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• With the discovery of the Higgs the SM is now a 
complete description for particle physics 
(forgetting DM).

• On the other hand that same discovery by itself 
makes the theory fine-tuned.

• The lack of any other experimental evidence 
makes us believe that either the SM is the only 
theory above the Fermi scale or....

Introduction



• Any model aiming to explain the hierarchy 
problem has to remain ‘natural’

• One possibility for SUSY models to escape 
the bounds on superparners is to suppose 
that the spectrum is compressed.





• In the first part of the talk I will study an 
alternative signal to discover 
electroweakinos in compressed spectra.

• These scenarios are a possibility in order 
to explain the observed DM relic density 
through a non-trivial mixing among the 
different neutralinos, since a pure Bino 
tends to overclose the universe and a pure 
Higgsino or Wino will co-annihilate to fast. 

Arkani-Hamed,AD, Giudice 



• In the second part I will study another 
compressed scenario also based on DM.

• In this case it will be a situation where the 
mass of the gluino is only around O(100 GeV) 
larger than the one of the LSP.

• DM is then obtained via co-annihilation 



Photons from well-tempered 
neutralinos

• DM relic abundance can be accommodated 
within the MSSM with just neutralinos in the 
following cases:

• Bino very light with mass mz/2 or mh/2

• Higgsino around 1 TeV

• Wino around 2 TeV

• Non-trivial admixture of Bino-Higgsino or 
Bino-Wino



• The non-trivial Bino-Higgsino admixture 
could have implications for the LHC

• It can also be obtained in models of minimal 
sugra using the focus point scenario.

• μ is small due to the cancellation of the soft 
mass of the Higgs and M1 is small due to the 
running.

• One possible natural SUSY scenario.



• Standard trilepton searches for electrowikinos 
can be problematic for compressed spectra. 
These scenarios are motivated by DM.
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Figure 1. The mass splitting for di↵erent ranges of |µ| and M
1

. On the left side, M
1

< |µ| and
so the two Higgsino-like states are heavier than the bino-like state. This corresponds to the lower,

outside edge of the plots shown in Fig. 2. Both the splitting me�0
3
�me�0

1
and me�0

2
�me�0

1
are large,

making this spectrum amenable to studies with a photon and dilepton pair in the final state. The

right side shows the opposite regime, where |µ| < M
1

. This results in the Higgsinos having smaller

masses than the bino, and is shown in the upper, inside edge of the plots in Fig. 2. In this case the

splitting me�0
3
�me�0

1
is large and the splitting me�0

2
�me�0

1
is small.

thus the inter-state splitting also increases with tan �. To understand the e↵ect of the sign
of µ, consider the limit that M

1

⇠ µ, and tan � = 1. In this case, me�0
3
�me�0

2
⇠ me�0

2
�me�0

1
=

1

2

⇣
me�0

3
�me�0

1

⌘
⇠ mW tan ✓W . However, for M

1

⇠ �µ, we find me�0
3
⇠ me�0

2
> me�0

1
. The

splitting between me�0
2
�me�0

1
for µ positive is greater than µ negative. Hence, as reflected in

the left and right halves of Fig. 2, the mass splittings me�0
2,3

�me�0
1
for a positive µ are greater

than that of a negative µ. Combining these trends, the smallest inter-neutralino splittings
occur when tan � is small and µ < 0 while the splittings are largest for large tan �, µ > 0.

Finally, we note that the well-tempered/forged bino-Higgsino chargino mass, when |µ| >
M

1

, will be very nearly the mass of e�0

2

.

C. Bino-Higgsino relic abundance

The inter-neutralino mass splittings also have ramifications for neutralino dark matter
relic abundance, since the lightest neutralino is assumed to be stable. Before describing
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Figure 2. Mass splitting and dark matter relic abundances are shown for bino-Higgsino admixtures.

These plots assume all other sparticles have much larger masses ⇠ 3 TeV. The mass splitting

between the next-to-lightest neutralino (e�0

2

) and the lightest neutralino (e�0

1

) measured in GeV are

indicated with dashed blue lines. The orange bands display the mass splitting between e�0

3

and e�0

1

.

Note that between the innermost orange bands, the splitting is less than the mass of the Z boson,

forcing o↵-shell decays to the LSP. The dark, inner bands exemplify the minimal range of this mass

splitting. The black lines show dark matter relic abundances, ⌦h2 = 0.12 (in accord with current

observations) and ⌦h2 = 0.02, a permissible relic abundance assuming other dark matter particles

are present.

avoid A ! ⌧⌧ searches at the LHC, the plausible nucleon-scattering blind regions extend to

8
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• Since the splittings are quite small I am going to 
propose a different way of discovering this kind of 
spectra:

pp ! �2�3 ! `+`�� + �1�1

the strategy we advocate is best suited to pair production of heavy neutralinos which decay,
one to `+`�e�0

1

and the other to � + e�0

1

. Neutralino decays to photons are often neglected,
since the decay is a loop-level process, proceeding via a W±�chargino loop. However, when
the neutralino spectrum gets squeezed, the photon decay mode becomes competitive. Specif-
ically, as the splitting among neutralinos shrinks below mZ , neutralino decays through the
Z become three-body decays and are phase-space suppressed. Combined with the small
branching fraction of the Z to leptons – the most clearly identifiable decay products – it
is certainly feasible that BR(e�0

2,3 ! � e�0

1

) ⇠= BR(e�0

2,3 ! Z⇤(`+`�)e�0

1

). We will make this
relation among decay modes more concrete shortly. One set of Feynman diagrams showing
the e�0

2,3 ! `+`�e�0

1

and e�0

2,3 ! �e�0

1

decays are given in Fig. 3.
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Figure 3. Decays of e�0

3

through a dilepton pair and e�0

2

through a photon.

Having specified the final state we intend to study, the viability and sensitivity of our
search depends on i.) the rate of electroweakino (specifically neutralino) production, ii.)
the branching fraction of the neutralino pairs into the `+`�� + /ET final state, and iii.) the
size and kinematic characteristics of the SM backgrounds. The production cross section
and branching fractions of neutralinos vary as we move in bino-Higgsino parameter space
(µ,M

1

, tan �) and will be addressed in turn in this section. We will study the SM backgrounds
in more detail in Sec. IV.

B. Production of bino-Higgsinos

Turning first to the production, one element of the signal rate is how many electroweakino
subprocesses contribute to our final state. Several di↵erent electroweakino pair-production
modes are possible, i.e. e�±

1

e�⌥
1

, e�0

2

e�0

2

, e�0

3

e�0

1

, etc., however as we will show later on, the mode
driving the `+`�� + /ET signal is pp ! e�0

2

e�0

3

. In Fig. 4, we plot the production cross-section
of these heavier neutralinos, pp ! e�0

2

e�0

3

as a function of µ and M
1

for tan � = 2, 10. The
cross sections are largest when the neutralinos are lightest and decrease more slowly as |µ|
is increased compared to increasing M

1

.
Mixed bino-Higgsinos are produced through an s-channel Z or W± boson. However, as

the bino is inert under W±/Z interactions, the neutralino mass eigenstates are produced
in proportion to their Higgsino fraction. In the mass range pertinent to LHC studies, the
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Figure 4. Lines for the bino-Higgsino relic abundance and the cross section pp ! e�0

2

e�0

3

at the 14

TeV LHC are indicated with oval bubbles and rectangular bubbles, respectively. The bottom black

line sets the relic abundance observed in our universe. The upper black like has a relic abundance

of 0.02 which is allowable if there is another dark matter candidate. The green points in parameter

space are studied in this paper for the signal pp ! e�0

2

e�0

3

! e�0

1

e�0

1

`+`��.

well-tempered line that quenches the observed relic abundance of dark matter has M
1

about
25 GeV less than |µ|. In this case, the production cross section will be larger for the heavier
neutralinos than the lightest neutralino, because e�0

2

and e�0

3

have larger Higgsino components
than e�0

1

. This is illustrated in Fig. 4 where we see a sharp drop in the cross section when
|µ| < M

1

indicating a large bino component in e�0

2

, e�0

3

. One might expect pp ! e�0

2

e�0

2

, e�0

3

e�0

3
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Figure 5. The branching fraction for bino-Higgsinos decays to photons or dileptons and the LSP

are shown for tan� = 2 and µ < 0. The black line is the well-tempered region indicating where

bino-Higgsinos produce the observed relic abundance in our universe. The green points mark the

benchmarks studied in section IV.

We believe that, for the final state we are interested in, these environmental backgrounds
are manageable. We will therefore ignore them for now, deferring more detailed comments
until Sec. V.

To show that the `+`�� + /ET electroweakino final state can be e↵ectively discriminated
from these backgrounds, we pick four benchmark points from the well-forged and well-
tempered parameter space. These points are marked as green dots in Figs. 2, 4, and 5.
The points A and B both have a negative value for µ and tan � = 2, which leads to small
mass splittings between the neutralinos. Points C and D have tan � = 10, which creates
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• The following benchmark points are going to be 
simulated with SuSpect, SUSY-HIT, MG5@NCLO and 
Pythia and we trigger on the leptons:

larger mass splittings. A summary of these benchmark points is given in Table I. It will be
shown that the smaller mass splitting in points A and B not only leads to a higher branching
ratio to photons, but also leads to more distinct kinematics than the larger splitting of points
C and D.

Benchmark points Point A Point B Point C Point D

µ -150 GeV -180 GeV -145 GeV 150 GeV

M
1

125 GeV 160 GeV 120 GeV 125 GeV

tan� 2 2 10 10

me�0
1

124.0 GeV 157 GeV 105 GeV 103 GeV

me�0
2

156.9 GeV 186 GeV 150 GeV 153 GeV

me�0
3

157.4 GeV 188 GeV 163 GeV 173 GeV

�(pp ! e�0

2

e�0

3

) 394 fb 200 fb 345 fb 287 fb

BR(e�0

2

! e�0

1

�) 0.0441 0.0028 0.0017 0.0014

BR(e�0

2

! e�0

1

`+`�) 0.0671 0.0712 0.0702 0.0700

BR(e�0

3

! e�0

1

�) 0.0024 0.0767 0.0115 0.0102

BR(e�0

3

! e�0

1

`+`�) 0.0714 0.0613 0.0447 0.0304

�(pp ! e�0

2

e�0

3

! �`+`�e�0

1

e�0

1

) 1.297 fb 1.125 fb 0.279 fb 0.205 fb

Table I. Values of interest for the four benchmark points highlighted in this analysis. These points

are marked with green dots in Figs. 2, 4, and 5 (A,B) . Points A and B have negative values for

µ and tan� = 2, which leads to smaller mass splittings between the neutralinos. Points C and D

have tan� = 10 which creates larger splittings. The larger mass splitting of points C and D leads

not only to smaller branching ratios to photons, but also makes the signal kinematics more similar

to the backgrounds.

There are also electroweakino processes other than pp ! e�0

2

e�0

3

which generate a `+`�� +
/ET final state. For example:

pp !�
�
e�+ ! e�0

1

`+⌫`
� �

e�� ! e�0

1

`�⌫`

�
, (5)

pp !
�
e�0

2

! jje�0

1

� �
e�0

3

! �e�0

2

! �`+`�e�0

1

�
, (6)

pp !
�
e�+ ! e�0

1

jj0
� �

e�0

3

! �e�0

2

! �`+`�e�0

1

�
, (7)

pp !�
�
e�+ ! e�0

1

jj0
� �

e�0

2,3 ! `+`�e�0

1

�
. (8)

We refer to the processes in Eq. ((5)-(8)), which are explained in more detail in Appendix A,
as ‘alternative signals’ because they have a di↵erent final state photon kinematic distri-
bution than the dominant signal pp ! e�0

2

e�0

3

! �`+`�e�0

1

e�0

1

, and are harder to distinguish
from the SM background. For instance, the two chargino production in (5) has nearly the
same collider morphology as the WW� background. These alternative signals are lumped
together with the primary process, pp ! e�0

2

e�0

3

, to form the electroweakino signal in all of
our simulations.
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• Main backgrounds:

• Fakes coming from jets faking a lepton are 
under control assuming the following rate: 

to have a similar size cross section as pp ! e�0

2

e�0

3

, however due to the fact that the two
Higgsinos have opposite hypercharge, the Z couplings to same-flavor neutralinos (i.e. e�0

i e�0

i )
are highly suppressed compared to mixed flavor.

C. Branching fraction of bino-Higgsinos

The next ingredient is the branching fraction of e�0

3

e�0

2

into `+`��+ /ET . Of the two decays
we are envisioning, e�0

2,3 ! �+ e�0

1

is the more exotic [50–55] and worth further scrutiny. The
branching ratios BR(e�0

2

! �e�0

1

) and BR(e�0

3

! �e�0

1

) are shown in Fig. 5 as a function of µ
and M

1

for tan � = 2. We have overlaid the mass splittings me�0
3
�me�0

1
and me�0

2
�me�0

1
on the

branching ratio contours, as the splitting controls how suppressed the competing o↵-shell Z
decay modes are. The size of BR(e�0

2,3 ! e�0

1

�) roughly follows the size of the mass splitting
and peaks where |µ| ⇠ M

1

, though the transition is sharper. The sharpness of the transition
is due to a level crossing of the e�0

2

, e�0

3

eigenvalues. Specifically, as the diagonal elements of
Eq. (2) become degenerate, the mixing angles get large, suddenly altering the composition
of the neutralinos. If a neutralino (either e�0

2

or e�0

3

) inherits a large bino component, its
Z couplings all drop. Since the dominant mechanism of e�0

2

, e�0

3

decay is via Z, when these
couplings drop, the total width drops, and the branching ratio to photons – which involves
a di↵erent set of mixing parameters than the Z modes – jumps.

Combining the production and decay rates, we see that the `+`��+ /ET final state explored
in this paper is well suited for, but not limited to, well-tempered neutralino parameter space.
We now move on to the third factor in this mode’s viability, the SM backgrounds, and suggest
a set of collider analysis cuts to separate this background from the electroweakino signal.

IV. COMPRESSED ELECTROWEAKINOS FROM PHOTON + DILEPTON AT

THE LHC

The collider final state we are interested in extracting from compressed electroweakinos
is `+`� + � + /ET . In the standard model, there are a number of processes which give rise to
this final state. The dominant backgrounds for the electroweakino � + `+`� + /ET signal are

pp ! tt �
��
dilepton decay

pp ! �⇤/Z(⌧+⌧�) �
��
dilepton decay

pp ! V V �|
dilepton decay

(4)

where the photon is radiated from a charged particle in the initial or final state. In the V V �
background, V corresponds to all combinations ofW±/Z/�⇤, though in practice the dominant
contribution comes from W+W��. The presence of missing energy, multiple electromagnetic
objects, and little to no hadronic activity strongly limits what backgrounds can arise. There
are other processes which can contribute to the `+`�� + /ET final state through object mis-
reconstruction (fakes) or other realities of pileup and hadronic chaos in the LHC environment.

12
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• pt cuts:

• Jet-veto

• Azimutal angle between leptons <π/2

• 10 GeV <MT(leptons)<mW

•  Azimutal angle between lepton pair and γ

• mll<<mW 

pT,`1 > 20 GeV pT,`2 > 8 GeV pT,� > 20 GeVFigure 6. An illustration of the signals characteristic kinematic features. The two leptons should

be minimally separated, while the angle between the photon and the dilepton system should be

large. The two �0

1

s are in nearly opposite directions leading to small amounts of missing energy.

of the background without a↵ecting the signal. The area normalized distributions for
|��`1,`2 | are shown in the first panel of Fig. 7.

• 10 GeV < mT (`i) . mW , where mT (`i) is the transverse mass formed from either of
the two leptons and the missing energy. A minimum threshold of mT (`i, /ET ) > 10GeV
removes a large fraction of the �⇤/Z(⌧+⌧�) + � background without throwing away
much of the signal. An upper limit on mT (`i, /ET ) < mW removes large portions of
the tt+ � and V V + � backgrounds. The area-normalized distributions for mT (`i, /ET )
for the various backgrounds an our benchmark signal points are shown below in the
second panel of Fig. 7. The mT2

variable was also examined and found to provide good
separation between signal and the �⇤/Z(⌧+⌧�)+ �. However, we found that using mT

for both leptons individually provided better background discrimination than mT2

for
the other backgrounds.

• |��``��| > 1.0, where ��``�� is the azimuthal angle between the dilepton pair and
the photon. In the signal the dilepton pair and the photon come from separate neu-
tralino decays, �0

2,3 ! `+`��0

1

, �0

3,2 ! ��0

1

and therefore tend to be well separated in
the detector. Photons that come from soft final state radiation, such as in the domi-
nant �⇤/Z(⌧+⌧�) + � background, do not have this separation and are dominated by
configurations where the photon is as close to one of the leptons as the isolation cuts
allow.

• m`` ⌧ mZ . For the signal the maximum of this distribution is set by the inter-
electroweakino splitting, while the background distributions is broad and peaked at
⇠ 50GeV ( ⇠ 40GeV for �⇤/Z(⌧+⌧�) + �). Therefore, by imposing a cut on the
maximum allowed value of m``, we retain the signal while suppressing all backgrounds.
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Figure 7. Area normalized distributions of |��`,`|, mT (`1), and |��``,� | for events that have passed
the trigger and the 0 jet constraint. Point A has mass splitting of the neutralinos ⇠ 25 GeV while

point C has splittings on the order of 50GeV. The larger splitting causes all cuts to be less e↵ective

than the lower mass splitting case.

The optimal m`` window depends on the signal point under consideration.

In addition to these primary kinematic handles, we find several other variables that show
small separation between the signal and the background. These include the photon pT ,
the amount of missing energy, and the angles between the missing energy and the photon
or dilepton system. Details of these cuts can be found in Appendix B. The two e�0

1

s are
nearly back-to-back which yields a small amount of missing energy, and there is preferred
orientation of the photon or dilepton relative to the /ET . This is in stark contrast to ISR-
based searches [21, 23, 24], where the signal is characterized by large amounts of missing
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energy.
The actual numerical values that optimize the analysis vary from benchmark to bench-

mark. To determine the optimal set of cuts we scan over the possible lower and upper bound
of the kinematic variables. At each step a simple significance, defined by S/

p
B, is calculated,

where the signal cross section does not use the ‘alternative’ signals. We keep the cut which
maximizes this value as it leads to the smallest necessary integrated luminosity to achieve a
significance of 5. After the optimal cut for each variable is found, the resulting significances
are compared and the largest one is chosen. After each cut is chosen, the process starts over
again keeping the previous cuts fixed. While it is likely that other optimization procedures
would yield slightly di↵erent numbers, we believe our qualitative conclusions are robust.

‘small mass splitting’ cuts Cross section [ab] Significance

Cut Signal A Signal B V V � tt� Z/⌧⌧� S/B

0) Basic Selection 281 169 5830 18900 24500 5.7⇥10�3 (3.4⇥10�3)

1) Njets = 0 181 108 4820 1220 21400 6.6⇥10�3 (3.9⇥10�3)

2) |��`1,`2 | < 1.0 118 79.5 580 201 567 8.8⇥10�2 (5.9⇥10�2)

3)
15 GeV < mT (`2) < 50 GeV

mT (`1) < 60 GeV

)
52.4 38.2 93.3 32.8 92.2 0.24 (0.17)

4) |��``�� | > 1.45 49.9 37.0 65.2 25.0 67.8 0.32 (0.23)

5) 30 GeV < pT,� < 100 GeV 36.9 28.2 36.6 17.2 19.0 0.51 (0.39)

6) /ET cuts 26.8 20.2 24.6 3.90 0.00 0.94 (0.71)

7) m`` < 24 GeV 23.3 19.3 9.29 0.00 0.00 2.5 (2.1)

Table II. Cuts used to isolate the signal for benchmark points A and B. In the last column, the

numbers not in parenthesis are for point A and the numbers in parenthesis are for point B.

The benchmark points A and B have comparable splittings, which leads to very similar
cuts. We therefore take the average of these cut values and define the ‘small mass splitting
cuts’. The cut values and resulting significances are summarized below in Table II, where the
signal cross sections now include the ‘alternative signals’ of equations (5)-(8). From these
cuts we estimate that Point A could be discovered with an integrated luminosity of 430 fb�1

and Point B could be discovered with 620 fb�1 of data.
Similarly, benchmark points C and D have comparable mass splittings so their cuts are

averaged for the ‘large mass splitting cuts’, which are shown in Table III. The benchmark
points C and D have smaller initial cross sections, but the kinematics are also more similar
to the backgrounds which makes the cuts less e↵ective. We estimate that point C will be
take 4300 fb�1 of integrated luminosity to discover, while point D will take 1900 fb�1. The
required luminosities are large, but within the scope of a high-luminosity LHC run.

We have shown that the `+`�� + /ET signal is more e↵ective at the lower mass splittings
of points A and B than it is for points C and D. A large reason for this is the value of m``

which is determined by me�0
3,2

� me�0
1
. In Fig. 8, we plot the m`` distributions for points A

and C. The red hashed regions are the signals examined in this paper and the blue region
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‘large mass splitting’ cuts Cross section [ab] Significance

Cut Signal C Signal D V V � tt� Z/⌧⌧� S/B

0) Basic Selection 256 411 5830 18900 24500 5.2⇥10�3 (8.3⇥10�3)

1) Njets = 0 157 227 4820 1220 21400 5.7⇥10�3 (8.3⇥10�3)

2) |��`1,`2 | < 1.05 68.3 109 618 208 608 4.8⇥10�2 (7.6⇥10�2)

3)
10 GeV < mT (`1) < 100 GeV

10 GeV < mT (`2) < 95 GeV

)
47.9 72.2 389 127 117 7.5⇥10�2 (0.11)

4) 8 GeV < /ET < 95 GeV 45.8 69.4 375 116 84.1 7.9⇥10�2 (0.12)

5) m`` < 39 GeV 42.8 64.0 228 35.9 51.5 0.14 (0.20)

Table III. Cuts used to isolate the signal for benchmark points C and D. The last column is the

luminosity needed to achieve a simplistic significance of S/
p
B = 5. In the last columns, the

numbers not in parenthesis are for point C and the numbers in parenthesis are for point D.

are the ‘alternative signals’. The small mass di↵erences in point A leads to an m`` peak
which is at lower values, which significantly helps reduce the �⇤/Z(⌧+⌧�) + � background.
One then expects that the e�ciency of this signal should get even better for lower mass
splittings. However, as the splitting is decreased much more than the ⇠ 30 GeV observed
in points A and B, the leptons become too soft to trigger on e�ciently. We therefore expect
that the smallest mass splitting, min(me�0

2
� me�0

1
,me�0

3
� me�0

1
), that this signal can be used

for is ⇠ 25 GeV. The regions of parameter space for this can be found in Fig. 2.
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Figure 8. Di↵erential cross section of events passing the trigger and with 0 jets, but before applying

any other cuts. The events in each bin are the sum of signal plus SM background contributions.

The left (right) panel is for benchmark A (C). The red hatched region is the neutralino signal

while the blue hatched is the extra ‘alternative’ methods of achieving the same final state using

electroweakinos.
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Luminosity needed: A 430 fb-1 B 620 fb-1 
C 4300 fb-1 D 1900 fb-1 



• In general the bigger the splitting the more 
difficult to use this signal

• Also the bigger the splitting the bigger 
chance not to lose one of the leptons in 
the usual tri-lepton searches

• Other photons signals with charginos were 
analyzed but the significance was smaller.



Compressed Gluinos

•  Another way of achieving the relic 
abundance in the MSSM is when the LSP is 
the Bino which interacts very weakly and 
there is another particle almost degenerate 
in mass whose co-annihilations could 
reproduce the right value for Ωh2.



• In this scenarios the splitting between the 
LSP and the NLSP is the one that sets the 
relic abundance. 

• Of all the possible superparners the one 
with larger interactions are the gluinos.

• Larger interactions means that the splitting 
will be also larger.



• For the case of the gluino, the splitting 
needed to correctly explained the relic 
abundance is:

• One may wonder in which UV theories 
that can be achieved, it requieres non-
universal gaugino masses but that is all I will 
talk about this…..

�M ' 100 GeV



• In order to present the analysis I am going 
to decouple the rest of the supersymmetric 
spectrum.

•  Therefore the process to study is:

In our simplified model, squarks, charginos and the
other neutralinos are decoupled from the spectrum and
their masses set at 10 TeV. We remark that taking
squarks any heavier can lead to two consequences:

(1) As explained in [16] and [17], if the squarks are
& 100 times heavier than the gluino-bino system, the rate
of interconversion between gluinos and binos at the time
of freezeout becomes so slow that the number densities of
either species become uncorrelated and evolve indepen-
dent of each other. The validity of the co-annihilation
calculation is then compromised.

(2) O(100 TeV) squarks suppress the decay width of
the gluino, such that for �M ⇠ 100 GeV, the decay
length & O(mm). As demonstrated in [17], this region
can be probed by displaced vertices at the LHC. Since
our focus is on prompt decays, we wish to avoid this
region, although it must be noted that our strategy can
complement displaced vertex searches if the squarks are
very heavy.

With all superpartners besides the gluino and bino de-
coupled, gluino pair production will proceed dominantly
via QCD, so the sole free parameter in our analysis is
the gluino mass, mg̃. The simplified model as we have
described here corresponds to the CMS model “T1qqqq”
with the decay topology eg ! qqe�0

1

. Current limits set by
ATLAS and CMS on this topology at the 8 TeV LHC [20–
23] have ruled out mg̃ . 600 GeV for �M = 100 GeV,
and hence we will deal with mg̃ � 600 GeV. As a com-
parison, we remind the reader that the bound on this
scenario for a massless LSP is mg̃ & 1400 GeV.

There has been some recent theory literature exploring
the compressed gluino scenario. For instance, Ref. [24]
looks for the radiative decay eg ! gluon + e�0

1

in spe-
cial parametric regions. The applicability of variables al-
ready in experimental use is explored in [25], where limits
are set for benchmark spectra. In contrast, we will de-
velop a strategy custom-built for the compressed gluino
region. Finally, specialized analyses similar in spirit to
the strategy proposed here but aimed at compressed elec-
troweakino spectra have been studied [26–36].

II. THE ANALYSIS

At the LHC, following QCD pair-production, gluinos
decay to the LSP and jets through o↵-shell squarks:

p p ! eg eg ! 2(eq)⇤ + 2j ! 2e�0

1

+ 4j . (2)

We consider in our analysis only decays to the first
two quark generations, taken massless. To begin with,
it is enlightening to study the partonic level decay,
eg
1

eg
2

! (e�0

1

qq̄)
1

(e�0

1

qq̄)
2

. The final state jets then have
the following two features:

Partonic Feature A

The invariant mass of a pair of quarks that each gluino
decays into is bounded from above by the mass splitting

between the gluino and the LSP, i.e.,

m
(qq̄)i  �M, i = 1, 2 . (3)

Partonic Feature B

Heavy gluinos are produced nearly at rest in the lab
frame, leaving the decay products with little energy to
carry. The jets produced in such events then tend to be
soft:

Eqi . O(�M), i = 1, 2, 3, 4 . (4)

The exact upper bound on the energy depends on ŝ and
the mass of the gluino being produced, and can be de-
termined by locating the edge of the energy distributions
of the individual jets. For example, at ŝ = 13 TeV, we
find the maximum jet energy to be 220 GeV for a 600
GeV gluino (and a 500 GeV LSP). This edge occurs at
smaller energies for heavier gluinos and for ŝ = 8 TeV.
This feature can also be interpreted in terms of the an-
gular separation between the q-q̄ pairs, �✓qq̄. For small
angles, we have mqq̄ ' (EqEq̄)1/2�✓qq̄. If a cut E

min

were imposed as on the energy of the jets, the angular
separation would be bounded on both sides:

mqq̄

�M
. �✓qq̄  mqq̄

E
min

. (5)

On the other hand, the angular separation of background
jet pairs is not bounded from below since Eq. (4) does
not apply to them.
As we now move to more realistic, hadronic level

events, the picture changes in two important respects.
Firstly, the event is generally contaminated with ISR. As
mentioned in the Introduction, monojet + MET searches
take advantage of this feature, even though the sensitiv-
ity may only improve marginally, as shown by the 13
TeV, high-luminosity projection made in [6]. Secondly,
due to ISR and FSR e↵ects, the jet multiplcity is gener-
ally larger than 4. Accounting for these complications,
the key points of information in the signal event are listed
below. These shall be the features we hope to recover in
a realistic analysis.

(i) As a consequence of Eq. (3), at least two di↵er-
ent pairs of jets have an invariant mass bounded by
�M .

(ii) As a consequence of Eq. (4), the non-ISR jets
are generally soft (and much softer than the ISR
jets).

(iii) The gluinos, being heavier than 600 GeV, will
be slow-moving after being produced1. A heavy e�0

1

1 The assumption of a slow-moving LSP in the lab frame can be
easily checked as follows. The /ET distribution must peak at�M ,
hence the boost factor �T �T = /ET /m�̃0 ⇡ �M/m�̃0 . Since we
consider m�̃0 > 500 GeV, �T �T < 0.2 or �T < 0.2.

2



• Since the mass difference between the 
gluino and the neutralino is small then:

• Jets coming from the gluinos are soft.

• There is not a lot of MET since the 
gluinos are produced almost at rest and 
both neutralinos are almost back to back.



• Of course there will also be ISR jets in our 
events.

• We will distinguish ISR-jets from jets 
coming from gluinos (honest jets) by the 
energy.

• Ejet>ΔM ISR, Ejet<ΔM honest

• We expect NISR<Nhonest



• Main backgrounds that can be calculated are:

• Z+4j

• Lost leptons:  W+4j, t-tbar, single top

• There is a multijet QCD background with 
missmeasured MET that we relay on the 
experimentalists to calculate.

• We will trigger in MET:

• EF trigger with MET>60 (90) GeV, L2>40 GeV, 
L1>35 GeV for 8 (13) TeV



• Event are generated using Madgraph 
demanding the following:

• MET> 60 (90) GeV for 8 (13) TeV

• pT>40 GeV |η|<2.5

• b-veto (50% efficient) 



•  We implement the following cuts:

• Nhonest >4

• Angle:

• Energy:

Cut Signal cross-section (fb) Z + 4j cross-section (fb) “Lost leptons” cross-section (fb)

Basic cut + trigger 5.77± 0.06 1390± 13 2282± 46
Cut I 3.05± 0.04 393± 7 544± 22

(53%) (28%) (24%)
Cut II 2.72± 0.04 288± 6 393± 18

(47%) (21%) (17%)
Cut III 2.24± 0.04 145± 4 242± 15

(39%) (10%) (10%)

TABLE I. Signal and background leading order cross-sections at the end of each cut, for mg̃ = 1 TeV and /E
cut
T,8 = 60 GeV atp

s = 8 TeV, L = 20 fb�1. The errors shown are statistical. The e�ciency with respect to the original cross-section is denoted
in parentheses. Cut III can be seen to be the strongest discriminator. The cuts are described in the text.

e�ciencies reduces to simply using the former to discrim-
inate signal and background. In that case, we find the
significance to improve by at most 10%. Therefore, the
use of imperfect e�ciencies results in only a small loss
in significance for compressed spectra. Next, let us con-
sider the outcome if we had ignored imperfect e�ciencies,
and only selected events from the fully e�cient region.
Now the significance declines by a factor of ⇠ 1.5. LHC
searches utilize, unfortunately, only this limited trigger
range where the e�ciency is 100%. The signal accep-
tance of compressed spectra is further impaired in these
searches by the imposition of a hard cut on the scalar
sum of jet pT ’s (HT ). Due to these practices, the signal
significance is greatly reduced.

We now construct a three-step cut flow taking into
account the signal features (i)-(iv) above.

Cut I
In the absence of ISR, the signal event must contain

multiple soft jets. We demand

N
honest

� n . (6)

The invariant mass squared of a jet pair is
m2

j1j2 = 4E
1

E
2

sin2(�✓
12

/2). We expect the angu-
lar separation between the honest jets to be small, since
they are emitted from near-collinear gluinos recoiling
against ISR. Thus, m2

j1j2 ⇡ E
1

E
2

�✓2
12

. By choosing

EISR

tag

= �M , we ensure mj1j2  �M . It follows that if
we pick n = 4, this cut is tantamount to the statement
in signal feature (i). We therefore use this as our choice
of n. Smaller values of n would admit more signal, but
the background is also much larger.

Cut II
As the gluinos and ISR jets are back-to-back, we ask

the MET and the pT of the hardest ISR jet to be on
opposite sides of the beam axis:

||��(/ET , jISR,max

)|� ⇡|  1.5 . (7)

FIG. 1. Area-normalized event distributions in ⇢ (defined in
Eq. (8)) after imposing Cuts I and II. We take

p
s = 8 TeV,

L = 20 fb�1 and mg̃ = 1 TeV for illustration. The signal
distinctly peaks near low ⇢ because of kinematic features (ii)-
(iv) described in the text.

Cut III
Taking into account features (ii)-(iv), we impose

⇢ ⌘
PNISR

i=0

Ei
ISR

/ET

N
ISR

N
honest

 k(
p
s,mg̃), (8)

where Ei
ISR

are the energies of ISR jets. k(
p
s,mg̃) is an

O(1) number optimized for the collider center-of-mass
energy

p
s and for the gluino mass. In practice, we find

k = 0.9� 2 for
p
s = 8 TeV and k = 2 for

p
s = 13 TeV.

The primary di↵erence between the cut used in [8–10] for
compressed stop searches and our cut here is the weight-
ing by the ratio N

ISR

/N
honest

in our case. This a re-
flection of signal feature (iv), which is unique to gluino
production – unlike squark production, the final state
here (not counting the ISR) must contain four jets. Due
to this weighting, we expect the signal events to occupy
the ⇢ distribution chiefly at values close to zero. Another
di↵erence is our use of ISR jet energies instead of the pT
of the leading jet. We find the background distribution
of the former more even, leading to a clear peak in ⇢ for
the signal.
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in parentheses. Cut III can be seen to be the strongest discriminator. The cuts are described in the text.
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inate signal and background. In that case, we find the
significance to improve by at most 10%. Therefore, the
use of imperfect e�ciencies results in only a small loss
in significance for compressed spectra. Next, let us con-
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and only selected events from the fully e�cient region.
Now the significance declines by a factor of ⇠ 1.5. LHC
searches utilize, unfortunately, only this limited trigger
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tance of compressed spectra is further impaired in these
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Cut Signal cross-section (fb) Z + 4j cross-section (fb) “Lost leptons” cross-section (fb)

Basic cut + trigger 5.77± 0.06 1390± 13 2282± 46
Cut I 3.05± 0.04 393± 7 544± 22

(53%) (28%) (24%)
Cut II 2.72± 0.04 288± 6 393± 18

(47%) (21%) (17%)
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(39%) (10%) (10%)

TABLE I. Signal and background leading order cross-sections at the end of each cut, for mg̃ = 1 TeV and /E
cut
T,8 = 60 GeV atp

s = 8 TeV, L = 20 fb�1. The errors shown are statistical. The e�ciency with respect to the original cross-section is denoted
in parentheses. Cut III can be seen to be the strongest discriminator. The cuts are described in the text.

e�ciencies reduces to simply using the former to discrim-
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significance to improve by at most 10%. Therefore, the
use of imperfect e�ciencies results in only a small loss
in significance for compressed spectra. Next, let us con-
sider the outcome if we had ignored imperfect e�ciencies,
and only selected events from the fully e�cient region.
Now the significance declines by a factor of ⇠ 1.5. LHC
searches utilize, unfortunately, only this limited trigger
range where the e�ciency is 100%. The signal accep-
tance of compressed spectra is further impaired in these
searches by the imposition of a hard cut on the scalar
sum of jet pT ’s (HT ). Due to these practices, the signal
significance is greatly reduced.
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(iv) described in the text.

Cut III
Taking into account features (ii)-(iv), we impose

⇢ ⌘
PNISR

i=0

Ei
ISR

/ET

N
ISR

N
honest

 k(
p
s,mg̃), (8)

where Ei
ISR

are the energies of ISR jets. k(
p
s,mg̃) is an

O(1) number optimized for the collider center-of-mass
energy

p
s and for the gluino mass. In practice, we find

k = 0.9� 2 for
p
s = 8 TeV and k = 2 for

p
s = 13 TeV.

The primary di↵erence between the cut used in [8–10] for
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ing by the ratio N
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in our case. This a re-
flection of signal feature (iv), which is unique to gluino
production – unlike squark production, the final state
here (not counting the ISR) must contain four jets. Due
to this weighting, we expect the signal events to occupy
the ⇢ distribution chiefly at values close to zero. Another
di↵erence is our use of ISR jet energies instead of the pT
of the leading jet. We find the background distribution
of the former more even, leading to a clear peak in ⇢ for
the signal.

4

Cut flow for mg=1 TeV MET-cut=60 GeV at
8 TeV 



p
s = 8 TeV, L = 20 fb�1

/E
cut
T,8 3� 5�

60 GeV 900 GeV 850 GeV
100 GeV 890 GeV 840 GeV
140 GeV 880 GeV 825 GeV

p
s = 13 TeV, 5� reach

/E
cut
T,13 L = 20 fb�1 L = 3 ab�1

90 GeV 990 GeV 1370 GeV
180 GeV 980 GeV 1360 GeV

TABLE II. Summary of our results. These limits are quoted using the central values in curves such as Fig. 2, given the
uncertainties in background estimation. The QCD multijet background is assumed eliminated for each value of /E

cut
T,8 and /E

cut
T,13

shown.

FIG. 2. Significances (as defined in Eq. (9)) of the compressed gluino search after all our cuts are imposed. The plot on the
left (right) corresponds to

p
s = 8(13) TeV. The green (purple) curves denote an integrated luminosity of 20 fb�1(3 ab�1).

The bands depict background systematic uncertainties in the range [-50%,100%] due to matching procedures and factorization
scale choice.

We summarize with the two reasons why we get
stronger limits and higher sensitivies. First, we devised
cuts that exploit the unique kinematic features of the
compressed gluino-bino spectrum. In particular, the ⇢
variable takes advantage of the recoil of neutralinos and
jets against ISR, and of the large multiplicity of soft
jets in the signal. Second, we made full use of available
triggers. Current searches at ATLAS and CMS select
signal regions where the trigger is 100% e�cient. This
usually results in hard cuts on jet pT (or total HT ) and
/ET , killing sensitivity to compressed regions. We have
shown how softer cuts can be imposed by engaging the
entire range of the trigger despite imperfect e�ciencies.
While our analysis may not be completely realistic,
we have shown that good sensitivities are achievable.
We therefore urge experimental collaborations to make
trigger menus more publicly available.

III. DISCUSSIONS

In our work we took a fixed mass splitting, �M =
100 GeV. The variation of this parameter has a non-
trivial e↵ect on our strategy. As the signal MET peaks
at �M , for smaller values the background and signal

MET distributions begin to overlap. Further, the poor
trigger e�ciencies at small /ET filter fewer signal events.
As we dial �M higher than 100 GeV, the cuts we impose
start losing their power as they are devised specifically
for the features of a compressed region; for the gluino
masses considered, we find that for �M & 180 GeV our
strategy is less sensitive than the usual jets+MET cut-
and-count strategy (taking into account the full trigger
range). Therefore, �M = 100 GeV is an optimum value
for the method presented here.

As already mentioned in the Introduction, we may
extend this strategy to compressed spectra involving
squarks and non-supersymmetric colored particles. Ex-
tensions to uncolored spectra are also possible. For in-
stance, instead of an ISR jet, an ISR photon or W/Z may
be used instead for the search of a compressed slepton-
neutralino or chargino-neutralino spectrum. While ideas
along these lines have been explored in [27–36], we ven-
ture that a variable analogous to ⇢ may be constructed,
involving leptons instead of jets.

If we believe supersymmetry to be the cure to both
electroweak fine-tuning and the mystery of dark matter,
the null results from conventional searches are only a part
of the story. The natural place to look next is the com-
pressed region, where light superpartners may hide and
co-annihilate with DM to set its abundance. We urge
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Results for 8 TeV and 13 TeV
(reminder the reach with usual search for 8 TeV 

is around 650 GeV)



p
s = 8 TeV, L = 20 fb�1

/E
cut
T,8 3� 5�

60 GeV 900 GeV 850 GeV
100 GeV 890 GeV 840 GeV
140 GeV 880 GeV 825 GeV

p
s = 13 TeV, 5� reach

/E
cut
T,13 L = 20 fb�1 L = 3 ab�1

90 GeV 990 GeV 1370 GeV
180 GeV 980 GeV 1360 GeV

TABLE II. Summary of our results. These limits are quoted using the central values in curves such as Fig. 2, given the
uncertainties in background estimation. The QCD multijet background is assumed eliminated for each value of /E

cut
T,8 and /E
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T,13
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FIG. 2. Significances (as defined in Eq. (9)) of the compressed gluino search after all our cuts are imposed. The plot on the
left (right) corresponds to

p
s = 8(13) TeV. The green (purple) curves denote an integrated luminosity of 20 fb�1(3 ab�1).

The bands depict background systematic uncertainties in the range [-50%,100%] due to matching procedures and factorization
scale choice.

We summarize with the two reasons why we get
stronger limits and higher sensitivies. First, we devised
cuts that exploit the unique kinematic features of the
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trigger menus more publicly available.

III. DISCUSSIONS
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strategy is less sensitive than the usual jets+MET cut-
and-count strategy (taking into account the full trigger
range). Therefore, �M = 100 GeV is an optimum value
for the method presented here.

As already mentioned in the Introduction, we may
extend this strategy to compressed spectra involving
squarks and non-supersymmetric colored particles. Ex-
tensions to uncolored spectra are also possible. For in-
stance, instead of an ISR jet, an ISR photon or W/Z may
be used instead for the search of a compressed slepton-
neutralino or chargino-neutralino spectrum. While ideas
along these lines have been explored in [27–36], we ven-
ture that a variable analogous to ⇢ may be constructed,
involving leptons instead of jets.

If we believe supersymmetry to be the cure to both
electroweak fine-tuning and the mystery of dark matter,
the null results from conventional searches are only a part
of the story. The natural place to look next is the com-
pressed region, where light superpartners may hide and
co-annihilate with DM to set its abundance. We urge
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The band accounts for a systematic error
of around 75%



• We are able to put bounds of around 900 
GeV for 8 TeV which is better than ~700 
GeV that you get with the usual technique.

• As before the larger the splitting the less 
efficient our analysis is.

• For 13 TeV one can get to 1.5 TeV masses.



Conclusions

• In this talk I have analyzed two different channels to 
discover compressed SUSY.

• In the first part of my talk I have studied the 
possibility of an alternative way of discovering 
eletroweakinos with compressed spectrum 
motivated by DM

• Production of two heavier neutralinos with a 
subsequent decay into two leptons and a photon 
may provide the handle for mass differences around 
40 GeV.



• In the second part of the talk I have studied the 
possibility of an alternative way of discovering 
gluinos with compressed spectrum motivated by 
DM

• Production of two gluinos with a subsequent 
decay into two jets and a MET using angular and 
energy variables may provide the handle for mass 
differences around 100 GeV.

• This kind of studies may be very important for a 
future hadron collider. 


