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What to look for next?
¥ We all know what the LHC didnÕt Þnd. 

¥ No strongly interacting particles                              
decaying to jets and large MET 

¥ No evidence of non-Standard Higgs 

!

!

¥ The parameter space ruled out by the LHC covers much 
of the ÒStandardÓ MSSM. 

¥ One thing the LHC appears to be telling us to be that 
the new physics looks nothing like this.
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What to look for next?
¥ Things that we are not yet as sensitive to: 

¥ 3rd generation partners 

¥ Degenerate spectra 

¥ Direct electroweak production 

¥ Displaced vertices 

¥ Things I havenÕt thought of yet 

!

¥ Many of these can be well-motivated by theory, and many 
can be searched with even in the 8 TeV data
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Sleptons and Charginos
¥ Very difÞcult signatures at the LHC 

!

!

¥ Low rates, high backgrounds which have very similar 
kinematics to signal.
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ATLAS and CMS searches
¥ Note that many of these searches                                    

set leptonic BR of charginos to 1. 

¥ Or look for several new particles                                        
in a cascade decay.
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ATLAS and CMS searches
¥ Searches for events like                                                

typically use variables sensitive to the mass difference 

!

!

¥ Can attempt to correct for ISR jets which presumably 
donÕt have connection to the new physics. 

¥ e.g. the variable used by CMS,            , is        
calculated along the direction perpendicular to the 
system recoiling against ISR jets. 

¥ Look for endpoints at    

!6

M ! !
m2

÷!
" m2

÷" 0
1

m ÷" 0
1

M CT ! M CT

M CT ! , M T 2 ! M !



Can the Razor do better?
¥ Original Razor variables designed to look                       

for new physics in jets+MET 

¥ Divide events into two Òmega-jetsÓ and make an 
attempt to boost into a frame that approximates the 
pair-production frame. 

¥ If these approximations hold, then Razor variables 
approximate  
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The Super Razor
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The Super Razor
¥ Not enough information to 

reconstruct the event. 

¥ Make a series of approximations: 

¥ Invisible invariant mass = 
visible invariant mass  

¥ Results independent of 
unknown CM    -momentum 

¥ All jets unrelated to physics of 
interest
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The Super Razor
¥ Construct a series of boosts that approximate the true 

boosts from the lab, to the CM frame, to the decay frames

!10



Constructing the CM frame
¥ Boost against the extra jets in the event 

!

¥ Approximating the correct boost from lab to CM frame 
requires a guess as to the CM invariant mass. ThereÕs a 
unique choice: 

!

!

¥ This is a Òjet-correctedÓ razor variable. 

¥ Now can also construct our approximate boost 
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The Super Razor
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Getting to the decays 
¥ From the approximate CM frame, only one choice of 

boost that has the right symmetries to approximate 

!

!

¥ Correct boosts give                             , so deÞne
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!" R+1 =
!qR1 ! !qR2
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!
ös = 2 ! decay m÷!
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FIG. 5: Top Row: Distributions of
!

ösR 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

!
ösR normalized to 2! decay M ! for

selectrons (left) and charginos (right), again for a range of neutralino masses.
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FIG. 6: Top Row: Distributions of M R
! 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 M R
!

normalized to M ! for selectrons (left) and charginos (right), again for a range of neutralino masses
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FIG. 4: Top Row: Distributions of �R+1 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+1/� decay (right) for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos, again for a range
of neutralino masses.

a mass spectrum, events have di�culty passing the selection criteria, which will be discussed in more detail in the
next section.

Notice also from this figure that sleptons decaying to massless neutralinos are very similar to the W+W� ! `�`+⌫⌫
background. This is as expected, as the WW background is a case where the invisible particles (neutrinos) are massless,
and so our estimate of ŝR for this background will overboost to the R frame, just as with the massless signal case.
Thus, we do not expect this angle to be of great use in the massless neutralino limit, however, it will be of significant
help in distinguishing from background in the near-degenerate limit, where traditional mass variables sensitive to M

�

are less e↵ective. We also comment that the Drell-Yan Z ! `` background, also shown in Figure 9, has a strong peak
near ���

R ⇠ 0. In this case, we are underboosting compared to the correct CM frame, as we are assuming that there
is real missing transverse energy in an event that has no invisible particles.

In the R-frame, there is one final kinematic variable that we can construct. The variable
p

ŝR is our estimate of the
total energy available in the pair-production event. In the razor frame R, it can be divided up into three components:

ŝR

4
= (MR

�

)2 + (q
1R + q

2R)2 + (E
1R � E

2R)2. (16)

MR
�

and the invariant mass of the visible system
p

(q
1R + q

2R)2 have already been considered. However, the energy
di↵erence of the visible particles, E

1R � E
2R, has not been used. As with ŝR and MR

�

, the overall mass scale of
E

1R � E
2R is sensitive to M

�

, and is thus degenerate with our other mass variables. We therefore construct a new
dimensionless variable

| cos ✓R+1

|2 =
(E

1R � E
2R)2

ŝR/4� (MR
�

)2
=

ŝR/4� (MR
�

)2 � (q
1R + q

2R)2

ŝR/4� (MR
�

)2
. (17)

This particular definition (and identification as a cosine of an angle) is because this variable can also be interpreted

�
ŝR = 2�R+1M

R
�



Getting to the decays 
¥ From the approximate CM frame, only one choice of 

boost that has the right symmetries to approximate 

!

!

¥ Correct boosts give                             , so deÞne
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FIG. 5: Top Row: Distributions of
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ösR 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
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ösR normalized to 2! decay M ! for

selectrons (left) and charginos (right), again for a range of neutralino masses.
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A New Angle
¥ So far, these are Òjet-correctedÓ 

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 deÞne 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,
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T (right) for 150 GeV selectrons (left) or charginos (right) decaying into neutralinos, again for a range of
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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 andR frames and the sum of the visible momenta!q1 + !q2, calculated in the razor frame R. An
illustrative example of the relevant kinematics and angle deÞnition 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 deÞned in the razor frameR.

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 asM R

! or
!

ösR , which have information
about the mass di" erenceM ! , 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

!
ösR relative to the mass di" erenceM ! .

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

!
ösR , for example, is systematically smaller than ös, 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 ösR is an underestimate of ös.

If ösR < ös, then the boost !" R built using ösR 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 ßat.
However, if we are Òover-boostingÓ 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" /m S " 1, we
expect that the azimuthal angle between" R and

!
qi will have a peak near ! #!

R # $. In Figure 9, we show the
distribution of this angle for a range of neutralino masses (for a Þxed slepton or chargino mass). As can be seen, as
the ratio m" /m S approaches one, the peak of the distribution near$ 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
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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.



A New Angle
¥ So far, these are Òjet-correctedÓ 

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 deÞne 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 andR frames and the sum of the visible momenta!q1 + !q2, calculated in the razor frame R. An
illustrative example of the relevant kinematics and angle deÞnition 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 deÞned in the razor frameR.

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 asM R

! or
!

ösR , which have information
about the mass di" erenceM ! , 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

!
ösR relative to the mass di" erenceM ! .

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

!
ösR , for example, is systematically smaller than ös, 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 ösR is an underestimate of ös.

If ösR < ös, then the boost !" R built using ösR 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 ßat.
However, if we are Òover-boostingÓ 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" /m S " 1, we
expect that the azimuthal angle between" R and

!
qi will have a peak near ! #!

R # $. In Figure 9, we show the
distribution of this angle for a range of neutralino masses (for a Þxed slepton or chargino mass). As can be seen, as
the ratio m" /m S approaches one, the peak of the distribution near$ 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
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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.

 |R+1!| cos 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a.
u.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 = 0 GeV0

1
"#

m
 = 70 GeV0

1
"#

m
 = 100 GeV0

1
"#

m
 = 120 GeV0

1
"#

m

)$l)W($lW(
)+jetsllZ(

=8 TeVs
MadGraph+PGS
  = 150 GeV

l
~;  m

0

1
"# l % l

~
;  l

~
 l

~
 %pp 

 |R+1!| cos 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a.
u.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 = 0 GeV0

1
"#

m
 = 70 GeV0

1
"#

m
 = 100 GeV0

1
"#

m
 = 120 GeV0

1
"#

m

)$l)W($lW(
)+jetsllZ(

=8 TeVs
MadGraph+PGS
  = 150 GeV±"#

;  m
0

1
"#) $±l(± W% ±"#;  

-
"# 

+
"# %pp 

FIG. 10: Distribution of | cos" R +1 | for 150 GeV selectron (left) and chargino (right) pair production, decaying into a range of
neutralino masses. Also shown are theW ! W + and Drell-Yan Z background distributions.



One Last Angle
¥ Last piece of information we havenÕt used is  

¥ DeÞne an ÒangleÓ 

!

!

¥ Thought of as an angle, it is the opening angle between 
boost            and the momentum of the lepton       in the 
approximate decay frame           . 

¥ Perhaps easier to think of it as the energy difference of 
the two visible leptons in the     frame. 
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One Last Angle
!

¥ This picks up some helicity information: 

¥ Direction of leptons from scalar decay uncorrelated. 

¥ In R-frame,                 should be relatively uncorrelated. 

¥ Unless the scalars are highly boosted.  

¥ Vector boson decay products are correlated with  
momentum of parents.  

¥ Leptons correlated in R-frame, resulting in more events 
with                  similar, and                  near zero.
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One Last Angle
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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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FIG. 10: Distribution of | cos" R +1 | for 150 GeV selectron (left) and chargino (right) pair production, decaying into a range of
neutralino masses. Also shown are theW ! W + and Drell-Yan Z background distributions.
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FIG. 11: Upper Row: Distribution of | cos! R +1 | versus M R
! for 150 GeV selectron (left) or chargino (right) pair production,

decaying into 50 GeV neutralinos. Lower Row: | cos! R +1 | versus M R
! for W ! W + pair production (left) or Drell-Yan Z (right)
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A Recap
¥ Expand the original ÒRazorÓ concept to attempt to 

reconstruct the entire production and decay chain. 

¥ This gives us two variables sensitive to       :  

¥ (These are correlated, so we chose        ) 

¥ A variable sensitive to               : 

¥ A variable that picks up some spin-related 
information: 

¥ Throw all this information in to a multi-dimensional 
analysis of di-lepton events, looking for slepton or 
chargino production. 

¥ Major backgrounds 
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Predicted Reach
¥ We compare to ATLAS and CMS search strategies. 

¥ Can also use our new razor variables to relax certain 
selection cuts without sacriÞcing 

¥ Replace a cut on        with cuts on razor boosts and  
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FIG. 17: E ! ciency times cross section for slepton signal samples, as a function of neutralino mass, for the CMS (top) and
ATLAS (bottom) selections with additional requirement that the mass sensitive variable ( M ! - left, M CT ! - top right, M T 2 -
bottom right) is in excess of 100 GeV.

after the CMS and ATLAS selections (WW and tøt), have M ! -sensitive variable distributions that have inherited
information of the scale mW . Therefore the sensitivity scales strongly with M ! , with signiÞcant experimental reach
appearing only onceM ! is in excess of theW mass. The e! ective cross-sections for signal models after the additional
requirement that the M ! -sensitive variable used in each analysis is in excess of 100 GeV are shown in Figures 17
and 18 for sleptons and charginos, respectively. The expected sensitivity of the hypothetical searches described in
the following sections closely follows these yields. E" ciencies and cross-sections for the SM backgrounds considered
in these analyses are summarized in Table I.

E. Super-Razor selection without an E miss
T cut

Kinematic variables sensitive to M ! can be powerful discriminants between slepton and chargino signals and SM
backgrounds whenM ! is much larger than the W mass, while heavy sparticle production with relatively compressed
spectra can more easily remain hidden under large SM backgrounds. The angular variables introduced in Section II,
# ! !

R and | cos"R +1 |, are designed to address this deÞciency. They are sensitive to quantities in events other than
M ! : the ratio of daughter to parent mass and the spin correlations of decaying particles in the event. Thus they can
be used to further discriminate between signal and background.

Each of the super-razor variables,M R
! ,

!
ösR , #$R , #$R +1 , # ! !

R , and | cos"R +1 |, represents a di! erent piece of
information about an event, and the collection can be thought of as a kinematic basis. Here we explore a new
kinematic selection based on this basis, attempting to increase sensitivity to models with smaller values ofM ! . In
particular, we consider how one can remove explicit requirements onE miss

T . Included primarily to reject Drell-Yan
background, such a requirement is ine" cient for signal events at low M ! . Rather than attempting to determine an
optimized set of cuts on the super-razor variables, we demonstrate how a selection criteria can be designed through
simple choices for each variable based on the backgrounds we are attempting to reject.

We Þrst consider the triplet of variablesM R
! ,

!
ösR , and %R +1 , which for di-slepton production are meant to estimate
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FIG. 17: E ! ciency times cross section for slepton signal samples, as a function of neutralino mass, for the CMS (top) and
ATLAS (bottom) selections with additional requirement that the mass sensitive variable ( M ! - left, M CT ! - top right, M T 2 -
bottom right) is in excess of 100 GeV.

after the CMS and ATLAS selections (WW and tøt), have M ! -sensitive variable distributions that have inherited
information of the scale mW . Therefore the sensitivity scales strongly with M ! , with signiÞcant experimental reach
appearing only onceM ! is in excess of theW mass. The e! ective cross-sections for signal models after the additional
requirement that the M ! -sensitive variable used in each analysis is in excess of 100 GeV are shown in Figures 17
and 18 for sleptons and charginos, respectively. The expected sensitivity of the hypothetical searches described in
the following sections closely follows these yields. E" ciencies and cross-sections for the SM backgrounds considered
in these analyses are summarized in Table I.

E. Super-Razor selection without an E miss
T cut

Kinematic variables sensitive to M ! can be powerful discriminants between slepton and chargino signals and SM
backgrounds whenM ! is much larger than the W mass, while heavy sparticle production with relatively compressed
spectra can more easily remain hidden under large SM backgrounds. The angular variables introduced in Section II,
# ! !

R and | cos"R +1 |, are designed to address this deÞciency. They are sensitive to quantities in events other than
M ! : the ratio of daughter to parent mass and the spin correlations of decaying particles in the event. Thus they can
be used to further discriminate between signal and background.

Each of the super-razor variables,M R
! ,

!
ösR , #$R , #$R +1 , # ! !

R , and | cos"R +1 |, represents a di! erent piece of
information about an event, and the collection can be thought of as a kinematic basis. Here we explore a new
kinematic selection based on this basis, attempting to increase sensitivity to models with smaller values ofM ! . In
particular, we consider how one can remove explicit requirements onE miss

T . Included primarily to reject Drell-Yan
background, such a requirement is ine" cient for signal events at low M ! . Rather than attempting to determine an
optimized set of cuts on the super-razor variables, we demonstrate how a selection criteria can be designed through
simple choices for each variable based on the backgrounds we are attempting to reject.

We Þrst consider the triplet of variablesM R
! ,

!
ösR , and %R +1 , which for di-slepton production are meant to estimate
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(lower row) signal samples, as a function of neutralino mass for the Razor selection criteria, described in the text.

IV. SHAPE ANALYSIS AND STATISTICAL APPROACH

In order to test the utility of the super-razor kinematic variables in the context of a search for slepton and chargino
production we consider toy experimental analyses. Each of these analyses is a shape analysis, using multiple bins over
the range of a kinematic variable of interest, and exploiting di↵erences in changing signal and background expectations
over the bins. This approach is used to increase the information being gleaned from these kinematic variables, allowing
us to quantify what the maximal performance could look like, irrespective of changing optimized cuts associated with
coarser binning. The predictions of these toy shape analyses are potentially optimistic relative to CMS and ATLAS
results, due to both increased complexity of the analyses and the shortcomings of the detector simulation utilized here.
To account for these di↵erences, large systematic uncertainties are included in the procedure to represent potential
experimental uncertainty in the relevant parameters that dictate the shape and yield of signal and background events.

A. Analysis strategy

For each toy analysis there are one or more kinematic variables identiÞed as the discriminating variable, and the
binned distribution of event yields in this variable are the observables in the toy experiment. The expected shape of
both signal and background in the variable(s) of interest are required input for this procedure for each process. In
our case, these shapes come from simulated event samples of each process. For an actual experimental analysis some
can be measured or constrained from control regions. Regardless of their provenance, the uncertainties corresponding
to these shapes are as important as the central values as we try to reßect in these toy analyses.

For the CMS and ATLAS analyses, control regions are identiÞed using both object ID and kinematic information
in order to isolate particular backgrounds. Z mass windows are used to select (Z/�⇤ ! ``)+jets backgrounds for
normalizing Z mass veto signal regions. Similarly, high jet multiplicity or b-tagged jet-enriched selections are used to
constrain backgrounds with top quarks. In order to qualitatively capture these control region background constraints
we consider multiple lepton ßavor (ee, eµ, µµ) and jet multiplicity (0, 1, � 2) categories simultaneously in a Þt to
data, with binned kinematic discriminants for each category. In each Þt, high jet multiplicity categories e↵ectively
constrain top contributions while di-boson and Z/�⇤ events at low jet multiplicity are disentangled using relative
lepton ßavor category yields.

We Þrst consider one-dimensional analyses, where the kinematic discriminant is chosen to beMR
�

, MCT? or MT2

.



Predicted Reach
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V. RESULTS AND DISCUSSION

Our 1D shape analyses using the mass variablesM R
! , M CT ! , and M T 2 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 intoW bosons and an invisible neutralino,
followed by Standard Model decays of theW 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% conÞdence level) of the ATLASM T 2 and CMS M CT ! analyses compared
to the new technique usingM R

! . 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 variableM R

! outperform the M CT ! 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, Þxing either the selectron or neutralino mass, and
varying the other. This allows a more direct comparison of our new variableM R

! to the alternative techniques. Again
the sensitivity using M R

! outperforms that obtained from M CT ! . For these 1D analyses the performance usingM T 2
is only slightly worse than that obtained with M R

! .
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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 M R
! analysis using

CMS (upper left) and ATLAS (lower left) selection cuts, and directly compared to our expected exclusions using our simulated
CMS M CT " (upper right) and ATLAS M T 2 (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 M CT ! gives a loss in statistics
that is not compensated by the clean kinematic edge. ForM T 2 the corresponding e! ect is much smaller, resulting in
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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 M R
! analysis using

CMS (upper left) and ATLAS (lower left) selection cuts, and directly compared to our expected exclusions using our simulated
CMS M CT " (upper right) and ATLAS M T 2 (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 M CT ! gives a loss in statistics
that is not compensated by the clean kinematic edge. ForM T 2 the corresponding e! ect is much smaller, resulting in

29

 [GeV]±!"
m

100 150 200 250 300 350

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

#
N

 

0

1

2

3

4

5
]

0
!")$l W(

0
!")$l [W(% ±!" ±!"

 + CMS selection&
RM

-1 = 20 fbL dt ' = 8 TeV s MadGraph+PGS

95% C.L. excl

0
!"

 = m
±
!"m

 [GeV]±!"
m

100 150 200 250 300 350

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

#
N

 

0

1

2

3

4

5
]

0
!")$l W(

0
!")$l [W(% ±!" ±!"

  + CMS selectionCTM

-1 = 20 fbL dt & = 8 TeV s MadGraph+PGS

95% C.L. excl

0
!"

 = m
±
!"m

 [GeV]±!"
m

100 150 200 250 300 350

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

#
N

 

0

1

2

3

4

5
]

0
!")$l W(

0
!")$l [W(% ±!" ±!"

 + ATLAS selection&
RM

-1 = 20 fbL dt ' = 8 TeV s MadGraph+PGS

95% C.L. excl

0
!"

 = m
±
!"m

 [GeV]±!"
m

100 150 200 250 300 350

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

#
N

 

0

1

2

3

4

5
]

0
!")$l W(

0
!")$l [W(% ±!" ±!"

 + ATLAS selectionT2M

-1 = 20 fbL dt & = 8 TeV s MadGraph+PGS

95% C.L. excl

0
!"

 = m
±
!"m

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 employsMR
�

, ���
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 toW 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 noEmiss

T cut.
Moderate improvements over theMR

�

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 Þxed 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 magniÞed, 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 frameR, 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 theW�W+ background, because of polarization e↵ects. For signal events the distributions
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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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Predicted Reach
¥ Take a slice of constant              

¥ Biggest advances are due to inclusions of variables that 
are not sensitive to 
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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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WhatÕs Next?
¥ As you can see, moderate improvements over the ATLAS 

variable         , assuming a shape-analysis. 

¥ Near degeneracy line, weÕre mostly limited by trigger 
efÞciencies. 

¥ Since            depends on               , not        , this is the 
region weÕd expect it to do the most good. 

¥ Adopt mono-jet searches for dark                                   
matter for triggering? Use low                                    
leptons in super-razor search? 

¥ Apply super-razor to other Þnal states

!24

M T 2

! ! !
R M !m ÷! 0

1
/m ÷" 22

 [GeV]
l
~m

100 150 200 250 300 350 400 450
 [G

eV
]

0 !"
m

0

50

100

150

200

250

300

350

400

S
el

ec
tio

n 
E

ffi
ci

en
cy

 (
%

)

0

10

20

30

40

50

60
0

!" l 
0

!" l # l
~
 l

~

Razor selection

Inclusive

-1 = 20 fbL dt $ = 8 TeV s MadGraph+PGS

0
!"

 = m
l~m

 [GeV]
Ll
~m

100 150 200 250 300 350 400 450

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

350

400

 [f
b]

# $ 
 s

el
ec

tio
n

%

0

1

2

3

4

5

6
0

!" l 
0

!" l & Ll
~

 Ll
~

Razor selection
 > 100 GeVR

'M

-1 = 20 fbL dt ( = 8 TeV s MadGraph+PGS

0
!"

 = m

Ll~m

 [GeV]±!"
m

100 150 200 250 300 350

 [G
eV

]
0 !"

m

0

50

100

150

200

250

300

S
el

ec
tio

n 
E

ffi
ci

en
cy

 (
%

)
0

10

20

30

40

50
]

0
!")#l W(

0
!")#l [W($ ±!" ±!"

Razor selection

Inclusive

-1 = 20 fbL dt % = 8 TeV s MadGraph+PGS

0
!"

 = m
±
!"m

 [GeV]±χ∼m
100 150 200 250 300 350

 [G
eV

]
0 χ∼

m

0

50

100

150

200

250

300

 [f
b]

σ × 
 se

le
ct

io
n

∈

0

0.5

1

1.5

2

2.5

3]0
χ∼)νl W(0

χ∼)νl [W(→ ±χ∼ ±χ∼

Razor selection
 > 100 GeVR

∆M

-1 = 20 fbL dt ∫ = 8 TeV s MadGraph+PGS

0
χ∼

 = m
±
χ∼m

FIG. 21: Selection e! ciencies (left) and e! ciency times cross section (right) for left-handed selectrons (upper row) and chargino
(lower row) signal samples, as a function of neutralino mass for the Razor selection criteria, described in the text.

IV. SHAPE ANALYSIS AND STATISTICAL APPROACH

In order to test the utility of the super-razor kinematic variables in the context of a search for slepton and chargino
production we consider toy experimental analyses. Each of these analyses is a shape analysis, using multiple bins over
the range of a kinematic variable of interest, and exploiting di! erences in changing signal and background expectations
over the bins. This approach is used to increase the information being gleaned from these kinematic variables, allowing
us to quantify what the maximal performance could look like, irrespective of changing optimized cuts associated with
coarser binning. The predictions of these toy shape analyses are potentially optimistic relative to CMS and ATLAS
results, due to both increased complexity of the analyses and the shortcomings of the detector simulation utilized here.
To account for these di! erences, large systematic uncertainties are included in the procedure to represent potential
experimental uncertainty in the relevant parameters that dictate the shape and yield of signal and background events.

A. Analysis strategy

For each toy analysis there are one or more kinematic variables identiÞed as the discriminating variable, and the
binned distribution of event yields in this variable are the observables in the toy experiment. The expected shape of
both signal and background in the variable(s) of interest are required input for this procedure for each process. In
our case, these shapes come from simulated event samples of each process. For an actual experimental analysis some
can be measured or constrained from control regions. Regardless of their provenance, the uncertainties corresponding
to these shapes are as important as the central values as we try to reßect in these toy analyses.

For the CMS and ATLAS analyses, control regions are identiÞed using both object ID and kinematic information
in order to isolate particular backgrounds. Z mass windows are used to select (Z/ ! ! ! "" )+jets backgrounds for
normalizing Z mass veto signal regions. Similarly, high jet multiplicity or b-tagged jet-enriched selections are used to
constrain backgrounds with top quarks. In order to qualitatively capture these control region background constraints
we consider multiple lepton ßavor (ee, eµ, µµ) and jet multiplicity (0, 1, " 2) categories simultaneously in a Þt to
data, with binned kinematic discriminants for each category. In each Þt, high jet multiplicity categories e! ectively
constrain top contributions while di-boson and Z/ ! ! events at low jet multiplicity are disentangled using relative
lepton ßavor category yields.

We Þrst consider one-dimensional analyses, where the kinematic discriminant is chosen to beM R
! , M CT " or M T 2.

pT

÷! + ÷! !
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(OF), containing eµ events. An additional requirement of m(``) > 15 GeV is applied to events falling in the SF
categories in order to reject backgrounds with low-mass di-lepton resonances.

Jets are clustered from simulated calorimeter cells using FastJet [55] and the anti-k(t) algorithm [56]. Events
containing at least one jet with pT > 25 GeV and |⌘| < 2.5 which is identified as b-tagged are discarded from the event
sample in order to reduce the contribution from events containing top quarks. The number of reconstructed jets is
used to classify events into one of three jet multiplicity categories: 0 jet, 1 jet and ! 2 jet. This jet counting scheme is
based on jets with with pT > 30 GeV and |⌘| < 3. Furthermore, events are discarded if either of the two reconstructed
leptons falls within a cone of ! R "

!
! ⌘2 + ! �2 = 0.4 around any of the reconstructed jets in the event. Unless

otherwise indicated, kinematic distributions include the sum of all three flavor and jet multiplicity categories.

C. Comparison of di ! erent kinematic variables

We evaluate the potential for the variable MR
! to be used in a search for di-slepton and di-chargino production

signals by comparing it with similar variables used in CMS and ATLAS searches. The CMS search for slepton
production in the di-lepton final state [34] utilizes the variable MCT ! [46, 47] while the analogous ATLAS analysis
[32] includes requirements on the variable MT 2 [44, 45] in definitions of signal regions sensitive to the presence of
di-leptons following from slepton decays. The distributions of each of these kinematic variables, MR

! , MCT ! , and
MT 2, are shown in Figure 14 for slepton and chargino signals with various sparticle mass combinations.

The behavior of each of the three variables is similar. Each is sensitive to the quantity M! for signal events, with a
sharp edge or endpoint at the true value. The shape of each distribution is largely insensitive to the absolute value of
M! , such that distributions are nearly identical when scaled by M! (di" erences are observed when the parent sparticle
and the neutralino approach degeneracy). The similarities between these M! sensitive variables are indicative of the
fact that they are highly correlated and represent largely redundant information about events.
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FIG. 14: Distributions of M ! estimating variables for sleptons (top row) and charginos (bottom row) with mass 150 GeV
decaying into neutralinos and leptons, for a range of neutralino masses. Variables include M R

! (left), M CT ! (center) and M T 2

(right), all normalized to the true value of M ! for each sample.

An important property of MCT ! and MT 2 is their almost complete insensitivity to the transverse momenta of the
di-sparticle CM frame (pCM

T ) in these events. Regardless of the velocity of the sparticles in the laboratory frame,
the position of the M! endpoint in these distributions remains largely unchanged. This property is convenient for
interpretation of the putative signal distributions and essential in the construction of these searches, since it also
guarantees the invariance of the same kinematic feature for backgrounds like WW and tt̄, even for large pCM

T . For
MT 2, under-constrained kinematic degrees of freedom are assigned through minimization which removes the pCM

T
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(OF), containing eµ events. An additional requirement of m(!! ) > 15 GeV is applied to events falling in the SF
categories in order to reject backgrounds with low-mass di-lepton resonances.

Jets are clustered from simulated calorimeter cells using FastJet [55] and the anti-k(t) algorithm [56]. Events
containing at least one jet with pT > 25 GeV and|" | < 2.5 which is identiÞed asb-tagged are discarded from the event
sample in order to reduce the contribution from events containing top quarks. The number of reconstructed jets is
used to classify events into one of three jet multiplicity categories: 0 jet, 1 jet and! 2 jet. This jet counting scheme is
based on jets with with pT > 30 GeV and|" | < 3. Furthermore, events are discarded if either of the two reconstructed
leptons falls within a cone of ! R "

!
! " 2 + ! #2 = 0 .4 around any of the reconstructed jets in the event. Unless

otherwise indicated, kinematic distributions include the sum of all three ßavor and jet multiplicity categories.

C. Comparison of di ! erent kinematic variables

We evaluate the potential for the variable M R
! to be used in a search for di-slepton and di-chargino production

signals by comparing it with similar variables used in CMS and ATLAS searches. The CMS search for slepton
production in the di-lepton Þnal state [34] utilizes the variable M CT ! [46, 47] while the analogous ATLAS analysis
[32] includes requirements on the variableM T 2 [44, 45] in deÞnitions of signal regions sensitive to the presence of
di-leptons following from slepton decays. The distributions of each of these kinematic variables,M R

! , M CT ! , and
M T 2, are shown in Figure 14 for slepton and chargino signals with various sparticle mass combinations.

The behavior of each of the three variables is similar. Each is sensitive to the quantityM ! for signal events, with a
sharp edge or endpoint at the true value. The shape of each distribution is largely insensitive to the absolute value of
M ! , such that distributions are nearly identical when scaled byM ! (di " erences are observed when the parent sparticle
and the neutralino approach degeneracy). The similarities between theseM ! sensitive variables are indicative of the
fact that they are highly correlated and represent largely redundant information about events.
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FIG. 14: Distributions of M ! estimating variables for sleptons (top row) and charginos (bottom row) with mass 150 GeV
decaying into neutralinos and leptons, for a range of neutralino masses. Variables include M R

! (left), M CT ! (center) and M T 2

(right), all normalized to the true value of M ! for each sample.

An important property of M CT ! and M T 2 is their almost complete insensitivity to the transverse momenta of the
di-sparticle CM frame (pCM

T ) in these events. Regardless of the velocity of the sparticles in the laboratory frame,
the position of the M ! endpoint in these distributions remains largely unchanged. This property is convenient for
interpretation of the putative signal distributions and essential in the construction of these searches, since it also
guarantees the invariance of the same kinematic feature for backgrounds likeWW and tøt, even for largepCM

T . For
M T 2, under-constrained kinematic degrees of freedom are assigned through minimization which removes thepCM

T
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(OF), containing eµ events. An additional requirement of m(!! ) > 15 GeV is applied to events falling in the SF
categories in order to reject backgrounds with low-mass di-lepton resonances.

Jets are clustered from simulated calorimeter cells using FastJet [55] and the anti-k(t) algorithm [56]. Events
containing at least one jet with pT > 25 GeV and|" | < 2.5 which is identiÞed asb-tagged are discarded from the event
sample in order to reduce the contribution from events containing top quarks. The number of reconstructed jets is
used to classify events into one of three jet multiplicity categories: 0 jet, 1 jet and! 2 jet. This jet counting scheme is
based on jets with with pT > 30 GeV and|" | < 3. Furthermore, events are discarded if either of the two reconstructed
leptons falls within a cone of ! R "

!
! " 2 + ! #2 = 0 .4 around any of the reconstructed jets in the event. Unless

otherwise indicated, kinematic distributions include the sum of all three ßavor and jet multiplicity categories.

C. Comparison of di ! erent kinematic variables

We evaluate the potential for the variable M R
! to be used in a search for di-slepton and di-chargino production

signals by comparing it with similar variables used in CMS and ATLAS searches. The CMS search for slepton
production in the di-lepton Þnal state [34] utilizes the variable M CT ! [46, 47] while the analogous ATLAS analysis
[32] includes requirements on the variableM T 2 [44, 45] in deÞnitions of signal regions sensitive to the presence of
di-leptons following from slepton decays. The distributions of each of these kinematic variables,M R

! , M CT ! , and
M T 2, are shown in Figure 14 for slepton and chargino signals with various sparticle mass combinations.

The behavior of each of the three variables is similar. Each is sensitive to the quantityM ! for signal events, with a
sharp edge or endpoint at the true value. The shape of each distribution is largely insensitive to the absolute value of
M ! , such that distributions are nearly identical when scaled byM ! (di " erences are observed when the parent sparticle
and the neutralino approach degeneracy). The similarities between theseM ! sensitive variables are indicative of the
fact that they are highly correlated and represent largely redundant information about events.
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FIG. 14: Distributions of M ! estimating variables for sleptons (top row) and charginos (bottom row) with mass 150 GeV
decaying into neutralinos and leptons, for a range of neutralino masses. Variables include M R

! (left), M CT ! (center) and M T 2

(right), all normalized to the true value of M ! for each sample.

An important property of M CT ! and M T 2 is their almost complete insensitivity to the transverse momenta of the
di-sparticle CM frame (pCM

T ) in these events. Regardless of the velocity of the sparticles in the laboratory frame,
the position of the M ! endpoint in these distributions remains largely unchanged. This property is convenient for
interpretation of the putative signal distributions and essential in the construction of these searches, since it also
guarantees the invariance of the same kinematic feature for backgrounds likeW W and tøt, even for largepCM

T . For
M T 2, under-constrained kinematic degrees of freedom are assigned through minimization which removes thepCM

T
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(OF), containing eµ events. An additional requirement of m(!! ) > 15 GeV is applied to events falling in the SF
categories in order to reject backgrounds with low-mass di-lepton resonances.

Jets are clustered from simulated calorimeter cells using FastJet [55] and the anti-k(t) algorithm [56]. Events
containing at least one jet with pT > 25 GeV and|" | < 2.5 which is identiÞed asb-tagged are discarded from the event
sample in order to reduce the contribution from events containing top quarks. The number of reconstructed jets is
used to classify events into one of three jet multiplicity categories: 0 jet, 1 jet and! 2 jet. This jet counting scheme is
based on jets with with pT > 30 GeV and|" | < 3. Furthermore, events are discarded if either of the two reconstructed
leptons falls within a cone of ! R "

!
! " 2 + ! #2 = 0 .4 around any of the reconstructed jets in the event. Unless

otherwise indicated, kinematic distributions include the sum of all three ßavor and jet multiplicity categories.

C. Comparison of di ! erent kinematic variables

We evaluate the potential for the variable M R
! to be used in a search for di-slepton and di-chargino production

signals by comparing it with similar variables used in CMS and ATLAS searches. The CMS search for slepton
production in the di-lepton Þnal state [34] utilizes the variable M CT ! [46, 47] while the analogous ATLAS analysis
[32] includes requirements on the variableM T 2 [44, 45] in deÞnitions of signal regions sensitive to the presence of
di-leptons following from slepton decays. The distributions of each of these kinematic variables,M R

! , M CT ! , and
M T 2, are shown in Figure 14 for slepton and chargino signals with various sparticle mass combinations.

The behavior of each of the three variables is similar. Each is sensitive to the quantityM ! for signal events, with a
sharp edge or endpoint at the true value. The shape of each distribution is largely insensitive to the absolute value of
M ! , such that distributions are nearly identical when scaled byM ! (di " erences are observed when the parent sparticle
and the neutralino approach degeneracy). The similarities between theseM ! sensitive variables are indicative of the
fact that they are highly correlated and represent largely redundant information about events.
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FIG. 14: Distributions of M ! estimating variables for sleptons (top row) and charginos (bottom row) with mass 150 GeV
decaying into neutralinos and leptons, for a range of neutralino masses. Variables include M R

! (left), M CT ! (center) and M T 2

(right), all normalized to the true value of M ! for each sample.

An important property of M CT ! and M T 2 is their almost complete insensitivity to the transverse momenta of the
di-sparticle CM frame (pCM

T ) in these events. Regardless of the velocity of the sparticles in the laboratory frame,
the position of the M ! endpoint in these distributions remains largely unchanged. This property is convenient for
interpretation of the putative signal distributions and essential in the construction of these searches, since it also
guarantees the invariance of the same kinematic feature for backgrounds likeW W and tøt, even for largepCM

T . For
M T 2, under-constrained kinematic degrees of freedom are assigned through minimization which removes thepCM

T


