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The Successes of the LHC
• Don’t forget: HIGGS! 
• Strong limits on the production of  

• massive colored states                                 
decaying with significant 

•       + something 
• High-      objects                                                  

(e.g. RPV SUSY)

2

squark mass [GeV]
300 400 500 600 700 800 900 1000

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

EPSHEP 2013
 = 8 TeVs

CMS Preliminary
1
0
χ∼ q →q~ production,  q~-q~

Observed
SUSY
theoryσObserved -1 

Expected

-1) 19.5 fbTH+ 
T

SUS-13-012 0-lep (H

-1) 11.7 fbTαSUS-12-028 0-lep (

q~one light 

)c~, s~, d~, u~ (
R

q~ + 
L

q~

/ET

/ET

pT



Degenerate Physics
• “SUSY-like” searches often rely on a mass-

difference variable to distinguish from background 

!

• Difficult when signal point has                 or
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Degenerate Physics
• “SUSY-like” searches often rely on a mass-

difference variable to distinguish from background 

!

• Difficult when signal point has                 or  
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Super-Razor
• Attempt to reconstruct events of the form 

!
• Impossible event-by-event, what can we do 

statistically?
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Super-Razor
• Build boost from lab frame to estimate of center of 

mass frame. This gives estimated CM mass. 
• Resulting mass variable          estimator of 
• Also get      , estimator of boost to CM frame
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FIG. 5: Top Row: Distributions of
p

ŝR for a 150 GeV slepton (left) or chargino (right) and a range of neutralino masses.
Also shown is the distribution of the W�W+ background. Bottom row: Distributions of

p
ŝR normalized to 2�decayM� for

selectrons (left) and charginos (right), again for a range of neutralino masses.
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FIG. 6: Top Row: Distributions of MR
� for a 150 GeV slepton (left) or chargino (right) and a range of neutralino masses. Also

shown is the distribution of the W�W+ background. For the W background, M� = mW . Bottom row: Distributions of MR
�

normalized to M� for selectrons (left) and charginos (right), again for a range of neutralino masses
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Super-Razor
• Build boost from lab frame to estimate of center of 

mass frame. This gives estimated CM mass. 
• Resulting mass variable          estimator of 
• Also get      , estimator of boost to CM frame  

• From this approximate                                             
CM frame, can build                                             
boost vector to                                           
approximate decay                                            
frames.
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Super-Razor Angles
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FIG. 3: Top Row: Distributions of �R for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos and electrons,
for a range of neutralino masses. Also shown is the distribution of the W�W+ background. Bottom Row: Distributions of
normalized �R/� CM

T (right) for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos, again for a range of
neutralino masses.

To try to capture more information about the event, we move beyond the mass variables already introduced and
look at kinematic angles. In particular, we will be interested in the azimuthal angle between the razor boost ~�R

between the lab and R frames and the sum of the visible momenta ~q
1

+ ~q
2

, calculated in the razor frame R. An
illustrative example of the relevant kinematics and angle definition is shown in Figure 8. We call this angle ���

R, as
it is the di↵erence in azimuthal angle between the visible system and the boost ~�R, all defined in the razor frame R.

This angle is useful because it inherits information about ratio of masses of the pair produced particles and their
invisible daughters, and so can be used in conjunction with a variable such as MR

�

or
p

ŝR, which have information
about the mass di↵erence M

�

, as previously discussed. The sensitivity of this angular variable to the ratio of masses
actually comes from the previously discussed systematic shift of the variable

p
ŝR relative to the mass di↵erence M

�

.
As can be seen from Figures 3 and 5, our estimators of � CM and ŝ (�R and ŝR), do not completely track the center
of mass energy of the pair production.

p
ŝR, for example, is systematically smaller than ŝ, and �R systematically

larger than � CM. This behavior can be easily understood: it is due to the assumption that the energy of the event
is evenly split between the visible and invisible systems. For events with invisible particles that are heavy compared
to the parent, this assumption will underestimate the energy associated with the missing transverse momentum, and
thus ŝR is an underestimate of ŝ.

If ŝR < ŝ, then the boost ~�R built using ŝR will be systematically larger than the correct boost ~� CM. In the CM
frame, the distribution of the sum of the visible particles relative to the boost direction should be relatively flat.
However, if we are “over-boosting” from the lab frame to the approximation of the CM frame, then the sum of the
visible momenta will tend to be anti-aligned with the boost direction. That is, for systems where m�/mS ⌧ 1, we
expect that the azimuthal angle between �R and

P
qi will have a peak near ���

R ⇠ ⇡. In Figure 9, we show the
distribution of this angle for a range of neutralino masses (for a fixed slepton or chargino mass). As can be seen, as
the ratio m�/mS approaches one, the peak of the distribution near ⇡ becomes more pronounced. Note the large drop
in statistics for chargino events where the mass of the neutralino approaches that of the parent chargino. With such

11

s /  Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

a.
u.

-510

-410

-310

=8 TeVs
MadGraph+PGS 

0
1
χ∼ l → l~;  l~ l~ →pp 

 = 0 GeV
1

0
χ∼

m
 = 150 GeVl~m

s /  Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

a.
u.

-510

-410

-310

=8 TeVs
MadGraph+PGS 

0
1
χ∼ l → l~;  l~ l~ →pp 

 = 50 GeV
1

0
χ∼

m
 = 150 GeVl~m

s /  Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

a.
u.

-410

-310

-210
=8 TeVs

MadGraph+PGS 
0
1
χ∼ l → l~;  l~ l~ →pp 

 = 100 GeV
1

0
χ∼

m
 = 150 GeVl~m

∆Mdecayγ /  2Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

-510

-410

-310

=8 TeVs
MadGraph+PGS 

0
1
χ∼ l → l~;  l~ l~ →pp 

 = 0 GeV
1

0
χ∼

m
 = 150 GeVl~m

∆Mdecayγ /  2Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

-510

-410

-310

=8 TeVs
MadGraph+PGS 

0
1
χ∼ l → l~;  l~ l~ →pp 

 = 50 GeV
1

0
χ∼

m
 = 150 GeVl~m

∆Mdecayγ /  2Rs
0 0.5 1 1.5 2 2.5

∆
 / 

M
R ∆

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

-510

-410

-310

=8 TeVs
MadGraph+PGS 

0
1
χ∼ l → l~;  l~ l~ →pp 

 = 100 GeV
1

0
χ∼

m
 = 150 GeVl~m

FIG. 7: Top Row: Distributions of
p

ŝR/
p

ŝ vs. MR
�/M� for 150 GeV sleptons and a range of m�̃) masses. Bottom Row:

Distributions of
p

ŝR/2�decayM� vs. MR
�/M� for 150 GeV sleptons and a range of m�̃) masses.

FIG. 8: Schematic example of the definition of the azimuthal angle ���
R. The lab frame (seen here down the beam-line)

contains two visible objects, q1 and q2. The direction of the boost ~�R (defined in Eq. (10)), in the lab frame is also shown.

In the frame R, arrived at by performing the boost ~�R, the visible momenta q1 and q2 are shown, along with their sum. The
azimuthal angle between their sum q1 + q2 and the boost direction ~�R in frame R defines ���

R.

• Mass variables are “corrected” 
versions of the original razor 
variables. Sensitive to 
• Not good when  

• But we also have the approximations 
of the boosts. 

• Notice that, as                      , we                                 
overestimate the boost 

• Can define an         angle between the                                     
boost direction and R-frame 

M�

�R

q1 + q2

���
R

M� � mW

m�̃0
1
/m�̃ � 1
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Super-Razor Angles
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• So far, these are “jet-corrected” 
versions of the original razor 
variables. Sensitive to 
• Not good when  

• But we also have the approximations 
of the boosts. 

• Notice that, as                      , we                                 
overestimate the boost 

• Can define an         angle between the                                     
boost direction and R-frame 
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FIG. 3: Top Row: Distributions of �R for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos and electrons,
for a range of neutralino masses. Also shown is the distribution of the W�W+ background. Bottom Row: Distributions of
normalized �R/� CM

T (right) for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos, again for a range of
neutralino masses.

To try to capture more information about the event, we move beyond the mass variables already introduced and
look at kinematic angles. In particular, we will be interested in the azimuthal angle between the razor boost ~�R

between the lab and R frames and the sum of the visible momenta ~q
1

+ ~q
2

, calculated in the razor frame R. An
illustrative example of the relevant kinematics and angle definition is shown in Figure 8. We call this angle ���

R, as
it is the di↵erence in azimuthal angle between the visible system and the boost ~�R, all defined in the razor frame R.

This angle is useful because it inherits information about ratio of masses of the pair produced particles and their
invisible daughters, and so can be used in conjunction with a variable such as MR

�

or
p

ŝR, which have information
about the mass di↵erence M

�

, as previously discussed. The sensitivity of this angular variable to the ratio of masses
actually comes from the previously discussed systematic shift of the variable

p
ŝR relative to the mass di↵erence M

�

.
As can be seen from Figures 3 and 5, our estimators of � CM and ŝ (�R and ŝR), do not completely track the center
of mass energy of the pair production.

p
ŝR, for example, is systematically smaller than ŝ, and �R systematically

larger than � CM. This behavior can be easily understood: it is due to the assumption that the energy of the event
is evenly split between the visible and invisible systems. For events with invisible particles that are heavy compared
to the parent, this assumption will underestimate the energy associated with the missing transverse momentum, and
thus ŝR is an underestimate of ŝ.

If ŝR < ŝ, then the boost ~�R built using ŝR will be systematically larger than the correct boost ~� CM. In the CM
frame, the distribution of the sum of the visible particles relative to the boost direction should be relatively flat.
However, if we are “over-boosting” from the lab frame to the approximation of the CM frame, then the sum of the
visible momenta will tend to be anti-aligned with the boost direction. That is, for systems where m�/mS ⌧ 1, we
expect that the azimuthal angle between �R and

P
qi will have a peak near ���

R ⇠ ⇡. In Figure 9, we show the
distribution of this angle for a range of neutralino masses (for a fixed slepton or chargino mass). As can be seen, as
the ratio m�/mS approaches one, the peak of the distribution near ⇡ becomes more pronounced. Note the large drop
in statistics for chargino events where the mass of the neutralino approaches that of the parent chargino. With such

�R
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FIG. 9: Distributions of ���
R for a 150 GeV slepton (left) or chargino (right) and a range of neutralino masses. Also shown

are the distributions of the W�W+ and Drell-Yan Z backgrounds.
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V. RESULTS AND DISCUSSION

Our 1D shape analyses using the mass variables MR
�

, MCT?, and MT2

allow a fair and realistic comparison of their
discriminating power. We begin by plotting the expected exclusion sensitivity for left-handed selectrons or charginos
decaying to neutralinos, as a function of selectron/chargino and neutralino masses, assuming 20 fb�1 of data from
a single experiment at the 8 TeV LHC. Charginos are assumed to decay into W bosons and an invisible neutralino,
followed by Standard Model decays of the W bosons into leptons. Results for left-handed smuons would be similar
to those for the selectron, but we assume only a single species of slepton for our analysis. In Figures 28 and 29, we
show the expected exclusion reach (at 95% confidence level) of the ATLAS MT2

and CMS MCT? analyses compared
to the new technique using MR

�

. In making the comparisions we use the same sets of ATLAS or CMS cuts as the
existing experimental searches, which are not optimized for our analysis. Even with this disadvantage the expected
exclusion limits using the super-razor variable MR

�

outperform the MCT? searches in terms of both absolute slepton
or chargino mass and near the degenerate limit (when the mass of the parent is close to the mass of the invisible
daughter). We show selected slices of these analyses in Figure 30, fixing either the selectron or neutralino mass, and
varying the other. This allows a more direct comparison of our new variable MR

�

to the alternative techniques. Again
the sensitivity using MR

�

outperforms that obtained from MCT?. For these 1D analyses the performance using MT2

is only slightly worse than that obtained with MR
�

.
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FIG. 28: Expected exclusion limits (in units of �) for left-handed selectrons decaying to leptons and neutralinos using 20 fb�1

of 8 TeV data, as a function of both selectron and neutralino masses. Expected limits are shown for our 1D MR
� analysis using

CMS (upper left) and ATLAS (lower left) selection cuts, and directly compared to our expected exclusions using our simulated
CMS MCT? (upper right) and ATLAS MT2 (lower right) analyses.

We can understand these 1D results by again consulting the kinematic distributions shown in Figure 14 of Section
III. The fact that approximately 50% of signal events end up in the zero bin for MCT? gives a loss in statistics
that is not compensated by the clean kinematic edge. For MT2

the corresponding e↵ect is much smaller, resulting in
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FIG. 29: Expected exclusion limits (in units of �) for charginos decaying to neutralinos and leptonic W bosons using 20 fb�1

of 8 TeV data, as a function of both selectron and neutralino masses. Expected limits are shown for our 1D MR
� analysis using

CMS (upper left) and ATLAS (lower left) selection cuts, and directly compared to our expected exclusions using our simulated
CMS MCT? (upper right) and ATLAS MT2 (lower right) analyses.

performance very similar to that achieved with MR
�

.
In Figure 31, we show the exclusion reach of the full super-razor analyses, using our multi-dimensional shape

analysis which employs MR
�

, ���
R and | cos ✓R+1

|, and the new super-razor selection described in Section IV in order
to maximize the sensitivity over background. Exclusions are shown for both left- and right-handed selectrons, as well
as charginos decaying to W bosons and neutralinos. The exclusion sensitivities include the e↵ects from systematic
errors on kinematic shapes, and on reconstruction of jets and leptons, as described in Section IV. Again we emphasize
that the super-razor selection has no Emiss

T cut.
Moderate improvements over the MR

�

analysis are visible for the selectrons, while the chargino sensitivity is greatly
increased in the low-mass degeneracy regime. The relative improvements can be more clearly seen in the Figures 32
and 33, where we show the exclusion reach for fixed values of selectron/chargino or neutralino masses.

The super-razor improvements in the sensitivity to compressed spectra can be understood from the additional
kinematic information provided by the angles ���

R and | cos ✓R+1

|. Recall that the magnitude of the approximate
razor boost ~�R is systematically larger than the correct boost ~� CM, because of the the assumption that the energy
of the event is evenly split between the visible and invisible systems. This causes a peaking of ���

R at ⇡, since the
sum of the visible momenta tends to be anti-aligned with the boost direction. As the spectrum becomes more and
more compressed, this e↵ect is magnified, as seen in Figure 20 of Section II. Thus for compressed spectra ���

R is a
particularly good disciminator to appeal to in future searches.

As described in Section II, | cos ✓R+1

| is related to the energy di↵erence of the leptons in the razor frame R, the
approximation to the CM frame. This di↵erence is expected to be small for the Drell-Yans + jets background, and
is also peaked at zero for the W�W+ background, because of polarization e↵ects. For signal events the distributions
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FIG. 33: Expected exclusion limits (in units of �) for charginos decaying to neutralinos and leptonic W bosons using 20 fb�1

of 8 TeV data, as a function of neutralino mass with 250 GeV charginos (upper and lower left) or as a function of selectron
mass with 100 GeV neutralinos (upper and lower right). Expected limits are shown for our multi-dimensional razor analysis
(red), and compared to either ATLAS (upper plots) or CMS (lower plots) mass variables and selection criteria.
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FIG. 32: Expected exclusion limits (in units of �) for left-handed selectrons decaying to leptons and neutralinos using 20 fb�1

of 8 TeV data, as a function of neutralino mass with 350 GeV selectrons (upper and lower left) or as a function of selectron
mass with 150 GeV neutralinos (upper and lower right). Expected limits are shown for our multi-dimensional razor analysis
(red), and compared to either ATLAS (upper plots) or CMS (lower plots) mass variables and selection criteria.
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Stau Search
• Current bounds on                                                              

have made only moderate                                 
improvements since LEP-II 

!

• ATLAS-CONF-2013-028: 
• “The best upper limit on the production cross-

section is found for a stau mass of 140 GeV and 
a      mass of 10 GeV.” 
• (no plot)
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Signal Region h✏�i95
obs[fb] S 95

obs S 95
exp CLB p(s = 0)

SR-OSmT2 0.27 5.6 8.9+2.7
�3.2 0.14 0.42

SR-OSmT2-nobjet 0.50 10.4 10.4+0.6
�1.7 0.48 0.39

Table 6: Left to right: 95% CL upper limits on the visible cross section (h✏�i95
obs) and on the number of

signal events (S 95
obs ). The third column (S 95

exp) shows the expected 95% CL upper limit on the number of
signal events, determined by using the expected background contribution. The last two columns indicate
the confidence level for the background-only hypothesis (CLB) and the compatibility of the data with the
background-only expectation (p(s = 0)).
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Figure 6: 95% CL exclusion limits for Simplified Models with (a) chargino-neutralino and (b) chargino-
chargino production. The SR with the best expected limit at each point is used. The dashed lines show
the 95% CL expected limits. The solid band around the expected limit shows the ±1� result where
all uncertainties, except those on the signal cross-sections, are considered. The ±1� lines around the
observed limit represent the results obtained when moving the nominal signal cross-section up and down
by the ±1� theoretical SUSY signal uncertainty.

7.1 Model-independent upper limits

Model-independent upper limits at 95% CL are placed on the visible cross section of new physics pro-
cesses defined as �vis = � ⇥ ✏, where ✏ is the acceptance ⇥ e�ciency. Results are shown in Table 6.

7.2 Simplified Models: chargino-neutralino and chargino-chargino production

The observed and expected numbers of events in the signal regions are used to place limits in the (m(�̃±1 ),
m(�̃0

1)) parameter space for the Simplified Model with chargino-neutralino production and the Simplified
Model with chargino-chargino production with intermediate staus. The corresponding exclusion limits
are shown in Figure 6. For each point in parameter space, the SR with the best expected limit is used.

Chargino masses up to 350 GeV are excluded for a massless lightest neutralino in the scenario of
direct production of chargino pairs. In the case of pair production of degenerate charginos and next-to-
lightest neutralinos, masses up to 330 (300) GeV are excluded for lightest neutralino masses below 50
(100) GeV.
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Stau Search
• Using Super-Razor 

variables should be able to 
improve the reach. 

• Working on theorist-level 
analysis at 14 TeV. 
• Use super-razor variables 

for both shape analysis 
and event selection.
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Conclusions
• Impressive bounds from the LHC from 7/8 TeV. 

• Can expect this to continue at 13/14 TeV 
• However: “low” energy physics could remain 

undiscovered even in existing data. 
• Especially when signal lives inside background 

distributions 
• Higher energy may make these channels more 

difficult, as trigger thresholds rise 
• We still need new ways to search.  

• Super-Razor is one way, but not the only new way.
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