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Supersymmetry today
• Supersymmetry (SUSY) offers 

a clear and elegant solution to 
the hierarchy problem

• Many null results, but…

• …searches targeting third 
generation sfermions yield 
important insights into 
naturalness

• …many viable extensions 
of the minimal model 
(MSSM) exist

• …the 125-GeV Higgs 
boson gives new impetus 
to searches targeting the 
SUSY Higgs sector
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CMS SUSY and non-SM Higgs searches
• MT2 all-hadronic

• Inclusive search with enormous reach 
in squark and gluino mass

• Use of robust data-driven background 
estimations

• Dilepton edge fit

• Mostly independent of jet energy scale 
and resolution uncertainties

• Broad applicability within SUSY

• 4-W final state combination

• Demonstrates the power of combining 
channels to extend exclusion limits

• b-tagged razor

• Novel discriminating variables allow 
the SM background to be 
parametrized by a simple function

• Excellent rejection of QCD multijet 
backgounds

• Lepton flavor violating Higgs

• Direct search with order of magnitude 
better reach than previous indirect 
limit

• Standard control region techniques 
and data-driven backgrounds

• Low-ET mono-photon

• Difficult kinematic region to trigger ⇒ 
dedicated parked data trigger

• Higgs + single top

• Very small cross section ⇒ 
multivariate discriminators necessary

• High mass pseudoscalar A→Zγ

• Clean signal well suited to CMS’s 
strengths
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For the latest CMS results on SUSY and related topics, see 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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MT2 all-hadronic
• Combination of 123 signal regions defined by light jet 

multiplicity, b jet multiplicity, MET, HT, and MT2

• MT2 accesses the mass of pair-produced particles that 
both decay via an undetected massive particle

• HT and MET triggers

• Anti-kT R = 0.5 (“AK5”) particle flow jets corrected for charged 
and neutral energy from overlapping pp interactions (“pileup”)

• Isolated charged lepton veto

• Critical background from W/Z/top→leptons where the 
lepton is lost
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MT2 all-hadronic: results
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MT2 all-hadronic: interpretation

• Limits from a 
combination of 
relevant signal 
regions

• Furthest reach in 
gluino mass

• Observed limit worse 
than expected limit for 
sbottom mass likely 
due to downward 
fluctuation in lost 
lepton control sample
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Dilepton edge fit

• e+e-/μ+μ- (Z* decay or decay via slepton) + jets (sbottom decay) 
+ MET (lightest neutralino)

• Isolated, non-overlapping leptons with pT > 20 GeV

• AK5 particle flow jets with corrected pT > 40 GeV and |ηj| < 3.0

• Focus here on the central region (|ηl| < 1.4)

• Backgrounds

• Drell-Yan di-electron and di-muon pairs

• tt, WW, Drell-Yan di-tau, tW, b/c decays to leptons, and jet 
fakes: all result in ee/μμ as often as eμ
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Figure 1: Event diagrams for the (left) “fixed-edge”, and (right) “slepton-edge” scenarios, with
eb a bottom squark, ec0

2 the second lightest neutralino, ec0
1 a massive neutralino LSP, and è an

electron- or muon-type slepton. For the slepton-edge scenario, the Z boson can be either on- or
off-shell, while for the fixed-edge scenario it is off-shell.
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Figure 2: Event diagram for the “GMSB” scenario, with eg a gluino, ec0
1 the lightest neutralino,

and eG a massless gravitino LSP.

(fixed-edge, slepton-edge, GMSB), the Z boson decays according to its SM branching frac-
tions. To reduce computational requirements, the detector response is simulated using the
CMS fast simulation [15]. Differences in the lepton reconstruction and identification efficien-
cies between the fast and a “full” simulation, where the full simulation is based on process-
ing through the GEANT4 [16] programs, are corrected using scale factors. The expected signal
event rates are normalized to cross sections calculated at the next-to-leading order (NLO) in the
strong coupling constant, including the resummation of soft gluon emission at next-to-leading-
logarithmic (NLO+NLL) accuracy [17–22].

4 Event selection, reconstruction, and search strategy

We select events with an oppositely charged lepton pair (e+e�, e±µ⌥, or µ+µ�). The leptons are
required to have pT > 20 GeV and |h| < 2.4, where h is the pseudorapidity [1]. In events with
more than two selected leptons, we choose the two oppositely charged leptons with highest pT.
The background estimation techniques employed in this analysis rely, in part, on a symmetry
between lepton pairs with the same flavor compared to those with opposite flavor (OF), where
OF refers to e±µ⌥ combinations. It is therefore desirable that the reconstruction efficiencies of
electrons [23] and muons [24] be as similar as possible. For this reason, we exclude leptons
in the intervals 1.4 < |h| < 1.6 between the barrel and endcap regions of the detector [1],
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Dilepton edge fit: results

8

11

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

20

40

60

80

100

120

140

160

180

200

Data
Fit
FS
DY
Signal

CMS  (8 TeV)-119.4 fb

SF central leptons

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3  [GeV]llm

50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV
20

40

60

80

100

120

140

160

180

200
CMS  (8 TeV)-119.4 fb

OF central leptons

Data
Fit

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

20

40

60

80

100

120

140

160

180

200

Data
Fit
FS
DY
Signal

CMS  (8 TeV)-119.4 fb

SF forward leptons

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3  [GeV]llm

50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

20

40

60

80

100

120

140

160

180

200
CMS  (8 TeV)-119.4 fb

OF forward leptons

Data
Fit

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3

Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape is
shown as a blue, solid line. The individual fit components are indicated by dashed lines. The
flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan (DY)
background is displayed with a red dashed line. The extracted signal component is displayed
with a green dashed line.

Local 
significance:
2.4σ

Simultaneous fit ⇒ 
same background 
shape

Drell-Yan component
• Exponential (low-mass 

side) + Breit-Wigner ⊗ 
crystal ball

• Shape parameters fixed 
to values determined in fit 
to control region

• Normalization left floating

tt (i.e. eμ) component
• Power law for the low-mass 

side
• Exponential for the high-

mass side
• Low→high mass transition
• ee, μμ, and eμ regions fit 

simultaneously

Signal component
• Triangle convolved with 

Gaussian
• Edge position and 

normalization left floating

Simultaneous extended un-binned maximum 
likelihood fit to di-lepton invariant mass

Best-fit edge position (~ mΧ20 - mΧ10): 78.7 ± 1.4 GeV
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Dilepton edge fit: cross checks
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12 8 Uncertainties in signal modeling

for the location of the edge (m`` = 78.7 GeV). The flavor of the `+`� pair was studied in the
counting experiment. Within the statistical uncertainty and accounting for differences in the
reconstruction efficiencies, the electron and the muon channels are found to contribute evenly
to the excess. Further studies of the excess in the low-mass region do not yield evidence for a
neglected systematic term. The excess is observed predominantly in events with at least one
identified bottom quark jet (b jet) and diminishes if a veto on the presence of a b jet is applied.
To identify b jets, we use the CSV algorithm at the medium working point [35].

Figure 6 presents a comparison of the data and the SM simulation in the central region. Expecta-
tions for the fixed-edge bottom-squark pair-production scenario of Fig. 1 (left), with mass com-
binations (meb,mec0

2
) = (225, 150) GeV, (350, 275) GeV, and (400, 150) GeV for the bottom squark

and ec0
2 , are also shown. The first scenario presents the illustration of a model that can easily

be excluded, while the other two present examples of models that are consistent with our data.
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Figure 5: Comparison between the observed and estimated SM background dilepton mass
distributions in the (left) central and (right) forward regions, where the SM backgrounds are
evaluated from control samples (see text) rather than from a fit. The rightmost bins contain the
overflow. The vertical dashed lines denote the boundaries of the low-mass, on-Z, and high-
mass regions.

The results from the dedicated on-Z counting experiment mentioned in Section 4 are presented
in Tables 4 and 5 for events with Njets � 2 and Njets � 3, respectively. The corresponding Emiss

T
distributions are shown in Fig. 7. The data are seen to agree with the SM predictions across the
full Emiss

T spectrum.

8 Uncertainties in signal modeling

Systematic uncertainties associated with the estimation of the SM background are discussed
in Section 5. This section describes uncertainties in the signal modeling. The impact of the

13

Table 3: Results of the edge-search counting experiment for event yields in the signal regions.
The statistical and systematic uncertainties are added in quadrature, except for the flavor-
symmetric backgrounds. Low-mass refers to 20 < m`` < 70 GeV, on-Z to 81 < m`` < 101 GeV,
and high-mass to m`` > 120 GeV.

Low-mass On-Z High-mass

Central Forward Central Forward Central Forward

Observed 860 163 487 170 818 368

Flavor-symmetric 722 ± 27 ± 29 155 ± 13 ± 10 355 ± 19 ± 14 131 ± 12 ± 8 768 ± 28 ± 31 430 ± 22 ± 27
Drell–Yan 8.2 ± 2.6 2.5 ± 1.0 116 ± 21 42 ± 9 2.5 ± 0.8 1.1 ± 0.4

Total estimated 730 ± 40 158 ± 16 471 ± 32 173 ± 17 771 ± 42 431 ± 35

Observed�estimated 130+48
�49 5+20

�20 16+37
�38 �3+20

�21 47+49
�50 �62+37

�39

Significance 2.6 s 0.3 s 0.4 s <0.1 s 0.9 s <0.1 s
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Figure 6: Data compared with SM simulation for the SF (left) and OF (right) event samples in
the central region. Example signal scenarios based on the pair production of bottom squarks
are shown (see text). In the ratio panel below each plot, the error bars on the points show the
statistical uncertainties of the data and MC samples, while the shaded band indicates the MC
systematic uncertainty.
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Dilepton edge fit: interpretation
• mΧ20 - mΧ10 = 70 GeV 

(motivated by fit result)

• Kinematic phase space 
limitation in BR(b→Χ20b) 
as Χ20 gets heavier

10

16 10 Summary

motivated by the observed excess in the low-mass region of the counting experiment. Bottom-
squark masses between 200 and 350 GeV are probed, depending on the value of the ec0

2 mass.
In the slepton-edge scenario, the ec0

1 mass is set to 100 GeV, leaving the position of the edge as
a free parameter that approximately corresponds to the mass difference between the ec0

2 and ec0
1

. The branching fraction into dilepton final states is larger than in the fixed-edge scenario, and
bottom-squark masses between 450 and 600 GeV are probed, again depending on the value of
the ec0

2 mass. The loss of sensitivity seen in Fig. 8 (right) for ec0
2 masses around 250 GeV occurs

because the peak of the triangular signal shape lies within, or close to, the gaps in acceptance
between the low-mass and on-Z, or the on-Z and high-mass signal regions.
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Figure 8: Exclusion limits at 95% CL for the fixed- (left) and slepton-edge (right) scenarios in
the meb-mec0

2
plane. The color indicates the excluded cross section for each considered point

in parameter space. The intersections of the theoretical cross section with the expected and
observed limits are indicated by the solid and hatched lines. The 1 standard deviation (s)
experimental and theoretical uncertainty contours are shown as dotted lines.

The results from the dedicated on-Z signal regions are used to place limits on the GMSB sce-
nario. In this scenario, there are two free parameters: the masses of the gluino (meg) and the
ec0

1 (mec0
1
). As signal events typically have large jet multiplicities, the exclusive bins requir-

ing Njets � 3 and Emiss
T in the ranges 100 < Emiss

T < 200 GeV, 200 < Emiss
T < 300 GeV, and

Emiss
T > 300 GeV are used. The results are shown in Fig. 9 in the plane of mec0

1
versus meg. These

results probe gluino masses up to about 900–1100 GeV depending on the ec0
1 mass. The limit is

least stringent when mec0
1

is close to the Z boson mass.

10 Summary

We have presented a search for physics beyond the standard model in the opposite-sign dilep-
ton final state using a data sample of pp collisions collected at a center-of-mass energy of 8 TeV,
corresponding to an integrated luminosity of 19.4 fb�1 , recorded with the CMS detector in
2012. Searches are performed for signals that either produce a kinematic edge, or a peak at the
Z boson mass, in the dilepton invariant mass distribution. For regions dominated by flavor-
symmetric backgrounds, i.e., backgrounds that produce opposite-flavor events (e+µ�, e�µ+)
as often as same-flavor events (e+e�, µ+µ�), we achieve a precision of about 5% (10%) for the
estimated number of standard model background events in the central (forward) lepton rapid-
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squark masses between 200 and 350 GeV are probed, depending on the value of the ec0
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1 mass is set to 100 GeV, leaving the position of the edge as
a free parameter that approximately corresponds to the mass difference between the ec0

2 and ec0
1

. The branching fraction into dilepton final states is larger than in the fixed-edge scenario, and
bottom-squark masses between 450 and 600 GeV are probed, again depending on the value of
the ec0

2 mass. The loss of sensitivity seen in Fig. 8 (right) for ec0
2 masses around 250 GeV occurs

because the peak of the triangular signal shape lies within, or close to, the gaps in acceptance
between the low-mass and on-Z, or the on-Z and high-mass signal regions.
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Figure 8: Exclusion limits at 95% CL for the fixed- (left) and slepton-edge (right) scenarios in
the meb-mec0

2
plane. The color indicates the excluded cross section for each considered point

in parameter space. The intersections of the theoretical cross section with the expected and
observed limits are indicated by the solid and hatched lines. The 1 standard deviation (s)
experimental and theoretical uncertainty contours are shown as dotted lines.

The results from the dedicated on-Z signal regions are used to place limits on the GMSB sce-
nario. In this scenario, there are two free parameters: the masses of the gluino (meg) and the
ec0

1 (mec0
1
). As signal events typically have large jet multiplicities, the exclusive bins requir-

ing Njets � 3 and Emiss
T in the ranges 100 < Emiss

T < 200 GeV, 200 < Emiss
T < 300 GeV, and

Emiss
T > 300 GeV are used. The results are shown in Fig. 9 in the plane of mec0

1
versus meg. These

results probe gluino masses up to about 900–1100 GeV depending on the ec0
1 mass. The limit is

least stringent when mec0
1

is close to the Z boson mass.

10 Summary

We have presented a search for physics beyond the standard model in the opposite-sign dilep-
ton final state using a data sample of pp collisions collected at a center-of-mass energy of 8 TeV,
corresponding to an integrated luminosity of 19.4 fb�1 , recorded with the CMS detector in
2012. Searches are performed for signals that either produce a kinematic edge, or a peak at the
Z boson mass, in the dilepton invariant mass distribution. For regions dominated by flavor-
symmetric backgrounds, i.e., backgrounds that produce opposite-flavor events (e+µ�, e�µ+)
as often as same-flavor events (e+e�, µ+µ�), we achieve a precision of about 5% (10%) for the
estimated number of standard model background events in the central (forward) lepton rapid-
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MSSM 4-W final states: sbottom production
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b-tagged razor

• Razor variables efficiently reject QCD multijet backgrounds and estimate the mass scale of 
new particles

• R
2
-MR triggers allow lower jet and lepton pT compared to single- or di-object triggers

• Events divided into 0-lepton, 1-lepton, and 2-lepton boxes; each box further subdivided into 
exclusive Nb bins

• Backgrounds: V + jets (maximum 25%) and tt

• Maximum likelihood fit to background model f(MR, R
2
) in sideband regions extrapolated to 

signal region
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Figure 3: Definition of the sideband and the signal-sensitive regions used in the analysis, for
(left) the hadronic boxes and (right) the other boxes.

from SM V+jets events (with V a W or Z boson) and SM top quark-antiquark and single-top
events, where the events with a top quark are generically referred to as the tt contribution.
Based on MC studies, the contributions from other processes are determined to be negligible.

We study each of these processes using MC samples, generated with the MADGRAPH v5 sim-
ulation [41, 42]. Parton shower and hadronization effects are included by matching events to
the PYTHIA v6.4.26 simulation [65] using the MLM algorithm [43]. The events are processed by
a GEANT-based [66] description of the CMS apparatus in order to account for the response of
the detector.

Once normalized to the NLO inclusive cross section and the integrated luminosity, the absolute
yield of the V+jets events contribution satisfying the event selection is found to be negligible in
all of the two-lepton boxes. In the remaining boxes, its contribution to the total SM background
is found to be approximately 25%. The contribution of V+jets events in the �2 b-tag and the �4
jet sample is found to be negligible. The remainder of the background in each box originates
from tt events.

Based on the study of the data collected at
p

s = 7 TeV and the corresponding MC sam-
ples [36, 37], the two-dimensional probability density function PSM(MR, R2) for each SM pro-
cess is found to be well described by the empirical function

f (MR, R2) =
⇥
b(MR � M0

R)
1/n(R2 � R2

0)
1/n � 1

⇤
e�bn(MR�M0

R)
1/n(R2�R2

0)
1/n

, (4)

where b, n, M0
R, and R2

0 are free parameters of the background model. For n = 1, this func-
tion recovers the two-dimensional exponential function used for previous studies [36, 37]. The
shape of the empirical function is determined through a ROOFIT-based extended and unbinned
maximum likelihood fit to the data [67]. Two kinds of fit are performed: (i) a sideband-only fit,
which is extrapolated to the signal region in order to test for the presence of a signal (discussed
in the remainder of this section), and (ii) a simultaneous fit to the signal and sideband regions,
performed both under the background-only and background-plus-signal hypotheses, which is
used for the interpretation of the results (Section 7). In both cases, the empirical function is
found to adequately describe the SM background in each of the boxes, for each b-tagged jet
multiplicity value.

The SM background-only likelihood function for the two-lepton boxes is written as:

L(data|Q) =
e�NSM

N!

N

’
i=1

NSMPSM(MR(i)), R2
(i)), (5)

where PSM(MR, R2) is the empirical function in Eq. (4) normalized to unity, NSM is the corre-
sponding event yield, Q is the set of background shape and normalization parameters, and the
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1 Introduction

Supersymmetry (SUSY) is a proposed symmetry of nature that introduces a bosonic (fermionic)
partner for every standard model (SM) fermion (boson) [1–9]. Supersymmetric extensions of
the SM that include a stable new particle at the electroweak scale are well motivated because
they may explain the origin of dark matter and allow for the grand unification of strong and
electroweak forces. The discovery of the Higgs boson [10–12] at the CERN LHC has renewed
interest in “natural” SUSY models, which minimize the fine-tuning associated with the ob-
served value of the Higgs boson mass and its radiative corrections. In the typical spectrum of
these models, the lightest neutralino and chargino are the lightest (LSP) and next-to-lightest
(NLSP) SUSY particles, respectively [13–18]. Charginos and neutralinos are fermions, corre-
sponding to a quantum mixture of the SUSY partners of the electroweak and Higgs bosons.
The bottom and top squarks are the lightest squarks. The gluino is heavier than these particles
but potentially accessible at the LHC. Events are thus characterized by an abundance of jets
originating from the hadronization of bottom quarks, a feature that we exploit in this study.
Previous searches for natural SUSY by the CMS [19–23] and ATLAS Collaborations [24–28] at
the LHC have probed gluino masses up to 1300 GeV and top squark masses up to 700 GeV
under the assumptions of specific decay modes for the SUSY particles.

We present an inclusive search for gluinos and top squarks in the context of natural SUSY.
Natural SUSY spectra consist of a gluino, the third-generation squarks, and a chargino and
a neutralino, representing the minimum particle content needed in SUSY theories to stabilize
the Higgs boson mass. Within the context of natural SUSY, several simplified models [29–33]
are considered (Section 2), defined by a specific production mechanism of SUSY particle pairs,
with at most two decay channels for each production mode.

The search is performed using events with two or more jets, at least one of which is identified
as originating from a bottom quark (jet b tagging). The study is based on the data collected by
the CMS Collaboration in proton-proton collisions at

p
s = 8 TeV in 2012, corresponding to an

integrated luminosity of 19.3 fb�1. We distinguish the signal from the SM background through
their different shapes in the razor variables MR and R2 [34, 35].

The razor variables MR and R2 are motivated by the generic process of the pair production
of two heavy particles (e.g., squarks or gluinos), each decaying to an undetected particle (the
stable, weakly interacting LSP ec0

1) plus visible particles. The LSP is assumed to escape without
detection, leading to an imbalance~pmiss

T in the momentum perpendicular to the beam axis. Each
event is treated as a dijet-like event and the four-momenta of the two jets are used to compute
MR and MR

T, defined as

MR ⌘
q
(|~pj1 |+ |~pj2 |)2 � (pj1

z + pj2
z )2, (1)

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T )� ~pmiss
T · (~p j1

T + ~p j2
T )

2
, (2)

where ~pji , ~p
ji
T , and pji

z are the momentum of the ith jet, its transverse component with respect
to the beam axis, and its longitudinal component, respectively, with Emiss

T the magnitude of
~pmiss

T . While MR
T quantifies the transverse momentum imbalance, MR estimates the mass scale

of new-physics particle production in the event. The razor dimensionless ratio is defined as

R ⌘ MR
T

MR
. (3)
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Figure 4: Comparison of the expected background and the observed yield in the (upper left)
MuEle, (upper right) MuMu, and (bottom) EleEle boxes. A probability density function is
derived for the bin-by-bin yield using pseudo-experiments, sampled from the output of the
corresponding sideband fit. A two sided p-value is computed comparing the observed yield to
the distribution of background yield from pseudo-experiments. The p-value is translated into
the corresponding number of standard deviations, quoted in each bin and represented by the
bin-filling color. Positive and negative significance correspond to regions where the observed
yield is respectively larger and smaller than the predicted one. Gray areas correspond to empty
bins with less than one background event expected on average. The dashed lines represent the
boundaries between the sideband and the signal regions.

7 Limit-setting procedure

We interpret the results of the searches by determining the 95% confidence level (CL) upper
limits on the production cross sections of the SUSY models presented in Section 2, using the
LHC CLs procedure [38] and a global likelihood determined by combining the likelihoods of
the different search boxes and sidebands. To reduce computational requirements, a binned
likelihood is used.

For the razor search boxes, the signal contribution is modeled by a template function, for a
given signal hypothesis in a specific box and a given b-tagged jet multiplicity. The template
function, normalized to unit probability, is multiplied by the expected signal yield in each bin
(sNLO+NLLLebox

b-tag). Here sNLO+NLL is the SUSY signal cross section, L is the integrated lumi-
nosity corresponding to the size of the data set, and ebox

b-tag is the signal selection efficiency for a
given box and, in case of the single-lepton and hadronic boxes, for a given b-tagged jet multi-
plicity.

Each systematic effect is incorporated in the likelihood with a dedicated nuisance parameter,
whose value is not known a priori but rather must be estimated from the data. The additional
flexibility in the parametric model introduced by each nuisance parameter results in a loss
of sensitivity and adds an additional systematic uncertainty. The set of nuisance parameters
may be divided into three distinct classes (though their statistical treatment is the same): those
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Figure 4: Comparison of the expected background and the observed yield in the (upper left)
MuEle, (upper right) MuMu, and (bottom) EleEle boxes. A probability density function is
derived for the bin-by-bin yield using pseudo-experiments, sampled from the output of the
corresponding sideband fit. A two sided p-value is computed comparing the observed yield to
the distribution of background yield from pseudo-experiments. The p-value is translated into
the corresponding number of standard deviations, quoted in each bin and represented by the
bin-filling color. Positive and negative significance correspond to regions where the observed
yield is respectively larger and smaller than the predicted one. Gray areas correspond to empty
bins with less than one background event expected on average. The dashed lines represent the
boundaries between the sideband and the signal regions.

7 Limit-setting procedure

We interpret the results of the searches by determining the 95% confidence level (CL) upper
limits on the production cross sections of the SUSY models presented in Section 2, using the
LHC CLs procedure [38] and a global likelihood determined by combining the likelihoods of
the different search boxes and sidebands. To reduce computational requirements, a binned
likelihood is used.

For the razor search boxes, the signal contribution is modeled by a template function, for a
given signal hypothesis in a specific box and a given b-tagged jet multiplicity. The template
function, normalized to unit probability, is multiplied by the expected signal yield in each bin
(sNLO+NLLLebox

b-tag). Here sNLO+NLL is the SUSY signal cross section, L is the integrated lumi-
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Figure 4: Comparison of the expected background and the observed yield in the (upper left)
MuEle, (upper right) MuMu, and (bottom) EleEle boxes. A probability density function is
derived for the bin-by-bin yield using pseudo-experiments, sampled from the output of the
corresponding sideband fit. A two sided p-value is computed comparing the observed yield to
the distribution of background yield from pseudo-experiments. The p-value is translated into
the corresponding number of standard deviations, quoted in each bin and represented by the
bin-filling color. Positive and negative significance correspond to regions where the observed
yield is respectively larger and smaller than the predicted one. Gray areas correspond to empty
bins with less than one background event expected on average. The dashed lines represent the
boundaries between the sideband and the signal regions.

7 Limit-setting procedure

We interpret the results of the searches by determining the 95% confidence level (CL) upper
limits on the production cross sections of the SUSY models presented in Section 2, using the
LHC CLs procedure [38] and a global likelihood determined by combining the likelihoods of
the different search boxes and sidebands. To reduce computational requirements, a binned
likelihood is used.

For the razor search boxes, the signal contribution is modeled by a template function, for a
given signal hypothesis in a specific box and a given b-tagged jet multiplicity. The template
function, normalized to unit probability, is multiplied by the expected signal yield in each bin
(sNLO+NLLLebox

b-tag). Here sNLO+NLL is the SUSY signal cross section, L is the integrated lumi-
nosity corresponding to the size of the data set, and ebox

b-tag is the signal selection efficiency for a
given box and, in case of the single-lepton and hadronic boxes, for a given b-tagged jet multi-
plicity.

Each systematic effect is incorporated in the likelihood with a dedicated nuisance parameter,
whose value is not known a priori but rather must be estimated from the data. The additional
flexibility in the parametric model introduced by each nuisance parameter results in a loss
of sensitivity and adds an additional systematic uncertainty. The set of nuisance parameters
may be divided into three distinct classes (though their statistical treatment is the same): those
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Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.

10 7 Limit-setting procedure

 [GeV]RM
400 1000 2000 3000

2 R

1

4−

2−

0

2

4

0.4

-2.1

-0.8
-0.5
2.1

1.4

1.2

0.5

0.6

-1.6

-0.3

0.4

-0.7

-1.2

-1.5

-0.1
-0.1
0.6

-0.7

-0.8

-0.7

-1.1
0.6

-0.4

-0.6

-1.9

-0.8

0.6

-0.2

-0.5

-0.9

-0.4

0.8

1.2
1.9
1.90.8

0.4

0.2

CMS razor EleJet box  (8 TeV)-119.3 fb

St
an

da
rd

 d
ev

ia
tio

ns

 [GeV]RM
400 1000 2000 3000

2 R

1

4−

2−

0

2

4

-0.1

0.6
1.4
-0.2

1.1

0.3

0.8

0.3

1.7
1.7
1.2

-0.6

-0.4

-0.5

1.4

1.0
-0.4
1.1

-1.5

0.1

-0.6
-0.6

-1.1

0.8
-0.5
1.0

-0.4

-0.2

-0.4

0.9

-0.7

0.7

1.90.8

0.4

0.2

CMS razor EleMultiJet box  (8 TeV)-119.3 fb
St

an
da

rd
 d

ev
ia

tio
ns

 [GeV]RM
400 1000 2000 3000

2 R

1

4−

2−

0

2

4

-1.4

0.7

-1.5
-0.1
2.3

1.0

0.8

-0.4

-0.3

0.6
0.4

0.7

0.2

-0.5

0.3

0.8
0.5
1.0

1.1

-0.4

-0.4

-0.7

1.3

0.7

-0.9

-1.0

-0.7

-0.2
-0.4
2.1

-1.2

-0.5

1.0

0.6

-1.7

0.8

0.4

0.2

CMS razor MuJet box  (8 TeV)-119.3 fb

St
an

da
rd

 d
ev

ia
tio

ns

 [GeV]RM
400 1000 2000 3000

2 R

1

4−

2−

0

2

4

-0.9

1.3
1.9
1.0

1.5

0.5

0.3

0.4

0.8

1.1

1.6

0.5

1.0

-0.1

1.3

-1.1

-1.0

-0.1

-0.8
-0.2
-0.4

-0.9

-0.1

-0.8
-0.3

-1.0

-1.3

-1.4

-0.4

-1.2

-0.3

0.8

0.4

0.2

CMS razor MuMultiJet box  (8 TeV)-119.3 fb

St
an

da
rd

 d
ev

ia
tio

ns

Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.
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Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.
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Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.
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Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.
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Figure 5: Comparison of the expected background and the observed yield in (upper left) the
EleJet, (upper right) the EleMultiJet, (lower left) the MuJet, and (lower right) the MuMultiJet
boxes. A detailed explanation is given in the caption of Fig. 4.
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Figure 6: Comparison of the expected background and the observed yield in the �2 b-tagged
jet box (left) and the MultiJet box (right). A detailed explanation is given in the caption of Fig. 4.

related to the signal normalization, those related to the signal shape, and those related to the
background normalization and shape.

We consider the following systematic uncertainties associated with the signal normalization,
with the size of the uncertainty indicated in parentheses for each of the categories stated below:

• integrated luminosity (2.6%) [68];
• trigger efficiency (5%);
• muon reconstruction and identification efficiencies (3% per lepton), measured from

an inclusive Z ! `+`� event sample (` = e, µ) as a function of the lepton pT and h
values [60, 61].

In addition, four signal-shape systematic uncertainties are considered, whose sizes vary with
R2, MR, and the b-tagged jet multiplicity:

• the uncertainty in the jet b-tagging and mistagging efficiencies (up to 20% depending
on the signal model), evaluated for each (MR, R2) and b-tagged jet multiplicity bin.
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Figure 14: Gluino mass limit at a 95% CL, obtained for different gluino pair production models
with the inclusive razor analysis in the context of the natural SUSY spectrum of Fig. 1.
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Figure 16: Top-squark mass limit at a 95% CL, obtained for different squark pair production
models with the inclusive razor analysis in the context of the natural SUSY spectrum of Fig. 1.
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Figure 17: Top-squark mass limit at a 95% CL, obtained combining the result of the hadronic
razor boxes with the result of Ref. [19] for (left) T2tt and (right) independent of the branching
fraction choice. The meaning of the color coding and the displayed contours is explained in the
caption of Fig. 13.
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Lepton flavor violating Higgs

• H→ll’ a generic prediction of SUSY 
and other 2HDM

• μe couplings strongly constrained 
by μ→eγ searches

• BR(H→μτ) ≲ 10%

• 2 decay modes (μτe, μτh) × 3 jet bins 
(0, 1, 2 jets)

• Opposite sign, isolated lepton 
selection in each bin

• Further optimization of pT, MT, and 
∆Φ done separately in each bin

16
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0 jets

1 jet

2 jets
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
bottom panel in each plot shows the fractional difference between the observed data and the
fitted background. Top left: H ! µte 0-jet; top right: H ! µth 0-jet; middle left: H ! µte 1-jet;
middle right: H ! µth 1-jet; bottom left: H ! µte 2-jet; bottom right H ! µth 2-jet.
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
bottom panel in each plot shows the fractional difference between the observed data and the
fitted background. Top left: H ! µte 0-jet; top right: H ! µth 0-jet; middle left: H ! µte 1-jet;
middle right: H ! µth 1-jet; bottom left: H ! µte 2-jet; bottom right H ! µth 2-jet.
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
bottom panel in each plot shows the fractional difference between the observed data and the
fitted background. Top left: H ! µte 0-jet; top right: H ! µth 0-jet; middle left: H ! µte 1-jet;
middle right: H ! µth 1-jet; bottom left: H ! µte 2-jet; bottom right H ! µth 2-jet.
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
bottom panel in each plot shows the fractional difference between the observed data and the
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Figure 3: Distributions of the collinear mass Mcol after fitting for signal and background for
the LFV H ! µt candidates in the different channels and categories compared to data. The
bottom panel in each plot shows the fractional difference between the observed data and the
fitted background. Top left: H ! µte 0-jet; top right: H ! µth 0-jet; middle left: H ! µte 1-jet;
middle right: H ! µth 1-jet; bottom left: H ! µte 2-jet; bottom right H ! µth 2-jet.
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LFV Higgs: interpretation

• Limit on BR(H→μτ) translated into upper limit on LFV 
Yukawa coupling

• Direct search limit ~10× more stringent than previous 
limit derived from H→ττ measurement
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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14 9 Summary

|   
τµ

|Y
-410 -310 -210 -110 1

|  
 

µτ
|Y

-410

-310

-210

-110

1  (8 TeV)-119.7 fbCMS

B
R

<0.1%

B
R

<1%

B
R

<10%

B
R

<50%

ττ→ATLAS H

observed

expected
τµ→H

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavour-violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line)
with one sigma (yellow) and two sigma (green) bands, and observed limit (black solid line)
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fraction is B(H ! µt) = (0.84+0.39
�0.37)%. A constraint of B(H ! µt) < 1.51% at 95% confidence318

level is set. The limit is used to constrain the Yukawa couplings,
q
|Yµt|2 + |Ytµ|2 < 3.6⇥ 10�3.319

It improves the current bound by an order of magnitude.320
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Low-ET mono-photon

• GMSB H→Χ1
0G→γ+MET, 125 GeV Higgs ⇒ relatively low-ET photon and low-ET neutralinos

• Kinematic region of interest: mH/2 < mΧ10 < mH

• 30 GeV isolated central photon + 25 GeV MET trigger from 8 TeV 7.3 fb-1 parked data (only reconstructed in 2013)

• Isolated electron and muon veto

• Two novel methods for rejecting multijet and γ + jet events with mis-measured MET

• MET significance: Event-by-event likelihood that MET is real based on known energy resolutions

• MHT minimization: cut on recalculated MET from particle 4-vectors that minimize the Χ2 and require Χ2 probability < 10-3

• Model-independent analysis: 0 or 1 jet, photon and jet not back to back

• Targeted analysis: no jet requirement, but cuts on MET significance and application of MHT minimization
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the signal path but without any selection on E/T. Figure 2 shows the efficiency turn-on curves
as a function of Eg

T and E/T, parameterized with an analytic function in the form of:

# =
p2
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·
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Figure 2: Trigger turn-on curves for Eg
T and E/T. The parameterization of efficiency as a function

of offline Eg
T and E/T are also shown in the form of an analytic function fitted to the turn-on

distributions.

In the offline selection, the events are required to have at least one well identified vertex with a
distance less than 24 cm away from the nominal interaction point in z-direction and 2 cm away
in the xy-plane. The vertex corresponding to the origin of the hard-scattering process with the
largest value of Â p2

T of all associated tracks is identified as the primary vertex.

Each selected event is required to have at least one photon candidate with Eg
T > 45 GeV and

|hg| < 1.44. The photon must also satisfy the following identification and isolation criteria: (a)
to minimize the contribution from misidentified electrons, the shower is required to have no
associated hits in the pixel detector, to be referred to as ”pixel seed veto”; (b) the lateral exten-
sion of the shower, sihih , measured in terms of the energy-weighted spread within the 5 ⇥ 5
crystal should be consistent with that of a genuine photon; (c) the ratio between the energy
collected by the HCAL cells behind the supercluster and the energy collected by the superclus-
ter is required to be less than 0.05; (d) the sum of the ET of all photons reconstructed with the
particle flow (PF) algorithm within a cone of DR = 0.3, excluding a strip in h of 0.015 around
the supercluster, is required to be less than 0.7 GeV + 0.005⇥ Eg

T; (e) the sum of the ET of all
charged hadrons reconstructed with the PF algorithm within a hollow cone of 0.02 < DR < 0.3
around the supercluster is required to be less than 1.5 GeV; (f) the sum of the ET of all neutral
hadrons reconstructed with the PF algorithm within a cone of DR = 0.3 around the superclus-
ter is required to be less than 1.0 GeV + 0.04⇥ Eg

T. To account for the effects of overlapping
proton-proton interactions (pileup), the total energy density in the event is computed using the
FASTJET package [20] and is used to correct the isolation quantities. These pileup corrected
isolation requirements correspond to a working point with a signal efficiency of approximately
85%. Furthermore, R9 > 0.9 is also required to match the trigger requirements. The photon
with the highest ET in the event that satisfies all of the above requirements is selected as the
photon candidate for the signal sample.

Anomalous signals in the ECAL, due to direct interaction of particles with the ECAL photo-

1

1 Introduction

The final state consisting of a low transverse energy photon and low missing transverse energy
(E/T) (also called the “monophoton” final state) can be used to constrain a variety of extensions
of the standard model (SM). One such promising extension is supersymmetry (SUSY) [1–7],
which has the attractive feature of stabilizing the radiative corrections to the Higgs boson mass
(mh), while also providing a natural dark matter (DM) particle candidate (c) in the form of the
lightest supersymmetric particle (LSP).

In SUSY scenarios where the SUSY breaking scale is low (
p

f ⇠ TeV ) the newly discovered
Higgs boson (mh = 125 GeV) [8, 9] may decay into a gravitino (eG) and neutralino (ec0

1), with
the neutralino subsequently decaying into a gravitino and a photon [10]. In this model, the
gravitino is the LSP and the neutralino is the next to lightest supersymmetric particle (NLSP).
Figure 1 shows the Feynman diagram for this process.

Figure 1: Feynman diagrams of a Higgs boson decay to gravitino LSP and a neutralino NLSP,
which subsequently decays to a gravitino and photon.

This decay mode produces a single isolated photon and E/T from the undetected gravitinos. If
mec0

1
< mh/2, the decay process h ! ec0

1 ec0
1 ! gg+ E/T would dominate. Therefore the kinematic

region of interest for this search is mh/2 < mec0
1
< mh. Furthermore, since mh = 125 GeV, the

photon transverse energy (Eg
T) and E/T will be relatively low.

In this document, we present a search for new physics in the low-ET photon+E/T final state,
using an integrated luminosity at 7.3 fb�1 of

p
s = 8 TeV LHC pp collision data collected with

the CMS detector. This study is the first CMS search conducted in this low energy regime
and it complements and expands upon previous high-energy monophoton searches for new
physics conducted at the LHC [11, 12]. The results are interpreted in terms of the low-scale
SUSY breaking model, as well as in a model independent manner.

2 CMS Detector and Reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass/scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. The ECAL is made up of nearly 76,000 crystals and provides a pseudorapidity cov-
erage up to |h| < 1.48 in the barrel region while 1.48 < |h| < 3.0 is the endcap. The energy
resolution for photons with ET ⇠ 60 GeV varies between 1.1% and 2.6% over the solid angle
of the ECAL barrel, and from 2.2% to 5% in the endcaps [13]. Muons are measured in gas-
ionization detectors embedded in the steel flux-return yoke outside the solenoid. Extensive
forward calorimetry complements the coverage provided by the barrel and endcap detectors
and extends it to |h| < 5.

4 3 Event selection

diodes, are rejected using additional shower shape requirements on the h and f width of the
shower. In addition, we reject showers that deposit more than 95% of their energy on the seed
crystal [21].

To reduce the SM backgrounds arising from the leptonic decays of W and Z bosons, a lepton
veto is applied. Events are rejected if they have at least one electron fulfilling a loose identi-
fication requirement [22] with pe

T > 10 GeV and |he| < 2.5 (excluding the transition region of
1.44 < |he|  1.55) and are outside the cone defined by DR = 0.3 around the photon candidate.
Muons candidates which are identified using the PF algorithm using hits in the tracker and the
muon systems are required to have pµ

T > 10 GeV, |hµ| < 2.1, and DR(g, µ) >0.3 separation
from the photon candidate. Events are rejected if any such muon is present in the event.

In addition to the selection requirements described above, the E/T is required to be greater than
40 GeV. This level of selection is referred to as the preselection and is applied for both the
model independent analysis and the analysis of the SUSY benchmark model. The additional
applied selection requirements differ between the two analyses.

To define the jet candidates, identification criteria are used to separate pileup jets from the
jets originating from hard scattering. These identification criteria are based on the trajectory
of tracks associated with the jets inside the tracker volume, the topology of the jet shape and
multiplicity of the objects constituting these jets [23]. Only jets with pjet

T >30 GeV and |h jet| <
2.4 and that fulfill the non-pileup identification requirements are considered in the event. These
jets must not overlap with photon candidate within DR(g,jet) < 0.5. In the model independent
analysis, events with 2 or more jets are rejected and, if there is a jet in the event, we also require
that Df(g,jet) < 2.5.

In the analysis of the SUSY benchmark model, where no requirement is made on the jet multi-
plicity, more advanced selection is applied to reduce the background due to mismeasured E/T.
Mismeasured E/T can arise from many sources, including limited E/T resolution, reconstruction
and instrumental inefficiencies, and improper pattern recognition. Due to their large cross sec-
tion the g+ jets and multijet processes can contribute significantly to the background of this
analysis, even though such events do not have genuine E/T. In order to minimize the con-
tribution from these processes, we have used two different methods for identifying events
with mismeasured E/T. The first one is the E/T significance method [24] which takes into ac-
count the reconstructed objects in each event and their known measurement resolutions to
compute an event-by-event estimation of the likelihood that the observed E/T is consistent with
zero. To complement this method we further developed the Missing HT (MHT) minimization
method [25]. In the MHT minimization method we first construct a c2 function with the form:

c2 = Â
i=objects

✓
(preco

T )i � (epT)i

(spT)i

◆2

+

 
eE/x

sE/x

!2

+

 
eE/y

sE/y

!2

. (2)

In the above equation, (preco
T )i are the transverse momenta of the reconstructed objects that

pass the above mentioned identification criteria, the (spT)i are the expected resolutions of each
object, the sE/x,y are the resolution of the E/T projection along the x-axis and the y-axis and the
(epT)i are the free parameters allowed to vary in order to minimize the function. The first term
of the equation is a scalar difference. The quantities eE/x,y are functions of the free parameters;

eE/x,y = � Â
i=objects

(epx,y)i (3)
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10 6 Results

The total expected SM background and observed data events after the model-independent se-
lection are found to be compatible within the systematic uncertainties. Table 4 shows a com-
parison of the event yields estimated for background processes and the observed data. Figure 5
shows the MT and E/T distributions after the model-independent selection has been applied.

Process of Events
g+ jets (313 ± 50)⇥ 103

jet ! g (906 ± 317)⇥ 102

e ! g (1035 ± 62)⇥ 101

W(! `n) + g 2239 ± 111
Z(! nn̄) + g 2050 ± 102

Other 1809 ± 91
Total background (420 ± 82)⇥ 103

Data 442 ⇥ 103

Table 4: Comparison of event yields for observed data and background, after the model-
independent selection.
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Figure 5: The MT and E/T distributions for data, background estimates, and signal after the
model-independent selection. The bottom panels in each plot show the ratio of (data - back-
ground)/background and the gray band includes both the statistical and systematic uncer-
tainty on the background prediction.

Figure 6 shows the observed and expected model-independent 95% CL upper limits on s ⇥
BR ⇥ A ⇥ e for different E/T and MT thresholds. The observed and expected limits are also
shown in Fig 6(c) at a 95% CL for MT > 100 GeV and as a function of E/T.

6.2 Model-specific limits

The yields for supersymmetric decays of the Higgs boson (h ! eGec0
1, ec0

1 ! eGg) are acquired
through imposing the model-specific selection described in Section 3. The yields for this se-
lection are shown in Table 5. The 95% CL upper limits on the s⇥ branching ratio(BR) and

Model-independent selection
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Figure 6: The expected (a) and observed (b) 95% CL upper limit on s ⇥ BR⇥ A⇥ e for different
MT and E/T thresholds and (c) for MT > 100 GeV as function of the E/T threshold.

(s ⇥ BR)/sSM, where sSM is the cross section for the standard model Higgs boson, are evalu-
ated for different mass values of ec0

1 ranging from 65 GeV to 120 GeV and are shown in Fig. 7.

7 Conclusions

A search for new physics in the g+E/T final state is performed using pp collision data corre-
sponding to an integrated luminosity of 7.3 fb�1 collected at

p
s = 8 TeV using data parking

triggers in a phase space region defined by ET > 45 GeV and E/T > 40 GeV. In the absence of
any evidence of new physics, upper limits are placed on the production cross section of new
physics in a model-independent way for different E/T and MT thresholds. The data are also
examined using optimized selections for maximum sensitivity to an exotic decay of the Higgs
boson h ! eGec0

1, ec0
1 ! eGg predicted in a low-scale SUSY breaking scenario. Upper limits at

95% CL are placed on the new physics production cross section times the branching ratio, as
well as the ratio of this product to the SM Higgs boson production cross section. The results are
found to be compatible with the SM hypothesis. These results are the first limits on this model
from searches at pp colliders.

12 References

Process Estimate
g+ jets 179 ± 28
jet ! g 269 ± 94
e ! g 355 ± 28

W(! `n) + g 154 ± 15
Z(! nn̄) + g 182 ± 13

Other 91 ± 10
Total background 1232 ± 188

Data 1296
Mec0

1
= 65 GeV 653.0 ± 77

Mec0
1

= 95 GeV 1158.1 ± 137
Mec0

1
= 120 GeV 2935.0 ± 349

Table 5: Expected (SM background) and observed event yields after the selection optimized for
the supersymmetric decay of the Higgs boson (h ! eGec0

1, ec0
1 ! eGg) and the signal predictions

correspond to BR(H ! invisible + g) = 100%.
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Figure 7: Expected and observed 95% CL upper limits on (a) s ⇥ BR and (b) the ratio of this
product over the SM Higgs production cross section as a function of different Mec0

1
values. The

uncertainty on the expected limit at 1s and 2s levels are shown as green and yellow bands,
respectively.
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Higgs + single top

• qb→tHq’, t→Wb, W→(e/μ)ν, H→WW

• Both W’s decay leptonically ⇒ tri-lepton final state

• W with same charge as top decays leptonically ⇒ same-charge di-lepton final state

• Hadronic tau veto

• Same- and opposite-flavor di-lepton triggers

• Multivariate lepton ID discriminator in same-charge di-lepton analysis to reject jet fakes, 
hadron decays, and photon conversions

• Agreement on electron charge assignment between 3 independent sources

• Multivariate muon isolation for tri-lepton analysis, standard electron isolation

• Counting experiment with signal region defined by output of multivariate likelihood discriminator
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1 Introduction
The discovery of a Higgs boson with the CMS and ATLAS experiments in 2012 [1, 2] opened a
new field for exploration in the realm of particle physics. It is now critical to study the coupling
of this new particle with the other elementary particles to test whether it is the Higgs boson
predicted by the standard model (SM). In particular, the Yukawa structure of the coupling of the
Higgs boson to fermions is largely unexplored: as of the writing of this document, we only have
evidence of the Higgs boson coupling to bottom quarks from the Tevatron [3] and from CMS [4]
and to tau leptons from CMS [5] and ATLAS [6]. A fermionic coupling of special interest is the
one of the new boson to the top quark. In fact, due to its very large mass [7, 8], the top quark
is widely believed to play a special role in the mechanism of electroweak symmetry breaking.
The Higgs boson has first been discovered through its direct coupling with the other known
heavy bosons (W/Z) and through its decay to a pair of photons. The interaction between a
Higgs boson and a top quark is assumed to be SM-like in the Higgs production through gluon-
fusion and in the decay to photons, both of which proceed via a top-quark loop, but has so far
not been observed directly. New physics could alter the interaction between the top quark and
the Higgs boson without exceeding current constraints.

The most straightforward way to study the coupling of top quarks to Higgs bosons is through
the investigation of Higgs production in association with a top-quark pair, ttH production. The
search for ttH production has been performed in the Higgs boson decay to hadrons, photons,
and leptons final states by the CMS collaboration. The combination of the above channels
offered the first hint of direct coupling of the Higgs boson to the top quark [9]. The ATLAS col-
laboration has searched for ttH production using the Higgs boson decays to two photons [10]
and a pair of b quarks [11].

q q’

t

H

W

b

q q’

t

HW

b

Figure 1: Dominant Feynman diagrams for the production of tHq events: the Higgs boson
is typically irradiated from the heavier legs of the diagram, i.e., the W boson (left) or the top
quark (right).

The coupling of the Higgs boson to a top quark (Ct) can be probed in a novel way by studying
the associated production of a single top quark and a Higgs boson. Single top-quark production
has been observed at the LHC in the t-channel process [12], at the Tevatron in the s-channel
process [13], and CMS recently reported the first observation of the associated production of
a single top quark with a W boson [14]. Single top quark plus Higgs boson production (tHq)
proceeds mainly through t-channel diagrams, with the Higgs boson being emitted either from
a top-quark leg or a W boson propagator, see Figure 1. In the SM, as the couplings of the
Higgs boson to the W boson and the top quark have opposite-sign, these two diagrams suffer
from destructive interference, such that they almost cancel out: the production cross section,
calculated at Next-to-Leading Order (NLO) precision, is approximately 18 fb [15–18], being ten
times smaller that the one corresponding to the ttH production, with an approximate value of
130 fb [19–21].

Ct = -1 ⇒ 15× rate increase
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• Fitted background yields from simultaneous fit 
to data in 3 channels (some correlated 
uncertainties)

• e
±
e

±
 channel provides no additional sensitivity 

and is excluded from the combination
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Figure 5: Post-fit likelihood discriminant output, for the µµ (left), eµ (center), and tri-lepton
channel (right), for 19.7 fb�1. In the box below each distribution, the ratio of the observed and
predicted event yields is shown. The grey band represents the post-fit statistical and systemat-
ical uncertainties.

The obtained observed upper limits in the three channels are, respectively, 9.3 (µµ), 11.4 (eµ),
and 11.5 (3`) times the predicted Ct = -1 cross section, with a combined limit of 6.7.

The results, together with the 68% and 95% C.L. uncertainty ranges, are summarized in Tab. 3,
and shown in Fig. 6. Table 4 gives a summary of the impact of each single source of systematic
uncertainty on the final combined limit. By far the dominant impact is related to the estimation
of non-prompt lepton backgrounds in all three channels. Without further optimization, the
same-sign ee channel provides no additional sensitivity, and is not included in the result.

Channel Observed Expected 68% prob. band 95% prob. band
SS µµ 9.3 8.1 [6.0, 11.8] [4.7, 16.7]
SS eµ 11.4 9.3 [7.0, 13.5] [5.4, 18.8]

3` 11.5 8.6 [6.6, 12.4] [5.7, 18.0]
combined 6.7 5.0 [3.6, 7.1] [2.9, 10.3]

Table 3: Expected and observed 95% C.L. upper limits on Higgs cross section for Ct = -1 on tHq
production, given as a multiple of the predicted values. The ±1s and ±2s probability ranges
are also given.

8 Conclusions
A search for the production of a Higgs boson in association with a single top quark has been
presented, using the CMS detector and the full 2012 data sample of pp collisions at 8 TeV, cor-
responding to an integrated luminosity of 19.7 ± 0.5 fb�1. Two final states have been analyzed,
targeting the Higgs boson decaying to a pair of W bosons or t leptons and the leptonic decay
of the top: two same-sign leptons (µµ, eµ) and three leptons. This process can benefit from a
greatly enhanced production cross section in the case of anomalous top-Higgs couplings, and
thus the result is expressed in terms of the expected cross section for the case of a negative
coupling Ct = -1.

Combining the results from all three channels yields a 95% C.L. upper limit on the production

Jet fakes and hadron→lepton decays from 
isolation and impact parameter sidebands

NLO MC

Charge mis-ID rate from Z→ll tag and probe
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Figure 6: Observed and expected 95% C.L. upper limit on the Higgs and single top associated
production cross section for Ct = -1, with ±1s (green) and ±2s (yellow) probability bands.

cross section of events containing a Higgs boson with inverted top coupling (Ct = -1) of 6.7
times the predicted value, where the expected limit was 5.0.
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Heavy A→Zγ

• Motivated by 2HDM

• Backgrounds are SM Zγ (80%) and  Z + jets where the jet 
fakes a photon (20%)

• Unbinned fit to mllγ using triple exponential to reduce signal 
bias to 20% background statistical uncertainty
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Heavy A→Zγ: interpretation

• Broad resonance model: SM Higgs width

• Narrow resonance model: width = 1% mass

• Models generated in 50 GeV steps in mass and 
interpolated in between 
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Double 
Crystal Ball fit

Crystal Ball + Gaussian fit
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Conclusion

• Research into supersymmetric 
models remained active and 
fruitful during the LHC long 
shutdown

• Searches require finesse and 
creativity, as well as 
luminosity

• We eagerly await Run II, ready 
to catch whatever nature 
throws our way!
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MSSM reach: gluino vs. LSP mass
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Figure 13: Interpretation of the inclusive search with razor variables in the context of gluino
pair production models: (upper left) T1bbbb, (upper right) T1tbbb, (middle left) T1ttbb, (mid-
dle right) T1tttb, and (bottom) T1tttt. The limit for T1bbbb is derived using only the hadronic
boxes, while the limits for the remaining models are derived using all nine boxes. The color
coding indicates the observed 95% CL upper limit on the signal cross section. The dashed and
solid lines represent the expected and observed exclusion contours at a 95% CL, respectively.
The dashed contours around the expected limit and the solid contours around the observed
one represent the one standard deviation theoretical uncertainties in the cross section and the
combination of the statistical and experimental systematic uncertainties, respectively.
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Figure 15: Interpretation of the inclusive search with razor variables in the context of top-
squark pair production models: (upper left) T2bW⇤, (upper right) T2tb, and (bottom) T2tt. The
limit for T2bW⇤ is derived using only the hadronic boxes, while the limits for the remaining
models are derived using all nine boxes. The meaning of the color coding and the displayed
contours is explained in the caption of Fig. 13.
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Figure 12: Exclusion limits at 95% CL for (upper left) direct squark production, (upper right)
direct bottom-squark production, and (bottom) direct top-squark production. For the direct
squark production, the upper set of curves corresponds to the scenario where the first two
generations of squarks are degenerate and light, while the lower set corresponds to only one
accessible light-flavour squark. For convenience, diagonal lines have been drawn correspond-
ing to mec0

1
= m

eq,eb,et
and mec0

1
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eq,eb,et
� (mW + mb) where applicable.
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Figure 1: The simplified natural SUSY spectrum considered in this paper, along with the as-
sumed decay modes.

the NLSP;
• T1ttbb: pair-produced gluinos, decaying with a 100% branching fraction to a top

quark (antiquark), a bottom antiquark (quark), and the NLSP;
• T1tttb: pair-produced gluinos, each decaying with a 50% branching fraction to a

top quark-antiquark (tt) pair and the LSP or to a top quark (antiquark), a bottom
antiquark (quark), and the NLSP;

• T1tttt: pair-produced gluinos, each decaying with a 100% branching fraction to a tt
pair and the LSP.

The corresponding Feynman diagrams are shown in Fig. 2.
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Figure 2: Diagrams displaying the event topologies of gluino (upper 5 diagrams) and top-
squark (lower 3 diagrams) pair production considered in this paper.

In addition, the following three simplified models are considered for the production of top-
squark pairs:
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where p(q) is the probability density function associated with the given systematic uncertainty.
In this equation, L(data|µ, q) is the likelihood function for data for a given value of µ and q.

In order to test the compatibility of the data with the background-only and signal+background
hypotheses, a test statistic qµ [66] is constructed starting from the profile-likelihood ratio:

qµ = �2 ln
L(data|µ, q̂µ)

L(data|µ̂, q̂)
, with 0  µ̂  µ, (8)

where “data” can be the actual data or the output of a pseudo-experiment. Both the denomina-
tor and numerator are maximized. In the numerator, the signal parameter strength µ remains
fixed and the likelihood is maximized for only the nuisance parameters, whose values after the
maximization are denoted q̂µ. In the denominator, the likelihood is maximized with respect to
both µ and q, and µ̂ and q̂ are the values for which L is maximal. The lower constraint 0  µ̂ is
imposed as the signal strength cannot be negative, while the upper constraint guarantees a one-
sided confidence interval (this means that upward fluctuations of data are not considered as
evidence against the signal hypothesis). The value of the test statistic for the actual observation
is denoted as qobs

µ . This test statistic was chosen by the LHC Higgs Combination Group [67].

To set limits, probabilities to observe an outcome at least as signal-like as the one observed are
calculated for the null (background-only) hypothesis H0 and for the test (signal+background)
hypothesis H1, for a given value of the signal-strength modifier µ, as:

CLs+b(µ) =P(qµ � qobs
µ |H1),

CLb(µ) =P(qµ � qobs
µ |H0).

(9)

The CLs quantity is then defined as the ratio of these probabilities:

CLs(µ) =
CLs+b(µ)
CLb(µ)

. (10)

In the modified frequentist approach, the value of CLs(µ) is required to be less than or equal
to a in order to declare a (1 � a) CL exclusion. We set 95% CL limits on the signal cross section
by finding the value of µ for which CLs(µ) = 0.05.

In practice, the probability distributions of the background-only and the signal+background
hypotheses are determined from distributions of the test statistic constructed from pseudo-
experiments. Once the ensembles of pseudo-experiments for the two hypotheses are generated,
the observed CLs limit is calculated from these distributions and the actual observation of the
test statistic qobs

µ . The expected CLs limit is calculated by replacing qobs
µ by the expected median

from the distribution of the background-only hypothesis. Further details on the procedure
employed to compute the limits on the signal production cross section are given in Ref. [67].

10 Exclusion limits
The 95% CL upper limits on signal production cross sections are computed following the CLs
formulation described in Section 9, using the results presented in Section 7 and the systematic
uncertainties summarized in Section 8.

10.1 Exclusion limits on simplified models

In this section, we interpret the results of our search in terms of simplified models [26], which
allow the exclusion potential of the data to be examined in the context of a large variety of
models.
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Profile likelihood test statistic

Minimizes the 
likelihood for this μ

Minimizes the likelihood for all μ,θ

μ = signal strength = cross section
reference cross section

θ = nuisance parameter

Likelihoods constructed from 
Poisson probabilities

H1 = signal + background hypothesis
H0 = background-only hypothesis

CLS(μ) ≤ 0.05 ⇒ 95% CL
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• Multijet background

• Data control region from sideband in ∆Φmin 
(minimum ∆Φ(jet, MET) over the 4 highest pT 
jets in the event); signal region ∆Φmin > 0.3 
rad

• MT2-dependent scaling factor derived in low-
MT2 dataset (50-80 GeV) and extrapolated 
to high MT2 via exponential + constant 
parametrization

• Lost lepton background

• 1-lepton data control region with MT(lepton, 
MET) < 100 GeV

• Contributions from jet fakes and leptonic 
decays of hadrons subtracted

• Scaled by “lost lepton factor” depending on 
lepton ID and MT efficiency

• No binning in MT2 for better statistical 
precision → MT2 distribution from MC

• Z→νν background

• γ + jet data scaled by predicted Z/γ ratio

• Validated with Z→ll + jet data
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10 6 Background estimation
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Figure 4: Distribution of the MT2 variable for events with one electron (left), one muon (mid-
dle), or one t lepton (right) in data and simulation. The events satisfy either the low-HT se-
lection (top) or either of the medium- and high-HT selections (bottom). They also satisfy the
remaining inclusive-MT2 selection requirements, with the exception of the lepton veto. Finally,
the condition MT < 100 GeV is imposed on the charged lepton-Emiss

T system.

For each signal region, the lost-lepton background is estimated in a corresponding data control
sample for which the full event selection is applied, with the exception of the lepton veto, i.e.
exactly one charged lepton (e, µ, or t lepton) is required instead of zero. To reduce the potential
contribution of signal events to the control samples, the transverse mass of the lepton-Emiss

T
system is required to satisfy MT < 100 GeV. The MT2 distributions of events satisfying the
selection as outlined in Section 4, but after requiring one reconstructed and identified lepton,
are shown in Fig. 4 for both data and simulation.

After subtracting the number of events expected due to the misidentification of hadrons as lep-
tons and due to leptons from hadron decays, the numbers of events in the one-lepton control
samples are scaled by a lost-lepton factor Rll = [1 � #(`)]/[#(`)#(MT)], where #(`) is the com-
bined lepton efficiency and acceptance, and #(MT) is the efficiency of the MT selection. This
factor Rll represents the probability for a lepton to be lost, according to the simulation.

For large values of MT2, we expect very few events with a single reconstructed charged lepton.
Therefore, the estimation of the lost-lepton background is performed in data for all topological
regions in (Nj, Nb) and for the different HT selections, but integrating over all MT2 bins. The
factor Rll is recalculated for each topological signal region and for the different selections in HT.
The estimated number of background events is divided among the different MT2 bins using the
shape of the MT2 distribution as predicted by simulation.

The systematic uncertainty in the integrated lost-lepton background estimate includes the un-
certainties in the lepton efficiencies, acceptance, and the subtraction of the lepton events asso-
ciated with misidentification and hadron decays. These uncertainties are obtained by studying

arXiv:1502.04358 [hep-ex]
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6 5 Search strategy

Table 1: Definition of the signal regions used in the inclusive-MT2 search.

Low-HT region Medium-HT region High-HT region
MT2 bin [GeV] MT2 bin [GeV] MT2 bin [GeV]

Nj = 2,
Nb = 0

200–240 350–420 570–650 125–150 220–270 425–580 120–150 260–350
240–290 420–490 >650 150–180 270–325 580–780 150–200 350–550
290–350 490–570 180–220 325–425 >780 200–260 >550

Nj = 2,
Nb � 1

200–250 310–380 450–550 100–135 170–260 >450 100–180
250–310 380–450 >550 135–170 260–450 >180

Nj = 3–5,
Nb = 0

200–240 420–490 160–185 300–370 >800 160–185 350–450
240–290 490–570 185–215 370–480 185–220 450–650
290–350 570–650 215–250 480–640 220–270 >650
350–420 >650 250–300 640–800 270–350

Nj = 3–5,
Nb = 1

200–250 310–380 460–550 150–175 210–270 380–600 150–180 230–350
250–310 380–460 >550 175–210 270–380 >600 180–230 >350

Nj = 3–5,
Nb = 2

200–250 325–425 130–160 200–270 >370 130–200
250–325 >425 160–200 270–370 >200

Nj � 6,
Nb = 0

200–280 >380 160–200 250–325 >425 160–200 >300
280–380 200–250 325–425 200–300

Nj � 6,
Nb = 1

200–250 >325 150–190 250–350 150–200 >300
250–325 190–250 >350 200–300

Nj � 6,
Nb = 2

200–250 >300 130–170 220–300 130–200
250–300 170–220 >300 >200

Nj � 3,
Nb � 3

200–280 >280 125–175 175–275 >275 >125

events.

Contributions from other backgrounds, such as g+jets, Z (`+`�)+jets, and diboson production,
are found to be negligible.

5.2 MT2-Higgs search

The MT2-Higgs search is designed to select events with a light h boson produced in a cascade
of supersymmetric particles initiated through the strong pair production of squarks or gluinos.
As the dominant decay mode of the h boson in many SUSY models is h ! bb, a signature of
a SUSY signal would be an excess in the invariant mass distribution of the selected b-tagged
jet pairs, Mbb. An excess could help identify a preferred new-physics model, as the associated
new particles would couple to the Higgs sector. Such an identification is not possible with the
inclusive-MT2 search.

Within a cascade of SUSY particles, the h boson is produced together with the LSP in the decays
of neutralinos, such as ec0

2 ! ec0
1 + h. As the neutralino ec0

2 can be a typical decay product of
squarks and gluinos, the cross section for this kind of processes is among the largest in a large
part of the SUSY parameter space. The final state contains at least two b-tagged jets, multiple
hard jets, and a large value of MT2.

For the MT2-Higgs search, b-tagged jets are required to have pT > 20 GeV. The event selection
requires at least two b-tagged jets, along with Nj � 4. The two b-tagged jets stemming from the
h boson decay are generally expected to appear within the same pseudojet, as they originate
from the same decay chain. Using b-tagged jets within the same pseudojet, a b-tagged jet pair
is selected if it has DR(b1, b2) < 1.5. If multiple pairs are found in one or both pseudojets,

arXiv:1502.04358 [hep-ex]
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Process Source/Region E�ect Shape

Multijet
MT2 < 200GeV 10-50% –
MT2 � 200GeV 50-100% –

W (l⇥)+jets and Top

Lost-lepton method 10-65% –
b-tagging scale factor – x

Jet energy scale – x
Matching scale – x

Renormalization and factorization scale – x
pT MC NLO uncertainty – x

Z(⇥⇥̄)+jets

Systematics on Z(⇥⇥̄)/� ratio (0-1 b jets) 20-30% –
Systematics on 1b/0b ratio from Zll (1 b jet) 10-75% –

Statistics from �+jets data (0-1 b jet) 5-100% –
simulation (� 2 b jets) 100% –

Signal

Luminosity uncertainty 2.6% –
Trigger e⇥ciency 1% –

Parton distribution functions 5-15% –
b-tagging scale factor 5-40% x

Jet energy scale 5-40% x
pT MC NLO uncertainty 10-20% x

arXiv:1502.04358 [hep-ex]
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26 10 Exclusion limits
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Figure 16: Exclusion limits at 95% CL as a function of meg and meq for the cMSSM/mSUGRA
model with tan b = 30, A0 = �2 max(m0, m1/2), and µ > 0. Here, meq is the average mass of
the first-generation squarks.

Table 5: Summary of observed mass limits (at 95% CL) for different SUSY simplified models
and for the cMSSM/mSUGRA model. The limits quoted are the observed limits using the
signal cross section minus one standard deviation (stheory) of its uncertainty. For the simplified
models, the limit on the mass of the parent particle is quoted for mec0

1
= 0, while for the LSP

the best limit on its mass is quoted. The best limit on the mass splitting between the parent
particle mass and the LSP mass is also given. Finally, the absolute limits on the squark and
gluino masses are quoted for the cMSSM/mSUGRA model.

Simplified Limit on parent particle Best limit on Limit on
model mass at mec0

1
= 0 LSP mass mass splitting

Direct squark production
Single light squark meq > 520 GeV mec0

1
> 120 GeV Dm(eq, ec0

1) < 200 GeV
8 degenerate light squarks meq > 875 GeV mec0

1
> 325 GeV Dm(eq, ec0

1) < 50 GeV
Bottom squark meb > 640 GeV mec0

1
> 275 GeV Dm(eb, ec0

1) < 10 GeV
Top squark
met > mt + mec0

1
met > 450 GeV mec0

1
> 60 GeV Dm(et, ec0

1) < 230 GeV
met < mt + mec0

1
met > 175 GeV mec0

1
> 60 GeV Dm(et, ec0

1) < 90 GeV
Direct gluino production
eg ! qqec0

1 meg > 1225 GeV mec0
1
> 510 GeV Dm(eg, ec0

1) < 25 GeV
eg ! bbec0

1 meg > 1300 GeV mec0
1
> 740 GeV Dm(eg, ec0

1) < 50 GeV
eg ! ttec0

1 meg > 1225 GeV mec0
1
> 450 GeV Dm(eg, ec0

1) < 225 GeV
eg1 ! qqec0

2, ec0
2 ! hec0

1, meg > 825 GeV mec0
1
> 410 GeV Dm(eg, ec0

1) < 225 GeVeg2 ! qq0 ec±
1 , c±

1 ! W± ec0
1

cMSSM/mSUGRA model Mass limit for meq = meg Gluino mass limit Squark mass limit
meg, eq > 1550 GeV meg > 1150 GeV meq > 1450 GeV
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5.2 SM Drell–Yan background 7

results from the two methods, propagating the uncertainties. The results are shown in Table 1.
The FS background is then given by the number of events in the OF control samples multiplied
by the corresponding RSF/OF factor. It is seen that the values of the RSF/OF ratios are consistent
with unity within the uncertainties. We find that the variation of RSF/OF for increasing m``,
Njets, and Emiss

T lies within the assigned uncertainty. We thus use the same value of RSF/OF for
all signal regions.

Table 1: Results for RSF/OF in the signal regions. The results of the two methods are shown
with statistical and systematic uncertainties, while the uncertainties for the combined values
are a combination of the statistical and systematic terms. The values of rµe and RT listed for
the control-region method are not used directly in the analysis and are listed for purposes of
comparison only.

Central Forward
Factorization method

RSF/OF 1.03 ± 0.01 ± 0.06 1.11 ± 0.04 ± 0.08
Ree/OF 0.47 ± 0.01 ± 0.06 0.46 ± 0.02 ± 0.10
Rµµ/OF 0.56 ± 0.01 ± 0.07 0.65 ± 0.03 ± 0.14
rµe 1.09 ± 0.00 ± 0.11 1.18 ± 0.00 ± 0.24
RT 1.03 ± 0.01 ± 0.06 1.10 ± 0.04 ± 0.07

Control-region method
RSF/OF 0.99 ± 0.05 ± 0.02 1.11 ± 0.11 ± 0.03
Ree/OF 0.44 ± 0.03 ± 0.01 0.49 ± 0.06 ± 0.02
Rµµ/OF 0.55 ± 0.03 ± 0.01 0.62 ± 0.07 ± 0.02
rµe 1.12 ± 0.04 (stat) 1.12 ± 0.08 (stat)
RT 0.98 ± 0.05 (stat) 1.11 ± 0.11 (stat)

Combined
RSF/OF 1.00 ± 0.04 1.11 ± 0.07
Ree/OF 0.45 ± 0.03 0.48 ± 0.05
Rµµ/OF 0.55 ± 0.03 0.63 ± 0.07

5.2 SM Drell–Yan background

In the search for an edge based on a fit, the DY + jets background is determined as described
in Section 6. For the counting experiment method, the DY background is determined using the
jet-Z balance (JZB) and Emiss

T -template methods [5], as described in this section.

The JZB is a measure of the imbalance between the pT of the Z/g⇤ boson and the pT of the
recoiling hadronic system in DY + jets. The JZB is defined as the scalar difference between the
pT of the Z/g⇤ and the net pT of the recoiling hadronic system. Standard model DY+ jets events
equally populate negative and positive values of JZB, because non-zero JZB in these events
arises from jet energy resolution effects, whereas in BSM and tt events, which contain genuine
Emiss

T , JZB can be very asymmetric towards positive values because of the correlated production
of the lepton pair and the undetected particles. Events with negative values of JZB mainly
arise from DY + jets processes, with a small contribution from tt production. The number of tt
events that contribute negative JZB values is determined using the corresponding results for OF
events. The tt contribution is then subtracted from the number of negative JZB events in the SF
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15

Table 5: Event yields in the signal region for the dedicated on-Z counting experiment with
Njets � 3. Both statistical and systematic uncertainties are included for the background esti-
mates. Signal yields are also shown for two choices of masses (in GeV) in the GMSB (statistical
uncertainties only).

Emiss
T (GeV) 100–200 200–300 >300

DY background 124 ± 33 12.7 ± 3.8 3.2 ± 1.8
FS background 354 ± 28 26.5 ± 5.4 2.0 ± 1.4
Total background 478 ± 43 39.2 ± 6.6 5.3 ± 2.3
Data 490 35 6

GMSB signal yields
meg = 900, mec0

1
= 150 22.0 ± 0.4 11.0 ± 0.3 7.1 ± 0.2

meg = 1100, mec0
1
= 800 1.1 ± 0.04 1.5 ± 0.05 7.4 ± 0.1

Table 6: Summary of systematic uncertainties for the signal efficiency.

Uncertainty source Impact on signal yield [%]
Luminosity 2.6
PDFs on acceptance 0–6
Lepton identification/isolation 2
Fast simulation lepton identification/isolation 2
Dilepton trigger 5
Lepton energy scale 0–5
Emiss

T 0–8
Jet energy scale/resolution 0–8
ISR modeling 0–14
Additional interactions 1

modeling of initial-state radiation (ISR) [43] is 0–14%. The uncertainty in the correction to ac-
count for pileup in the simulation is evaluated by shifting the inelastic cross section by ±5%.
The impact on the signal yield is found to be about 1%.

9 Interpretation

Based on the results of the counting experiments, exclusion limits are determined. The lim-
its are calculated at 95% confidence level (CL) using the CLs criterion with the LHC-style test
statistic [34, 44, 45], taking into account the statistical and systematic uncertainties in the signal
yields and the background predictions discussed in Sections 8 and 5, respectively. The different
systematic uncertainties are considered to be uncorrelated with each other, but fully correlated
among the different signal regions. The systematic uncertainties are treated as nuisance param-
eters and are parametrized with log-normal distributions.

For the fixed- and slepton-edge scenarios all six signal regions (low-mass, on-Z, and high-
mass, for the central and forward lepton regions) are combined. The resulting exclusion limits
for these scenarios are shown in Fig. 8. The production of bottom squarks is considered, as
the excess observed in data consists predominantly of events with at least one b jet. In the
fixed-edge scenario, the mass difference between the ec0

2 and ec0
1 neutralinos is fixed to 70 GeV,

resulting in an edge in the m`` spectrum at this value. This choice for the edge position is
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b-tagged razor: boxes

• Fit in each box independently

• Fit b tag categories within a box simultaneously

• Common background shape parameters for 2b and ≥3b bins
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6 6 Modeling of the standard model backgrounds

The events in the single-lepton and two-lepton boxes are recorded using the electron and muon
razor trigger. The remaining two boxes, generically referred to as “hadronic” boxes, contain
events recorded using the hadronic razor trigger.

In the two-lepton boxes, the (MR, R2) distribution of events with at least one b-tagged jet is
studied. For the other boxes, the data are binned according to the b-tagged jet multiplicity: 1
b-tag, 2 b-tags, and �3 b-tags.

Table 1: Kinematic and multiplicity requirements defining the nine razor boxes. Boxes are listed
in order of event filling priority.

Box Lepton b-tag Kinematic Jet
Two-lepton boxes

MuEle �1 tight electron and

�1 b-tag �2 jets

�1 loose muon

MuMu �1 tight muon and (MR > 300 GeV and R2 > 0.15) and
�1 loose muon (MR > 350 GeV or R2 > 0.2)

EleEle �1 tight electron and
�1 loose electron

Single-lepton boxes
MuMultiJet 1 tight muon

�1 b-tag
�4 jetsEleMultiJet 1 tight electron (MR > 300 GeV and R2 > 0.15) and

MuJet 1 tight muon (MR > 350 GeV or R2 > 0.2) 2 or 3 jetsEleJet 1 tight electron
Hadronic boxes

MultiJet none �1 b-tag (MR > 400 GeV and R2 > 0.25) and �4 jets
�2 b-tagged jet none �2 b-tag (MR > 450 GeV or R2 > 0.3) 2 or 3 jets

A baseline kinematic requirement is applied to define the region in which we search for a signal:

• MR > 400 GeV and R2 > 0.25 for the hadronic boxes;
• MR > 300 GeV and R2 > 0.15 for the other boxes.

The tighter baseline selection for the hadronic boxes is a consequence of the tighter threshold
used for the hadronic razor trigger. The kinematic plane defined by the baseline selection is
divided into three regions (see Fig. 3):

• low MR sideband: 400 < MR < 550 GeV and R2 > 0.30 for the hadronic boxes;
300 < MR < 450 GeV and R2 > 0.20 for the other boxes;

• low R2 sideband: MR > 450 GeV and 0.25 < R2 < 0.30 for the hadronic boxes;
MR > 350 GeV and 0.15 < R2 < 0.20 for the other boxes;

• signal-sensitive region: MR > 550 GeV and R2 > 0.30 for the hadronic boxes; MR >
450 GeV and R2 > 0.20 for the other boxes.

The bottom left corner of the razor plane, not included in any of the three regions, is excluded
from the analysis. Given this selection, the multijet background from quantum chromodynam-
ics processes is reduced to a negligible level due to the fact that these processes typically peak
at R2 ⇡ 0 and fall exponentially for larger values of R2 [36, 37].

6 Modeling of the standard model backgrounds

Under the hypothesis of no contribution from new-physics processes, the event distribution in
the considered portion of the (MR, R2) plane can be described by the sum of the contributions
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MSSM 4-W final states

• Fully hadronic

• HT-MET triggers

• 3-5, 6-7, and ≥8 jet categories, no b tags

• Backgrounds: invisible Z, lost lepton, W→τhad (prompt W or t→W), multijet

• 1 lepton: lepton-HT-MET and lepton-HT triggers

• ≥6 jets, of which ≥2 b tags

• High ST

lep
 = lepton pT + MET, ∆Φ(lepton pT + MET, lepton pT) > 1

• Backgrounds: lost lepton, semi-leptonic tt, single top

• 2-3 leptons, ≥2 same sign: ee, eμ, and μμ triggers

• Same-sign dilepton and tri-lepton: b tags, non-prompt lepton background evaluated 
from data, diboson/ttW/ttZ from MC, electron charge mis-ID from Z tag and probe

• Combination of 5 channels: most background systematics uncorrelated, any correlated 
uncertainties (luminosity, lepton ID, etc.) assumed 100% correlated
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4 4 Event selection

jet in the event with pT > 30 GeV by DR > 0.4 and to have an impact parameter consistent with
the primary vertex.

The events are then divided into categories within each sample according to the number of
jets in the event. Jets are required to pass identification criteria [52], have pT > 30 GeV and lie
within the range |h| < 4.7. The zero jet category contains signal events produced by gluon-
gluon fusion. The one-jet category contains signal events produced by gluon-gluon fusion
and events produced in association with a W or Z boson decaying hadronically. The two jet
category is enriched with signal events produced by vector boson fusion.

Table 1: Selection criteria for the kinematic variables after the loose selection.

Variable H ! µte H ! µth
[GeV] 0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
pµ

T > 50 45 25 45 35 30
pe

T > 10 10 10 — — —
pt

T > — — — 35 40 40
Me

T < 65 65 25 — — —
Mµ

T > 50 40 15 — — —
Mt

T < — — — 50 35 35
[radians]
Df~pµ

T�~p
th
T
> — — — 2.7 — —

Df~pe
T�~Emiss

T
< 0.5 0.5 0.3 — — —

Df~pe
T�~pµ

T
> 2.7 1.0 — — — —

The signal variable is the collinear mass, Mcol, which provides an estimator of the reconstructed
H mass using the observed decay products. This is constructed using the collinear approxima-
tion [54] which is based on the observation that since the mass of the H is much greater than
the mass of the t, the t decay products are highly Lorentz boosted in the direction of the t. The
neutrino momenta can be approximated to be in the same direction as the other visible decay
products of the t and the component of the missing transverse energy in the direction of the vis-
ible t decay products is used to estimate the transverse component of the neutrino momentum.
Figure 1 shows Mcol for the signal and background compared to data for each of the categories
in each channel after the loose selection. The signal simulation for B(H ! µt) = 100% is
shown. The principal backgrounds are estimated with data using techniques described in Sec-
tion 5. There is good agreement between data and the background estimation. The agreement
is similar in all of the kinematic variables that are subsequently used to suppress backgrounds.
The analysis is performed “blinded” in the region 100 < Mcol < 150 GeV.

Next, a set of kinematic variables is defined and the criteria for selection are determined by
optimizing for S/

p
S + B where S and B are the expected signal and background event yields

in the mass window 100 < Mcol < 150 GeV. The signal strength is set according to the SM H
production cross section at MH = 125 GeV with B(H ! µt) = 10%. This value for the LFV
H branching fraction is chosen because it corresponds to the limit from indirect measurements
as described in Ref. [4]. The optimization was also evaluated assuming B(H ! µt) = 1% and
negligible change in the optimal values of selection criteria was observed. The criteria for each
category, and in each channel, are given in Table 1. The variables used are the lepton trans-
verse momenta p`T with ` = t, µ, e; azimuthal angles between the leptons Df

~p`1
T �~p`2

T
; azimuthal

angle Df~p`T�~Emiss
T

; the transverse mass M`
T =

p
2p`TEmiss

T (1 � cos Df~p`T�~Emiss
T

). Events in the vec-
tor boson fusion category are required to have two jets separated by a pseudorapidity gap
(|Dh| > 3.5) and to have a dijet invariant mass greater than 550 GeV. In the H ! µte channel

http://arxiv.org/abs/1502.07400
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8 6 Systematic uncertainties

Table 3: Systematic uncertainties in %. All uncertainties are treated as correlated between the
categories, except where there are two numbers. In this case the number denoted with * is
treated as uncorrelated between categories and the total uncertainty is the sum in quadrature
of the two numbers.

Systematic uncertainty H ! µte H ! µth
0-Jet 1-Jet 2-Jets 0-Jet 1-Jet 2-Jets

electron trigger/ID/isolation 3 3 3 — — —
muon trigger/ID/isolation 2 2 2 2 2 2
hadronic tau efficiency — — — 9 9 9
luminosity 2.6 2.6 2.6 2.6 2.6 2.6
Z ! tt background 3+3* 3+5* 3+10* 3+5* 3+5* 3+10*
Z ! µµ, ee background 30 30 30 30 30 30
misidentified µ, e background 40 40 40 — — —
misidentified th background — — — 30+10* 30 30
WW, ZZ+jets background 15 15 15 15 15 65
tt background 10 10 10+10* 10 10 10+33*
W + g background 100 100 100 — — —
b-tagging veto 3 3 3 — — —
single top production background 10 10 10 10 10 10

the study has been performed also as a function of the number of jets in the event and similar
agreement is found.

5.3 Other backgrounds

The SM H decays in the H ! tt channel provide a small background that is estimated with
simulation. This background is suppressed by the kinematic selection criteria and peaks be-
low 125 GeV. The W leptonic decay from tt produces opposite sign dileptons and Emiss

T . This
background is estimated with simulated tt events using the shape of the Mcol distribution from
simulation and a data control region for normalization. The control region is the 2-jet selection
but with the additional requirement that at least one of the jets is b-tagged in order to enhance
the tt contribution. Other smaller backgrounds come from WW, ZZ+jets, Wg+jets and single
top production. Each of these is estimated with simulation.

6 Systematic uncertainties
To set upper bounds on the signal strength, or determine a signal significance, we use the CLs
method [31, 32]. A binned likelihood is used, based on the distributions of Mcol for the signal
and the various background sources. Systematic uncertainties are represented by nuisance
parameters, some of which only affect the background and signal normalizations, while others
affect the shape and/or normalization of the Mcol distributions.

6.1 Normalization uncertainties

The uncertainties are summarized in Tables 3 and 4. The uncertainties in the e and µ selection
(trigger, identification and isolation) are estimated using the “tag and probe” technique in Z !
ee, µµ data [56]. The hadronic t efficiency is estimated using the “tag and probe” technique in
Z ! tt data [53]. The uncertainty in the Z ! tt background comes predominantly from the
uncertainty in the t efficiency. The uncertainties in the estimation of the misidentified lepton
rate come from the difference in rates measured in different data samples (QCD multijets and

6.2 M

col

shape uncertainties 9

cross section, which differ for each production mechanism contribution within each category.253

They are given in Table 4. These affect the LFV H and the SM H background equally, and are254

treated as 100% correlated. The parton distribution function (PDF) uncertainty is evaluated255

by comparing the yields in each category, when spanning the parameter range of a number of256

different independent PDF sets including CT10 [57], MSTW [58], NNPDF [59] as recommended257

by PDF4LHC [60]. The scale uncertainty is estimated by varying the renormalization, µR, and258

factorization scale, µF, up and down by one half or two times the nominal scale (µR = µF =259

MH/2) under the constraint 0.5 < µF/µR < 2. The underlying event and parton shower260

uncertainty is estimated by using two different PYTHIA tunes, AUET2 and Z2*. Anticorrelations261

arise due to migration of events between the categories and are expressed as negative numbers.262

Table 4: Theoretical uncertainties in % for Higgs boson production. Anticorrelations arise due
to migration of events between the categories and are expressed as negative numbers.

Systematic Uncertainty Gluon-Gluon Fusion Vector Boson Fusion
0-Jets 1-Jets 2-Jets 0-Jet 1-Jet 2-Jets

parton density function +9.7 +9.7 +9.7 +3.6 +3.6 +3.6
renormalization/factorization scale +8 +10 �30 +4 +1.5 +2
underlying event/parton shower +4 �5 �10 +10 <1 �1

6.2 Mcol shape uncertainties263

The systematic uncertainties that lead to a change in the shape of the Mcol distribution are sum-264

marized in Table 5. In the embedded Z ! tt Mcol distribution, used to estimate the Z ! tt

Table 5: Systematic uncertainties in % for the shape of the signal and background templates.

Systematic Uncertainty H ! µte H ! µth

hadronic tau energy scale - 3
jet energy scale 3-7 3-7
unclustered energy scale 10 10
Z ! tt bias 100 -

265

background, a 1% shift has been observed with respect to Z ! tt simulations by comparing266

the means of both distributions. This occurs only in the H ! µte channel. The Mcol distribution267

has been corrected for this effect and a 100% uncertainty on this shift is used as a systematic268

uncertainty for the possible bias. The jet energy scale has been studied extensively and a stan-269

dard prescription for corrections [51] is used in all CMS analyses. The overall scale is set using270

g + jets events and the most significant uncertainty is in the photon energy scale. A number of271

other uncertainties such as jet fragmentation modeling, single pion response and uncertainties272

in the pileup corrections are also included. The jet energy scale uncertainties (3-7%) are applied273

as a function of pT and h, including all correlations, to all jets in the event, propagated to the274

missing energy, and the resultant Mcol distribution is used in the fit. There is also an additional275

uncertainty added to account for the unclustered energy scale uncertainty. The unclustered en-276

ergy comes from jets below 10 GeV and PF candidates not within jets. It is also propagated to277

the missing transverse energy. These effects cause a shift of the Mcol distribution. The t energy278

scale is estimated by comparing Z ! tt events in data and simulation. An uncertainty of 3% is279

derived from this comparison. The uncertainty is applied by shifting the pT of the t candidates280

in the event and the resultant Mcol distribution is used in the fit. Finally, the Mcol distributions281

6.2 M
col

shape uncertainties 9

W+jets). The uncertainty in the production cross section of the backgrounds that have been
estimated by simulation is also included.

There are several uncertainties that arise from the theoretical uncertainty in the H production
cross section, which differ for each production mechanism contribution within each category.
They are given in Table 4. These affect the LFV H and the SM H background equally, and are
treated as 100% correlated. The parton distribution function (PDF) uncertainty is evaluated
by comparing the yields in each category, when spanning the parameter range of a number of
different independent PDF sets including CT10 [57], MSTW [58], NNPDF [59] as recommended
by PDF4LHC [60]. The scale uncertainty is estimated by varying the renormalization, µR, and
factorization scale, µF, up and down by one half or two times the nominal scale (µR = µF =
MH/2) under the constraint 0.5 < µF/µR < 2. The underlying event and parton shower
uncertainty is estimated by using two different PYTHIA tunes, AUET2 and Z2*. Anticorrelations
arise due to migration of events between the categories and are expressed as negative numbers.

Table 4: Theoretical uncertainties in % for Higgs boson production. Anticorrelations arise due
to migration of events between the categories and are expressed as negative numbers.

Systematic uncertainty Gluon-Gluon Fusion Vector Boson Fusion
0-Jets 1-Jets 2-Jets 0-Jet 1-Jet 2-Jets

parton density function +9.7 +9.7 +9.7 +3.6 +3.6 +3.6
renormalization/factorization scale +8 +10 �30 +4 +1.5 +2
underlying event/parton shower +4 �5 �10 +10 <1 �1

6.2 Mcol shape uncertainties

The systematic uncertainties that lead to a change in the shape of the Mcol distribution are sum-
marized in Table 5. In the embedded Z ! tt Mcol distribution, used to estimate the Z ! tt

Table 5: Systematic uncertainties in % for the shape of the signal and background templates.

Systematic uncertainty H ! µte H ! µth
hadronic tau energy scale — 3
jet energy scale 3–7 3–7
unclustered energy scale 10 10
Z ! tt bias 100 —

background, a 1% shift has been observed with respect to Z ! tt simulations by comparing
the means of both distributions. This occurs only in the H ! µte channel. The Mcol distribution
has been corrected for this effect and a 100% uncertainty on this shift is used as a systematic
uncertainty for the possible bias. The jet energy scale has been studied extensively and a stan-
dard prescription for corrections [51] is used in all CMS analyses. The overall scale is set using
g+jets events and the most significant uncertainty is in the photon energy scale. A number of
other uncertainties such as jet fragmentation modeling, single pion response and uncertainties
in the pileup corrections are also included. The jet energy scale uncertainties (3–7%) are applied
as a function of pT and h, including all correlations, to all jets in the event, propagated to the
missing energy, and the resultant Mcol distribution is used in the fit. There is also an additional
uncertainty added to account for the unclustered energy scale uncertainty. The unclustered
energy comes from jets below 10 GeV and PF candidates not within jets. It is also propagated to
the missing transverse energy. These effects cause a shift of the Mcol distribution. The t energy
scale is estimated by comparing Z ! tt events in data and simulation. An uncertainty of 3% is
derived from this comparison. The uncertainty is applied by shifting the pT of the t candidates
in the event and the resultant Mcol distribution is used in the fit. Finally, the Mcol distributions
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LFV Higgs: backgrounds

• Z→ττ

• Muons from Z→μμ data replaced with simulated taus and normalized from simulation

• Difficult-to-model hadronic activity and multiple pp interactions taken from data

• Jet faking lepton

• Fake rate fX = NX,iso/NX,non-iso measured in Z→μμ + X data sample (X = e,μ) and 
multiplied by yield in e(μ) + non-isolated τX/τh data sample (along with small trigger 
efficiency correction)

• Test case for the fake rate method: predict yield in same-sign isolated μτ samples

• Fake rate cross checked in multijet data sample

• tt from simulation with data normalization (2 jets, of which ≥1 is b tagged)

• SM Higgs, diboson, Wγ, and single top from simulation
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Low-ET mono-photon: signal bins
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5

In events with no genuine E/T, the mismeasured quantities can be re-distributed back into the
particle momenta, resulting in a low c2 value. On the other hand, in events with genuine
E/T from undetected particles, the minimization generally will yield larger c2 values. For the

analysis of the SUSY benchmark model, the re-calculated fE/T =
q

eE/
2
x + eE/

2
y, i.e., in which the

original object momenta are replaced with those obtained with the c2 minimization, is required
to be > 45 GeV and the probability value obtained from the c2 minimization is required to be
less than 10�3.

To further suppress multijet backgrounds, events are rejected if the scalar sum of transverse
momentum of the identified jets (HT) in the event is required to be greater than 100 GeV. An
additional requirement is made on the angle (a) between the beam direction and the major axis
of the supercluster in order to reject photons that have showers elongated along the beam line
which is characteristic of non-prompt photons.

Finally, the transverse mass, MT =
q

2pg
TE/T(1 � cos Df(g, E/T)), formed by the photon candi-

date, E/T and the angle between them, is required to be greater than 100 GeV. In order to easily
interpret the results within the chosen benchmark model, we require the Eg

T <60 GeV.

The final list of advanced selection used in both the model independent analysis and the anal-
ysis of the SUSY benchmark model with the relative cumulative efficiencies of the selection
requirements relative to the preselection is given on table 1.

Selection requirements Model ndependent SUSY benchmark model

Advanced selection Zg ! nng g+jet Zg ! nng g+jet Mec0
1
= 120 GeV

Number of jets < 2 0.909 0.769 - - -
Df(g,jet) < 2.5 0.834 0.262 - - -

Transverse mass > 100 GeV - - 0.867 0.292 0.829
HT < 100 GeV - - 0.785 0.188 0.804

MHT minimization: eE/T > 45 GeV - - 0.761 0.071 0.743
MHT minimization: Prob(c2)< 10�3 - - 0.626 0.033 0.467

E/T significance > 20 - - 0.440 0.001 0.195
a > 1.2 - - 0.390 0.001 0.165

Eg
T < 60 GeV - - 0.074 0.0002 0.106

Table 1: Summary of selection for both model independent analysis and analysis with SUSY
benchmark model with the cumulative efficiencies of the selection requirements relative to the
preselection for Zg ! nng , g+jet and Mec0

1
= 120 GeV.

4 Background estimation

The irreducible background for the g+E/T signal is the SM process Zg ! nng. Other SM back-
grounds include Wg, W ! en, W ! µn, W ! tn, g+jet, multijet (referred to as QCD back-
ground) and diphoton events. Background events that do not come from collision processes
are also considered in the analysis. These backgrounds can be divided broadly into three cate-
gories:

• Backgrounds estimated with Monte Carlo (MC) simulation: Zg ! nng, Zg ! ``g,
Wg, g+jets, gg;

• Collision backgrounds estimated using data: jets misidentified as photons and elec-
trons misidentified as photons;
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9

of the mismeasured E/T reduction selection and Eg
T window for the model specific results, the

systematic uncertainties are evaluated separately for each selection. The systematic uncertainty
associated with the measurement of the integrated luminosity is 2.6% [31]. The photon energy
scale uncertainty [32] of about 1.0% affects the signal and background predictions by 4% for
the model specific selection and by 0.5% for the model independent selection. Similarly, the jet
energy scale uncertainty affects the signal and background predictions by 2 � 5% depending
on the process and selection. When varying the photon or jet energy scales, the E/T is also
recomputed. In addition, the systematic uncertainty associated with the jet energy resolution
(0.5%) and unclustered energy (energy not contained within jets or leptons or photons) scale
(2%) are propagated to the E/T and effect the signal and background predictions by 2 � 4%.
The uncertainty due to the choice of parton density functions (PDFs) is estimated following
PDF4LHC recommendations [33–35] and are found to be 10% for SUSY Higgs boson signal, and
4% for Znng and the Wg. An additional uncertainty due to the choice of renormalization and
factorization scales is evaluated using MCFM and is found to be 3% for Znng and the Wg. As
described in the previous section, a 16% uncertainty is applied to the g+jet normalization due
to the difference in the jet multiplicity distribution between the data and background prediction
in the g+jet control region. The uncertainty due to the pileup modeling is found to be 1% and
is estimated by shifting the central value of the total inelastic cross section from 69.4 mb to 73.5
mb. Finally, the systematic uncertainties associated with backgrounds estimated from data
have been applied as discussed in previous section.

Source Signal Jet! g Electron! g g + jet Znng Wg
PDF 10(0) - - - 4(4) 4(4)

Luminosity 2.6(2.6) - - 2.6(2.6) 2.6(2.6) 2.6(2.6)
Photon energy scale ± 1 % 4(0.5) - - 4(0.5) 4(0.5) 4(0.5)

E/T energy scale 4(2) - - 4(2) 4(2) 4(2)
Jet energy scale 3(2) - - 5(5) 3(2) 3(2)

Pileup 1(1) - - 1(1) 1(1) 1(1)
Znng MCFM NLO calculation - - - - 3(3) -

g+ jet normalization - - - 16(16) - -
Wg MCFM NLO calculation - - - - - 3(3)

Jet! g unc. - 35(35) - - - -
Electron! g unc. - - 6(6) - - -

Table 3: Summary of all systematic relative uncertainties in percent on A ⇥ eMC calculation for
SUSY Higgs model (Model independent) selection.

6 Results

To evaluate the 95% confidence level (CL) limits on the new physics production cross section,
an asymptotic CLS method [36, 37] is used where the systematic uncertainties in the signal and
background predictions are treated as nuisance parameters with log-normal prior distributions.

6.1 Model-independent limits

Due to the variety of signals which can contribute to this final state, we present results for a
generic signal using the model-independent selection described in Section 3. Although this
selection does not have as strong of discrimination power between signal like and background
like events compared to the misreconstructed E/T rejection selections, it does have less model
dependence. This is due to E/T significance and Ẽ/T minimization requirements having a non
trivial efficiency dependence on the underlying event and observed E/T.
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• Jet faking photon

• Fake rate measured in low-MET sideband (MET < 40 GeV) and applied to high-MET data 
control sample of photons passing looser identification criteria than nominal

• Real photon component estimated by fitting shower shape templates, then subtracted out

• Isolated photon template from simulation

• π
0
→γγ template from photon isolation sideband in data sample

• 35% error due to choice of isolation sideband for fake rate denominator

• Electron faking photon

• Due to missing seed pixel hit for the track reconstruction of a real electron

• Pixel seed veto efficiency (97.7%) measured in Z→ee events, then applied to a data sample 
with the pixel seed requirement inverted

• Zγ, Wγ, and W→(μ/τ)ν backgrounds from NLO simulation

• γ + jet shape from simulation; normalization from data with inverted MET requirement

• Scale factor of 1.7(1.1) for 0(>0) jets
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CMS-PAS-HIG-14-024

http://cds.cern.ch/record/1983181


La Thuile XXIX 6 March 2015R. Yohay

Low-ET mono-photon: control samples

47

8 5 Systematic uncertainties

an additional source of systematic uncertainty.

4.3 Non-collision background estimates from data

The search is susceptible to contamination from non-collision backgrounds which arise from
cosmic ray interactions, spurious signals in the ECAL, and accelerator induced secondary par-
ticles (beam halo). These backgrounds have different arrival time distributions compared to
prompt photons produced in hard scattering. To quantify the contamination due to these back-
grounds a fit is performed to the candidate time distribution using background templates de-
rived from the data. The contamination due to out-of-time background contribution is found
to be negligible, therefore not included in the final event yield.

4.4 Background modeling validation

The background modeling is examined in several control regions. A control sample enriched
in W(ln)g events is defined with inverted lepton-veto requirement in the preselection, thus
selecting events with a loose e or µ. It is expected to be free of any signal contamination due
to the presence of a lepton. Another control sample enriched in g+jet events is constructed by
just requiring no selection other than the preselection requirements. Figure 4 shows the data vs
SM expectation in the two control regions. The observed data and estimated SM backgrounds
are found to be consistent both in yield and shape.
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Figure 4: The Eg
T distributions for data vs. SM expectation in a control region enriched by (a)

W(ln) events, and (b) g+jet events. The bottom panels in each plot show the ratio of (data -
background)/background and the gray band includes both the statistical and systematic un-
certainty on the background prediction.

5 Systematic uncertainties

The experimental systematic uncertainties considered in the analysis are listed in Table 3. Since
the model independent and model specific selections differ significantly, e.g. the inclusion

Wγ-enriched control sample γ+jet-enriched control sample

Fully data-drivenShape from MC, normalization from data NLO MC
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4.3 Correction of cluster energy 5

the ECAL barrel that convert in the material of the tracker before a radius of 85 cm, and those
that convert later, or do not convert at all before reaching the ECAL. The events are simulated
Higgs boson diphoton decays, H ! gg, and the photons are required to satisfy pT > 25 GeV.
Both histograms are normalized to unity. Despite being an imperfect indicator of whether a
photon converts before reaching the ECAL, R9 is strongly correlated with the photon energy
resolution degradation due to the spreading of showers initiated in the tracker, induced by the
magnetic field. Based on such information, the simplest energy estimation for high-pT photons
is made by summing the energy in the supercluster for barrel (endcap) photons with R9 < 0.94
(R9 < 0.95), and summing the energy in a 5⇥ 5 crystal matrix for the remaining “unconverted”
photons. Signals recorded in the preshower detector are included in the region |h| > 1.65.
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Figure 1: Distributions of the R9 variable for photons in the ECAL barrel that convert in the
material of the tracker before a radius of 85 cm (solid filled histogram), and those that convert
later, or do not convert at all before reaching the ECAL (outlined histogram).

4.3 Correction of cluster energy

Significant improvements in energy resolution are obtained by correcting the initial sum of en-
ergy deposits forming the supercluster for the variation of shower containment in the clustered
crystals and for the shower losses of photons that convert before reaching the calorimeter. The
main mechanisms resulting in systematic variation of the fraction of the initial energy con-
tained in the clustered crystals, ranked in approximate order of increasing severity, are

(i) variation of longitudinal depth at which the shower passes through the off-pointing in-
tercrystal voids (causing variation of longitudinal containment),

(ii) variation of shower location with respect to the lateral granularity (causing variation of
lateral containment),

(iii) variation in the amount of energy absorbed before reaching the ECAL for showers start-
ing before the ECAL,

24 6 Photon identification
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Figure 14: Distribution of the shower-shape variable, shh , for FSR photons in Z ! µ+µ�g
events in data (solid circles) and simulation (histogram), and for background-dominated pho-
ton candidates in dimuon triggered events (open circles). The barrel and endcaps are shown
separately. The simulated signal and background distributions are normalized to the number
of signal photons in the data. The ratios between the photon signal distributions in data and
simulation are shown in the bottom panels.

Photon isolation is measured exploiting the information provided by the particle-flow event
reconstruction [35, 36]. The particle-flow algorithm combines information from the tracker, the
calorimeters, and the muon detectors, and aims to reconstruct the four-momenta of all particles
in the event, classifying them as charged and neutral hadrons, photons, electrons and muons.
The photon isolation variables are obtained by summing the transverse momenta of charged
hadrons, Ip, photons, Ig, and neutral hadrons, In, inside an isolation region of radius DR in the
(h, f) plane around the photon direction. Since the reconstruction of the signal photons and the
particle-flow objects is not (yet) optimally synchronized, energy from the signal photon must be
removed from the isolation sums by imposing geometrical requirements. When calculating Ig,
particle-flow photons falling in a pseudorapidity slice of size Dh = 0.015 are excluded from the
sum. Similarly, when constructing Ip, summing the transverse momenta of charged hadrons, a
region of DR = 0.02 is excluded.

Charged hadrons are reliably associated with reconstructed primary vertices and thus Ip is
potentially independent of pileup. However, the association of photons with a primary ver-
tex is often less than certain, and an incorrect choice of the vertex used will give a random
isolation sum consistent with an isolated photon. For this reason, two variables are defined,
Ip, where the list of charged hadrons is measured with respect to the primary vertex chosen
for the photon, and Imax

p , where the isolation sum is the largest among those calculated for all
reconstructed primary vertices.

When the charged-hadron component of the isolation is calculated from candidates compatible
with the chosen primary vertex, it is independent on the number of pileup events as shown in
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4.1 Event Pre-Selection 5

An additional background in the case of same-sign dileptons arises when the charge of a lepton
in events with an originally opposite-sign pair is mis-identified. Furthermore, the same-sign
channel receives some contribution from the associated production of two W bosons of equal
charge, and two light jets, W±W±qq.

4.1 Event Pre-Selection

A relatively loose selection is applied to maintain a large signal efficiency while suppressing the
main backgrounds. It is summarized for both the three-lepton and same-sign dilepton channel
in Tab. 1. The selections are based on the number of leptons, reconstructed invariant mass (mll),
b-tagged jet multiplicity, and forward jets, which are characteristic of the tH(WW)q process. In
the same-sign dilepton channels, hadronically decaying t leptons are vetoed to make the signal
selection orthogonal to a dedicated study of the H ! tt signature. The mll for the three-lepton
final state is the reconstructed invariant mass that has the closest mass to the Z boson mass
value, among pairs of leptons with same-flavor and opposite charge (when more than one is
found, depending on the three-lepton final state).

Same-sign `` channel ``` channel

Two leptons of equal charge, pT > 20 GeV Three leptons with pT > 20/10/10 GeV
No additional leptons with lepton MVA > 0.35 No additional tight leptons
mll > 20 GeV mll > 20 GeV
No identified hadronically-decaying t leptons Z-veto: |mll � mZ| > 15 GeV
At least one central jet (|h| < 1.0) Emiss

T > 30 GeV
At least one central jet tagged as CSV-L Exactly one jet with tagged as CSV-M
At least one forward jet (|h| < 1.0) At least one forward jet (|h| > 1.5)

Table 1: Pre-selection criteria for events that are used for the construction of the multivariate
discriminator.

4.2 Signal Discriminator

The production cross section for the signal Ct = -1 is just a few fb, resulting in a fairly small
signal to background ratio even for a tight selection. A simple counting experiment is therefore
not enough to reach appreciable sensitivity. Hence, a multivariate method is used to build a
discriminator to further reduce background events. A simple linear likelihood discriminator,
L, is constructed, as the ratio of signal over signal-plus-background likelihoods for a chosen set
of discriminating observables:

L(x) =
LS(x)

LS(x) + LB(x)
.

For each event the signal (LS) and background (LB) likelihoods are calculated as the product
of the respective signal and background Probability Density Functions (p), evaluated at the
observed values (xj):

Li(x) = ’
j

pi
j(x

j),

where i stands for each process (signal, backgrounds) and j for each of the variables considered.
The variables to enter the likelihood are chosen to be minimally correlated while providing
good discrimination power.

After the event pre-selection summarized in Sec. 4.1 is applied, a search for an optimal set of
variables is performed, to find those that best separate the signal from the backgrounds. The
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