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Search for supersymmetry in 
hadronic final states using MT2 with 
the CMS detector
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very recently CMS approved analysis:
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hadronic SUSY searches in CMS
✦ if SUSY comes with a stable dark matter candidate and if it is in reach of the LHC energy, it can be 

observed in final states containing jets and missing transverse energy MET (due to an unobserved LSP) 

✦ why searching for SUSY in fully hadronic final states?
‣ most sensitive to SUSY since it only relies on the strong production

of the squarks and gluinos.

✦ this motivates a search based on jets and missing transverse energy

✦ the difficulty is to control the large Standard Model backgrounds
‣ much larger backgrounds compared to leptonic searches
‣ especially need to control the QCD background

✦ there are various hadronic SUSY searches in CMS
‣ either based on classical MET and HT or different kinematic variables (αT, Razor,  MT2  )
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from MT to MT2
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✦ let’s recall the discovery of the W-boson in UA1
‣ in the decay W(eν), the W-mass is accessible via its 

transverse projection MT

‣ MT has an endpoint at the true W-mass

✦ at the LHC, assuming R-Parity conservation, SUSY 
events give rise to two decay chains (legs) with an 
unobserved child (c1 and c2) at each end. 

✦ the “stransverse mass” MT2 was introduced as an 
extension of the transverse mass MT for the SUSY case 
of one unobserved particle from each decay chain.
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what is MT2 ?
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✦ MT2 remains a function of the mass of the 
unobserved child mc

✦ in case mc were known, the endpoint of MT2 
would correspond to the parent mass mp. 

✦ MT2 was designed to measure SUSY masses once an excess is observes
‣ here we use it purely as a discovery variable to distinguish between SM and SUSY-like events
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why MT2 in a hadronic search?
✦ in the simplified case of no ISR / upstream transverse momentum and zero masses of the visible systems 

and the unobserved particles, we have 

✦ from this we know:
‣ MT2 = 0 for back-to-back systems
‣ MT2 ≈ MET for symmetric systems i.e. 

✦ (symmetric) signal like events have MT2 ≈ MET  

✦ QCD with no genuine MET:
‣ well measured events give back-to-back (pseudo)-jet,

hence MT2 ≈ 0
‣ nearly back-to-back but asymmetric (i.e. imbalanced) 

(pseudo)-jets are typical for QCD mis-measurements. 
in this case MT2 < MET.
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analysis strategy
✦ this is a tail search for SUSY based on HT (large hadronic activity) and MT2 

(where the “usual” cut on MET is replaced by a cut on MT2)
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 event display here

✦ two lines of approach:

✦ “high MT2 analysis” with a hard cut on MT2

‣ sensitive to SUSY-like signals with large HT and large MET
✦ “low MT2 analysis” with a lower cut on MT2

‣ targeting SUSY-like signals with relatively little MET

✦ on the right you see an example for the kind of 
events we are looking for

✦ cut and count experiment: 
‣ select events with large HT (significant hadronic activity) and use MT2 as a search variable
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analysis strategy: high MT2 analysis
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✦ high MT2 analysis
‣ at least 3 jets
‣ HT > 600 GeV
‣ MT2 > 300 GeV

✦ low MT2 region is dominated by QCD
‣ at high MT2, the QCD contamination is 

very small
✦ at high MT2, the dominant backgrounds are:
‣ leptonic W+jets decays where the lepton 

is “lost” 
(not isolated or outside the acceptance)

‣ invisible Z(νν)+jets decays.
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✦ second line of approach: increase the sensitivity to SUSY signals with heavy squarks and light gluinos, 
where relatively little MET is produced
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✦ low MT2 analysis
‣ at least 4 jets
‣ at least 1 b-tagged jet
‣ HT > 650 GeV
‣ MT2 > 150 GeV

analysis strategy: low MT2 analysis

✦ this gives a different composition of the 
dominant backgrounds
‣ W+jets and Z(νν) largely reduced
‣ ttbar is the dominant background 

(predominantly semi-leptonic ttbar
with a “lost lepton” or hadronic tau 
decays)
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background prediction strategy
✦ we need a reliable and robust background 

estimate in the signal region for 
MT2 > 400 GeV
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✦ QCD background estimated very 
conservatively from data

✦ EWK and Top MC calibrated to data in the 
EWK dominated region 
(200 < MT2 < 400 GeV).

✦ data driven methods to assign 
uncertainties to the individual 
components of EWK and Top backgrounds 
in the EWK control region
‣ in the signal region, scale the data-driven 

uncertainties according to MC ratio 
of uncertainties in control and 
signal regions
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QCD estimate

✦ QCD events with large MT2 have large MET and thus small min∆φ(jets, MET). 
✦ we predict the QCD contamination in the signal region (at min∆φ > 0.3) 

from a QCD enhanced control region (at min∆φ<0.2).
✦ since min∆φ and MT2 are correlated, we need to know the functional form 
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✦ the QCD background in the signal region is small compared to the electroweak backgrounds
‣ need to extract an upper limit on the QCD contamination in the signal region to be ready for a 

discovery! 
✦ well measured QCD events do not have MET=MT2=0: MET comes from mis-measurements!
‣ an under-measured jet produces a MET-vector aligned with the jet               small ∆φ(jet, MET)

QCD SUSY

r(MT2) =
N(min�� ⇤ 0.3)

N(min�� ⇥ 0.2)

= exp (a� b ·MT2) + c
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W+jets and ttbar lost lepton background

✦ electroweak and ttbar backgrounds in tail of MT2  must have large MET
‣ W(lν) and (semi)-leptonic ttbar with a high pT ν
‣ this background can be largely reduced by vetoing events with electrons and muons

✦ remaining background
‣ hadronic τ-decays
‣ e or μ outside the acceptance 
‣ e or μ not isolated or not identified

✦ we estimate the “lost lepton” contribution from W+jets and 
semi-leptonic ttbar from electrons or muons

11

} lost lepton

W pass veto

e,µ

= (Nreco

e,µ

�N bg

e,µ

)
1� "

e,µ

"
e,µ

✦ εe, μ: probability for a W(lν) event to have a e or μ reconstructed
(taken from MC)
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Z(νν) background for high MT2 analysis

✦ the dominant SM contribution to the MT2 tail in the “high MT2 analysis” is due to Z(νν)+jets
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✦ Z(l+l-) with removed leptons
‣ statistically very limited :(
‣ very much data-driven: same kinematics

✦ W(μν) with removed lepton
‣ enough statistics
‣ need correction factor to account for 

different kinematics: determined from MC
✦ only used as a

cross-check
✦ main method
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Z(νν) background estimate from W(μν)
✦ W(μν) enriched sample is obtained with all the selection cuts and:
‣ request of exactly 1 muon
‣ b-tag veto to suppress ttbar background 
‣ 200 < MT2 < 400 GeV (control region)

✦ Z(νν) events are mimicked by removing the muon 
(adding it to the MET-vector) and 
recomputing relevant quantities

✦ Z(νν) background estimated as:
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comparing 
MT2 shapes 
for Z(νν) and 
W(μν) in 
simulation
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Figure 30: Invariant mass distributions for the (µµ)
final state from the MC compared to data.
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Figure 31: Same plot as on the left but for the (ee)
final state.
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ll
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ll

(Z) 24.68 28.73
NMC

ll

(BG) 2.06 2.371
"
acc

0.6705
"
reco

0.718 0.783
Zpred

⌫⌫

MC 329.7 ± 60.14 (sys) 341.2 ± 61.56 (sys)
Zpred

⌫⌫

data 239.6± 59.73 (stat) ± 43.71 (sys) 292.4 ± 61.69 (stat) ± 52.76 (sys)
Zpred

⌫⌫

data, combined 266± 42.93 (stat) ± 36.05 (sys)
Z
⌫⌫

MC (FastSim) 348.4

Table 8: Data-driven estimate of the Z ! ⌫⌫̄ background from opposite-sign di-electron and di-muon
events. The MC closure test is also shown. For this estimate, all selection cuts are applied but no cut on
M

T2

is introduced (due to a lack of statistics in opposite-sign di-lepton events).

9.5.2 Data-driven background estimate of Z ! ⌫⌫̄ from W+jets768

The Z ! ⌫⌫̄ background can also be estimated from the number of W+jets events in the muon channel.769

Since the statistics of W ! µ⌫ events is much larger than the one of Z ! l+l� events, the method from770

W ! µ⌫ events allows a much more precise estimation of the Z ! ⌫⌫̄ background and will thus be used771

to assign an uncertainty on the Z ! ⌫⌫̄ background in the M
T2

signal region. This is a well studied772

method in various analyses in the CMS Collaboration (see e.g. [30]), and takes profit of the fact that,773

excluded the lepton, the jet kinematics of W + jets and Z + jets events are very similar.774

As described in the previous section, some quantities have to be corrected for the lepton presence,775

namely MET , M
T2

and relative quantities, in order to describe the same kinematics. With an obvious776

notation, the estimate can be described as:777

N
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·R
ZW

(18)

where:778

• ✏
acc

is the muon acceptance, measured from MC;779

• ✏
reco/iso

is the muon reconstruction and isolation, taken from data using the Tag & Probe method.780

• R
ZW

accounts for the di↵erences between the Z and the W in the shape of distributions on which781

cuts are applied, and the cross sections ratio.782

Fig. 32 and 33 shows the H
T

and M
T2

distributionss and the relative ratio for W (µ⌫) and Z(⌫⌫)783

simulations. One can see that the ratio is flat within the statistics.784
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results for High MT2 Analysis

✦ data compared to simulation 
“out-of-the-box”.
‣ simulation scaled to 1.1 fb-1

‣ good agreement between 
data and simulation for low 
MT2 (QCD dominated) as 
well as in the EWK 
dominated region.

14

0 200 400 600

-110

1

10

210

310

410

510
QCD
W+jets

Z+jets

Top

LM6

data

-1 = 7 TeV, L = 1.1 fbs Analysis        CMS Preliminary, T2High M

E
v

e
n

ts

T2M



Pascal Nef

results for Low MT2 Analysis

✦ data compared to simulation 
“out-of-the-box”.
‣ simulation scaled to 1.1 fb-1

‣ limited statistics in control 
region 100 < MT2 < 150 GeV

‣ good agreement between 
data and simulation for low 
MT2 (QCD dominated) as 
well as in the Top 
dominated region.
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results for High and Low MT2 Analyses
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due to down-fluctuation of data in the 
control region 100 < MT2 < 150 GeV

✦ results for 1.1 fb-1 of integrated luminosity:

Search MC bkg prediction Data Final bkg prediction
High MT2 10.6 12 12.6± 1.3 (stat)± 3.5 (sys)
Low MT2 14.3 19 10.6± 1.9 (stat)± 4.8 (sys)
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interpretation
✦ model independent limits on a signal are derived:

‣ upper limits at 95% C.L. on cross-section times branching ratio within our acceptance
(using CLs method with a Gaussian for the nuisance parameters).
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14 8 Exclusion limits

Table 5: Expected signal event yields after various MT2 cuts for events with relaxed cuts and at
least one b-tagged jet. The last line gives the efficiency for the signal after the cut MT2 � 150
GeV.

Process LM1 LM2 LM3 LM4 LM5 LM6 LM7 LM8 LM9
After full selection 147.6 34.4 318.2 117.3 45.7 11.1 17.5 82.0 173.6
MT2 > 80 GeV 120.2 29.9 231.8 91.2 37.2 9.7 10.9 63.2 97.5
MT2 > 100 GeV 112.0 28.6 206.6 83.6 34.7 9.3 9.2 57.5 80.0
MT2 > 120 GeV 103.6 27.0 182.6 76.5 32.0 8.9 7.5 52.4 63.4
MT2 > 150 GeV 91.3 24.7 150.7 65.3 28.4 8.3 5.4 44.6 42.9
MT2 > 200 GeV 70.1 20.6 106.1 49.1 23.0 7.1 3.2 33.2 22.4
MT2 > 250 GeV 49.9 17.2 71.0 36.2 18.2 6.1 1.7 24.5 10.9
MT2 > 300 GeV 34.9 13.4 47.1 25.8 14.2 5.1 0.9 17.5 5.1
MT2 > 350 GeV 21.7 10.5 30.6 17.9 10.7 4.1 0.4 12.2 2.5
Efficiency (150 GeV), % 1.2 2.7 2.8 2.3 3.9 1.8 0.4 3.8 0.4

8 Exclusion limits
The analyses described above showed no excess of event above the SM background expecta-
tions. Rather, the data are in agreement with the MC prediction of the SM backgrounds. So, we
proceeded to put upper limits on a potential signal. After correcting for efficiencies, when ap-
plicable, and taking the systematic uncertainties into account, a 95% upper limit on the number
of events has been computed using a CLs formulation [19]. Given the knowledge of the inte-
grated luminosity, assumed to be known with a precision of 4.5%, this limit can be converted
into a limit on the cross section times branching ratio within our acceptance.

Based on the numbers of events in Sect. 6 and 7, upper limits at 95% C.L. on the signal cross
section times branching ratio within the acceptance are derived using a Gaussian function for
the nuisance parameters. Results are summarized in Table 6. It was checked that the limits are

Table 6: Upper limit from the background events on the signal cross section times branching
ratio within the acceptance for 1.1 fb�1of integrated luminosity.

Process s⇥ BR (pb)
observed limit expected limit

High MT2 analysis 0.010 0.011
Low MT2 analysis 0.020 0.014

not significantly different when using, instead of a Gaussian function, a Lognormal or Gamma
function for the nuisance parameters. These limits may be useful to make simple tests of new
models, using the acceptance cuts summarized in Appendix A. For the low MT2 analysis, the
b-tagging efficiency was taken as part of the acceptance when computing the limit shown in
the table. Correcting for the (52± 6)% b-tagging efficiency would yield an observed (expected)
limit of 0.039 (0.025) pb.

Given the observed and MC predicted numbers of events and the 1.1 fb�1of integrated lumi-
nosity, Table 7 lists some of the LMx points which are excluded or not. It is seen that the High
MT2 analysis excludes LM1 to LM6 and LM8 but does not exclude LM7 and LM9. By com-
paring to Table 5 it is seen that LM8 and LM9 are excluded by the analysis with relaxed MT2
cuts. Point LM7 is excluded by none of the analyses, but it is located at m0 = 3000 GeV. It is

✦ exclusion limits at 95% C.L. have 
been determined in the 
mSUGRA/CMSSM (m0, m1/2) plane:
‣ results are shown for 
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summary

✦ motivated the use of the “stransverse” mass MT2 to separate SM from SUSY like events

✦ presented a new search for SUSY in fully hadronic final states with the CMS detector 
using 1.1 fb-1 of data
‣ this is a tail search based on HT and MT2

✦ the analysis follows two lines of approach:
‣ high MT2 analysis: for signal with large MET
‣ low MT2 analysis: for signals with large HT but relatively low MET

✦ no signal has been observed. exclusion limits in the CMSSM plane have been set. 

✦ more info ...
‣ given on our public Twiki-page
‣ public CMS Physics Analysis Summary can be found on the  CERN document server
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS11005
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS11005
http://cdsweb.cern.ch/record/1377032
http://cdsweb.cern.ch/record/1377032

