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Disclaimer
• 30 min are not enough to cover a physics program that covers 

SUSY searches, as well as new resonances (RS gravitons, 
techniParticles, Z’, etc) 

• For more information look at 

• I will concentrate on SUSY searches, with emphasis on the hadronic 
searches and to new techniques 

• Here SUSY is just a paradigm of any new physics in which stable 
neutral particles (e.g. Dark Matter candidates) are produced in the 
cascade of pair-produced heavy particles

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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A “classic” SUSY search
The typical signature:  a lot of 
energy seen in the detector, 
recoiling against a lot of MET

Several variables to quantify this 
behavior:
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The typical signature:  a lot of energy seen 
in the detector, recoiling against a lot of 
MET

Several variables to quantify this behavior:
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A counting 
experiment is 

performed on the 
tail of the 

distribution

An exclusion limit is 
set on some NP 
parameter space
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Bkg To Fight
mismeasured jet

Fake MET

mismeasured jet

MET

QCD with fake MET
related to pathological events
require understanding of rare 

detector-related effects

SM processes with real MET, e.g. Z(νν)+jets
measurable from control samples defined 

on data

ν

ν

_
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+

11!C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 

Search with MHT + HT 
Background prediction: 

 Re-balance and smear 

Use � control sample 

Use �+jets and Z(��)+jets 
control samples 
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Search for high pT jets, 
high HT and high MHT 

QCD multi-jet events do not intrinsically 
populate the phase-space defined by our 
requirements on scale and angle --  
 BUT, mis-measurements of jets can result 
in large measured MHT 

QCD multi-jet background 
predicted by ‘smearing’ balanced 
(no MHT) events with measured 
resolution functions 
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Adding Leptons
• Whenever a lepton is added to the final state, 

the QCD background is reduced to 
manageable/negligible level

• In these conditions, one can go looser with the 
kinematic requirements

12
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FIG. 5: Distributions of the effective mass for events in the 3-jet signal regions 3JL (top) and 3JT (bottom) for the electron
channel (left) and the muon channel (right), after application of the final selection criteria described in Section VIIA, except
for the cut on meff itself. The “Data/SM” plots show the ratio between data and the summed standard model expectation. The
uncertainty band on the standard model expectation combines the MC statistical uncertainty and systematic uncertainties on
the jet energy scale and resolution, the lepton resolution and identification efficiencies, pile-up and luminosity. For illustration,
the expected signal distributions of the MSUGRA/CMSSM model point m0 = 500 GeV, m1/2 = 330 GeV are also shown.

and ˆ̂
θ maximize the likelihood for a given choice of s. In

the fit, s and ŝ are constrained to be non-negative. The
resulting 95% confidence level (CL) limits are shown in
Table IV as observed and expected upper limits on the
number of non-SM events in the signal regions, as well
as upper limits on the visible cross-section (which equals
the limit on the observed number of signal events divided
by the integrated luminosity).

Limits within the MSUGRA/CMSSM framework are
derived from a second fit to signal and control regions, in
“exclusion mode”. This fit mode tests for a specific new
physics model, and uses signal predictions in the signal
regions as well as in the control regions. The results are

interpreted as limits for a grid of signal models in the
(m0,m1/2) plane, as shown in Figure 7. To combine the
four signal regions, the selection yielding the best ex-
pected limit for a given parameter point is used. The
second-to-last column in Table IV shows the values of
CLB, the confidence level for the background hypothe-
sis, which indicates the amount of downward fluctuation
of the observation, used in the CLs limit calculation.
Within the MSUGRA/CMSSM framework, and for equal
squark and gluino masses, gluino masses below 820 GeV
are excluded at 95% CL by this analysis.

The results for the interpretation in terms of the sim-
plified models are shown in Figure 8. Again, the selection
yielding the best expected limit for a given parameter
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QCD Killing
• Predicting the QCD bkg is the more problematic 

task of a “classic” analysis

• New approaches proposed to reduce the QCD to 
negligible level and deal with the residual SM 
background through data-driven control samples

• Different layers of extra assumptions give different 
signal vs. background separation
- αT: unbalanced events
- MT2: MET coming from two particles
- RAZOR variables: pair production of heavy 
  objects producing two missing particles

Monday, December 12, 11



αT: Killing QCD

3

of the trigger over the period of data collection, a small inefficiency of 0.99+0.01
�0.02 is encountered

in the lowest HT = 275 GeV bin and corrected for. In the HT = 325 GeV (375 GeV) bins, the
trigger is fully efficient with a statistical uncertainty of 3.4% (3.2%).

A suite of prescaled HT triggers is used to select events which stem mainly in QCD multi-jet
production. A photon control sample to constrain the background from Z ! nn̄ events is
selected with a single object photon trigger.

The analysis follows closely Ref. [1]. Events with two or more high-pT jets, reconstructed using
the anti-kT algorithm [10] with a size parameter of 0.5 are selected. Jets are required to have
ET > 50 GeV, |h| < 3 and to pass jet identification criteria [11] designed to reject spurious
signals and noise in the calorimeters. The pseudorapidity of the jet with the highest ET (leading
jet) is required to be within |h| < 2.5, and the transverse energy of each of the two leading jets
must exceed 100 GeV.

Events with jets passing the ET threshold but not satisfying the jet identification criteria or the
h acceptance requirement are vetoed, as this deposited energy is not accounted for in the event
kinematics. Similarly, events in which an isolated lepton (electron or muon) with pT > 10 GeV
is identified are rejected to suppress events with genuine missing energy from neutrinos. The
electron and muon selection requirements are described in [12] and [13], respectively. Further-
more, to select a pure multi-jet topology, events are vetoed in which an isolated photon [14]
with pT > 25 GeV is found.

Events are required to satisfy HT > 275 GeV. As the main discriminator against QCD multijet
production the variable aT, defined for di-jet events as:

aT =
ET

jet2

MT
=

ET
jet2

r⇣
Â2

i=1 ET
jeti

⌘2
�

⇣
Â2

i=1 pjeti
x

⌘2
�

⇣
Â2

i=1 pjeti
y

⌘2
,

is used and events are required to have aT > 0.55. In events with jet multiplicity n > 2, two
pseudo-jets are formed following Ref. [1] and Eq. 2 is applied to the pseudo-jets.

To protect against multiple jets failing the ET > 50 GeV selection requirement, the jet-based
estimate of the missing transverse energy, H/T, is compared to the calorimeter tower-based esti-
mate, E/T

calo, and events with Rmiss = H/T/E/T
calo > 1.25 are rejected.

Finally, to protect against severe energy losses, events with significant jet mismeasurements
caused by masked regions in the ECAL (which amount to about 1% of the ECAL channel
count), or by missing instrumentation in the barrel-endcap gap, are removed with the follow-
ing procedure. The jet-based estimate of the missing transverse energy, H/T, is used to identify
jets most likely to have given rise to the H/T as those whose momentum is closest in f to the
total ~H/T which results after removing them from the event. The azimuthal distance between
this jet and the recomputed H/T is referred to as Df⇤ in what follows. Events with Df⇤ < 0.5 are
rejected if the distance in the (h, f) plane between the selected jet and the closest masked ECAL
region, DRECAL, is smaller than 0.3. Similarly, events are rejected if the jet points within 0.3 in h
of the ECAL barrel-endcap gap at |h| = 1.5.

To increase the sensitivity to higher-mass states, we carry out a shape analysis over the entire
HT > 275 GeV region. This requires that the Standard Model background estimation methods
which are based on data control samples, provide an estimate of the background for each of the
HT bins in the signal region with HT > 275 GeV. The background estimation methods based on

2.2 H
T

Dependence of Ra
T
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(b) Comparison of the jet multiplicity between data
and MC for the hadronic selection, for HT � 375 GeV
and H/T > 100 GeV.
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(c) Comparison of the aT distribution between data
and MC for the hadronic selection, for HT � 375 GeV
and H/T > 100 GeV.

Figure 1: Comparisons of basic quantities before the aT selection cuts.

2.2 HT Dependence of RaT

The ratio RaT = NaT>q/NaT<q exhibits no dependence on HT if q is chosen such that the nu-
merator of the ratio in all HT bins is dominated by tt, W +jets and Z ! nn̄+jets events (referred
to in the following as EWK) and there is no significant contribution from events from QCD
multi-jet production [1]. This is demonstrated in Figure 3, using MC simulations for the cut
value q = 0.55 over the range 275 < HT < 975 GeV.

One important ingredient in the RaT method is the scaling of the jet pT thresholds in the low HT
bins to maintain jet multiplicities and thus comparable event kinematics and topologies in the
different HT bins. This is especially important in the case of the tt background, which have on

- αT = 0.5 for perfectly balanced dijet events
- αT<0.5 for dijet + mismeasurements
- EW main bkg after αT cut
- QCD events could leak to αT>0.5 because of 
  detector effects (rare)
- large fraction of signal events removed 
  (efficiency vs purity)

- After αT cut the signal looks similar to 
  bkg in αT
- another variable needs to be used to 
  characterize the signal
- Back to the “classic” paradigm”:
  HT used by CMS 
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(a) HT distribution for events in the hadronic signal
sample. Shown are the events observed in data (black
points), the outcome of the fit (light blue line) and a
breakdown of the individual background contributions
as predicted by the control samples. A possible signal
contribution from benchmark point LM6 is indicated as
well (magenta line).
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(b) HT distribution for events selected in the muon con-
trol sample. Shown are the events observed in data
(black points) and the outcome of the fit (light blue
line). A possible signal contribution from benchmark
point LM6 is indicated as well (magenta line).
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(c) HT distribution for events selected in the photon
control sample. Shown are the events observed in data
(black points), the outcome of the fit (light blue line).
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Figure 7: Result of the combined fit to the hadronic, muon and photon samples.
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2

ET/ /HT/ cut 300 350 400 450 500 550 600 650 700

ET/
σsusy(fb) 864. 759. 645. 526. 397. 257. 143. 81.9 51.1

S/B 0.7 1.0 1.3 1.7 1.8 2.0 1.8 1.5 1.4

HT/
σsusy(fb) 862. 757. 639. 521. 379. 229. 128. 74.5 47.4

S/B 0.7 1.0 1.3 1.7 1.9 1.8 1.7 1.5 1.3

TABLE I: For dijet events passing the cuts described in the
text, the dependence of the signal cross section and signal-
to-background (S/B) on a variable ET/ cut (top), and on a
variable HT/ cut (bottom). All energies are in GeV.

events passing all cuts.

• α: which we define as the ratio of the pT of the
second hardest jet and the invariant mass formed
from the two hardest jets,

α ≡
pT 2

mjj
. (1)

As far as we know, this variable has not been con-
sidered previously. Background events generally
trail off at α = 0.5, whereas supersymmetry events
with invisible decay products can easily have larger
α. Large α tends to arise in events in which the jets
are not back-to-back. As one extreme example, if
the two jets are nearly aligned, their invariant mass
can be quite small, leading to very large α.

Because of the background’s sharp drop-off around
α = 0.5, this variable is potentially useful as a diag-
nostic tool for analyzing two jet events and cleanly
separating signal events from QCD.

• ∆φ: the azimuthal angle between the two hardest
jets. Azimuthal angle is often used in conjunction
with missing transverse energy, and ∆φ was among
the variables used in the dijet SUSY search at D0
[1].

• MT2 [14]: which is defined for events in which two
particles of the same mass undergo identical semi-
invisible decays, as

MT2(χ) = min
q/1+q/2=p/T

{max[mT (p1, q1/ , χ), mT (p2, q2/ , χ)]},

(2)
where p1 and p2 are the momenta of the visible par-
ticles, pT/ is the missing transverse momentum of
the event, and mT is the transverse mass function,
which depends on an assumed value χ of the invis-
ible particle’s mass. In calculating MT2(χ) we use
the missing transverse momentum as determined
by the dijet system alone.

If χ is taken to be equal to the mass of the in-
visible particle, the MT2 distribution will have an
endpoint at the mass of the decaying particle. Not
knowing this mass, MT2 endpoints still constrain
the masses of the decaying and invisible particles,
as emphasized in [14] and used below.

We consider these variables singly and in tandem.
We find the first two variables are useful in that one
can choose parameter-independent cuts that give sizable
S/B, whereas the last variable, though more parameter-
dependent in its optimization, might ultimately maxi-
mize S/B. Since the advantage is not overwhelming, we
expect all the variables could prove useful, either at the
trigger or analysis level. Because they are dimensionless,
the first two variables might have the further advantage
of being less sensitive to absolute energy scale, and might
therefore have lower systematic errors.

For all our analyses, we select events in which exactly
two jets have pT > 50 GeV, with no isolated leptons,
photons, or τ jets. One could attempt to achieve better
background rejection by an additional veto on extra jets
with lower pT . In general, we have chosen felicitous cuts
but have not pursued a careful optimization, which will
be more appropriate at the full-detector-simulation level.

A gluino that is only slightly heavier than the squarks
arises naturally in models with supersymmetry broken at
a high scale, as renomalization-group effects prevent the
squarks from being hierarchically lighter than the gluino.
For our analyses we specify parameters at the high scale
and use the SUSY-HIT package [6] to calculate super-
partner masses and decay branching ratios. In the rel-
evant parameter regions, the signal depends strongly on
M1/2, the unified gaugino mass at the high scale, and is
less sensitive to M0, the unified scalar mass, because the
squark mass is dominated by gauge-loop contributions.
We set the other SUSY parameters to be tanβ = 10,
A0 = 0, and µ > 0.

The backgrounds included in our analyses are QCD,
(W → lν)/(Z → νν)+jets, and tt. We have checked
that diboson+jets production does not significantly mod-
ify our results. The QCD and tt samples were generated
with Pythia 6.4 [7], and Z/W+jets with Alpgen 2.12
[8]. Fully showered and hadronized events were then
passed to the PGS 4.0 detector simulator [9], with the
energy smearing in the hadronic calorimeter given by
∆E/E = 0.8/

√

E/GeV and the calorimeter granular-
ity set to (∆φ × ∆η) = (0.1 × 0.1). Jets were defined
using a cone algorithm with ∆R = 0.4.

A K-factor of 2 is applied to the QCD sample, but no
K-factor is used for W/Z production, because the most
important contributions come from W/Z+2 jets, which
are not enhanced at NLO [10]. (After cuts, W/Z produc-
tion ends up being the dominant background to SUSY
dijet events, so to include a K-factor one can simply di-
vide our signal-to-background ratios by K.) For tt we
use σ = 830 pb as the NLO production cross section [11].
Including the K factors our samples sizes are ∼ 0.8 fb−1

for QCD, ∼ 20 fb−1 for tt, and ∼ 100 fb−1 for W/Z. Ap-
propriate generator-level kinematic cuts were imposed to
obtain the QCD and W/Z samples.

SUSY samples were also generated with Pythia. For
each parameter point we use Prospino 2.0 [12] to calculate
an appropriate K-factor from the NLO cross section for
squark pair production [13].

Randall & Tucker-Smith
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αT: BKG Estimate
• EW bkg is estimated using the RαT (*) ratio

• This is computed scaling the pT of the jets with the HT threshold, to event 
topology

• The ratio is found to be compatible with the flat hypothesis within the available 
data and SM MC statistics2.3 Estimation of Background from tt and W + Jets Events using a Muon Control Sample 7
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Figure 3: (Left) The dependence of RaT on HT for events with Njet � 2. (Right) Dependence of
RaT on HT when varying the effective cross-section of the four major EWK background compo-
nents individually by ±15%. (Markers are artificially offset for clarity.)

no evidence in the 2011 data that would invalidate the QCD free hypothesis, which in turn is
assumed to lead to RaT being constant with HT.

Figure 3 (right) demonstrates the independence of RaT on HT, based on MC simulations, even
when varying the effective cross-section of the four major EWK background components in-
dividually by as much as ±15%, which reflects our current knowledge of the cross sections
for these backgrounds [15, 16]. In each case, the behaviour is always consistent with the flat
hypothesis, with a p-value of at least 0.47. Studies with larger variations of ±50% also lead to p-
values that are consistent with the flat hypothesis. This is how the assumption of flat behaviour
is tested against the systematic uncertainties associated with the cross-section measurements
of the different EWK backgrounds.

In 2010, a cut-based approach was used, in which an extrapolation from a low-HT control region
(250 GeV < HT < 350 GeV) into the HT signal region (HT > 350 GeV) was performed in order
to estimate the SM background. In the current analysis of the 2011 data, a shape analysis over
the entire HT > 275 GeV region is carried out.

2.3 Estimation of Background from tt and W + Jets Events using a Muon Control
Sample

An estimate of the backgrounds from unidentified leptons and hadronic tau decays originating
from high-pT W bosons is obtained through the use of a muon control sample. In this sample
we explicitly select W’s decaying to a muon and a neutrino in the phase-space of the signal.
This is performed in the same HT bins as for the hadronic signal selection.

All cuts on jet-based quantities are consistent with those applied in the hadronic search region.

In order to select W events we have the following additional cuts:

• One isolated muon with pT > 10 GeV and |h| < 2.5.
• MT > 30 GeV, where MT is the transverse mass of the W candidate.
• DR(jet,muon) > 0.5
• H/T/HT > 0.4
• No second isolated muon in the event. This reduces Z ! µµ.

2.2 H
T

Dependence of Ra
T

5
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Figure 1: Comparisons of basic quantities before the aT selection cuts.

2.2 HT Dependence of RaT

The ratio RaT = NaT>q/NaT<q exhibits no dependence on HT if q is chosen such that the nu-
merator of the ratio in all HT bins is dominated by tt, W +jets and Z ! nn̄+jets events (referred
to in the following as EWK) and there is no significant contribution from events from QCD
multi-jet production [1]. This is demonstrated in Figure 3, using MC simulations for the cut
value q = 0.55 over the range 275 < HT < 975 GeV.

One important ingredient in the RaT method is the scaling of the jet pT thresholds in the low HT
bins to maintain jet multiplicities and thus comparable event kinematics and topologies in the
different HT bins. This is especially important in the case of the tt background, which have on

(*) Number of EW events with αT>θ / number of QCD events with αT<θ

• This is used to predict the bkg expected in each bin of HT.  Then a fit to the HT 
shape is used (more on this later) <--- TODO
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12 7 Signal Extraction
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MT2:  two missing particles
• We are looking for events with 

two undetected neutral particles 
leaving the detector

• We measure the sum of their pT 
as MET

• This is similar to the detection of 
the W, for which the edge of the 
mT distribution is used

• The presence of two missing 
particles make the picture more 
complicated. With some 
reasoning (see backup) one gets

which starts with a definition and then works towards its consequences, are
directed to skip to section 3 where this approach is taken.

The concrete example which will be used here is taken from [7]. This pa-
per considered an (anomaly mediated) R-parity conserving supersymmetric
model whose key property was that it predicted a lightest chargino nearly
mass degenerate with the lightest neutralino. With particular choices of
model parameters, the only chargino decay mode available was:

χ+
1 → χ0

1π
+. (1)

Events containing two such decays, i.e. events containing two simultaneous
decays of an unseen particle of unknown mass into another invisible particle
of unknown mass and visible particle, are exactly the sort of events that we
hope to analyse with mT2. This we shall now begin to do.

Considering for the moment just one of the decays of the form (1), one
can write the Lorentz invariant statement

m2
χ+

1
= m2

π + m2
χ0

1
+ 2

[

Eπ
T E

χ0
1

T cosh(∆η) − pπ
T · pχ0

1
T

]

(2)

where pπ
T and p

χ0
1

T indicate pion and neutralino 2-vectors in the transverse
plane, and the transverse energies are defined by

Eπ
T =

√

(pπ
T )2 + m2

π and E
χ0

1
T =

√

(p
χ0

1
T )2 + m2

χ0
1

. (3)

Also

η =
1

2
log
[

E + pz

E − pz

]

(4)

is the true rapidity, so that

tanh η = pz/E , sinh η = pz/ET , cosh η = E/ET . (5)

In a hadron collider, only the transverse components of a missing par-
ticle’s momentum can be inferred, so it is useful to define the transverse
mass,

m2
T (pπ

T ,p
χ0

1
T ; mχ0

1
) ≡ m2

π+ + m2
χ0

1
+ 2(Eπ

T E
χ0

1
T − pπ

T · pχ0
1

T ) (6)

which, because cosh(x) ≥ 1, is less than or equal to the mass of the lightest
chargino, with equality only when the rapidity difference between the neu-
tralino and the pion, ∆ηχ0

1π is zero. All other ∆η lead to mT < mχ+
1
, so if we

knew the neutralino momentum, we could use mT to give an event by event
lower bound on the lightest chargino mass. mT was has been used this way
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in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.

5
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- Assume a mass value (eg mLSP=0)
- Assume that the visible system in has 0 mass
- An analytical expression for MT2 is found

- The edge is lost but we have an αT-like 
  variable to kill the QCD

MT2:  two missing particles
• MT2 is found to be useful for searches, 

since it allows to reduce QCD to 
negligible level

• Other variables could be used to 
characterize the signal, in case of a 
discovery. CMS would use  √smin for that

6.1 Event selection 7
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Figure 1: MT2 for massless pseudo-jets after having applied all selection cuts, with constant
binning (upper) and variable binning (lower). The last bin contains the overflow. The different
MC backgrounds are stacked on top of each other and normalized to 1.1 fb�1. The LM6 signal
distribution is normalized to the same integrated luminosity and overlayed on the Standard
Model backgrounds.
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Figure 5:
p

smin for massless pseudojets including � 3 jets events with MT2 � 300 GeV.

10 Conclusion
We conducted a search for supersymmetry in hadronic final states using the MT2 variable cal-
culated from massless pseudojets. MT2 is strongly correlated with E/T for SUSY processes, yet
provides a natural suppression of QCD backgrounds.

A data set containing 1.1 fb�1of integrated luminosity in
p

s = 7 TeV pp collisions taken with
the CMS detector during the 2011 LHC run was analyzed. All candidate events were selected
using hadronic triggers. Two complementary analyses were performed. The High MT2 analy-
sis, targets events from moderately heavy squarks and gluinos which feature naturally a size-
able E/T . The analysis was based on multi-jet events with � 3 jets and events containing a
lepton were vetoed to suppress electroweak processes and tt̄ production. The SM background
prediction from the MC was supplemented by a data-driven estimation, confirming that the
MC gives a realistic estimate. We have shown that the tail of the MT2 distribution, obtained
after this selection, is very sensitive to a potential SUSY signal. No excess beyond the Standard
Model expectations has been found; the agreement between the data and the Standard Model
predictions is very good. A second line of approach, the Low MT2 analysis, was designed to
increase the sensitivity to events with heavy squarks and light gluinos, in which the E/T tends to
be smaller. Therefore, the cut on MT2 was relaxed and compensated by requesting at least one
b-tagged jet and a larger jet multiplicity to suppress the QCD background. A good agreement
between the SM background and the data was again observed. It was confirmed that a higher
signal to background ratio in the region of heavy squarks and light gluinos is found, which
extends the sensitivity to this scenario, compared to the first line of approach.

As no evidence for a signal was found, we set upper limits on the cross section times branching
ratio within our acceptance. Also, exclusions limits were established in the mSUGRA/CMSSM
parameter space.

16 9 Additional estimate of the SUSY mass scale using
p
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Figure 4: Combined exclusion limit in the mSUGRA/CMSSM (m0, m1/2) plane for the High
and Low MT2 analyses with tanb = 10. In each point, the best of the two individual exclusions
was taken.

For the overall interaction, in which we are interested here,

p
smin(Mmiss,min) =

q
M2

vis + P2
T,vis +

q
M2

miss,min + ET/ 2 (9)

where Mvis and PT,vis refer to the total invariant mass and transverse momentum of all visible
particles, ET/ is the missing transverse momentum and Mmiss,min is the minimum missing mass,
i.e. the sum of masses of the unseen particles. As the masses of the unseen particles are a priori
unknown, Mmiss,min remains as a free parameter, often taken to be zero. It was found that if
the visible and unseen energies and momenta are measured from all calorimetric towers, the
resulting

p
smin is quite sensitive to ISR and UE [20], [21]. This dependence is largely avoided by

using instead reconstruction quantities (e.g. PF jets) and computing the recoil to the measured
momenta H/T . The distribution of

p
smin then displays a peak where the maximum is close to

the threshold c.m.s. energy and hence measures 2⇥ the mass of the parent particles.

A distribution of
p

smin is shown in Fig. 5 for events with � 3 jets satisfying all selection cuts
in the signal region with MT2 � 300 GeV. It illustrates the fact that the LM5 signal would
be shifted compared to the background and would strongly enhance it. Moreover, the signal
distribution peaks around 1.6 TeV, which corresponds indeed to twice the mass of the produced
particles. The same figure displays the

p
smin distribution for all selected events in data with

� 3 jets. Although the statistics is still small, this distribution is in good agreement with the
MC expectation and shows no sign of a signal.

Nevertheless, if a signal is observed in the future, a crude estimate of the produced sparticle
masses can be obtained from the distribution of

p
smin for the events in the signal region.
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3

[4] that the whole angular and pT dependence of MT2 is encoded in a variable AT

AT = Evis(1)
T Evis(2)

T + ~p vis(1)
T · ~p vis(2)

T (4)

and that MT2 increases with increasing AT. Therefore, the minimum value of MT2 is reached in
configurations where (pseudo)jets are back-to-back and the maximum when they are parallel
to each other and with a large pT. In the simple case where mc = 0 is chosen and the visible
systems have zero mass, MT2 becomes

(MT2)
2 = 2AT = 2pvis(1)

T pvis(2)
T (1 + cosf12), (5)

where f12 is the angle between the two (pseudo)jets in the transverse plane. It is seen that this
corresponds to the transverse mass of system 1 with an unseen neutral particle of momentum
equal to the momentum of system 2 but opposite to it.

SUSY events with large expected E/T and large acoplanarity will be concentrated in the large
MT2 region. On the contrary, QCD dijet events, being back-to-back, will populate the region
of minimum MT2. This will be zero for massless (pseudo)jets if we choose mc = 0. Hence,
MT2 has a built-in protection against QCD jet mis-measurements, even if they have a large E/T .
However, mismeasured QCD multijet events may give rise to pseudojets away from the back-
to-back configuration, leading to MT2 > 0. For this reason, some protection against E/T from
mis-measurements still needs to be introduced. Furthermore, we find that defining pseudo-
jets as massless may be a good approach towards further suppressing QCD multijet events in
the MT2 tail. Other backgrounds consist of events containing true E/T , as these can lead to
(pseudo)jets away from the back-to-back topology. Candidates are tt̄ or W+jets with leptonic
decays and Z(! nn)+jets.

3 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid 13m in length and 6m
in diameter which provides an axial magnetic field of 3.8 T. The bore of the solenoid is instru-
mented with various particle detection systems. The iron return yoke outside the solenoid is
in turn instrumented with gas detectors which are used to identify muons. Charged particle
trajectories are measured by the silicon pixel and strip tracker, covering 0 < f < 2p in azimuth
and |h| < 2.5, where the pseudorapidity h is defined as h = � log tan(q/2), with q being the
polar angle of the trajectory of the particle with respect to the counter-clockwise beam direction.
A lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass-scintillator hadronic
calorimeter (HCAL) surround the tracking volume and cover the region |h| < 3. A quartz-steel
Cerenkov-radiation-based forward hadron calorimeter extends the coverage to |h|  5. The
detector is nearly hermetic, allowing for energy balance measurements in the plane transverse
to the beam directions. A detailed description of the CMS detector can be found elsewhere [8].

4 Data samples, triggers and event selection
The design of the analysis was developed on the basis of Monte Carlo simulation (MC). The MC
samples were generated with PYTHIA 6.4.22 [9] and MADGRAPH 5 v1.1 [10], and processed
with a detailed simulation of the CMS detector response based on GEANT4 [11]. In order to
have sufficient statistics in the tails of the distributions, also two large statistics Z and W +
jets samples were produced using a parametrized fast detector simulation of the CMS detector
response instead of the GEANT-based simulation. The events were reconstructed and analyzed

Monday, December 12, 11



The Razor Frame

15

• Two squarks decaying to quark and LSP. In 
their rest frames, they are two copies of 
the same monochromatic decay. In this 
frame p(q) measures MΔ

• In the rest frame of the two incoming partons, the 
two squarks recoil one against each other.

2 3 The Razor Analysis

3 The Razor Analysis45

The razor kinematics is based on the generic process of the pair production of two heavy parti-46

cles, each decaying to an unseen particle plus jets. This includes SUSY signals with complicated47

and varied decay chains, or the simplest case of a pair of squarks each decaying to a quark and48

an LSP. All such processes are treated on an equal footing by forcing every event into a dijet49

topology; this is done by combining all jets in the event into two megajets. When an isolated50

lepton is present, it can be included in the megajets or not as explained in [2]. For the 1 fb�1
51

analysis the trigger requirements, pileup conditions, and pile-up subtraction dictate that iso-52

lated electrons enter the megajet reconstruction as jets, while isolated muons are not included53

in the megajet reconstruction and mimic the contributions of neutrinos. The megajet recon-54

struction is thus based on a calorimeter-driven view of the events.55

To the extent that the pair of megajets accurately reconstruct the visible portion of the under-56

lying parent particle decays, the signal kinematics is equivalent to pair production of heavy57

squarks q̃1, q̃2, with q̃i ! jic̃i, where the c̃i are LSPs and ji denotes the visible products of the58

decays. For simplicity we will use the approximation that the ji are massless.59

The standard computation of the cross section for such a process uses a parameterization of the60

phase space and the matrix element extracted from consideration of three preferred reference61

frames: the rest frames of the two squarks and the center of mass (CM) frame.62

In the rest frame of the ith squark, the 4-momenta of the squark and its decay products have63

the simple form64

pq̃i = Mq̃(1, 0) , (1)

pji =
MD

2
(1, ûi) , (2)

pci =
MD

2
(

1
bD

, �ûi) , (3)

where the ûi are unit vectors in the directions of the visible decay products,65

MD ⌘
M2

q̃ � M2
c̃

Mq̃
= 2Mc̃gDbD , (4)

and bD is the boost parameter to the rest frame of the LSP c̃i. The other preferred frame is the66

q̃1q̃2 CM frame, with67

pq̃1 = gCM Mq̃ (1, bCMûq̃) , (5)
pq̃2 = gCM Mq̃ (1, �bCMûq̃) , (6)

where ûq̃ is a unit vector in the direction of the first squark, and bCM is the boost parameter68

from the CM frame to the q̃1 rest frame. In the CM frame the energies of the visible decay69

products can be written70

Ej1 =
gCM MD

2
(1 + bCMûq̃ · û1) , (7)

Ej2 =
gCM MD

2
(1 + bCMûq̃ · û2) . (8)

• In the lab frame, the two squarks are 
boosted longitudinally. The LSPs 
escape detection and the quarks are 
detected as two jets

→

If we could see the LSPs, we could 
boost back by βL, βT, and βCM

In this frame, we would then get 
|pj1| = |pj2|

Too many missing degrees of 
freedom to do just this

βL

→
βT

x

y

x

y

z

y
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The Razor Frame
• In reality, the best we can do is to compensate the missing degrees of 

freedom with assumptions on the boost direction

16

- The parton boost is forced to be 
  longitudinal
- The squark boost in the CM frame is 
  assumed to be transverse 

• We can then determine the two 
by requiring that the two jets 
have the same momentum after 
the transformation

• The transformed momentum 
defines the MR variable

pj1

pj2

p*j1

p*j2

pRj1

pRj2

-βLR*

RAZOR
 CONDITION

|pRj1|= |pRj2|

-βTCM

βTCM

4 3 The Razor Analysis

The problem with the conventional parameterization of this process is that, with two unseen111

LSPs, there are not enough experimental observables to reconstruct any of the three reference112

frames just described. This is true even in the absence of initial state pT (as will now be assumed113

throughout), where the CM frame is just a longitudinal boost from the lab frame.114

The strategy of the razor analysis is to approximate these unknown frames with a razor frame115

that is defined unambiguously from measured quantities in the lab frame. Event by event,116

razor frame observables then estimate the scales MD and gCM MD seen above.117

A razor frame is defined by finding a longitudinal boost from the lab frame to a frame where118

the visible energies can be written in terms of an overall scale that is manifestly invariant under119

longitudinal boosts. This then defines a razor frame where the scale of the visible energies is set120

by a quantity that should approximate gCM MD in the (unknown) CM frame. Such longitudinal121

boosts are very special; in fact there are only two independent ones:122

bR ⌘
Ej1 � Ej2

pj1
z � pj2

z
, (9)

bR⇤
L ⌘ pj1

z + pj2
z

Ej1 + Ej2
. (10)

The first razor boost bR defines the R frame where the visible four-momenta reduce to123

pj1 =
MR

2
(1, ûR

1 ) , (11)

pj2 =
MR

2
(1, ûR

2 ) , (12)

where MR is the longitudinal boost invariant124

MR ⌘ 2|~pR
j1 | = 2|~pR

j2 | = 2

vuut (Ej1 pj2
z � Ej2 pj1

z )2

(pj1
z � pj2

z )2 � (Ej1 � Ej2)
2

. (13)

In the limit that bCM is small (production near threshold), this MR is a direct estimator of the125

SUSY mass scale MD. More generally MR is an estimator of gCM MD, the quantity that sets the126

scale for the visible CM energy. A drawback of the R frame construction is that bR as defined127

by (9) is not guaranteed to have magnitude less than unity; this means that for some fraction of128

events gR is either imaginary or singular and the razor method cannot be applied.129

The second razor boost bR⇤
L defines the R⇤ frame where the visible four-momenta reduce to130

pj1 = (
1
2
(MR � (~pj1

T � ~pj2
T) · ~Emiss

T
MR

), pj1
T, pz) , (14)

pj2 = (
1
2
(MR +

(~pj1
T � ~pj2

T) · ~Emiss
T

MR
), pj2

T, �pz) , (15)

where MR is the longitudinal boost invariant131

MR ⌘
q

(Ej1 + Ej2)
2 � (pj1

z + pj2
z )2 , (16)

and the longitudinal momentum pz is determined from the massless on-shell conditions. Ob-132

viously the R⇤ frame always exists since the magnitude of bR⇤
L is less than unity. Here again MR133
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The Razor Variable
• MR is boost invariant, even if defined from 

3D momenta

• No information on the MET is used

• The peak of the MR distribution provides 
an estimate of MΔ

• MΔ could be also estimated as the “edge” 
of MTR

• MTR is defined using transverse quantities 
and it is MET-related

• The Razor (aka R) is defined as the ratio 
of the two variables 

17

5

as defined by (16) is an estimator of gCM MD. It is also possible in this construction to obtain134

a direct estimator of MD, by introducing a transverse boost along the direction of ~Emiss
T , with135

boost parameter136

bR⇤
T ⌘ (pj1

T)2 � (pj2
T)2

MREmiss
T

. (17)

Performing this boost on (14), and the opposite boost on (15), the visible 4-momenta reduce to137

pj1 =
MR⇤

2
(1, ûR⇤

1 ) , (18)

pj2 =
MR⇤

2
(1, ûR⇤

2 ) , (19)

where MR⇤ = MR/gR⇤ .138

The next step of the razor strategy is to define a transverse observable that can also serve as139

an event-by-event estimator of the underlying scale MD. As usual for transverse quantities we140

expect MD to be related to a kinematic edge rather than a peak.141

Several choices of the transverse observable are plausible. To the extent that events match the142

assumed topology, the maximum value of the scalar sum of the megajets transverse momenta143

(p1
T, p2

T) is MD. The maximum value of the Emiss
T is also MD. Especially useful is MR

T , a kind of144

average transverse mass whose maximum value for signal events is also MD:145

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T ) � ~Emiss
T ·(~p j1

T + ~p j2
T )

2
. (20)

Given a global estimator MR and a transverse estimator MR
T , the razor dimensionless ratio is146

defined as147

R ⌘ MR
T

MR
. (21)

Signal events are characterized by the heavy scale MD, while backgrounds are not. Qualita-148

tively we expect MR to peak for the signal over a steeply falling background. Thus the search149

for an excess of signal events in a tail of a distribution is recast as a search for a peak on top of150

a steeply falling Standard Model residual tail.151

To extract the peaking signal we need first to reduce the QCD multijet background to manage-152

able levels. This is achieved by imposing a threshold value for R. Recall that for signal events153

MR
T has a maximum value of MD (i.e. a kinematic edge); thus R has a maximum value of ap-154

proximately 1 and the distribution of R for signal peaks around 0.5. These properties motivate155

the appropriate kinematic requirements for the signal selection and background reduction. We156

note that, while MR
T and MR measure the same scale (one as an end-point the other as a peak),157

they are largely uncorrelated for signal events as shown in Figure 1.158

4 Analysis Path159

In both simulation and data, the distributions of SM background events are seen to have a160

simple exponential dependence on the razor variables R and MR over a large fraction of the161

MR

MΔ MTR
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T
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The next step of the razor strategy is to define a transverse observable that can also serve as139

an event-by-event estimator of the underlying scale MD. As usual for transverse quantities we140

expect MD to be related to a kinematic edge rather than a peak.141

Several choices of the transverse observable are plausible. To the extent that events match the142

assumed topology, the maximum value of the scalar sum of the megajets transverse momenta143

(p1
T, p2

T) is MD. The maximum value of the Emiss
T is also MD. Especially useful is MR

T , a kind of144

average transverse mass whose maximum value for signal events is also MD:145

MR
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Emiss

T (pj1
T + pj2

T ) � ~Emiss
T ·(~p j1

T + ~p j2
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2
. (20)

Given a global estimator MR and a transverse estimator MR
T , the razor dimensionless ratio is146

defined as147

R ⌘ MR
T

MR
. (21)

Signal events are characterized by the heavy scale MD, while backgrounds are not. Qualita-148

tively we expect MR to peak for the signal over a steeply falling background. Thus the search149

for an excess of signal events in a tail of a distribution is recast as a search for a peak on top of150

a steeply falling Standard Model residual tail.151

To extract the peaking signal we need first to reduce the QCD multijet background to manage-152

able levels. This is achieved by imposing a threshold value for R. Recall that for signal events153

MR
T has a maximum value of MD (i.e. a kinematic edge); thus R has a maximum value of ap-154

proximately 1 and the distribution of R for signal peaks around 0.5. These properties motivate155

the appropriate kinematic requirements for the signal selection and background reduction. We156

note that, while MR
T and MR measure the same scale (one as an end-point the other as a peak),157

they are largely uncorrelated for signal events as shown in Figure 1.158

4 Analysis Path159

In both simulation and data, the distributions of SM background events are seen to have a160

simple exponential dependence on the razor variables R and MR over a large fraction of the161
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The Razor Analysis
• The backgrounds are characterized by a 

turn-on (they have their own MΔ), after 
which they decay ~ exponentially

• The two variables exhibit a clear 
correlation, regardless of the process 
under consideration

• This is used to fit the signal in a 
sideband and extrapolate to the signal 
region

18

3

falling SM residual tail in the MR distribution. To extract the peaking signal, the QCD multijet67

background needs to be reduced to manageable levels. This is achieved using the razor variable68

defined as:69

R ⌘ MR
T

MR
. (7)

Since for signal events MR
T has a maximum value of MD (i.e., a kinematic edge), R has a max-70

imum value of approximately 1 and the distribution of R for signal events peaks around 0.5.71

These properties motivate the appropriate kinematic requirements for the signal selection and72

background reduction. It is noted that, while MR
T and MR measure the same scale (one as an73

end-point, the other as a peak), they are largely uncorrelated for signal events, as shown in74

Fig. 1. In this figure, the W+jets and tt̄+jets backgrounds peak at MR values partially deter-75

mined by the W and top quark masses, respectively.

 [GeV]RM
0 500 1000 1500 2000

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Ev
en

ts
 / 

bi
n

0

5000

10000

15000

20000

25000=7 TeVs
CMS Simulation 

-1 L dt = 35 pb∫ 
QCD

 [GeV]RM
0 500 1000 1500 2000

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Ev
en

ts
 / 

bi
n

0
2
4
6
8
10
12
14
16
18
20
22

=7 TeVs
CMS Simulation 

-1 L dt = 35 pb∫ 
W+jets

 [GeV]RM
0 500 1000 1500 2000

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Ev
en

ts
 / 

bi
n

0

0.5

1

1.5

2

2.5

3
=7 TeVs

CMS Simulation 

-1 L dt = 35 pb∫ 
+jetstt

 [GeV]RM
0 500 1000 1500 2000

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Ev
en

ts
 / 

bi
n

0

0.02

0.04

0.06

0.08

0.1=7 TeVs
CMS Simulation 

-1 L dt = 35 pb∫ 
SUSY LM1

Figure 1: Scatter plot in the (MR, R) plane for simulated events: (top left) QCD multijet, (top
right) W+jets, (bottom left) tt̄+jets, and (bottom right) the SUSY benchmark model LM1 [18]
with MD = 597 GeV. The yields are normalized to an integrated luminosity of 35 pb�1. The bin
size is (20 GeV ⇥ 0.015).

76

In this analysis the SM background shapes and normalizations are obtained from data. The77

QCD W+jets

tt
SUSY 
LM1
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From DiJet To MultiJets
• The “new” variables rely on the dijet

+MET final state as a paradigm

• All the analyses have been extended 
to the case of multijet final states 
clustering jets in two hemispheres 
(aka mega-jets)

Several approaches used
- minimizing the HT difference between the mega-jets (aT CMS)
- minimizing the invariant masses of the two jets (Razor CMS)
- minimizing the Lund distance (MT2 CMS)
- ... 

2 2 Definition of MT2 and interpretation

2 Definition of MT2 and interpretation
The variable MT2 or stranverse mass was introduced [2] to measure the mass of primary pair-
produced particles in a situation where both ultimately decay into undetected particles (e.g.
neutralino LSPs) leaving the event kinematics underconstrained. It assumes that the two pro-
duced sparticles give rise to identical types of decay chains with two visible systems defined
by their transverse momenta, ~p vis(i)

T , energies Evis(i)
T , and masses mvis(i). They are accompanied

by the unknown LSP transverse momenta, pc(i)
T . The MT2 variable is defined as

MT2(mc) = min
pc(1)

T +pc(2)
T =pmiss

T

h
max

⇣
m(1)

T , m(2)
T

⌘i
, (1)

where mT is the transverse mass of a sparticle decaying to a visible system and its correspond-
ing LSP

(m(i)
T )2 = (mvis(i))2 + m2

c + 2
⇣

Evis(i)
T Ec(i)

T � ~p vis(i)
T · ~p c(i)

T

⌘
(2)

with the LSP mass mc remaining as free parameter. A minimization is performed on trial LSP
momenta fulfilling the E/T constraint. For the correct value of mc, the distributions of M(i)

T
have an endpoint at the value of the primary sparticle mass (similar to the transverse mass
distribution for W ! ln decay). The largest of the two M(i)

T values can thus be chosen without
overshooting the correct sparticle mass. The minimization of M(i)

T then ensures that also the
MT2 distribution will have an endpoint at the correct sparticle mass. If Initial State Radiation
(ISR) can be neglected, an analytic expression for MT2 has been computed [4]. In practice, the
determination of MT2 may be complicated by the presence of ISR or equivalently transverse
momentum from upstream decays (UTM) in case MT2 is computed for subsystems [4]. In this
case, no analytic expression for MT2 is known, but it can be computed numerically, see e.g. [5].

In this note, we attempt to use MT2 as a variable to distinguish SUSY production events from
SM backgrounds. The use of MT2 as a discovery variable was first proposed in [6] , but in this
note we follow a different approach. Several choices for the visible system used as input to MT2
can be considered: purely dijet events (as was the case in [6]), selecting the two leading jets in
multijet events or grouping jets together to form two systems or pseudojets.

A method to subdivide multijet events in two pseudojets is the reconstruction of ”event hemi-
spheres” described in [7], Sect. 13.4. The hemisphere reconstruction works as follows: first, two
initial axes (seeds) are chosen. Here, we take them as the directions of the two (massless) jets
which have the largest invariant mass. Next, the other jets are associated to one of these axes
according to a certain criterion (hemisphere association method). Here, we used the minimal
Lund distance, meaning that jet k is associated to the hemisphere with mass mi rather than mj
if

(Ei � picosqik)
Ei

(Ei + Ek)2  (Ej � pjcosqjk)
Ej

(Ej + Ek)2 . (3)

After all jets are associated to one or the other axis, the axes are recalculated as the sum of the
momenta of all jets connected to a hemisphere and the association is iterated using these new
axes until no jets switch from one group to the other.

To get a better understanding of the behaviour of MT2, we can take the simple example of MT2
without ISR nor upstream transverse momentum. It can be seen from the equation for MT2 in

- Is the ultimate hemisphere definition out there 
  (I am not aware of studies on this)?
- Could this improve the signal sensitivity in a significant way?

19
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From Hadronic To Inclusive
• Hadronic analyses use to veto leptons and use the 

vetoed sample as a bkg control sample (including 
signal contamination)

• Leptonic analyses look for a signal in a subset of 
this samples

• Thinks can be sync’ed in a common analysis 
framework, as in the CMS Razor analysis
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From Hadronic To Inclusive20 9 Fit Results

TOT
lnQ
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Figure 10: Distribution of lnQTOT for background-only (left) and signal+background (right)
toy experiment, corresponding to a CMSSM model with A0 = 0, positive sign of µ, tan b = 10,
m0 = 1000 GeV, and m1/2 = 305 GeV.

likelihood parameters are sampled from the covariance matrix derived fitting the fit region,489

interpreting the likelihood returned by the fit as a multi-normal pdf. The correlation among490

the parameters is taken into account in the procedure. Similarly, the signal error is taken into491

account applying a 17% Gaussian error to the normalization, while the shape is kept fixed.492

The value lnQ is computed for each generated toy experiment, fixing each parameter of the493

likelihood to the nominal value, not to double-count the effect of systematic uncertainties.494

The total result is obtained writing the likelihood as the product of the likelihood of each box.495

This implies that the combined value for lnQ is given by lnQTOT = SboxlnQbox. The CLs value496

is computed from the distribution of lnQTOT and a given model is considered exluded at 95%497

CL if CLs  0.05.498

For the model-dependent limits, the shape of the signal in the (MR, R), as well as the cross-499

section and MC selection efficiencies are completely specified. This allows the construction500

of a likelihood ratio based hypothesis test to be used. There are two well specified situations501

under consideration: either the background only hypothesis (H0) is enough to model the data,502

or we must include a signal component (H1) in order to correctly model the distribution seen503

in data. The Neyman–Pearson lemma is applicable in this case, giving maximum separation504

power between the signal-plus-background and background-only hypotheses.505

The method proceeds in a similar way, however, the hypothesis to be tested is that of signal
plus background. A new pdf is created that is the sum of the background-only pdf and a
histogram-based representation of the signal. The relative contribution is given by the number
of signal compared to the total number of events:

NSig = eBox
Sig ⇥ sSig ⇥ LBox. (25)

Each of these parameters is specified as part of the box or model definition allowing this com-
bined pdf to be used to generate toy datasets that include events drawn from both the signal
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The Simplified Models
- The CMSSM is an established 
paradigm to present searches
- On the other hand, it is characterized 
by very peculiar features (eg mass 
ratios) which makes the result difficult 
to generalize

- The experiments decided to focus on 
a limited set of simplified models, in 
which two sparticle are produced, 
decaying to visible particles + 2 LSPs
- At most an intermediate step is 
allowed, such that a few decay chains 
specify the full model
- Result is presented as the max 
excluded cross section vs masses of 
produced particle and LSP

4

nel versus one event in the 4+j + ET6 channel.
Near the degenerate limit, the 2+j + ET6 search was

the most e↵ective and set the tightest limit. The 1j +ET6
search did not provide competitive limits because of the
large number of observed events.

The limits placed on the production cross section al-
low one to infer the excluded parameter space of specific
models. The most straight-forward of those is the MSSM
limit where the gluino and the LSP are the only currently
kinematically accessible particles. Fig. 2 shows the next-
to-leading order (NLO) cross section for pp ! g̃g̃X calcu-
lated with Prospino 2.0 [20] as a function of the gluino
mass.
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FIG. 2: The NLO QCD cross section for pp ! g̃g̃X as a func-
tion of the gluino mass. A cross section of � = 1/(70 nb�1)
corresponds to mg̃ = 395GeV and � = 10/(70 nb�1) corre-
sponds to mg̃ = 265GeV.

The combined results from all the channels are shown
in Fig. 3 where only the most restrictive limit on the
the production cross section is used. Fig. 3 displays the
contours of the maximum allowed production cross sec-
tion in the mg̃-m�0 parameter space. There is a slight
loss of sensitivity as m�0 ! 0 while holding mg̃ fixed be-
cause the cut on the fractional missing energy has lower
e�ciencies for larger mass splittings. This is because as
�0 becomes lighter, ET6 grows, but the sum of the jet
energies grows faster, thereby decreasing the fractional
missing energy.

The searches performed by ATLAS also allow new
bounds to be placed on pair produced color octets that
decay through a one step cascade into jets plus ET6 . How-
ever, the limits have reduced sensitivity because cascade
decays reduce the ET6 in the events [22]. Consider the
following simplified model as a way of studying the ef-
fects of cascade decays on the search for color octets. As
before, there is a color octet Majorana fermion, g̃. In
addition to a neutral, Majorana fermion �0, there is an
intermediate charged fermion, �±. The �± decays to
�0W±(⇤), where the W± is either on-shell or o↵-shell de-
pending on whether the mass splitting between �± and
�0 is greater than or less than mW± . g̃ decays with 100%
branching ratio to q0q̄�±, with equal probabilities for �+

and ��. The mass of �± is taken to be the arithmetic
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FIG. 3: 95% C.L contours of the maximum allowed produc-
tion cross section �(pp ! g̃g̃X) in the mg̃ �m�0 mass plane,
for g̃ directly decaying to �0jj. The contour values are speci-
fied in the right color scale. The dark line corresponds to the
exclusion boundary for models where the gluino is produced
through QCD alone with an NLO cross section (i.e., with
all squarks decoupled so that there are no t-channel squark
exchange diagrams). The dashed-lines delimit the excluded
parameter space of di↵erent models where �(pp ! g̃g̃X) is
given by a simple rescaling of the NLO-QCD cross section.
The red line is the current estimate of Tevatron limits taken
from [8]. The blue line denotes a sample mSUGRA spectrum
where g̃ is the gluino and �0 is the bino.

average of mg̃ and m�0 , m�± = (mg̃ + m�0)/2. This
choice of spectrum is conservative because it reduces the
ET6 nearly maximally. Fig. 4 shows the limits on this sim-
plified model. When the W± goes on-shell, the energy
put into invisible states decreases and there is a precipi-
tous loss of sensitivity. The ATLAS search improves the
limits in this case as well, placing a universal bound of
mg̃ ' 205 GeV on the gluino mass.

III. DISCUSSION

Based on ATLAS’ recent supersymmetry search, new
limits for a color octet particle that decays into jets and
a missing neutral particle were calculated. Surprisingly,
with remarkably low luminosity these searches surpass
the previous limits from Tevatron’s analyses. This is
possible due to a combination of the low cuts on missing
energy, the quality of the detectors and the level of un-
derstanding that the experiments have already gained on
jet energy calibration. In the future, b-jets plus ET6 will
be another important subclass of topologies to search for
and may quickly improve limits over the Tevatron.

This study of the 70 nb�1 ATLAS’ search applies to
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The Simplified Models
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A hot-topic SMS: stop production

αT
 analysis

A lot of interest in a light-stop 
scenario, with other colored 
particles heavy

- Strong penguin not tested in B 
physics
- b→sɣ effect diluted by 
cancellations between charginos and 
charged Higgs

- Search challenging: signal ~ ttbar 
bkg for light (~top) stop
-First results by ATLAS. Hot topic 
for this Winter
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Conclusion
• Lesson from Tevatron taken: CMS and ATLAS fully 

committed to “classic” Jet+MET searches

• In parallel, new directions have been explored, 
exploiting specific features of the signal under 
considerations

• First results showed the power of the new methods. 
More results are coming

• Increasing luminosity and no excess seen moves to 
interest to specific scenarios (eg light stop). 

• Results presented with 1 fb-1. About 5 fb-1 on tape to 
be analyzed for the Winter conferences

26
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Single Lepton Search

jet

jet

jet

jet

muon
MET~g

~g

ℓ

• Require isolated lepton ➞ suppress QCD
• Signature: single lepton (e/μ) + jets + MET
• Challenge: estimating “tails” of ttbar/W+jets MET, HT distributions

example signal:
SUSY with χ± decay 

- Main Bkg from semileptonic ttbar and W+jets (75%)
- Leptonic ttbar with lost lepton (15%) from ttbar dilepton 
- Other bkgs (QCD 1% and mu from taus 10%) estimated from data
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Single-Lepton Bkg

250

350

SUS-11-015

MET (GeV)
MET > 250 GeV MET > 350 GeV

predicted 49.8 ± 8.8 ± 10.8 12.1 ± 4.3 ± 3.6
observed 52 8

nu spectrum = lepton spectrum
Get the MET from the muon pT

CAVEAT: If SUSY has the 
same property the signal 

would be washed out

control region

signal region

μ-channel, ST
lep 250-350 GeV

• Analysis is performed by looking at LP in bins 
of ST

lep =  PT(ℓ) + MET

• A signal would show up ay low LP and high ST
lep 
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OS Dilepton Search

jet

jet

muon+

electron-

MET

example signal:
SUSY with χ2

0 ➞ ℓ+ ℓ- χ0 decay 

} MET

jets

jets

} leptonsℓ
ℓ

~g

~g

• Define two signal regions in tails of 
HT and MET 

• Tail = were expect “a few” SM 
events

• Counting experiment
• Compare OF vs SF yield
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OS Dilepton Search

BKG Estimate 1: use pT(mu)=pT(n) 
method as for 1lep analysis

BKG Estimate 2: use the uncorrelation 
of  HT vs MET/sqrt(HT) (empirical fact seen 
in ttbar data) in a ABCD method
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Z→ℓℓ Search
- Similar to previous analysis, but requires the leptons to make a Z
- Use two methods to control BKGs

Use MET template from ɣ
+jets and multijet events
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SS Dilepton Search
• Three complementary samples

– ee, eµ, µµ high PT (PT>20,10 GeV)
– ee, eµ, µµ low PT (PT>10 for e,  PT> 5  for µ)

• More sensitive to compressed SUSY spectra, but higher BG
– eτ, mτ, ττ (PT>15 for τ, PT>10 for e,  PT> 5  for µ)

• In case New Physics likes taus
• Several signal regions at high MET and HT

– Where we expect only a few SM events
– Chosen with an eye towards possible SUSY features
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• Events with “fake” (non-W/Z) leptons (dominant)
– Must be a data driven BG estimate

• Fake rate method (same as H→WW)
• B tag-and-probe ➞ extract b➞ℓ± isolation distributions from b-enriched 

sample 
– Validated in lower MET, lower HT control region

• Rare SM processes with SS leptons
– Estimate from MC
– ttW, qq➞q’q’W±W±: never measured in pp collisions ➞ measurement critical 

for future SS analysis
• Opposite-sign leptons with charge mis-ID (~10%)

– Charge mis-ID rate validated using same-sign Z sample in data

dominant background: 
ttbar with “fake” lepton 

from b➞ℓ±

SS Dilepton Search
ℓ-

ℓ-

isolated 
lepton

non-isolated 
“fake” lepton
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• Good agreement observed yields vs. both bkg predictions in all 
samples and signal regions ➞ no signs of new physics
– Note sizable contribution from SM SS processes

high PT lepton sample Low PT lepton +  τ ➞ hadrons sample

SS Dilepton Search
single fake
double fake
SM SS processes
charge mis-ID
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Multileptons...
“This is clearly something to watch 
closely over the coming months,” 
physicist Matt Strassler wrote on his 
blog. That’s because these particular 
triple lepton signatures are sometimes 
called the “golden channel” to revealing 
supersymmetry, a theoretical model 
that posits the existence of a heavier 
partner to all known subatomic 
particles in order to solve certain 
problems with the Standard Model.

“We do our best, applying 
different independent approaches and 
make sure they all give consistent 
results, but we need to make more 
cross checks before claiming any 
inconsistency with the Standard 
Model,” wrote physicist Fedor Ratnikov 
of the Karlsruhe Institute of Technology 
in Germany, who presented the CMS 
results at the conference, in an email.
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The Simplified Models
• CMSSM is a very special case, with built-in 

features 

• A generic SUSY can produce more 
challenging situation, eg compressed 
spectra (meaning softer seen jets, 
problems with trigger, etc)

• To study the performances of the searches 
in these scenarios we look at simplified 
models: SUSY-like models with only a few 
(two, at most three) particles
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which starts with a definition and then works towards its consequences, are
directed to skip to section 3 where this approach is taken.

The concrete example which will be used here is taken from [7]. This pa-
per considered an (anomaly mediated) R-parity conserving supersymmetric
model whose key property was that it predicted a lightest chargino nearly
mass degenerate with the lightest neutralino. With particular choices of
model parameters, the only chargino decay mode available was:

χ+
1 → χ0

1π
+. (1)

Events containing two such decays, i.e. events containing two simultaneous
decays of an unseen particle of unknown mass into another invisible particle
of unknown mass and visible particle, are exactly the sort of events that we
hope to analyse with mT2. This we shall now begin to do.

Considering for the moment just one of the decays of the form (1), one
can write the Lorentz invariant statement

m2
χ+

1
= m2

π + m2
χ0

1
+ 2

[

Eπ
T E

χ0
1

T cosh(∆η) − pπ
T · pχ0

1
T

]

(2)

where pπ
T and p

χ0
1

T indicate pion and neutralino 2-vectors in the transverse
plane, and the transverse energies are defined by

Eπ
T =

√

(pπ
T )2 + m2

π and E
χ0

1
T =

√

(p
χ0

1
T )2 + m2

χ0
1

. (3)

Also

η =
1

2
log
[

E + pz

E − pz

]

(4)

is the true rapidity, so that

tanh η = pz/E , sinh η = pz/ET , cosh η = E/ET . (5)

In a hadron collider, only the transverse components of a missing par-
ticle’s momentum can be inferred, so it is useful to define the transverse
mass,

m2
T (pπ

T ,p
χ0

1
T ; mχ0

1
) ≡ m2

π+ + m2
χ0

1
+ 2(Eπ

T E
χ0

1
T − pπ

T · pχ0
1

T ) (6)

which, because cosh(x) ≥ 1, is less than or equal to the mass of the lightest
chargino, with equality only when the rapidity difference between the neu-
tralino and the pion, ∆ηχ0

1π is zero. All other ∆η lead to mT < mχ+
1
, so if we

knew the neutralino momentum, we could use mT to give an event by event
lower bound on the lightest chargino mass. mT was has been used this way
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4

in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.

5

MT2:  two missing particles

40

• If we could see all the particles, we could compute

• If we could measure pT(Χ0), but not pz(Χ0), the best we could do would be

• Since cosh>1,  mT≤m, the equality holding for both pz(Χ0)=0. This means that 
max(mT) has an “edge” at m

• For each event we have two values of mT (two copies of the same decay). Both 
are such that mT<m. This means that max(mT(1), mT(2))<m

•  We only know pT(Χ01)+ pT(Χ02)=ETmiss. A wrong assignment of the missing 
momenta brakes the mT<m condition. But the condition would hold for the 
correct assignment. This means that min(mT)<mT(true)<m.  

• This defined mT2 as
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MT2:  two missing particles
• The variable we have is a function 

of the mass of the LSP

• SUSY characterization: 

• SUSY search:

- Scan the LSP mass and look for the 
  edge developing in your sample 
  of SUSY events (if you have one...)

3

[4] that the whole angular and pT dependence of MT2 is encoded in a variable AT

AT = Evis(1)
T Evis(2)

T + ~p vis(1)
T · ~p vis(2)

T (4)

and that MT2 increases with increasing AT. Therefore, the minimum value of MT2 is reached in
configurations where (pseudo)jets are back-to-back and the maximum when they are parallel
to each other and with a large pT. In the simple case where mc = 0 is chosen and the visible
systems have zero mass, MT2 becomes

(MT2)
2 = 2AT = 2pvis(1)

T pvis(2)
T (1 + cosf12), (5)

where f12 is the angle between the two (pseudo)jets in the transverse plane. It is seen that this
corresponds to the transverse mass of system 1 with an unseen neutral particle of momentum
equal to the momentum of system 2 but opposite to it.

SUSY events with large expected E/T and large acoplanarity will be concentrated in the large
MT2 region. On the contrary, QCD dijet events, being back-to-back, will populate the region
of minimum MT2. This will be zero for massless (pseudo)jets if we choose mc = 0. Hence,
MT2 has a built-in protection against QCD jet mis-measurements, even if they have a large E/T .
However, mismeasured QCD multijet events may give rise to pseudojets away from the back-
to-back configuration, leading to MT2 > 0. For this reason, some protection against E/T from
mis-measurements still needs to be introduced. Furthermore, we find that defining pseudo-
jets as massless may be a good approach towards further suppressing QCD multijet events in
the MT2 tail. Other backgrounds consist of events containing true E/T , as these can lead to
(pseudo)jets away from the back-to-back topology. Candidates are tt̄ or W+jets with leptonic
decays and Z(! nn)+jets.

3 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid 13m in length and 6m
in diameter which provides an axial magnetic field of 3.8 T. The bore of the solenoid is instru-
mented with various particle detection systems. The iron return yoke outside the solenoid is
in turn instrumented with gas detectors which are used to identify muons. Charged particle
trajectories are measured by the silicon pixel and strip tracker, covering 0 < f < 2p in azimuth
and |h| < 2.5, where the pseudorapidity h is defined as h = � log tan(q/2), with q being the
polar angle of the trajectory of the particle with respect to the counter-clockwise beam direction.
A lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass-scintillator hadronic
calorimeter (HCAL) surround the tracking volume and cover the region |h| < 3. A quartz-steel
Cerenkov-radiation-based forward hadron calorimeter extends the coverage to |h|  5. The
detector is nearly hermetic, allowing for energy balance measurements in the plane transverse
to the beam directions. A detailed description of the CMS detector can be found elsewhere [8].

4 Data samples, triggers and event selection
The design of the analysis was developed on the basis of Monte Carlo simulation (MC). The MC
samples were generated with PYTHIA 6.4.22 [9] and MADGRAPH 5 v1.1 [10], and processed
with a detailed simulation of the CMS detector response based on GEANT4 [11]. In order to
have sufficient statistics in the tails of the distributions, also two large statistics Z and W +
jets samples were produced using a parametrized fast detector simulation of the CMS detector
response instead of the GEANT-based simulation. The events were reconstructed and analyzed

41

- Assume a mass value (eg mLSP=0)
- Assume that the visible system in has 0 mass
- An analytical expression for MT2 is found

- The edge is lost but we have an αT-like 
  variable to kill the QCD
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mT2 ππ

mTX(m[χ1
0]) - m[χ1

0] / GeV

Figure 3: Simulations of mTX(mχ0
1
)−mχ0

1
for X = 2, 3, 4 using a

simple phase-space Monte-Carlo generator program for a pair of
decays q̃ → χ+

1 q followed by χ+
1 → χ0

1 π or χ+
1 → χ0

1 e νe. As the
number of invisible particles increases, the proportion of events
near the upper limit decreases. Within the figure, subscripts are
indicated by square brackets.

those containing one of the following:

χ±
1 χ±

1 → {π±χ0
1π

±χ0
1, or e±νχ0

1π
±χ0

1, or e±νχ0
1e

±νχ0
1} .

The events had been produced by a phase-space-only Monte-Carlo generator.
Three distributions of the quantity mTX , defined in (14), were then generated
from each of these sets of events. Using the number of missing particles to
categorise these events, the values of mTX measured in each case are referred
to as mT2, mT3 and mT4. The resulting distributions for mTX(mχ0

1
) − mχ0

1

are shown in figure 3.
It has already been mentioned that a key property of mT2 is that the

kinematic endpoint of its distribution occurs at mmax
T2 (mχ0

1
) = mχ+

1
and so

it is reassuring to see in figure 3 that a large number of events reach this
endpoint. In the vicinity of the endpoint, the edge is seen to be sharp and
near vertical. This shows that at the partonic level a measurement of mmax

T2

would provide an excellent constraint on the masses of the sparticles involved.
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