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Discovery through gluinos

• An important next mass scale of 
SUSY is 1TeV~3.1TeV where LSP 
can be thermal DM. 

• Meff from gluino pair production 
works. 

• Discovery relies on gluino mass 
and gluino-to-LSP mass ratio. 

• ~200TeV pp collider is needed for 
AMSB 3.1TeV LSP.



Quantum corrections to gauginos

• Large scale separation between 
scalar and gauginos lead to large 
quantum corrections to gauginos. 

• One-loop heavier sfermions 
already shift LO ratio by 20-30%. 

• Heavy higgsinos have further big 
impact as gauginos and higgsinos 
mix via RGE.
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Discovery vs. gaugino mass ratio

• A useful model-ind. presentation. 

• AMSB perhaps is most difficult for 
discovery while NLO model 
uncertainty can be large. 

• Mirage mediation needs other 
discovery channels. 

• Higgsino LSP has no definite 
coverage.
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FIG. 5. Contours of luminosity needed for 5� statistical discovery, L5, in the plane of LSP mass and gluino-to-LSP mass ratio
for several pp collision energies 200, 100, 30, and 14 TeV. Blue and red regions are AMSB predictions as in Fig. 1 left panel.
mGMSB predictions at NLO are shown in green. Uncertainties of mGMSB are estimated by varying the renormalization scale
and the messenger scale (⇤SUSY (dashed)  Mm  MPl(solid)). Mirage mediation can in principle take any ratio below the
AMSB prediction, but 0.7 . ↵ . 8 predicts gluino-to-LSP mass ratio smaller than 3.

probed at LHC200 with O(1000)fb�1 of data. It should
be kept in mind that astrophysical constraints may be
ruling out winos that make up the full cold dark mat-
ter [7, 8], including a 3.1 TeV wino with assumed thermal
relic abundance; however, those constraints are depen-
dent on somewhat uncertain halo assumptions, and also
dependent upon absolute stability of the wino. Higgsino
LSP can also be searched. If 1TeV higgsino is the LSP in
a general spectrum, 30 TeV LHC can probe up to 6 TeV
gluino (equivalently, mass ratio 6) with O(1000)fb�1.

500 GeV bino LSP in the mGMSB, for example, can be
probed with 1000 fb�1 at LHC14.
The discovery reach in the gluino-to-LSP mass ra-

tio is applicable more generally in a model independent
way. For example, variants of GMSB where gauginos fol-
low GMSB relation (with proper NLO corrections) while
scalars feel extra SUSY breaking to become heavier can
also be constrained in the same way as mGMSB. Another
example is a scenario with more general non-universal
gaugino masses at a boundary scale (or, the unification
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mGMSB predictions at NLO are shown in green. Uncertainties of mGMSB are estimated by varying the renormalization scale
and the messenger scale (⇤SUSY (dashed)  Mm  MPl(solid)). Mirage mediation can in principle take any ratio below the
AMSB prediction, but 0.7 . ↵ . 8 predicts gluino-to-LSP mass ratio smaller than 3.
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EWkinos in 
compressed SUSY
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Compressed spectrum searches

• Monojet/photon +MET: simply one 
hard jet + large MET. 

• Bound states: stoponium is clean, 
works for any small mass-gap. But 
wimponium production is small. 

• We introduce new variables: 
correlations and boosted 
kinematics with other visible 
particles too.

LHC14 	


by S.Martin



Correlation of ISR and MET

• ISR generates useful correlations 
in addition to simply large pT. 

• Large MET arises only from hard 
ISR. Their momentum size and 
directions are correlated. 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Figure 3. Right: Emiss
T /pT (j1) spectrum. Left: ��(j1, Emiss

T ) spectrum. The other details of
the plots are as for Fig. 1.

bution from the second term of eq.(3.1) is also important, and thus the correlation is
weaker. To effectively encode this feature, we introduce a ratio variable Emiss

T /pT (j1)

in our analysis. The distributions for this variable for two signal scenarios and for
the background are shown in the left panel of Fig. 3. As expected from eq.(3.1),
Emiss

T /pT (j1) peaks at around 1 in the case of the signal. This feature is independent on
the overall SUSY mass scale and holds generically in the case of small gap scenarios;
thus, it can be used to search for a wide range of parameter space. We also observe
that, due to a partial cancellation between the pT of the ISR and those of the leptons,
the background distribution peaks at values smaller than one4.

Following the same argument, we can also conclude that, for the signal, the direc-
tion of the missing momentum is strongly correlated with (opposite to) the direction of
the ISR jet. The smaller the mass gap, the stronger the correlation, as the second term
in eq.(3.1) becomes less important. On the other hand, the correlation should be much
weaker in the background. All these features are clearly visible in the right panel of
Fig. 3. Therefore, ��(j1, Emiss

T )5 defined as angular separation in the transverse plane
is another useful variable we can use to discriminate between signal and background.

Next, we consider the effect of the ISR on the kinematics of the leptons. As a rough
estimate, we have

pT (`) ⇠ �E0
` , � ⇠

p
p2T (j1)/4 +M2

M
. (3.2)

For the signal, M = m(�NLSP) and E0
` ⇠ �. For the WZ background, we have

4
We note that requiring a correlation between Emiss

T and the ISR pT significantly suppresses ZZ
backgrounds because the dominant source of Emiss

T is mis-measurement of momentum there.

5
Ref. [20] has considered a similar variable in a different context.
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the plots are as for Fig. 1.

bution from the second term of eq.(3.1) is also important, and thus the correlation is
weaker. To effectively encode this feature, we introduce a ratio variable Emiss
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in our analysis. The distributions for this variable for two signal scenarios and for
the background are shown in the left panel of Fig. 3. As expected from eq.(3.1),
Emiss

T /pT (j1) peaks at around 1 in the case of the signal. This feature is independent on
the overall SUSY mass scale and holds generically in the case of small gap scenarios;
thus, it can be used to search for a wide range of parameter space. We also observe
that, due to a partial cancellation between the pT of the ISR and those of the leptons,
the background distribution peaks at values smaller than one4.

Following the same argument, we can also conclude that, for the signal, the direc-
tion of the missing momentum is strongly correlated with (opposite to) the direction of
the ISR jet. The smaller the mass gap, the stronger the correlation, as the second term
in eq.(3.1) becomes less important. On the other hand, the correlation should be much
weaker in the background. All these features are clearly visible in the right panel of
Fig. 3. Therefore, ��(j1, Emiss

T )5 defined as angular separation in the transverse plane
is another useful variable we can use to discriminate between signal and background.

Next, we consider the effect of the ISR on the kinematics of the leptons. As a rough
estimate, we have

pT (`) ⇠ �E0
` , � ⇠

p
p2T (j1)/4 +M2

M
. (3.2)

For the signal, M = m(�NLSP) and E0
` ⇠ �. For the WZ background, we have

4
We note that requiring a correlation between Emiss

T and the ISR pT significantly suppresses ZZ
backgrounds because the dominant source of Emiss

T is mis-measurement of momentum there.

5
Ref. [20] has considered a similar variable in a different context.
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Leptons carry mass-gap info

• Not-too-small mass splitting will 
produce hard enough leptons too. 

• Leptons tend to stay softer 
compared to ISR than those from 
background. 

• A new variable, min(mSFOS), 
presents a clear kinematic upper 
limit.
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Figure 4. pT (`1)/pT (j1) spectrum. The other details of the plots are as for Fig. 1.

M = mW/Z and E0
` = mW/Z/2. Since m(�NLSP) > mW/Z for the parameter space of

interest, we expect that, for a given pT (j1), the leptons from the background will get a
larger boost.

This observation leads us to consider a ratio variable between the ISR jet pT and
the lepton pT : pT (`1)

pT (j1)
(see Fig. 4 for the distribution). We note that, in order not to

loose much of the signal acceptance, the ISR we will consider in this work is not very
hard (pT (j1) & 30 GeV). Therefore, the boost is not a large effect on this variable, and
the performance of this variable alone is similar to that of a hard lepton veto. However,
when combined with the other variables we consider in this work, it performs better.
It is worthwhile to notice that the use of this variable is especially powerful at the LHC
high luminosity stage, at which, not being limited by statistics, we can devise a harder
cut on these variables. We will discuss this feature at the 14 TeV LHC with 300/fb
data in the next section.

4 LHC reach

4.1 Optimization for � ⇠ (30� 50)GeV at LHC8 21/fb

Based on the features of the small-gap region discussed in the previous section, we use
the following five variables to optimize our analysis

Emiss
T , pT (`),

pT (`1)

pT (j1)
,

Emiss
T

pT (j1)
, ��(j1, E

miss
T ). (4.1)

A common lepton pT cut (pT (`)) is applied to all three leptons although more dedicated
cuts for each leptons could be derived. We do not include min(mSFOS) in the list
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Figure 2. Distribution for the two variables min(mSFOS) (left) and mSFOS(Z) (right)
presented in the text. min(mSFOS) has a clear edge at around �. The baseline cut on
min(mSFOS) is relaxed to min(mSFOS) > 2 GeV for illustrative purposes. The other details
of the plots are as for Fig. 1.

min(mSFOS)3. The min(mSFOS) has a clearer edge at � than mSFOS(Z) (see Fig. 2
for comparison). This is because, for signal events, the correct pair invariant mass is
always smaller than � (⌧ mZ), whereas uncorrelated wrong pairs tend to have a larger
invariant mass closer to mZ . In Sec. 4, we will use a upper cut on min(mSFOS) to
better utilize the edge of small-gap signals.

We note, however, that focusing on events with small SFOS invariant mass is not
always advantageous. As shown in Fig. 2, the background also has an accumulation of
events at low invariant masses, mainly coming from the virtual photon process. On the
other hand, the signal distribution for min(mSFOS) peaks close to the edge at ⇠ �.
Therefore, a lower cut on min(mSFOS) can also help rejecting the off-shell photon
background. Furthermore, excluding very small values for min(mSFOS) efficiently
suppresses the background coming from low mass hadronic resonances decaying to
leptons [11, 12].

3.2 Useful variables in the presence of the ISR jet

We now discuss the kinematics in the presence of an energetic ISR, j1. The most
significant effect is on the missing energy, which can be estimated as

� ~Emiss
T = ~pT (j1) +

X
~pT (`), |~pT (`)| ⇠ �E0

` . (3.1)

For the signal, E0
` ⇠ � and is small in the limit we are considering. Therefore, Emiss

T

is strongly correlated with pT (j1). On the other hand, for the background, the contri-
3
min(mSFOS) has been used in a different context in Ref. [38].
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Limitations

• Soft leptons and small mSFOS 
cannot be used with arbitrarily 
small mass splitting. 

• (1) triggers, bad recon. of soft 
leptons. 

• (2) low-mass hadronic resonances 
<~10GeV and off-shell photon 
conversion.
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Figure 15: Low-pT muon finding efficiencies for combined muons alone and combined plus
tagged for the Staco (left) and Muid (right) collections. Results are show for the tt̄ indirect se-
lection. The other samples show similar behavior but have much poorer statistics at low-pT . The
efficiency is calculated for muons with |h | < 2.5.

events, for muons from W ! µn with |h | < 2.5, the Staco combined muon efficiency is 94% with most
of the loss coming from regions of the spectrometer where the detector coverage is thin. The efficiency
falls by a few percent when the muon transverse momentum reaches the TeV scale where it is much
more likely that a muon will radiate a substantial fraction of its energy. The tt̄ rate for fakes is a few per
thousand events for pT > 20 GeV/c and this can be reduced by an order a of magnitude (with a 2% loss
in efficiency) by cutting on the muon quality (c2

match). The performance of the Muid algorithm is only
slightly worse for tt̄ but it is significantly less robust, losing additional efficiency at low-pT and high-pT

and when luminosity background is added.
The combined muons can be supplemented with the standalone muons to extend the h coverage to

2.7 and to recover the percent or so efficiency loss in combination. We do not report on this merge
but it is clear from the standalone results that the fake rates will increase significantly especially when
luminosity background is present. In the case of Moore, the fake rate is likely intolerable.

We find that merging with MuTag provides only slight improvement to the Staco efficiency with a
significant increase in fakes. This may reflect the success of Staco more than deficiencies in MuTag.
MuGirl is able to improve the Muid efficiency, so that the merge Muid+MuGirl has performance similar
to Staco or Staco+MuTag. By itself, the MuGirl efficiency is somewhat less than that of Staco especially
for high-pT muons, and the fake rates are substantially higher.

10.2 Future

The results presented here reflect the status of the ATLAS software used to reconstruct (Monte Carlo)
production data in 2007. Work continues both to improve the algorithms described here and to add
new ones. The high-luminosity fake rate for Moore is being addressed by introducing timing cuts and
investigating alternative approaches to the pattern recognition. The latter also has the goal of reducing the
number of false hit assignments. Combined muons with large c2

match are being studied to see if a second
stage of pattern recognition can reduce the efficiency loss or resolution tails. Efforts are underway to
improve or replace the existing spectrometer-tagging algorithms; in particular, code is already in place
to extrapolate to additional stations enabling recovery of much of the standalone/combined efficiency
loss near |h | = 1.2. Two calorimeter-tagging algorithms have been developed and offer the possibility
of recovering much of the efficiency loss near h = 0. Improvements in modularity will make it possible
to mix components from the different algorithms, (e.g. to use Muid to combine Muonboy muons) and

MUONS – MUON RECONSTRUCTION AND IDENTIFICATION: STUDIES WITH SIMULATED . . .
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Figure 5. Expected exclusion reach with “Tight-pT cuts” at LHC8 21/fb. The two scenarios
shown are gaugino decays via gauge bosons (left) or via on-shell light sleptons (right). We
present the expected reach using our cuts in blue, and the ATLAS official boundary in red
for comparison. In the left panel, we also show the ratio of our significance to that of ATLAS
SRnoZa. The solid gray line is for mLSP = mNLSP, and the dashed gray line is where � = 12

GeV.

obtain by simulating the ATLAS analysis for points at the boundary of its exclusion
region. We find that a constant significance of � ' 3.5 approximately reproduces AT-
LAS’s official boundary in small-gap region both in the case of heavy and light sleptons.
Therefore, we estimate that scenarios with a signal significance about � ' 3.5 under
our cuts will be approximately the limit we can expect to probe. For example, following
this criterion, we conclude that the (150-120) benchmark, which has � ⇠ 4, is close to
the border of our expected reach at the 8 TeV LHC with 21/fb data. This is how the
exclusion boundary in Fig. 5 is obtained. However, we emphasize that this procedure
is just an estimate of the effects that we have not taken into account, as the efficiencies
and systematics can clearly depend on the particle spectrum. A more robust measure
of the improvement we achieve is the ratio of the signal significance obtained by using
our cuts and that obtained using the ATLAS SRnoZa cuts. This ratio is also presented
in the left panel of Fig. 5.

4.2 Challenges for smaller mass gaps � . 30 GeV

The sensitivity of our analysis drops rapidly at smaller mass gaps � . 30 GeV. For
example, for the scenario m�±

1
= m�0

2
= 150 GeV, m�0

1
= 130 GeV (denoted by “(150-

130)”) with � = 20 GeV, the efficiency under baseline cuts is already only about
0.8% corresponding to 6 events at 21/fb. The biggest drop in efficiency is due to the
requirement of min(mSFOS) > 12 GeV and the cut on the pT of the leptons. On the
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Very light displaced 
gauginos

1309.2297, B.Batell, SJ, C.Wagner



Sub-100GeV, displaced

• Sub-100GeV charginos would 
significantly affect Higgs decay. 

• Did LEP really rule out them?  

• LEP trigger based on # of good 
tracks. Displaced decay reduces 
it. 

• Bad tracks are likely neutral 
hadrons(not MET) in LEP particle 
flow algorithm.

Less tracks are 	


qualified with 	



increasing 	


decay length.

chargino	


 mass



A model: sneutrino LSP

• LSP: e-sneutrino. Displaced decay via RPV              .  

• NLSP: Maximally mixed wino-higgsino chargino.  

• LSP and NLSP are lighter than 100GeV! 

• Strongest constraints are from LSP pair and NLSP pair 
productions at LEP. (NB: LHC looks for the heavy)

M2=mu 
maximizes diphoton 

decay.



6 letpon 	


RPV

acoplanar lepton	


 + MET

Allowed

4-lepton RPV

LEP constraints

Too much prompt 	


decays excluded.

Too much decay 	


outside detector.



• 1) Characteristic signature is “displaced e
+mu resonance”. 

• a) trackless narrow jets + large HCAL/ECAL 
energy ratio or muon stuck inside. 

• b) Full 4-mon recon of disp. vert. (D.Shih et al) 

!

• ATLAS/CMS have been developing these 
triggers.

allowed

Batell, SJ, 
Wagner

Pink elephant signatures



Summary

• Studied what it takes to discover gluinos in split SUSY, 
and re-expressed in terms of gluino-to-LSP mass ratio. 
Applied to AMSB, GMSB and mirage. 

• Split SUSY NLO corrections to gaugino are not 
negligible. 

• Developed new variables exploiting compressed decay 
kinematics that can improve searches. 

• A possibility of very light charginos based on displaced 
decay is discussed. Search techniques are developing.


