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INTRODUCTION
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With Low ET monophoton (ɣ+MET), we can: 

Extend the reach of the usual monophoton searches for Dark Matter 
and other new phenomena ➤ searches at colliders concentrated at 
high energy regime 

Look for SM Higgs decays to Z(νν)ɣ ➤ heavy particles in the loop can 
enhance coupling (not sensitive to SM cross section) 

Look for BSM processes that induce exotic Higgs decays
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SUSY HIGGS DECAY TO LOW ET MONOPHOTON
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Higgs produced via  
gluon fusion Gravitino is the model’s LSP Neutralino decays  

promptly to  
photon + Gravitino

Standard Model-like Higgs boson 
with Mh = 125 GeV 

decays into a Gravitino and a 
Neutralino   

Neutralino mass M�̃� > Mh /2 
If M�̃� < Mh /2, 

h→𝜒 ̃𝜒 ̃→ɣɣ+MET is favored

arXiv:1203.4563v2 

Supersymmetry provides a possible solution for the Electroweak instability 
and the hierarchy problems 

Models with low scale SUSY breaking (√f ~ TeV), in the presence of gravity, 
provide a gravitino with M ~ 0, and allow the decay dasdasdasd
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BACKGROUNDS
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Irreducible 

SM Z(→νν)ɣ (estimated with 
simulation)

Partially Reducible 

SM W(→νl)ɣ (estimated with 
simulation)

Mis-Identified Photons 

Jets faking photons: 

QCD 

(W/Z)+Jets 

Electrons faking photons: 

W→νe 

Data driven estimation

Fake MET 

ɣ+Jets (simulation + data driven 
normalization)

Non-Collision 

Beam halo 

Anomalous calorimeter signals 

Data driven estimation
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ANALYSIS STRATEGY
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Online selection 
Low ET isolated photon + MET trigger 

Possible due to CMS Data Parking 
program - ∫𝓛 = 7.3 fb-1 

Offline selection 
Require one good photon (ID
+Isolation: 85% efficiency) with tight 
electron veto 

ET > 45 GeV, ET < 60 GeV and 
within ECAL barrel 

Extra shower shape cuts to 
mitigate anomalous signals 

Require PF MET > 40 GeV and MT > 
100 GeV 

Veto on leptons in the event 
Extra cuts to mitigate fake MET

Photon

MET
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FAKE MET MITIGATION
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30 8 E/T significance

was found to outperform the option where each event was treated as electron-free (as is the
case for the dominant background).

Figure 23 also shows that the SPF distributions for W ! en in data and simulation agree well.
As expected, the backgrounds without genuine E/T are compressed towards low values of SPF
while signal events having real E/T extend to high values of SPF.
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Figure 23: (left) Efficiency curves for W ! en signal versus backgrounds varying the minimum
value of E/T (solid lines), of SPF (dotted lines), and of E/T/

p
Â ETi (dot-dash line), with the 95%

efficient (blue) or 80% efficient (red) electron isolation criterion applied. (right) Distributions
for SPF in candidate W ! en events from data (points) and simulation (stacked histograms).
The simulation components, from top to bottom, are signal (mustard) and backgrounds from
jets (purple), g+ jets (black), Z ! e+e� (yellow), and W± ! t±nt (orange). The simulation is
scaled by a fit to the data with floating normalizations for the signal and the total background.

Figures 24 and 25 contrast the behaviour of signal and total background efficiencies for mini-
mum E/T or SPF thresholds for different numbers of interaction vertices (pile-up) in simulation.
The jets and g+ jets backgrounds, which have no genuine E/T, dominate. The background con-
tribution at higher E/T grows as pile-up increases, while the SPF levels remain quite stable. As
a result, a background subtraction based on extrapolation of E/T will be sensitive to the mod-
eling of pile-up, while one based on extrapolation of SPF would not. As one can see from the
signal versus background efficiency curves shown in Fig. 25, differentiation of signal from
background degrades for both E/T and SPF as pile-up increases. Regardless of the amount of
pile-up, however, SPF always provides a superior signal to background ratio compared to E/T.

Largest portion of the background is due to MET arising from 
mismeasured jets ➤ different ways to mitigate this contribution

Hadronic activity requirement in the event 
Cut on the total scalar sum of good jets pT 
of the event: HT < 100 GeV 

Good jet: anti-kT 0.5 particle flow jets with 
pT > 30 GeV, outside of the photon cone 
and identified as a non-pile up jet. 

MET Significance 
Cut on the likelihood ratio of MET/no MET 
hypothesis event by event: MET Sig > 20

Missing HT Minimization 
Cut on the probability of missing HT being created by effects of the 
energy resolution of jets (based on kinematic fit)

MET performance 
of the CMS detector 

arXiv:1106.5048

MET Significance
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Electrons Faking Photons 

Electrons can fail to leave enough hits on the pixel detector to create a 
pixel seed, thus failing the pixel seed veto ➤ electrons faking photons 
We can estimate that contribution by looking at  
how often real electrons (from Z➞ee) fail the veto 
(1 -ϵpixel seed veto) = 2.31 ± 0.03%.

DATA DRIVEN ESTIMATIONS:

FAKE PHOTONS

7

Jets Faking Photons 

High energy π0 (decaying to ɣɣ) can fragment from  
jets and be reconstructed as a single isolated ɣ on  
ECAL ➤ jets faking photons 
We estimate the contribution of jets faking photons  
in our signal, as a function of photon ET, by comparing  
templates of jets that pass ɣ requirements and overall jets
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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

CONTROL REGIONS

8

We validate our background modeling with two control regions 

W(lν)ɣ: event selection with reverted lepton veto ➤ enriched with 
W(lν)ɣ events, free of signal events 

ɣ+Jets: no fake MET mitigation cuts applied ➤ dominated by ɣ+Jets 
events

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
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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

ɣ+JetsW(lν)ɣ
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SUSY LIMITS
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Limits on the exotic process 
aaaaaaaaaaaaaaa assuming 

Standard Model cross section for 
Higgs production 

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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Limits on exotic  
branching ratio

CMS-PAS-HIG-14-024gg ! h ! �̃0
1G̃

We can also look at the Higgs being 
produced in association with a Z boson 

that decays into two leptons 

➤ Less signal but much less 
background
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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.

Observed

MODEL INDEPENDENT LIMITS
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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.

Standard monophoton 
analysis: 100% consistent

(arXiv:1410.8812)

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

We can choose to use looser and simpler cuts to 
provide model independent results on studied 
final state 

 

Cuts removed: 
Fake MET mitigation cuts 
MT > 100 and  
ET < 60 GeV cuts

Cuts added: 
Reject events with ≥ 2 jets 
Reject events with 
Δϕ(jet,ɣ) > 2.5 
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We have performed a search for an exotic decay of the Higgs boson on 
the low ET monophoton final state 

As a model independent search, this work extends the standard search 
for new physics in the monophoton final state to a new regime at the 
LHC 

Very challenging regime due to triggering and large background 

Within our benchmark model, we have set limits on a SUSY decay of the 
Higgs boson into a neutralino and a gravitino on the gluon fusion and ZH 
production channels 

More information: 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14024TWiki 

http://cms-results.web.cern.ch/cms-results/public-results/publications/
HIG-14-025/index.html 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14024TWiki
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-025/index.html


BACKUP
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Trigger 
Low ET Photon+MET trigger on CMS Data 
Parking program 
Photon on the ECAL barrel (|η| < 1.4), ET > 
30 GeV, with calo based ID + isolation and 
MET > 25 GeV 
7.3fb-1 of integrated luminosity

Photon Selection 
At least one photon in the ECAL barrel 
passing: 

ET > 45 GeV and ET < 60 GeV 
ID+Isolation with 85% efficiency 
Electron veto (no pixel seed in the 
photon cone) 
Shower shape cuts (anomalous signals 
mitigation)Lepton Veto 

Veto electrons and muons 
that pass loose ID, PT > 10 
GeV and outside of the 
photon cone (ΔR > 0.3)

MET Requirement 
Particle flow MET > 40 
GeV 
MT > 100 GeV

4.2 Event selection in the ZH channel 5

Table 1: Summary of ggH selection for both the quasi model-independent analysis and the anal-
ysis with the SUSY benchmark model with the cumulative efficiencies of the selection require-
ments relative to the preselection for Zg ! nng, g+jet and for a signal in a SUSY benchmark
model with ggH production of a Higgs boson with mass 125 GeV decaying into a neutralino of
mass 120 GeV and a photon.

Model-independent SUSY benchmark model

Selection requirements Zg ! nng g+jet Zg ! nng g+jet mc̃0
1
= 120 GeV

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

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

T > 45 GeV - - 0.761 0.071 0.743
Prob(c2) < 10�3 - - 0.626 0.033 0.467

Emiss
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

missing transverse energy from the undetectable particles, an isolated high-ET photon, and152

little or moderate jet activity are required to select the signal events.153

The detailed definitions of all the physics objects are given in Ref. [32]. In addition, photon154

requirements based on a multivariate selection discussed in Refs. [28, 33] have been used. The155

kinematic selection requires two leptons with pT > 20 GeV and one photon with Eg
T > 20 GeV.156

Furthermore, the dilepton mass must be compatible with that of a Z boson within 15 GeV of157

the pole mass.158

To reduce the background from WZ events, events are removed if an additional loosely iden-159

tified lepton is reconstructed with pT > 10 GeV. To reject most of the top-quark background,160

an event is rejected if it passes the b-tagging selection (anti b-tagging) or if there is a selected161

jet with pT larger than 30 GeV (jet veto). The b-tagging selection is based on the presence of a162

muon in the event from the semileptonic decay of a bottom-quark, and on the impact param-163

eters of the constituent tracks in jets containing decays of b quarks [34]. The set of b-tagging164

veto criteria retain about 95% of the light-quark jets, while rejecting about 70% of the b-jets.165

The signal topology is characterized by a Z(``) system with large transverse momentum bal-166

anced in the transverse plane by a ~Emiss
T + ~Eg

T system from the Higgs boson decay. To re-167

ject background from Zg and Z+jets events with misreconstructed Emiss
T the azimuthal angle168

Df``,~Emiss
T +~Eg

T
is required to be greater than 2.7 radians, the variable |p

~Emiss
T +~Eg

T
T � p``T |/p``T is re-169

quired to be smaller than 0.5, and the azimuthal angle between the two leptons Df`` is required170

to be smaller than 2.25 radians. Finally, p``T is required to be larger than 60 GeV, and Emiss
T is171

required to be larger than 60 GeV. A summary of the selection for the analysis is shown in172

Table 2.173

The signal-to-background fraction depends on the |hg|, the pseudorapidity of the photon, with174

greater discrimination at lower values. To exploit this effect and improve sensitivity, the se-175

lected events are subdivided according to whether the photon is reconstructed in the barrel or176

endcap regions.177

Analysis dependent selection efficiencies after good photon selection 
(ET(ɣ) > 45 GeV, |η(ɣ)| < 1.44, ID+ISO) and MET > 40 GeV
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Electrons Faking Photons 

In a data control sample requiring one electron, we use a Tag-and-Probe method to check the rate in which the 
probe electron is reconstructed as a photon due to the failing of the pixel seed veto on Z➞ee events 
After requiring the tag electron, we construct samples with two different probes: (1) a reconstructed photon 
that passes the electron veto (electron failing to leave a pixel seed); (2) a reconstructed photon that failed the 
electron veto.  
The ratio between the yields  of the invariant mass of tag and probes under the Z peak provides a factor to be 
used as normalization of a control sample identical to the signal sample, but with the electron veto reversed on 
the photon requirements. This normalization factor is related to the pixel seed veto fake rate (1 -ϵpixel seed veto). 

(1 -ϵpixel seed veto) = 2.31 ± 0.03%. Systematic uncertainty on electron control sample of 6%.

Jets Faking Photons 

In a data control sample (MET < 40 GeV), check the ratio  
between σiηiη templates of : 

Objects passing photon ID (contribution of real photons  
subtracted) ➤ jets faking photons in our signal 

Objects that pass a loose photon ID+Isolation and failing at  
least one of the isolation requirements ➤ jets control sample 

In our signal sample, we weigh the jets control sample by the  
measured ratio and use it as our jets faking photons estimation. 

Systematic uncertainty: 35%

4.2 Background estimates from data 7

to obtain the true ratio of misidentified jets. This contribution is estimated by fitting templates
of energy-weighted shower widths of genuine photons (determined from MC simulation of
g+jets events) and misidentified photons (determined from an isolation sideband in data) to
the candidate distribution. The final corrected extrapolation factor, shown in Figure 3, is then
used to scale a sample of events in data which pass the denominator selection in addition to
the other non-orthogonal event selections.
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 / ndf 2χ  2.762 / 4
Prob   0.5983
p0        0.1086± 1.503 
p1         1070± 981.1 
p2        0.3014±  1.75 

 / ndf 2χ  2.762 / 4
Prob   0.5983
p0        0.1086± 1.503 
p1         1070± 981.1 
p2        0.3014±  1.75 

fit function: p0+p1/x^p2
 Extr. Factor for QCDγ

 (8 TeV)-17.3 fb

CMS
Preliminary

Figure 3: Ratio of number of photons passing signal like requirement relative to those satisfying
a very loose identification and isolation selection and at the same time failing at least one of the
isolation criteria as a function of Eg

T.

The systematic uncertainty in this method is dominated by the choice of the isolation sideband
region and is conservatively estimated to be 35% by varying the charged-hadron isolation in
the sideband region definition. The other sources of systematic uncertainty are determined
by varying the bin size of the templates, the E/T selection for the control region, and the loose
identification requirements on the photons, and are found to be comparatively small.

Events with single electrons misidentified as photons are another major source of background.
An electron can be misidentified as a photon if the pixel seed in the tracker from the electron’s
trajectory does not get reconstructed. This background is estimated using a tag-and-probe
method with Z ! ee events. The pixel seed efficiency (ege ) to identify electrons is estimated
in the Z boson mass window of 60-120 GeV. The inefficiency (1 � ege ) of the pixel seed re-
quirement is found to be 2.31 ± 0.03%. The ratio (1 � ege)/ege , which represents the electron
misidentification rate, is applied to a candidate sample with the inverted pixel seed require-
ment and used to estimate the contamination in the signal region. The misidentification rate is
found to be dependent on the number of vertices reconstructed in the event and the number
of tracks associated to the selected primary vertex. The difference in the final yields using the
two parameterizations or the inclusive measurement of ege are found to be within 5%. This dif-
ference is considered as a systematic uncertainty, and the yield calculated using the inclusive
rate is used as the nominal estimate. The method is repeated on simulation, and the differ-
ence of 4% between the measured and known electron misidentification rate is considered as

FAKE PHOTONS (DATA DRIVEN)
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SM W(→νl)ɣ/Z(→νν)ɣ 

Simulated at LO with MadGraph ➤ NLO cross-sections from MCFM 

ɣ+Jets 

Generated with MadGraph 

Data driven approach to the cross section scale factor in two event 
classes: 0-jet and ≥ 1-jet 

Obtained on a control sample with a reversed MET cut (< 40 GeV) and 
using a pre-scaled single photon trigger identical to the signal trigger 
but without MET requirement 

Correction factors: 0-jet - 1.7, ≥ 1-jet - 1.1 

Systematic uncertainty: 16% on the number of events
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9

to the pileup modelling is found to be 1%, and is estimated by shifting the central value of the293

total inelastic cross section within its uncertainty.294

Table 3: Summary of all relative systematic uncertainties in percent for the signal and back-
ground estimates for the Higgs model (model-independent in parenthesis) selection in the ggH
analysis.

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

Integrated luminosity 2.6 (2.6) - - 2.6 (2.6) 2.6 (2.6) 2.6 (2.6)
Photon efficiency 3 (3) - - 3 (3) 3 (3) 3 (3)

Photon energy scale ± 1 % 4 (0.5) - - 4 (0.5) 4 (0.5) 4 (0.5)
Emiss

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 normalization - - - - 3 (3) -
g+ jet normalization - - - 16 (16) - -

Wg normalization - - - - - 3 (3)
Jet! g - 35 (35) - - - -

Electron! g - - 6 (6) - - -

In the ZH channel, lepton-reconstruction and identification scale factors are measured using a295

control sample of Z/g⇤ ! `+`� events in the Z peak region [36]. The associated uncertainty is296

about 2% per lepton. The photon identification uncertainty is taken to be 3% [33]. The impact297

of uncertainties in jet-energy scale and Emiss
T on the analysis is also considered. The uncertainty298

in the b-tagging efficiency is estimated to be about 0.7% using an inclusive Z/g⇤ ! `+`�299

sample. The total uncertainty in the background estimates in the signal region is about 36%,300

which is dominated by the statistical uncertainties in the data control samples from which they301

are derived.302

Table 4: Summary of relative systematic uncertainties in percent for the signal and background
estimates in the ZH analysis.

Source ZH Zg or Z + jets WZ ZZ WW + top-quark
Integrated luminosity 2.6 - 2.6 2.6 -

Lepton efficiency 3.6 - 3.6 3.6 -
Photon efficiency 3.0 - - - -

Momentum resolution 0.5 - 1 1 -
Emiss

T energy scale 0.5 - 0.6 0.1 -
Jet energy scale 2 - 4 4 -

b-tagging 0.7 - 0.7 0.7 -
Underlying event 3 - - - -

PDF 7.1 - 6.3 7.7 -
Renorm. and factor. scales 7.0 - 10.7 6.5 -

Z/g⇤ ! `+`� normalization - 50 - - -
Non-resonant dilepton backgrounds normalization - - - - 70

Jet! g - - 30 30 -
Electron! g - - 10 10 -

Amount of simulated events 3.5 60 10 30 40

Correlations between systematic uncertainties in the two channels are taken into account. In303

particular, the main sources of correlated systematic uncertainties are those in the experimental304

measurements such as the integrated luminosity, photon identification, the jet energy scale,305

and missing transverse energy resolution. All other systematic uncertainties are uncorrelated306

Systematic uncertainties for SUSY benchmark (model independent in 
parenthesis) in percentage for the ggH analysis
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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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Event yields after full  
model specific selection

Event yields after full  
model independent selection

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


