different proton colliders.
Due to theoretical motivation in the context of both natural SUSY and split SUSY models, this final
state is a very important signature of new physics to consider. Figure 55 shows the 5� discovery
reach [95% CL exclusion] for two choices of integrated luminosity at 14 TeV, along with the full
data set assumed for 33 and 100 TeV. At the LHC, a factor of 10 increase in luminosity leads to
an improved reach of roughly 500 GeV. Increasing the center-of-mass energy has a tremendous
impact on the experimentally available parameter space, since now much heavier gluinos can be
produced without relying on the tails of parton distributions to supply the necessary energy. Figure
55 makes a compelling case for investing in future proton colliders which can operate at these high
energies.

Note that studying other final states for this decay channel was outside the scope of this project. In
light of these results though, it would be interesting to see if an all hadronic search would lead to
improvements in the projected limits, especially since lepton efficiencies are significantly affected
at high CM energies by the pile-up conditions and the highly boosted top quarks, and similarly
to veto ⌧ -tagged jets to further reduce W/Z+jets. In particular, when considering searches at a
100 TeV collider, it would be interesting to investigate the fat top jet signatures of this model with
very heavy gluinos.
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Figure 55: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The
left [right] panel shows the 5� discovery reach [95% CL exclusion] for the four collider scenarios studied
here. A 20% systematic uncertainty is assumed and pileup is included.
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Figure 6. Distributions of the variables used for discrimination of the jets originating from ⌧ leptons
and those from QCD, for the SUSY benchmark point C350-100 and the W+jets background
(W ! e⌫e/µ⌫µ).

The basic part of the algorithm itself does not provide satisfactory rejection against the
QCD jet background to hadronically decaying ⌧ leptons. If a jet satisfies all the above
criteria, then the following variables are constructed:

• �R
max

: the distance to the track furthest away from the jet axis.

• f
core

: the fraction of the total jet energy contained in the centre-most cone defined
by �R < 0.1.

These variables provide strong discriminating power against QCD jets [54, 59].8 To perform
the rejection of QCD jets, here we apply the following cuts:

• �R
max

< 0.05.

• f
core

> 0.95.

In Fig. 6 we show the variables �R
max

and f
core

, constructed for hadronic jets for
a signal benchmark point C350-100 and the W+jets background. Only jets with pT >

20 GeV and |⌘| < 2.5 were considered. In Fig. 7 we show the efficiency of ⌧ identification
versus the transverse momentum of the jet in question, pT,jet, obtained by the procedure
outlined in this section. For the signal, the efficiency was defined for the identification of
‘true’ ⌧ jets, defined to be those closest to the visible ⌧ decay products taken from the Monte
Carlo truth. For the W+jets background, the efficiency was defined with respect to any jet.
The efficiency for the SUSY benchmark point C350-100 varies from around 50% in the

8More variables have been employed by the experimental collaborations, but we found that the two
that we consider are sufficient at this level of simulation.
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Figure 9. The distributions of �RSFOS, the distance between the SFOS lepton pair, (a) after
preselection cuts, (b) after additional cuts: Emiss

T > 500 GeV and mT > 200 GeV. For both plots,
detector simulation has been done by Delphes 3 using the same detector setup as the one used in
Snowmass samples but with R = 0.05.

isolation criteria with R = 0.3 would reject some fraction of signal and background events.

We therefore believe that employing smaller lepton isolation cone radius will improve the

chargino-neutralino mass reach to some extent, although a dedicated study in this direction

is beyond the scope of this paper.

B The visible cross sections

In this section we report the visible cross sections (the cross section after cuts) for each step

of the selection cuts for di↵erent processes. Four sets of samples are considered for the SM

background, which are defined in Table 1. We show the results for three benchmark model

points for signal: (M2, µ)/GeV = (800, 200), (1200, 200) and (1800, 200). The (visible)

cross sections with k-factor = 3 are shown in fb for all tables in this section. Table 3 shows

the (visible) cross sections for the cuts employed in the preselection stage. Table 4, 5 and 6

show the visible cross sections for the cuts used in Loose, Medium and Tight signal regions,

respectively. The last columns in Tables 4, 5 and 6 show S/
p
B assuming 3000 fb�1 of

integrated luminosity for the three di↵erent benchmark points.

– 14 –

SFOS R∆ 
0 0.5 1 1.5 2 2.5

 [f
b/

0.
05

]
σ

-410

-310

-210

-110
1

10

210

310

410

510 BG (WZ+ttZ)
Signal (0.8, 0.2) TeV
Signal (1.2, 0.2) TeV
Signal (1.8, 0.2) TeV

(a)

SFOS R∆ 
0 0.5 1 1.5 2 2.5

 [f
b/

0.
05

]
σ

-410

-310

-210

-110

1

10 BG (WZ+ttZ)
Signal (0.8, 0.2) TeV
Signal (1.2, 0.2) TeV
Signal (1.8, 0.2) TeV

(b)

Figure 9. The distributions of �RSFOS, the distance between the SFOS lepton pair, (a) after
preselection cuts, (b) after additional cuts: Emiss

T > 500 GeV and mT > 200 GeV. For both plots,
detector simulation has been done by Delphes 3 using the same detector setup as the one used in
Snowmass samples but with R = 0.05.

isolation criteria with R = 0.3 would reject some fraction of signal and background events.

We therefore believe that employing smaller lepton isolation cone radius will improve the

chargino-neutralino mass reach to some extent, although a dedicated study in this direction

is beyond the scope of this paper.

B The visible cross sections

In this section we report the visible cross sections (the cross section after cuts) for each step

of the selection cuts for di↵erent processes. Four sets of samples are considered for the SM

background, which are defined in Table 1. We show the results for three benchmark model

points for signal: (M2, µ)/GeV = (800, 200), (1200, 200) and (1800, 200). The (visible)

cross sections with k-factor = 3 are shown in fb for all tables in this section. Table 3 shows

the (visible) cross sections for the cuts employed in the preselection stage. Table 4, 5 and 6

show the visible cross sections for the cuts used in Loose, Medium and Tight signal regions,

respectively. The last columns in Tables 4, 5 and 6 show S/
p
B assuming 3000 fb�1 of

integrated luminosity for the three di↵erent benchmark points.

– 14 –



Process No cut = 3 lepton |mSFOS
`` �mZ | < 10 no-b jet

VV 3025348 2487 2338 2176

ttV 220161 792 552 318

tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2

BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534

(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111

(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table 3. The (visible) cross sections (in fb) for the cuts employed in the preselection. The column
marked ”No cut” shows the cross sections for the background processes (defined in Table 1) and
the cross section times branching ratio into 3 leptons via WZ for signal benchmark points.

Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

p
B

VV 647 106 5.1

ttV 176 41.2 6.6

tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06

BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82

(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38

(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table 4. The visible cross sections (in fb) used in the Loose signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.

Process p`T > (250, 150, 50) Emiss
T > 350 mT > 300 S/

p
B

VV 33.8 3.13 0.106

ttV 9.84 0.780 0.119

tV 0.037 0.0213 0.00132

VVV 1.87 0.291 0.0442

BG total 45.6 4.22 0.271

(M2, µ) = (800, 200) 0.170 0.107 0.0845 8.89

(M2, µ) = (1200, 200) 0.0572 0.0463 0.0408 4.30

(M2, µ) = (1800, 200) 0.0099 0.0088 0.0081 0.845

Table 5. The visible cross sections (in fb) used in the Medium signal region. The last column
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p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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(M2, µ) = (1200, 200) 0.0238 0.0070 0.0052 4.45

(M2, µ) = (1800, 200) 0.0053 0.0031 0.0026 2.22
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p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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Process No cut = 3 lepton |mSFOS
`` �mZ | < 10 no-b jet

VV 3025348 2487 2338 2176

ttV 220161 792 552 318

tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2

BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534

(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111

(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table 3. The (visible) cross sections (in fb) for the cuts employed in the preselection. The column
marked ”No cut” shows the cross sections for the background processes (defined in Table 1) and
the cross section times branching ratio into 3 leptons via WZ for signal benchmark points.

Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

p
B

VV 647 106 5.1

ttV 176 41.2 6.6

tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06

BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82

(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38

(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table 4. The visible cross sections (in fb) used in the Loose signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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p
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Figure 14. The exclusion on the M
2

-M
1

plane obtained for the signal regions defined in Table 4
at integrated luminosities of 100 fb�1 (upper left), 300 fb�1 (upper right) and 3000 fb�1 (bottom).
The solid curves show the 2� exclusion boundary, whereas the dashed curves show the 3� boundary.

signal on the M
2

-M
1

plane attached to this article12 to construct the signal cross section for
each signal region for explicit BSM scenarios with ˜N ˜C± ! (h�)(W±�) topology, where ˜N

and ˜C± are massive BSM particles with the same mass, M
2

, and � is an invisible particle
with mass M

1

. One can calculate the signal cross section for the process in question
according to the given model:

[signal e�ciency, signal region X]⇥ [signal cross section]⇥ [BR] , (E.1)

and use this in conjunction with the background cross section for region X as given in the
table to obtain the p-value over the parameter space. Our efficiency data considers only
the process with the W ! `/⌧, ⌫ and Higgs bosons decaying inclusively to leptons (either
h ! ⌧+⌧� or h ! W+W� ! (e+e�, µ+µ�, ⌧+⌧�

) +

/ET ). The [BR] factor in Eq. (E.1)
should therefore include these branching ratios.
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12The file corresponding to signal region X is “efficiency_regionX_expanded.dat”, located in the subdi-
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calculated using SUSY-HIT [45].
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suppressed as |µ| increases. This is due to the �̃0

1

�̃0

2

Z coupling having the extra mZ/µ sup-
pression factor compared to the �̃0

1

�̃0

2

h coupling, as seen in Eq. (2.2). In the |µ| >⇠ 500 GeV
region, the �̃0

2

! h�̃0

1

mode has BR

>⇠ 60% and dominates the �̃0

2

decay, apart from the
tan� = 50, M

1

= 1 GeV case. For moderate values of µ, 0.5 <⇠ µ/TeV <⇠ 3, the factor
|2 sin 2� + (M

1

+M
2

)/µ| in C�̃0

1

�̃0

2

h is important in the competition between the �̃0

2

! h�̃0

1

and �̃0

2

! Z�̃0

1

modes and at µ ⇠ 1 TeV, tan� ⇠ 50, M
1

⇠ 1 GeV, BR(�̃0

2

! Z�̃0

1

) can
be as large as BR(�̃0

2

! h�̃0

1

). However, in the large |µ| limit BR(�̃0

2

! h�̃0

1

) approaches
100 % independently of tan� and M

1

as long as the phase space is open.
Figure 5 is equivalent to Fig. 4, with µ instead set to µ < 0. One can see that

BR(�̃0

2

! h�̃0

1

) becomes zero at a particular |µ| value depending on tan� and M
1

. This
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Figure 5. The total invariant mass distributions for the t̄tH final state (left panel) and the tHj
final state (central panel). In each case, we display the distributions for ζt = arc tan(κ̃t/κt) = 0 (in
black), ±π/4 (in dotted red) and ±π/2 (in solid red). The right panel shows the variations with ζt
of ⟨Mt̄tH⟩ (solid black), ⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue) along a contour passing trough
the middle of the 68% CL. crescent-shape allowed region in figure 1.

4.1 Total invariant mass distributions

The left panel of figure 5 displays the normalizedMt̄tH distributions for ζt=arc tan(κ̃t/κt)=

0 (in black), ±π/4 (in dotted red) and ±π/2 (in solid red). We see that the Mt̄tH distribu-

tion that is most peaked towards small masses is that for the Standard Model case ζt = 0.

That for ζt = ±π/4 is less peaked, and that for ζt = ±π/2 is substantially broader.

The central panel of figure 5 displays the MtHj distributions for ζt = 0,±π/4 and ±π/2

using the same colour-coding. In this case, we see that the invariant mass distribution

is least peaked for the Standard Model case ζt = 0, more peaked for ζt = ±π/4 and

particularly for ζt = ±π/2.

The right panel of figure 5 displays the variations with ζt of ⟨Mt̄tH⟩ (solid black),

⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue). We see explicitly that ⟨Mt̄tH⟩ is minimized in

the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.

4.2 Two-particle invariant mass distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of figure 6 show the invariant mass distributions of t̄t and tH, respectively,

with the same colour-coding as in figure 5. The peaks of the distributions are lowest for

the SM and highest for ζt = ±π/2 in both the t̄t and tH cases. The right panel of figure 6

shows the variation with ζt of ⟨Mt̄t⟩ (solid black) and ⟨MtH⟩ (solid red) along a contour

passing trough the middle of the crescent-shape allowed region in figure 1. The means

of the two-particle invariant mass distributions take their lowest values in the Standard

Model case and their maximum values for ζt = ±π/2 in both the t̄t and tH cases, as

observed in the total invariant mass distribution. The difference between ⟨Mt̄t⟩ and ⟨MtH⟩
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Figure 5. The total invariant mass distributions for the t̄tH final state (left panel) and the tHj
final state (central panel). In each case, we display the distributions for ζt = arc tan(κ̃t/κt) = 0 (in
black), ±π/4 (in dotted red) and ±π/2 (in solid red). The right panel shows the variations with ζt
of ⟨Mt̄tH⟩ (solid black), ⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue) along a contour passing trough
the middle of the 68% CL. crescent-shape allowed region in figure 1.
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The left panel of figure 5 displays the normalizedMt̄tH distributions for ζt=arc tan(κ̃t/κt)=

0 (in black), ±π/4 (in dotted red) and ±π/2 (in solid red). We see that the Mt̄tH distribu-

tion that is most peaked towards small masses is that for the Standard Model case ζt = 0.

That for ζt = ±π/4 is less peaked, and that for ζt = ±π/2 is substantially broader.

The central panel of figure 5 displays the MtHj distributions for ζt = 0,±π/4 and ±π/2

using the same colour-coding. In this case, we see that the invariant mass distribution

is least peaked for the Standard Model case ζt = 0, more peaked for ζt = ±π/4 and

particularly for ζt = ±π/2.

The right panel of figure 5 displays the variations with ζt of ⟨Mt̄tH⟩ (solid black),

⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue). We see explicitly that ⟨Mt̄tH⟩ is minimized in

the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.

4.2 Two-particle invariant mass distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of figure 6 show the invariant mass distributions of t̄t and tH, respectively,

with the same colour-coding as in figure 5. The peaks of the distributions are lowest for

the SM and highest for ζt = ±π/2 in both the t̄t and tH cases. The right panel of figure 6

shows the variation with ζt of ⟨Mt̄t⟩ (solid black) and ⟨MtH⟩ (solid red) along a contour

passing trough the middle of the crescent-shape allowed region in figure 1. The means

of the two-particle invariant mass distributions take their lowest values in the Standard

Model case and their maximum values for ζt = ±π/2 in both the t̄t and tH cases, as

observed in the total invariant mass distribution. The difference between ⟨Mt̄t⟩ and ⟨MtH⟩
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• For ttH, the total invariant mass increases as increasing the CP phase ζt.

• For tHj, the total invariant mass decreases as increasing ζt.
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Figure 5. The total invariant mass distributions for the t̄tH final state (left panel) and the tHj
final state (central panel). In each case, we display the distributions for ζt = arc tan(κ̃t/κt) = 0 (in
black), ±π/4 (in dotted red) and ±π/2 (in solid red). The right panel shows the variations with ζt
of ⟨Mt̄tH⟩ (solid black), ⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue) along a contour passing trough
the middle of the 68% CL. crescent-shape allowed region in figure 1.

4.1 Total invariant mass distributions

The left panel of figure 5 displays the normalizedMt̄tH distributions for ζt=arc tan(κ̃t/κt)=

0 (in black), ±π/4 (in dotted red) and ±π/2 (in solid red). We see that the Mt̄tH distribu-

tion that is most peaked towards small masses is that for the Standard Model case ζt = 0.

That for ζt = ±π/4 is less peaked, and that for ζt = ±π/2 is substantially broader.

The central panel of figure 5 displays the MtHj distributions for ζt = 0,±π/4 and ±π/2

using the same colour-coding. In this case, we see that the invariant mass distribution

is least peaked for the Standard Model case ζt = 0, more peaked for ζt = ±π/4 and

particularly for ζt = ±π/2.

The right panel of figure 5 displays the variations with ζt of ⟨Mt̄tH⟩ (solid black),

⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue). We see explicitly that ⟨Mt̄tH⟩ is minimized in

the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.

4.2 Two-particle invariant mass distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of figure 6 show the invariant mass distributions of t̄t and tH, respectively,

with the same colour-coding as in figure 5. The peaks of the distributions are lowest for

the SM and highest for ζt = ±π/2 in both the t̄t and tH cases. The right panel of figure 6

shows the variation with ζt of ⟨Mt̄t⟩ (solid black) and ⟨MtH⟩ (solid red) along a contour

passing trough the middle of the crescent-shape allowed region in figure 1. The means

of the two-particle invariant mass distributions take their lowest values in the Standard

Model case and their maximum values for ζt = ±π/2 in both the t̄t and tH cases, as

observed in the total invariant mass distribution. The difference between ⟨Mt̄t⟩ and ⟨MtH⟩
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