
BSM Higgs Searches 
What we discussed so far …

Search for the neutral Higgs bosons of the Minimal Supersymmetric Standard  
Model in pp collisions at s = √7 TeV with the ATLAS detector 
!
Search for a fermiophobic Higgs boson in the diphoton decay  
channel with the ATLAS detector 
!
Search for a Higgs boson decaying to four photons through light CP-odd scalar  
coupling using 4.9 fb-1 of 7 TeV pp collision data taken with ATLAS detector 
!
A search for a light CP-Odd Higgs boson decaying  
to μ+μ– in ATLAS  
!
!
!
Search for a non-standard-model Higgs boson decaying to a pair of  
new light bosons in four-muon final states

PH-EP-2012-323 
!
!
PH-EP-2012-105 
!
!
CONF-2012-079 
!
!
CONF-2011-020 
!
!
!
!
PAS HIG-13-010 
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BSM Higgs Searches 
Still to come today …

Search for charged Higgs bosons through the violation of lepton universality  
in tt events using pp collision data at √s = 7 TeV with the ATLAS experiment 
!
Search for a light charged Higgs boson in the decay channel H+ ➛ cs  
in tt events using pp collisions at √s = 7 TeV with the ATLAS detector 
!
Search for charged Higgs bosons decaying via H± → τν in tt events using  
pp collision data at s = √7 TeV with the ATLAS detector 
!
Search for charged Higgs bosons in the τ+jets final state with pp collision data  
recorded at √s=8 TeV with the ATLAS experiment 
!
Search for invisible decays of a Higgs boson produced in association  
with a Z boson in ATLAS 
!
Search for a high-mass Higgs boson in the H->WW->lvlv decay channel with  
the ATLAS detector using 21 fb-1 of proton-proton collision data 
!
Search for Higgs bosons in Two-Higgs-Doublet models in the  
H ➛ WW ➛ eνμν  channel with the ATLAS detector

PH-EP-2012-347 
!
!
PH-EP-2012-338 
!
!
PH-EP-2012-083 
!
!
CONF-2013-090 
!
!
CONF-2013-011 
!
!
CONF-2013-067 
!
!
CONF-2013-027 



Invisible Higgs Decays

BSM Models:
Supersymmetry	 –   decay to neutralinos          
Extra Dimension	 –   oscillation or decay to graviscalars         
Dark Matter Singlets	 –   decay into dark matter particles  

Signature:  !
 	Higgs decays invisibly …   
	 to stable or long-lived weakly interacting particles …    
	 i.e. additional final state particles required …    !
	 Signal process: ZH production …	   
	 Expectation: large missing energy, ET,miss …    
	 Main background: ZZ ➛ llνν …   

Analysis:  !
	 ATLAS	: exploration of ET,miss distribution …   
	 CMS	 : shape analysis of transverse mass mT …  

1 Introduction

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].
Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under
the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a
search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production

cross section is taken to be that predicted for a SM Higgs boson.

2 Signal Model and Analysis Overview

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7, 8]. It is calculated at NLO [9] and at NNLO [10] in QCD,

and NLO EW radiative corrections [11] are applied. Including the requirement that the Z boson decays

to e, µ, or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution
to the ZH → ℓℓ+ inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons.
The predicted cross section of this process for mH = 125 GeV is 3.4×10−2 fb at

√
s = 7 TeV and

4.2×10−2 fb at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is

part of the signal, but instead searches for enhancements of the invisible decay fraction due to physics

beyond the Standard Model (BSM).

q
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H χ

χ

Z
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Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [12] interfaced with HERWIG++ [13] Monte Carlo (MC) generator is used to simu-

late the signal. In the simulation the associatively produced Z boson is forced to decay to e, µ, or τ. The
invisible decay of the Higgs boson is simulated by forcing the Higgs boson to decay to two Z bosons,

which are then forced to decay to neutrinos. For most distributions shown in this note the signal simu-

lation is normalized assuming the SM ZH production rate and a 100% branching fraction of the Higgs

boson to invisible particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130,

150, 200, and 300 GeV.
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Figure 9: Distributions of Emiss
T
for signal events in the 2011 data taking period (a) and the 2012 data

taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.

10 Summary and Conclusion

A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at

√
s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at

√
s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the

recently observed 125 GeV Higgs boson candidate. Assuming the ZH production rate for a 125 GeV

SM Higgs boson, limits are set on the invisible branching fraction at 95% confidence level. The observed

exclusion is for branching fractions greater than 65%, and the expected limit is 84%. Limits are also set
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background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.
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Invisible Higgs Decays
[ATLAS]

Event Selection:

Two high pT electrons/muons …  
Leptons isolated … 
!
|mZ - mll| < 15 GeV 
ET,miss > 90 GeV 
!
Δφ(ET,miss, pT,miss) < 0.2 
Δφ(Z, ET,miss) > 2.6  
Δφ(l,l) < 1.7 
!
|ET,miss - pT,ll| / pT < 0.2 
!
Jet veto: pT > 20 GeV, |η| < 2.5 
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Figure 2: Emiss
T
distributions after the dilepton mass requirement from the 2011 (a) and 2012 (b) data. The

observed data are represented by the black dots and the histograms represent the background predictions

from the MC samples listed in Section 3. The signal hypothesis is shown by the dotted line and assumes

the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible branching

fraction. The insets at the bottom of the figures show the ratio of the data to the combined background

expectations as well as a band corresponding to the combined systematic uncertainties.

requirement and Emiss
T
cut, is shown in Figure 3(a).

Under the signal assumption, the momentum of the reconstructed Z boson is balanced by the mo-

mentum of the invisibly decaying Higgs boson which is reconstructed as Emiss
T
. Therefore the azimuthal

separation between the dilepton system and the Emiss
T
(∆φZ,Emiss

T
) is required to be greater than 2.6 radians.

The distribution of ∆φZ,Emiss
T
in the 2012 data, after the dilepton mass window requirement and Emiss

T
cut,

is shown in Figure 3(b). In order to produce the required large Emiss
T
, the Higgs boson must have a large

pT boost and therefore the recoiling Z boson must also have large pT to conserve momentum. This

causes the decay leptons to be close in azimuth and therefore the azimuthal opening angle of the two

leptons (∆φℓℓ) is required to be less than 1.7 radians. Furthermore the magnitude of p
ℓℓ
T
and Emiss

T
should

be compatible and thus the fractional pT difference, defined as |EmissT − pℓℓ
T
|/pℓℓ
T
, is required to be less than

0.2. The distribution of |Emiss
T
− pℓℓ

T
|/pℓℓ
T
in the 2012 data, after the dilepton mass window requirement

and Emiss
T
cut, is shown in Figure 3(c). Finally, a majority of the signal is produced in association with

no high pT jets whereas background from boosted Z bosons and tt̄ pairs tends to have one or more jets.

Thus, events must have no reconstructed jets with pT > 20 GeV and |η| < 2.5. The distribution of the
number of jets per event in the 2012 data after the dilepton mass window requirement and Emiss

T
cut, is

shown in Figure 3(d).

7 Control Regions and Background Estimation

The processes that contribute to the SM expectation are summarized in Section 2. Table 3 summarizes

the expected contributions from each background source and observed number of data events.

The ZZ [28] andWZ [29] backgrounds are estimated using MC predictions. The ZZ → ℓℓνν and the
WZ → ℓνℓℓMC are normalized to NLO cross sections. The cross section of the ZZ process is increased
by 6% [30] to account for missing quark-box diagrams (gg→ ZZ). Systematic uncertainties are derived
from the propagation of reconstructed object uncertainties and from uncertainties on the production cross
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Figure 3: The distribution of ∆φ(Emiss
T
, p⃗miss
T
) (a), ∆φZ,Emiss

T
(b), |Emiss

T
− pℓℓ

T
|/pℓℓ
T
(c) and the number of

selected jets (d) for events passing the dilepton mass requirement and Emiss
T
cut in the 2012 analysis. The

observed data are represented by the black dots and the histograms represent the background predictions

from the Monte Carlo samples listed in Section 3. The signal hypothesis is shown by the dotted line

and assumes the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible

branching fraction. The insets at the bottom of the figures show the ratio of the data to the combined

background expectations as well as a band corresponding to the combined systematic uncertainties.
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Event Selection:

Two high pT electrons/muons …  
Leptons isolated … 
!
|mZ - mll| < 15 GeV 
ET,miss > 90 GeV 
!
Δφ(ET,miss, pT,miss) < 0.2 
Δφ(Z, ET,miss) > 2.6  
Δφ(l,l) < 1.7 
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(b), |Emiss
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(c) and the number of

selected jets (d) for events passing the dilepton mass requirement and Emiss
T
cut in the 2012 analysis. The

observed data are represented by the black dots and the histograms represent the background predictions

from the Monte Carlo samples listed in Section 3. The signal hypothesis is shown by the dotted line

and assumes the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible

branching fraction. The insets at the bottom of the figures show the ratio of the data to the combined

background expectations as well as a band corresponding to the combined systematic uncertainties.
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and assumes the SM ZH production rate for a Higgs boson with mH = 125 GeV and a 100% invisible

branching fraction. The insets at the bottom of the figures show the ratio of the data to the combined
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for signal events in the 2011 data taking period (a) and the 2012 data

taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.

10 Summary and Conclusion

A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at

√
s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at

√
s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the

recently observed 125 GeV Higgs boson candidate. Assuming the ZH production rate for a 125 GeV

SM Higgs boson, limits are set on the invisible branching fraction at 95% confidence level. The observed

exclusion is for branching fractions greater than 65%, and the expected limit is 84%. Limits are also set
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around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.
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background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.
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the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at
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taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.
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particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at
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taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.
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A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement
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particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at
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s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at
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s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the
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taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.
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particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
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Figure 5: Emiss
T
distribution for data and MC events with the eµ final states from the 2012 dataset.

kinematics for the eµ and dielectron or dimuon events are also considered as systematics. The combined
systematic uncertainty from MC subtraction and the maximum variation of the correction factor is 16%

for the 2012 data. The estimated background from these sources is consistent with the expectation from

the MC simulation within the uncertainty. As this data-driven estimate gives a consistent expectation,

but with larger uncertainty for the 2011 data, the MC-driven estimates for WW, tt̄, and single top quark

events are used for the 2011 data. The Monte Carlo samples are validated in the eµ control region. The
validation of the top quark MC samples is shown in Figure 6 in the eµ final states with a b-tagged jet [31]
in the events.

The background from inclusive Z boson production is estimated using the so called ABCD method

utilizing four regions (the signal region A and three side-band regions B-D) formed by two uncorrelated

variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT difference. The four regions are formed by either apply-

ing or reversing the cuts at the thresholds for these two variables as shown in Figure 7. Figure 8 shows

the Emiss
T
distributions in Regions A-D after the dilepton mass requirement and jet veto for the 2012 data.

The events in the signal region are estimated as follows:

NestA = N
obs
B ×

NobsC

Nobs
D

× α (4)

where, NestA is the number of estimated Z background in the signal region, and N
obs
X is the number of

observed events in Region X (X=B-D). Contributions from non-Z backgrounds in Regions B-D are

subtracted before applying this equation. A small impact from the correlation between the two variables

is considered in the correction factor α, which is 1.07 (1.04) for the 2011 (2012) data. A correction factor
of less than 10% is derived from MC simulation. Systematic uncertainties are derived by evaluating the

compatibility of the Emiss
T
distributions in the control regions and from the variation in the correction

factor after the various selection requirements. The subtraction of non-Z backgrounds in Regions B-D

is also considered as a source of systematic uncertainty. The total systematic uncertainty is 56% in the

2011 data and 51% in the 2012 data.

The background from inclusive W production and multijet events is estimated using the Matrix

Method [32]. A 4 × 4 matrix is derived from the selection efficiencies of nominally selected signal
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distribution for data and MC events containing an oppositely charged electron or muon

pair and an additional electron or muon.

section as described in Section 8. The total systematic uncertainty on these backgrounds is 11% in the

2011 data taking period and 10% in the 2012 data taking period. The MC simulation of the WZ events

is validated in a trilepton control region as shown in Figure 4.

The contributions from WW, tt̄, Wt, and Z → ττ are estimated by exploiting the flavor symmetry in
the final states of these processes. The branching fraction to the eµ final state is twice that of the ee or µµ
final states. Therefore, the signal free eµ control region is used to extrapolate these backgrounds to the
ee and µµ channels. Figure 5 shows the Emiss

T
distribution for data and MC events with the eµ final states

from the 2012 dataset. The third lepton veto is applied, but no additional cut is applied in the figure.

This method applies the signal selection to the eµ final state and corrects for differences between the
identification efficiencies of electrons and muons using a Z control region as shown in Equation (1)-(3):

N
bkg
ee =

1

2
× Ndata,subeµ × k (1)

N
bkg
µµ =

1

2
× Ndata,subeµ ×

1

k
(2)

k =

√

Ndataee

Ndataµµ
(3)

N
bkg
ee and N

bkg
µµ are the number of background events to be estimated per E

miss
T
bin, Ndata,subeµ is the number

of events in the eµ control region with non-WW, tt̄, Wt, and Z → ττ backgrounds subtracted using MC
simulation, k is a scale factor to correct for the differences in efficiency performance between electrons

and muons given by Equation (3), and Ndataee and N
data
µµ are the number of dielectron and dimuon events

after the Z mass window requirement in each Emiss
T
bin. The square root comes from the fact that the

scale factor is derived from dilepton events, whereas the correction itself is only applied to one of the

leptons. Important sources of systematic uncertainty are uncertainties in the MC used for the subtraction,

and variations in the correction factor k. After the dilepton requirement and no additional cuts, the value

of k is 0.97 from the MC, and 0.94 from the data. The maximum variation of the correction factor,

observed at each cut level in the signal selection, is used to estimate the uncertainty. The differences in
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2011 data taking period and 10% in the 2012 data taking period. The MC simulation of the WZ events
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The contributions from WW, tt̄, Wt, and Z → ττ are estimated by exploiting the flavor symmetry in
the final states of these processes. The branching fraction to the eµ final state is twice that of the ee or µµ
final states. Therefore, the signal free eµ control region is used to extrapolate these backgrounds to the
ee and µµ channels. Figure 5 shows the Emiss
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distribution for data and MC events with the eµ final states

from the 2012 dataset. The third lepton veto is applied, but no additional cut is applied in the figure.

This method applies the signal selection to the eµ final state and corrects for differences between the
identification efficiencies of electrons and muons using a Z control region as shown in Equation (1)-(3):
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bin, Ndata,subeµ is the number

of events in the eµ control region with non-WW, tt̄, Wt, and Z → ττ backgrounds subtracted using MC
simulation, k is a scale factor to correct for the differences in efficiency performance between electrons

and muons given by Equation (3), and Ndataee and N
data
µµ are the number of dielectron and dimuon events

after the Z mass window requirement in each Emiss
T
bin. The square root comes from the fact that the

scale factor is derived from dilepton events, whereas the correction itself is only applied to one of the

leptons. Important sources of systematic uncertainty are uncertainties in the MC used for the subtraction,

and variations in the correction factor k. After the dilepton requirement and no additional cuts, the value

of k is 0.97 from the MC, and 0.94 from the data. The maximum variation of the correction factor,

observed at each cut level in the signal selection, is used to estimate the uncertainty. The differences in
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section as described in Section 8. The total systematic uncertainty on these backgrounds is 11% in the

2011 data taking period and 10% in the 2012 data taking period. The MC simulation of the WZ events

is validated in a trilepton control region as shown in Figure 4.

The contributions from WW, tt̄, Wt, and Z → ττ are estimated by exploiting the flavor symmetry in
the final states of these processes. The branching fraction to the eµ final state is twice that of the ee or µµ
final states. Therefore, the signal free eµ control region is used to extrapolate these backgrounds to the
ee and µµ channels. Figure 5 shows the Emiss

T
distribution for data and MC events with the eµ final states

from the 2012 dataset. The third lepton veto is applied, but no additional cut is applied in the figure.

This method applies the signal selection to the eµ final state and corrects for differences between the
identification efficiencies of electrons and muons using a Z control region as shown in Equation (1)-(3):
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N
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ee and N

bkg
µµ are the number of background events to be estimated per E

miss
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bin, Ndata,subeµ is the number

of events in the eµ control region with non-WW, tt̄, Wt, and Z → ττ backgrounds subtracted using MC
simulation, k is a scale factor to correct for the differences in efficiency performance between electrons

and muons given by Equation (3), and Ndataee and N
data
µµ are the number of dielectron and dimuon events

after the Z mass window requirement in each Emiss
T
bin. The square root comes from the fact that the

scale factor is derived from dilepton events, whereas the correction itself is only applied to one of the

leptons. Important sources of systematic uncertainty are uncertainties in the MC used for the subtraction,

and variations in the correction factor k. After the dilepton requirement and no additional cuts, the value

of k is 0.97 from the MC, and 0.94 from the data. The maximum variation of the correction factor,

observed at each cut level in the signal selection, is used to estimate the uncertainty. The differences in
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the obtained results are taken as the systematic uncertainties. This yields an uncertainty of 15% in the

2011 data and 22% in the 2012 data.

8 Systematic Uncertainties

Systematic uncertainties on individual data driven background estimates are described in section 7. Ta-

ble 2 summarizes the systematic uncertainties estimated in this analysis.

Systematic uncertainties on the signal model, the ZZ and WZ backgrounds are estimated from MC

samples. The WW and top quark backgrounds are also estimated from MC samples for 2011. Un-

certainties on backgrounds that are either measured from data, or based on normalization to data in

control regions, take into account systematic effects associated to the methods and the control samples

considered. The luminosity uncertainty is 1.8% for the 2011 data taking period [33] and 3.6% for the

2012 data taking period. The luminosity uncertainty for the 2012 data is derived, following the same

methodology as that detailed in [33], from a preliminary calibration of the luminosity scale derived from

beam-separation scans performed in April 2012. Lepton trigger and identification efficiencies as well as

energy scale and resolution uncertainties are derived from high statistics Z samples. Propagated to the

event selection, these uncertainties contribute typically 1.0-1.5% to the overall selection uncertainty in

the signal and backgrounds estimated from the MC simulation. Jet energy scale and resolution uncer-

tainties are derived using a combination of techniques that use dijet, photon + jet, and Z + jet events [34].

The impact of these jet uncertainties on the jet veto is also considered. These uncertainties contribute a

3%-6% uncertainty to the final event selection. Both the uncertainties on the leptons and those on the

jets are propagated to the Emiss
T
calculation, and the resulting uncertainty on the latter is thus included in

the selection uncertainties given above. An additional uncertainty on Emiss
T
related to uncertainties in the

pile-up simulation contribute a 1%-2% uncertainty on the final event selection in signal and backgrounds

estimated from the MC simulation.

Uncertainties on the ZH production cross section are derived from variations of the QCD scale, αs
and PDF variations [7, 8] combined to give an uncertainty of 4.9-5.1% on the cross section for the SM

Higgs boson having a mass between 115 and 300 GeV. This analysis is sensitive to the simulation of the
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Figure 5: Emiss
T
distribution for data and MC events with the eµ final states from the 2012 dataset.

kinematics for the eµ and dielectron or dimuon events are also considered as systematics. The combined
systematic uncertainty from MC subtraction and the maximum variation of the correction factor is 16%

for the 2012 data. The estimated background from these sources is consistent with the expectation from

the MC simulation within the uncertainty. As this data-driven estimate gives a consistent expectation,

but with larger uncertainty for the 2011 data, the MC-driven estimates for WW, tt̄, and single top quark

events are used for the 2011 data. The Monte Carlo samples are validated in the eµ control region. The
validation of the top quark MC samples is shown in Figure 6 in the eµ final states with a b-tagged jet [31]
in the events.

The background from inclusive Z boson production is estimated using the so called ABCD method

utilizing four regions (the signal region A and three side-band regions B-D) formed by two uncorrelated

variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT difference. The four regions are formed by either apply-

ing or reversing the cuts at the thresholds for these two variables as shown in Figure 7. Figure 8 shows

the Emiss
T
distributions in Regions A-D after the dilepton mass requirement and jet veto for the 2012 data.

The events in the signal region are estimated as follows:

NestA = N
obs
B ×

NobsC

Nobs
D

× α (4)

where, NestA is the number of estimated Z background in the signal region, and N
obs
X is the number of

observed events in Region X (X=B-D). Contributions from non-Z backgrounds in Regions B-D are

subtracted before applying this equation. A small impact from the correlation between the two variables

is considered in the correction factor α, which is 1.07 (1.04) for the 2011 (2012) data. A correction factor
of less than 10% is derived from MC simulation. Systematic uncertainties are derived by evaluating the

compatibility of the Emiss
T
distributions in the control regions and from the variation in the correction

factor after the various selection requirements. The subtraction of non-Z backgrounds in Regions B-D

is also considered as a source of systematic uncertainty. The total systematic uncertainty is 56% in the

2011 data and 51% in the 2012 data.

The background from inclusive W production and multijet events is estimated using the Matrix

Method [32]. A 4 × 4 matrix is derived from the selection efficiencies of nominally selected signal
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Figure 8: Emiss
T
distribution for data and MC events in Regions A-D after the dilepton mass requirement

and jet veto for the 2012 data. The signal region A and three side-band regions B-D are formed by

applying or reversing cuts with the two uncorrelated variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT

difference.

Higgs boson pT through the E
miss
T
, and uncertainties in the pT boost of the Higgs boson can affect the

signal yield. Currently, an additional systematic uncertainty of 1.9% is applied to the normalization [35,

36], and differential uncertainties as a function of the Higgs boson pT is considered as shape systematics.

The normalization uncertainty on the background Monte Carlo used to estimate the ZZ background

is 6% from varying the PDF, αS , and QCD scale. Such theoretical uncertainty on the jet veto is estimated
as 0.7% (0.8%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF, αS ,
and QCD scale uncertainties on the shape of the Emiss

T
distributions is also considered [8]. The effects

of missing quark-box diagrams (gg → ZZ) as mentioned in Section 7 is also considered as systematics
of 6% as the same size of the cross section rescaling. The theoretical uncertainty of the WZ and WW

background is considered similarly.

The object and theoretical uncertainties are considered as correlated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The
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) and fractional pT difference variables.

the obtained results are taken as the systematic uncertainties. This yields an uncertainty of 15% in the

2011 data and 22% in the 2012 data.

8 Systematic Uncertainties

Systematic uncertainties on individual data driven background estimates are described in section 7. Ta-

ble 2 summarizes the systematic uncertainties estimated in this analysis.

Systematic uncertainties on the signal model, the ZZ and WZ backgrounds are estimated from MC

samples. The WW and top quark backgrounds are also estimated from MC samples for 2011. Un-

certainties on backgrounds that are either measured from data, or based on normalization to data in

control regions, take into account systematic effects associated to the methods and the control samples

considered. The luminosity uncertainty is 1.8% for the 2011 data taking period [33] and 3.6% for the

2012 data taking period. The luminosity uncertainty for the 2012 data is derived, following the same

methodology as that detailed in [33], from a preliminary calibration of the luminosity scale derived from

beam-separation scans performed in April 2012. Lepton trigger and identification efficiencies as well as

energy scale and resolution uncertainties are derived from high statistics Z samples. Propagated to the

event selection, these uncertainties contribute typically 1.0-1.5% to the overall selection uncertainty in

the signal and backgrounds estimated from the MC simulation. Jet energy scale and resolution uncer-

tainties are derived using a combination of techniques that use dijet, photon + jet, and Z + jet events [34].

The impact of these jet uncertainties on the jet veto is also considered. These uncertainties contribute a

3%-6% uncertainty to the final event selection. Both the uncertainties on the leptons and those on the

jets are propagated to the Emiss
T
calculation, and the resulting uncertainty on the latter is thus included in

the selection uncertainties given above. An additional uncertainty on Emiss
T
related to uncertainties in the

pile-up simulation contribute a 1%-2% uncertainty on the final event selection in signal and backgrounds

estimated from the MC simulation.

Uncertainties on the ZH production cross section are derived from variations of the QCD scale, αs
and PDF variations [7, 8] combined to give an uncertainty of 4.9-5.1% on the cross section for the SM

Higgs boson having a mass between 115 and 300 GeV. This analysis is sensitive to the simulation of the
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Figure 8: Emiss
T
distribution for data and MC events in Regions A-D after the dilepton mass requirement

and jet veto for the 2012 data. The signal region A and three side-band regions B-D are formed by

applying or reversing cuts with the two uncorrelated variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT

difference.

Higgs boson pT through the E
miss
T
, and uncertainties in the pT boost of the Higgs boson can affect the

signal yield. Currently, an additional systematic uncertainty of 1.9% is applied to the normalization [35,

36], and differential uncertainties as a function of the Higgs boson pT is considered as shape systematics.

The normalization uncertainty on the background Monte Carlo used to estimate the ZZ background

is 6% from varying the PDF, αS , and QCD scale. Such theoretical uncertainty on the jet veto is estimated
as 0.7% (0.8%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF, αS ,
and QCD scale uncertainties on the shape of the Emiss

T
distributions is also considered [8]. The effects

of missing quark-box diagrams (gg → ZZ) as mentioned in Section 7 is also considered as systematics
of 6% as the same size of the cross section rescaling. The theoretical uncertainty of the WZ and WW

background is considered similarly.

The object and theoretical uncertainties are considered as correlated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The
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and jet veto for the 2012 data. The signal region A and three side-band regions B-D are formed by

applying or reversing cuts with the two uncorrelated variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT

difference.

Higgs boson pT through the E
miss
T
, and uncertainties in the pT boost of the Higgs boson can affect the

signal yield. Currently, an additional systematic uncertainty of 1.9% is applied to the normalization [35,

36], and differential uncertainties as a function of the Higgs boson pT is considered as shape systematics.

The normalization uncertainty on the background Monte Carlo used to estimate the ZZ background

is 6% from varying the PDF, αS , and QCD scale. Such theoretical uncertainty on the jet veto is estimated
as 0.7% (0.8%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF, αS ,
and QCD scale uncertainties on the shape of the Emiss

T
distributions is also considered [8]. The effects

of missing quark-box diagrams (gg → ZZ) as mentioned in Section 7 is also considered as systematics
of 6% as the same size of the cross section rescaling. The theoretical uncertainty of the WZ and WW

background is considered similarly.

The object and theoretical uncertainties are considered as correlated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The
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Figure 8: Emiss
T
distribution for data and MC events in Regions A-D after the dilepton mass requirement

and jet veto for the 2012 data. The signal region A and three side-band regions B-D are formed by

applying or reversing cuts with the two uncorrelated variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT

difference.

Higgs boson pT through the E
miss
T
, and uncertainties in the pT boost of the Higgs boson can affect the

signal yield. Currently, an additional systematic uncertainty of 1.9% is applied to the normalization [35,

36], and differential uncertainties as a function of the Higgs boson pT is considered as shape systematics.

The normalization uncertainty on the background Monte Carlo used to estimate the ZZ background

is 6% from varying the PDF, αS , and QCD scale. Such theoretical uncertainty on the jet veto is estimated
as 0.7% (0.8%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF, αS ,
and QCD scale uncertainties on the shape of the Emiss

T
distributions is also considered [8]. The effects

of missing quark-box diagrams (gg → ZZ) as mentioned in Section 7 is also considered as systematics
of 6% as the same size of the cross section rescaling. The theoretical uncertainty of the WZ and WW

background is considered similarly.

The object and theoretical uncertainties are considered as correlated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The
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Figure 5: Emiss
T
distribution for data and MC events with the eµ final states from the 2012 dataset.

kinematics for the eµ and dielectron or dimuon events are also considered as systematics. The combined
systematic uncertainty from MC subtraction and the maximum variation of the correction factor is 16%

for the 2012 data. The estimated background from these sources is consistent with the expectation from

the MC simulation within the uncertainty. As this data-driven estimate gives a consistent expectation,

but with larger uncertainty for the 2011 data, the MC-driven estimates for WW, tt̄, and single top quark

events are used for the 2011 data. The Monte Carlo samples are validated in the eµ control region. The
validation of the top quark MC samples is shown in Figure 6 in the eµ final states with a b-tagged jet [31]
in the events.

The background from inclusive Z boson production is estimated using the so called ABCD method

utilizing four regions (the signal region A and three side-band regions B-D) formed by two uncorrelated

variables: the ∆φ(Emiss
T
, p⃗miss
T
) and fractional pT difference. The four regions are formed by either apply-

ing or reversing the cuts at the thresholds for these two variables as shown in Figure 7. Figure 8 shows

the Emiss
T
distributions in Regions A-D after the dilepton mass requirement and jet veto for the 2012 data.

The events in the signal region are estimated as follows:

NestA = N
obs
B ×

NobsC

Nobs
D

× α (4)

where, NestA is the number of estimated Z background in the signal region, and N
obs
X is the number of

observed events in Region X (X=B-D). Contributions from non-Z backgrounds in Regions B-D are

subtracted before applying this equation. A small impact from the correlation between the two variables

is considered in the correction factor α, which is 1.07 (1.04) for the 2011 (2012) data. A correction factor
of less than 10% is derived from MC simulation. Systematic uncertainties are derived by evaluating the

compatibility of the Emiss
T
distributions in the control regions and from the variation in the correction

factor after the various selection requirements. The subtraction of non-Z backgrounds in Regions B-D

is also considered as a source of systematic uncertainty. The total systematic uncertainty is 56% in the

2011 data and 51% in the 2012 data.

The background from inclusive W production and multijet events is estimated using the Matrix

Method [32]. A 4 × 4 matrix is derived from the selection efficiencies of nominally selected signal
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Figure 6: Emiss
T
distribution for data and MC events with the eµ final states from the 2011 dataset with a

b-tagged jet.

leptons (T) and rejection probabilities of a loosened lepton (L) definition as shown in Equation (5).
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NTT is the number of events which has exactly two leptons passing nominal criteria defined in Section 5,

NTL and NLT is the number of events which has only one lepton that passes the nominal criteria, NLL is

the number of events which have exactly two leptons that pass looser cuts but do not pass the nominal

cuts. For electrons, “L” corresponds to electrons with looser identification criteria and the isolation

cut not being applied. For muons, “L” corresponds to muons with all the nominal cuts applied but the

isolation cut. NRR means the number of events which has exactly two “real” leptons, NRF and NFR means

the number of events which has only one “real” lepton and one “fake” lepton, NFF means the number of

events which has exactly two “fake” leptons. The r1, r2, f1, f2 are lepton efficiencies and fake rates for the

first lepton and the second lepton, respectively. The lepton efficiency (fake rate) is the ratio between the

number of real (fake) leptons passing the “Tight” cut and the corresponding number of leptons passing

the “Loose” cuts. The efficiency and fake rate depend on lepton transverse momentum pT . The matrix

transforms the measured rate of events containing two signal leptons, one signal lepton and one loose

lepton, or two loose leptons to the desired rate of events where two real leptons, one real and one fake

lepton, or two fake leptons are produced. TheW and multijet background is estimated as below:

NW+jets =

Nevents
∑

i

NiRF × r
i
1 × f

i
2 + N

i
FR × f

i
1 × r

i
2, (6)

Nmultijet =

Nevents
∑

i

NiFF × f
i
1 × f

i
2. (7)

Systematic uncertainties are dominated by the measurement of the lepton fake rates. The selection re-

quirements that define the sample from which the fake rates are derived are varied and the deviations in
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distribution for data and MC events with the eµ final states from the 2011 dataset with a

b-tagged jet.
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NTT is the number of events which has exactly two leptons passing nominal criteria defined in Section 5,

NTL and NLT is the number of events which has only one lepton that passes the nominal criteria, NLL is

the number of events which have exactly two leptons that pass looser cuts but do not pass the nominal

cuts. For electrons, “L” corresponds to electrons with looser identification criteria and the isolation

cut not being applied. For muons, “L” corresponds to muons with all the nominal cuts applied but the

isolation cut. NRR means the number of events which has exactly two “real” leptons, NRF and NFR means

the number of events which has only one “real” lepton and one “fake” lepton, NFF means the number of

events which has exactly two “fake” leptons. The r1, r2, f1, f2 are lepton efficiencies and fake rates for the

first lepton and the second lepton, respectively. The lepton efficiency (fake rate) is the ratio between the

number of real (fake) leptons passing the “Tight” cut and the corresponding number of leptons passing

the “Loose” cuts. The efficiency and fake rate depend on lepton transverse momentum pT . The matrix

transforms the measured rate of events containing two signal leptons, one signal lepton and one loose

lepton, or two loose leptons to the desired rate of events where two real leptons, one real and one fake

lepton, or two fake leptons are produced. TheW and multijet background is estimated as below:

NW+jets =

Nevents
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2 + N
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Systematic uncertainties are dominated by the measurement of the lepton fake rates. The selection re-

quirements that define the sample from which the fake rates are derived are varied and the deviations in
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Process Estimation method
Uncertainty (%)

2011 2012

ZH Signal MC 7 6

ZZ MC 11 10

WZ MC 12 14

WW MC 14 not used

Top quark MC 90 not used

Top quark,WW and Z → ττ eµ CR not used 4

Z ABCD method 56 51

W + jets, multijet Matrix method 15 22

Table 2: Summary of the systematic uncertainties on each background and on the signal yield. The

method used to estimate the backgrounds and the associated sources of systematic uncertainties are

given. The total systematic uncertainties for each data taking period are given.

Data Period 2011 (7 TeV) 2012 (8 TeV)

ZZ 23.5 ± 0.8 ± 2.5 56.5 ± 1.2 ± 5.7
WZ 6.2 ± 0.4 ± 0.7 13.9 ± 1.2 ± 2.1
WW 1.1 ± 0.2 ± 0.2 used eµ data-driven
Top quark 0.4 ± 0.1 ± 0.4 used eµ data-driven
Top quark,WW and Z → ττ (eµ data-driven) used MC 4.9 ± 0.9 ± 0.2
Z 0.16 ± 0.13 ± 0.09 1.4 ± 0.4 ± 0.7
W + jets, multijet 1.3 ± 0.3 ± 0.2 1.4 ± 0.4 ± 0.3
Total BG 32.7 ± 1.0 ± 2.6 78.0 ± 2.0 ± 6.5
Observed 27 71

Table 3: Observed number of events and expected contributions from each background source separated

into the 2011 and 2012 data taking periods. Uncertainties associated with the background predictions

are presented with the statistical uncertainty first and the systematic uncertainty second.

luminosity uncertainty is considered as uncorrelated between the 2011 and 2012 data. The uncertainties

for theWW and top quark backgrounds are considered as uncorrelated between the 2011 and 2012 data,

as different methods are used for the background estimation between the two datasets.

9 Results

The number of observed and expected events for both the 2011 and 2012 data taking periods are shown

in Table 3. Figure 9 shows the final Emiss
T
distribution with the observed data and expected backgrounds

for the 2011 and 2012 data taking periods. In Figure 9, the signal model assumes a SM ZH production

rate for a Higgs boson with mH = 125 GeV and a 100% branching fraction to invisible particles. No

excess is observed over the SM expectation and limits are set for two scenarios for invisibly decaying

Higgs-like bosons. The first scenario explores the possibility that the recently observed Higgs-like boson

with mass around 125 GeV has a non-negligible branching ratio to invisible particles, well beyond that

expected in SM. The second scenario considers the possibility of a Higgs-like boson in a range of masses

from mH = 115 GeV to mH = 300 GeV with a significant branching fraction to invisible particles.

The limits are computed from a maximum likelihood fit to the Emiss
T
distribution following the CLs

modified frequentist formalism [37] with the profile likelihood test statistic [38].
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The number of observed and expected events for both the 2011 and 2012 data taking periods are shown
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distribution with the observed data and expected backgrounds

for the 2011 and 2012 data taking periods. In Figure 9, the signal model assumes a SM ZH production

rate for a Higgs boson with mH = 125 GeV and a 100% branching fraction to invisible particles. No

excess is observed over the SM expectation and limits are set for two scenarios for invisibly decaying

Higgs-like bosons. The first scenario explores the possibility that the recently observed Higgs-like boson

with mass around 125 GeV has a non-negligible branching ratio to invisible particles, well beyond that
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Figure 11: 95% confidence level limits on the cross section times branching fraction of a Higgs-like

boson decaying to invisible particles for the 2011 data taking period (a), 2012 data taking period (b), and

combination of both periods (c). Dashed lines show the background only expected limits and solid lines

show the observed limit.
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Table 1 Summary information on the analyses included in this pa-
per. The column “H production” indicates the production mechanism
targeted by an analysis; it does not imply 100 % purity. The main con-
tribution in the untagged and inclusive categories is always gluon fu-
sion. The (jj)VBF refers to dijet pair consistent with the VBF topol-
ogy, and (jj)W(Z) to a dijet pair with an invariant mass consistent
with coming from a W (Z) dijet decay. For the WW → ℓνℓν and

ZZ → 2ℓ2ℓ′ channels the full possible mass range starts from 110 GeV,
but in this paper both analyses are restricted to the masses above
145 GeV. The ZZ → 2ℓ2q analysis uses only 7 TeV data. The nota-
tion “((ee,µµ), eµ) + (0 or 1 jets)” indicates that the analysis is per-
formed in two independent lepton categories (ee,µµ) and (eµ), each
category further subdivided in two subcategories with zero or one jets,
thus giving a total of four independent channels

H decay mode H production Exclusive final states No. of channels mH range [GeV] mH resolution

WW → ℓνℓν 0/1-jets ((ee,µµ), eµ) + (0 or 1 jets) 4 145–600 20 %

WW → ℓνℓν VBF tag ((ee,µµ), eµ) + (jj)VBF 2 145–600 20 %

WW → ℓνqq Untagged (eν,µν) + ((jj)W with 0 or 1 jets) 4 180–600 5–15 %

ZZ → 2ℓ2ℓ′ Inclusive 4e, 4µ, 2e2µ 3 145–1000 1–2 %

(ee,µµ) + (τhτh, τeτh, τµτh, τeτµ) 8 200–1000 10–15 %

ZZ → 2ℓ2q Inclusive (ee,µµ) + ((jj)Z with 0, 1, 2b-tags) 6 200–600 3 %

ZZ → 2ℓ2ν Untagged (ee,µµ) + 0, 1, 2 non-VBF jets 6 200–1000 7 %

ZZ → 2ℓ2ν VBF tag (ee,µµ) + (jj)VBF 2 200–1000 7 %

the second lepton. Only electrons (muons) with |η| < 2.5
(2.4) are considered in this channel.

Events are classified into three mutually exclusive cate-
gories, according to the number of reconstructed jets with
pT > 30 GeV and |η| < 4.7. The categories are character-
ized by different signal yields and signal-to-background ra-
tios. In the following these are referred to as 0-jet, 1-jet, and
2-jet samples. Events with more than two jets are consid-
ered only if they are consistent with the VBF hypothesis
and therefore must not have additional jets in the pseudora-
pidity region between the highest-pT jets. Signal candidates
are further divided into same-flavor leptons (e+e−, µ+µ−)
and different-flavor leptons (e±µ∓) categories. The bulk of
the signal arises through direct W decays to electrons or
muons, with the small contribution from W → τν → ℓ+X
decays implicitly included. The different-flavor lepton 0-jet
and 1-jet categories are analysed with a multivariate tech-
nique, while all others make use of sequential selections.

In addition to high-pT isolated leptons and minimal jet
activity, Emiss

T is expected to be present in signal events, but
generally not in background. For this channel, a Emiss

T, projected

variable is employed. The Emiss
T, projected is defined as (i) the

magnitude of the Emiss
T component transverse to the clos-

est lepton, if %φ(ℓ,Emiss
T ) < π/2, or (ii) the magnitude of

the Emiss
T otherwise. This observable more efficiently rejects

Z/γ ∗ → τ+τ− background events in which the Emiss
T is

preferentially aligned with the leptons, and Z/γ ∗→ ℓ+ℓ−

events with mismeasured Emiss
T . Since the Emiss

T, projected res-
olution is degraded as pileup increases, the minimum of
two different observables is used: the first includes all par-
ticle candidates in the event, while the second uses only the
charged particle candidates associated with the primary ver-
tex. Events with Emiss

T, projected above 20 GeV are selected for
this analysis.

The backgrounds are suppressed using techniques de-
scribed in Refs. [15, 16]. Top quark background is controlled
with a top-quark-tagging technique based on soft muon and
b-jet tagging [79]. A minimum dilepton transverse momen-
tum (pℓℓ

T ) of 45 GeV is required, in order to reduce the
W+ jets background. Rejection of events with a third lepton
passing the same requirements as the two selected leptons
reduces both WZ and Wγ ∗ backgrounds. The background
from low-mass resonances is rejected by requiring a dilep-
ton mass mℓℓ > 12 GeV.

The Drell–Yan process produces same-flavor lepton pairs
(e+e− and µ+µ−) and therefore additional requirements are
applied for the same-flavor final state. Firstly, the resonant
component of the Drell–Yan background is rejected by re-
quiring a dilepton mass outside a 30 GeV window centered
on the Z-boson mass. The remaining off-peak contribution
is further suppressed by requiring Emiss

T, projected > 45 GeV.
For events with two jets, the dominant source of misre-
constructed Emiss

T is the mismeasurement of the hadronic
recoil, and optimal performance is obtained by requiring
Emiss

T > 45 GeV. Finally, the momenta of the dilepton sys-
tem and of the most energetic jet must not be back-to-back in
the transverse plane. These selections reduce the Drell–Yan
background by three orders of magnitude, while rejecting
less than 50 % of the signal.

These requirements form the set of “preselection” crite-
ria. The preselected sample is dominated by non-resonant
WW events. Figure 1(top) shows an example of the mℓℓ dis-
tribution for the 0-jet different-flavor-leptons category after
the preselection. The data are well reproduced by the simula-
tion. To enhance the signal-to-background ratio, loose mH-
dependent requirements are applied on mℓℓ and the trans-
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Figure 5: The total decay width of the SM
Higgs boson, shown as a function of mH [76].

II.2. Searches for the SM Higgs Boson at LEP

The principal mechanism for producing the SM Higgs boson

in e+e− collisions at LEP energies is Higgs-strahlung in the s-

channel, e+e− → HZ. The Z boson in the final state is either

virtual (LEP 1), or on mass shell (LEP 2). At LEP energies,

SM Higgs boson production via W+W− and ZZ fusion in

the t-channel has a small cross section. The sensitivity of the

LEP searches to the Higgs boson depends on the center-of-mass

energy,
√

s. For mH <
√

s − MZ , the cross section is of order

1 pb or more, while for mH >
√

s − MZ , the cross section is

smaller by at least an order of magnitude.

During the LEP 1 phase, the ALEPH, DELPHI, L3 and

OPAL collaborations analyzed over 17 million Z decays and set

lower bounds of approximately 65 GeV on the mass of the SM

July 25, 2012 15:44
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Fig. 9 Observed (solid line) and expected (dashed line) 95 % CL up-
per limit on the ratio of the product of the production cross section and
branching fraction to the SM expectation for the Higgs boson in the
H → ZZ → 2ℓ2ν channel

mℓℓ < 70 GeV and 110 < mℓℓ < 200 GeV). The uncertainty
associated with the estimate of the non-resonant background
is evaluated to be 25 %. No significant excess of events is ob-
served over the SM background expectation. The observed
and expected upper limits as a function of mH are shown in
Fig. 9.

5 Combined results

The expected and observed upper limits on the ratio of the
production cross section for the Higgs boson to the SM ex-
pectation, for each of the individual channels presented in
this paper, are shown in Fig. 10. This figure also shows a
combined limit, calculated using the methods outlined in
Refs. [13, 82]. The combination procedure assumes the rela-
tive branching fractions to be those predicted by the SM, and
takes into account the statistical and experimental system-
atic uncertainties as well as theoretical uncertainties. In the
mass region 145 < mH < 200 GeV the branching fraction
of the most sensitive channel, H → ZZ, is decreasing and
has a typical dependence on mH, which is reflected in both
the expected and observed limits. In this mass region the re-
sult of the combination is determined by the WW → ℓνℓν

channel. At masses above 200 GeV the ZZ → 2ℓ2ℓ′ chan-
nel becomes dominant, since low background contributions
in this channel allow to keep high efficiency of the selec-
tion requirements. Starting at approximately 400 GeV the
ZZ → 2ℓ2ν starts to contribute significantly. The branch-
ing fraction of ZZ → 2ℓ2ν is higher than ZZ → 2ℓ2ℓ′, and
the major background contributions decrease with mH in-
crease, thus allowing for selection requirements to be more
and more effective in the 2ℓ2ν channel. The combined ob-
served and expected limits agree well within uncertainties
as shown in Fig. 11.

Fig. 10 (Top) Expected and (bottom) observed 95 % CL limits for all
individual channels and their combination. The horizontal dashed line
at unity indicates the SM expectation

Fig. 11 Observed (solid line) and expected (dashed line) 95 % CL
upper limit on the ratio of the production cross section to the SM ex-
pectation for the Higgs boson with all WW and ZZ channels combined

Exclusion: 
127 -710 GeV
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Search for Higgs bosons in 2HDMs in the 
H ➛ WW ➛ eνμν channel …
Neural Network techniques are used to maximize the sensitivity … 
Low- and high-mass Higgs bosons can be well separated …	
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Figure 3: Normalised discriminant distributions (templates) obtained for the NN optimised at mH =

180 GeV for the 2HDM signal and background, (a) in the 0-jet channel and (b) in the 2-jet channel. The
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Once a set of variables has been chosen based on the criteria outlined above, the analysis proceeds

with the training of the NNs using a three-layer feed-forward architecture. Bayesian regularisation tech-

niques are applied for the training process to damp statistical fluctuations in the training sample and to

avoid overtraining. The ratio of signal to background events in the training is chosen to be 1:1, while the

different background processes are weighted according to the number of expected events. The resulting

distributions of the 2HDM signal and the total background normalised to unit area are shown in Fig. 3

for the NN optimised at mH = 180 GeV. The shape of the NN discriminant of the light Higgs boson h in

a 2HDM is the same as the one of a pure SM Higgs boson. Only the predicted rate is changed.

After the training is completed, the modelling of the NN-discriminant distributions is checked in

the tt̄-enriched control region. One example of these cross-check distributions is shown in Fig. 4. The

agreement between the model and the observed data is very good, and the next step of the analysis is the

application of the NNs to the events in the signal samples. The corresponding distributions of the NN

discriminants are shown in Fig. 5. The distributions observed in collision data are compared to a model
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Figure 5: Discriminant distributions obtained from the NNs for three different Higgs boson mass points

in the 0-jet and the 2-jet channel. The distributions observed in collision data are compared to a model

based on simulated events for which the contribution of each process is normalised to the fitted event

rates including the SM Higgs boson. The fit is performed to the NN-discriminant distributions in (a) and

(b) and the fit results are applied to the other distributions as well. The fitted value of the SM Higgs

boson event yield is compatible with that measured in the SM analysis in the WW∗ channel [48]. The

shape of the NN discriminant of the SM Higgs is the same as the one of the light Higgs boson h in a

2HDM with mh = 125 GeV. 11
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different background processes are weighted according to the number of expected events. The resulting

distributions of the 2HDM signal and the total background normalised to unit area are shown in Fig. 3

for the NN optimised at mH = 180 GeV. The shape of the NN discriminant of the light Higgs boson h in
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agreement between the model and the observed data is very good, and the next step of the analysis is the

application of the NNs to the events in the signal samples. The corresponding distributions of the NN
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Figure 5: Discriminant distributions obtained from the NNs for three different Higgs boson mass points

in the 0-jet and the 2-jet channel. The distributions observed in collision data are compared to a model

based on simulated events for which the contribution of each process is normalised to the fitted event

rates including the SM Higgs boson. The fit is performed to the NN-discriminant distributions in (a) and

(b) and the fit results are applied to the other distributions as well. The fitted value of the SM Higgs

boson event yield is compatible with that measured in the SM analysis in the WW∗ channel [48]. The

shape of the NN discriminant of the SM Higgs is the same as the one of the light Higgs boson h in a
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Generic 2HDM 
Type II Model …

tan β = 1 tan β = 3

tan β = 6
tan β = 20



LHC BSM Higgs Searches 

BSM Scenarios: 
[see e.g. PDG: Status of Higgs Boson Physics]

Supersymmetric Extensions … !
One neutral Higgs with close to SM properties (h); two extra neutral Higgs bosons (H,A), one SM-like;  
two charged Higgs bosons (H±); potential departures from SM Higgs decay rates (e.g. h ➛ bb) …

Two Higgs-Doublet Models (2-HDMs)… !
Simple extension with 7 free parameters; different types, distinguished based on coupling to fermions …  
Type-I: only one doublet couples to fermions; Type-II (SUSY): φ1/φ2 couples to up/down-type fermions …

Composite Higgs Scenarios … !
Idea: Higgs is composite bound state; e.g. Little Higgs Models; partial compositeness … 
Extra particles at the TeV scale (Zʹ, Wʹ, …); extra Higgs bosons; charged and doubly charged Higgs bosons …

Higgs Triplet Models … !
Add electroweak triplet scalar to SM; motivation: neutrinos acquire Majorana mass … 
Extra Higgs bosons, in particular doubly charged Higgs (H±±); fermiophobic Higgs (also for 2HDM) …

[Repetition]



Search for a Heavy Higgs

)`tan(
1 10

B
ra

nc
hi

ng
 ra

tio

0

0.2

0.4

0.6

0.8

1
=120 GeV+HM

 decays to ±H
io

sc
b*t

0h+W
0A+W

b)+ HABR(t

1 10
0

.2

.4

.6

.8 Η+ ➛ τν
Η+ ➛ cs
Η+ ➛ tb
Η+ ➛ Wh
Η+ ➛ WA

t ➛ H+b

Mh = 120 GeV

tan β

BR

Possible Production: !
	 Light H+	 :	gg ➛ tt ➛ bWbH+         
	 Heavy H+	: 	gb ➛ tH+ and gg ➛ tbH+     
!
Charged Higg Decay: !
	 Light H+	 :	Almost exclusively to τν         
	 	 	 [at low tanβ predominantly to cs]                             
	 Heavy H+	:	tb; τν; χ+χ0     

A Generic 2HDM …

22

Charged Higgs

  
 

“Search for charged Higgs bosons in the τ+jets final state with pp collision data 
recorded at √s=8 TeV with the ATLAS experiment” [ATLAS-CONF-2013-090] 

light H+ from top decay                                                      heavy  H+, associated production             

Search in H+ →  τ + ν decay channel, motivated by MSSM when tan β > 3



Light Charged Higgs

• Charged Higgs bosons could be produced from a generic 2HDM
• H+ Production:

• Light H+: pp → tt → bW bH+

• Heavy H+: gb → tH+ and gg → tbH+

• H+ Decay:
• Light H+:  Almost exclusively to τν (at low                                                    

tanB predominantly to cs) 
• Heavy H+: tb; τν; χ+χ0 

A Generic 2HDM: Charged Higgs Searches

• ATLAS charged Higgs searches with taus:

• ATLAS charged Higgs search with cs:

–

–

––

24

τhad + lepton: !
	 tt ➛ bWbH+ ➛ bb lν τhad ν     
τhad + jets: !
	 tt ➛ bWbH+ ➛ bb qq τhad ν     
τlep + jets: !
	 tt ➛ bWbH+ ➛ bb qq τlep ν     

Searches channels … 
considering τ-decay

Searches channels … 
 considering hadronic Higgs decay

e,μ + jets: !
	 tt ➛ bWbH+ ➛ bb lν cs    

[ATLAS, CMS]
[JHEP 06 (2012) 039]

[EPJ C 73 (2013) 2465]
[JHEP 07 (2012) 143]

W decay	: hadronically 
H decay	: to τ (or charm)



Dominant backgrounds: !
	 ttbar, single-top, multi-jets,W+jets,  
	 Z+jets, Di-boson events  !
Dominant systematics: !
	 Jet energy resolution/scale, b-tagging 	 
	 efficiency, misidentification probability …

τlep + W(➛ jets) τhad + W(➛ jets) τhad + W(➛ lν)
One isolated e/μ 

pT > 25/20 GeV
One hadronic τ 

pT > 40 GeV
One isolated e/μ 

pT > 25/20 GeV

One hadronic τ 
pT > 20 GeV

≥ 4 jets; pT > 20 GeV 
exactly 2 b-jets

≥ 4 jets; pT > 20 GeV 
at least one b-jet

≥ 2 jets; pT > 20 GeV 
at least one b-jet

MET & topological cuts MET & topological cuts MET & topological cuts

Light Charged Higgs, H+ ➛ τν
[ATLAS]

Three 
Channels

[JHEP 06 (2012) 039]
• Charged Higgs bosons could be produced from a generic 2HDM
• H+ Production:

• Light H+: pp → tt → bW bH+

• Heavy H+: gb → tH+ and gg → tbH+

• H+ Decay:
• Light H+:  Almost exclusively to τν (at low                                                    

tanB predominantly to cs) 
• Heavy H+: tb; τν; χ+χ0 

A Generic 2HDM: Charged Higgs Searches

• ATLAS charged Higgs searches with taus:

• ATLAS charged Higgs search with cs:

–

–

––
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Figure 3. Emiss
T distribution after all selection cuts in the τ+lepton channel, for (a) τ+electron

and (b) τ+muon final states. The dashed line corresponds to the SM-only hypothesis and the
hatched area around it shows the total uncertainty for the SM backgrounds. The solid line shows
the predicted contribution of signal+background in the presence of a 130 GeV charged Higgs boson
with B(t → bH+) = 5% and B(H+ → τν) = 100%. The contributions of tt̄ → bb̄W+W− events in
the backgrounds with true or misidentified τ jets are scaled down accordingly.

• at least four jets (excluding τ jets) having pT > 20 GeV, of which at least one is

b-tagged;

• exactly one τ jet with pτT > 40 GeV, found within |η| < 2.3 and matched to a τ

trigger object;

• neither a second τ jet with pτT > 20 GeV, nor any electrons with ET > 20 GeV, nor

any muons with pT > 15 GeV;

• Emiss
T > 65 GeV;

• to reject events in which a large reconstructed Emiss
T is due to the limited resolution of

the energy measurement, the following ratio based on the
∑

pT definition of Section 5

must satisfy:
Emiss

T

0.5 GeV1/2 ·
√

∑

pT
> 13;

• a topology consistent with a top quark decay: the combination of one b-tagged jet (b)

and two untagged jets (j) with the highest pjjbT must satisfy mjjb ∈ [120, 240] GeV.

For the selected events, the transverse mass mT is defined as:

mT =
√

2pτTE
miss
T (1− cos∆φτ,miss), (6.1)
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Light Charged Higgs, H+ ➛ τν
[ATLAS]

[JHEP 06 (2012) 039]

consistent with the estimation of the SM background. The mT distribution for the τ+jets

channel, after all selection cuts are applied, is shown in Fig. 6.

Sample Event yield (τ+jets)

True τ (embedding method) 210 ± 10± 44

Misidentified jet→ τ 36± 6± 10

Misidentified e → τ 3± 1± 1

Multi-jet processes 74± 3± 47

All SM backgrounds 330 ± 12± 65

Data 355

t → bH+ (130 GeV) 220 ± 6± 56

Signal+background 540 ± 13± 85

Table 6. Expected event yields after all selection cuts in the τ+jets channel and comparison with
4.6 fb−1 of data. The numbers in the last two rows, obtained for a hypothetical H+ signal with
mH+ = 130 GeV, are obtained with B(t → bH+) = 5%. The rows for the backgrounds with
misidentified objects assume B(t → bW ) = 100%. Both statistical and systematic uncertainties are
shown, in this order.
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Figure 6. Distribution of mT after all selection cuts in the τ+jets channel. The dashed line
corresponds to the SM-only hypothesis and the hatched area around it shows the total uncertainty
for the SM backgrounds. The solid line shows the predicted contribution of signal+background
in the presence of a charged Higgs boson with mH+ = 130 GeV, assuming B(t → bH+) = 5%
and B(H+ → τν) = 100%. The contributions of tt̄ → bb̄W+W− events in the backgrounds with
misidentified objects are scaled down accordingly.
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Sample Event yield (lepton+jets)

tt̄ 840 ± 20 ± 150

Single top quark 28 ± 2 +8
−6

W+jets 14 ± 3 +6
−3

Z+jets 2.1 ± 0.7 +1.2
−0.4

Diboson 0.5 ± 0.1 ± 0.2

Misidentified leptons 55 ± 10 ± 20

All SM backgrounds 940 ± 22 ± 150

Data 933

t → bH+ (130 GeV) 120 ± 4 ± 25

Signal+background 990 ± 21 ± 140

Table 2. Expected event yields in the signal region of the lepton+jets final state, and comparison
with 4.6 fb−1 of data. A cross section of 167 pb is assumed for the SM tt̄ background. The numbers
shown in the last two rows, for a hypothetical H+ signal with mH+ = 130 GeV, are obtained with
B(t → bH+) = 5%. Both statistical and systematic uncertainties are shown, in this order.
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Figure 2. Distribution of (a) cos θ∗
l
and (b)mH

T , in the signal region (cos θ∗
l
< −0.6,mW

T < 60 GeV)
for the latter. The dashed line corresponds to the SM-only hypothesis and the hatched area around
it shows the total uncertainty for the SM backgrounds, where “Others” refers to the contribution
of all SM processes except tt̄ → bb̄W+W−. The solid line shows the predicted contribution of
signal+background in the presence of a 130 GeV charged Higgs boson, assuming B(t → bH+) = 5%
and B(H+ → τν) = 100%. The light area below the solid line corresponds to the contribution of
the H+ signal, stacked on top of the scaled tt̄ → bb̄W+W− background and other SM processes.

5 Analysis of the τ+lepton channel

This analysis relies on the detection of τ+lepton decays of tt̄ events, where the hadronically

decaying τ lepton arises fromH+ → τhadν, while an electron or muon comes from the decay

of the W boson, i.e. tt̄ → bb̄WH+ → bb̄(lν)(τhadν).

– 10 –

Most sensitive: τ+jets channel … !
The lepton+jets channel, H+ ➛ τ+ν→l+ννν, has a very similar signature  
to W+→l+ν, so rely on kinematics for discrimination of signal and background … !
	 - use cosθ* distribution [W boson polarization from top decay …] 
	 - use charged Higgs transverse mass, mT,H, estimate … 
	 - b-jet-to-top association important for both; done with via jjb-mass 

τlep + W(➛ jets) τhad + W(➛ jets) τhad + W(➛ lν)



Light Charged Higgs, H+ ➛ τν
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Figure 7. Expected and observed 95% CL exclusion limits on B(t → bH+) for charged Higgs
boson production from top quark decays as a function of mH+ , assuming B(H+ → τν) = 100%.
Shown are the results for: (a) lepton+jets channel; (b) τ+lepton channel; (c) τ+jets channel; (d)
combination.

over the whole investigated mass range, but in particular for mH+ close to the top quark

mass. Interpreted in the context of the mmax
h scenario of the MSSM, tan β above 12–26, as

well as between 1 and 2–6, can be excluded in the mass range 90 GeV < mH+ < 150 GeV.
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Assume BR(H ➛ τν) = 100%

[JHEP 06 (2012) 039]

Statistical analysis: binned likelihood …

[ATLAS]



mH+ (GeV) 90 100 110 120 130 140 150 160

95% CL observed
(expected) limit on 3.3% 3.6% 3.2% 3.4% 3.6% 4.4% 7.3% 18.3%
B(t → bH+) using (3.1%) (3.3%) (3.0%) (3.1%) (3.3%) (4.0%) (6.7%) (16.8%)
the ratio Re+µ

Table 5. Observed (expected) 95% CL upper limits on B(t → bH+) derived from the event yield
ratio Re+µ, as a function of the charged Higgs boson mass, obtained for an integrated luminosity
of 4.6 fb−1 and with the assumption that B(H+ → τν) = 1.
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Figure 6. Upper limits on B(t → bH+) derived from the transverse mass distribution of τhad+jets
events in ref. [8] and the event yield ratio Re+µ, as a function of the charged Higgs boson mass,
obtained for an integrated luminosity of 4.6 fb−1 and with the assumption B(H+ → τν) = 1. The
solid line in the figure is used to denote the observed 95% CL upper limits, while the dashed line
represents the expected exclusion limits. The green and yellow regions show the 1σ and 2σ error
bands.

mH+ (GeV) 90 100 110 120 130 140 150 160

95% CL observed
(expected) limit on 3.4% 2.9% 1.7% 1.1% 0.9% 0.8% 1.0% 1.1%
B(t → bH+) using (3.1%) (2.8%) (1.9%) (1.4%) (1.2%) (1.1%) (1.2%) (1.2%)
Re+µ and τhad+jets

95% CL observed
(expected) limit 4.8% 3.4% 2.1% 1.3% 1.1% 1.0% 1.1% 1.0%
in ref. [8] (4.2%) (3.5%) (2.5%) (1.9%) (1.5%) (1.3%) (1.2%) (1.3%)

Table 6. Observed (expected) 95% CL upper limits on B(t → bH+) derived using τhad+jets
events in ref. [8] and the ratio Re+µ, as a function of the charged Higgs boson mass, obtained for
an integrated luminosity of 4.6 fb−1 and assuming that B(H+ → τν) = 1. The exclusion limits
published in ref. [8] are also shown for comparison purposes.
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In figure 7, the combined limit on B(t → bH+) × B(H+ → τν) is interpreted in the

context of the mmax
h scenario [11] of the MSSM. The following relative theoretical uncer-

tainties on B(t → bH+) are considered [42, 43]: 5% for one-loop electroweak corrections

missing from the calculations, 2% for missing two-loop QCD corrections, and about 1%

(depending on tan β) for ∆b-induced uncertainties, where ∆b is a correction factor for the

running b-quark mass [44]. These uncertainties are added linearly, as recommended by the

LHC Higgs cross-section working group [43].
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Figure 7. Limits for charged Higgs boson production from top quark decays in the mH+ -tanβ
plane, derived using τhad+jets events in ref. [8] and the ratio Re+µ, in the context of the mmax

h sce-
nario of the MSSM. The 1σ band around the observed limit (dashed lines) shows the theoretical un-
certainties. Values below tanβ = 1, where the calculations in the MSSM become non-perturbative,
are not considered, as the results become unphysical.

Assuming that the boson recently discovered at the LHC [45, 46] is one of the neutral

MSSM Higgs bosons, only a certain region in the mH+-tan β plane is still allowed for a

given scenario [47]. If the new boson is the lightest neutral MSSM Higgs boson (h0),

it would imply tan β > 3 and mH+ > 155 GeV. However, the allowed region depends

strongly on MSSM parameters which, on the other hand, do not affect the charged Higgs

boson production and decay significantly. Thus, by adjusting these MSSM parameters,

the region in which the Higgs boson mass can take a value of about 125 GeV can be

changed significantly, while the ATLAS exclusion region shown here is relatively stable

with respect to these changes. Should the recently discovered boson instead be the heavier

CP-even Higgs boson (H0), the additional constraint from mH0 ≃ 125 GeV only leads

to an upper limit of roughly mH+ < 150 GeV, with suppressed couplings for h0. If the

recently discovered particle is an MSSM Higgs boson, excluding a low-mass charged Higgs

boson would thus imply that it is the lightest neutral state h0.
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Investigate Lepton Universality … 
in top-quark decays to search for a charged Higgs 

Use:

generated events. This uncertainty is 7% for 1-track τ jets and 11% for 3-track τ jets.

In addition, systematic uncertainties on the jet→ τhad misidentification probability arise

from statistical uncertainties due to the limited control sample size, the differences between

misidentification probabilities computed in the region enriched with W + >2 jets events

and the signal region, as well as the small contamination from true τ leptons (including

those possibly coming from H+ → τν) in the region enriched with W + >2 jets events.

Some of the systematic uncertainties above affect the τhad+lepton and dilepton event

yields in the same manner and, as a result, have a limited impact on Re and Rµ. Systematic

uncertainties arising from jets and Emiss
T are common to all reconstructed events in the

simulation, hence they should cancel in the ratios Re and Rµ. However, due to the use of

data-driven background estimates and because of the removal of geometric overlaps between

reconstructed objects, some of these systematic uncertainties still have a minor impact. In

the EL (MU) category, the systematic uncertainties related to the trigger-matched electron

(muon) are the same for the e + τhad and e + µ (µ + τhad and µ + e) events, thereby not

affecting the predicted value of the ratio Re (Rµ). Those coming from the reconstructed

muon (electron) only affect event yields in the denominator, and hence the ratio. Similarly,

the systematic uncertainties coming from the τ jets and their misidentification probabilities

only affect the numerator of Re and Rµ, hence they do have an impact on the analysis.

This is also the case for systematic uncertainties on the backgrounds with misidentified

leptons, which have a larger contribution in the dilepton events, i.e. on the denominator

of Re and Rµ. Table 4 shows how these ratios (in the SM-only hypothesis) change when

shifting a particular parameter by its ±1 standard deviation uncertainty.

4.3 Exclusion limits

To test the compatibility of the data with the background-only or the signal+background

hypotheses, a profile likelihood ratio [40] is used with Re and Rµ as the discriminating

variables. The systematic uncertainties are incorporated via nuisance parameters, and the

one-sided profile likelihood ratio, q̃µ, is used as a test statistic. No significant deviation from

the SM prediction is observed in 4.6 fb−1 of data. Exclusion limits are set on the branching

fraction B(t → bH+) by rejecting the signal hypothesis at the 95% confidence level (CL)

using the CLs procedure [41]. These limits are based on the asymptotic distribution of

the test statistic [40]. They are first set for electron-triggered and muon-triggered events

separately (see figure 4), and then using a global event yield ratio Re+µ defined as:

Re+µ =
N (e+ τhad) +N (µ + τhad)

N (e+ µ) +NOR(µ + e)
, (4.3)

where NOR(µ+e) is the event yield in the µ+e channel after removing the dilepton events

that simultaneously fire a single-electron trigger and a single-muon trigger, as those already

appear in N (e + µ). The fraction of dilepton events common to the µ + e and e+ µ final

states is about 42% in the data. Using this global event yield ratio, upper limits in the

range 3.2%–4.4% can be placed on B(t → bH+) for charged Higgs boson masses in the

range 90–140 GeV, as shown in figure 5 and table 5.
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Figure 3. Relative variation with B(t → bH+) of (a) the event yields N (e + τhad), N (e + µ) and
their ratio, as well as (b) N (µ+τhad), N (µ+e) and their ratio, assuming the presence of a 130 GeV
charged Higgs boson in tt̄ events.

candidates. The various simulated tt̄ samples are reweighted so that the N τ
track and the

N iso
track distributions match7 before the systematic uncertainties on the tt̄ generation, the

parton shower model, as well as initial- and final-state radiation, are evaluated.

For the signal samples, which are generated with PYTHIA (i.e. without higher-order

corrections), no alternative generator is available, hence the systematic uncertainty is set to

the relative difference in acceptance between tt̄ events generated with MC@NLO interfaced

to HERWIG/JIMMY and with AcerMC, which is also a leading-order generator, interfaced

to PYTHIA. For the systematic uncertainty coming from initial- and final-state radiation,

the same simulated samples as for the SM tt̄ events are used. In the evaluation of the

systematic uncertainties for the signal samples, only τ jets matched to true hadronically

decaying τ leptons in the generated events are considered.

For the backgrounds with misidentified leptons, the largest systematic uncertainties

arise from the sample dependence: the misidentification probabilities are calculated in

a control region dominated by gluon-initiated events, but later used in a data sample

with a higher fraction of quark-initiated events. The total systematic uncertainty on the

backgrounds with misidentified leptons is 38% for electron-triggered events and 49% for

muon-triggered events. It corresponds to the relative variation of the number of events

with exactly one trigger-matched lepton and two jets, after having considered all systematic

uncertainties. The requirement of having two b-jets in the event does not have a significant

impact on these systematic uncertainties and neither does the presence of a second lepton.

For the estimation of backgrounds with jets misidentified as hadronically decaying τ

leptons, the systematic uncertainty on the scale factors associated with the number of

tracks is determined by varying the requirement on the jet multiplicity and the magnitude

of the subtraction of τ candidates matched to a true electron, muon or τ lepton in the

7Both variables are reweigthed in a correlated way.
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Figure 3. Relative variation with B(t → bH+) of (a) the event yields N (e + τhad), N (e + µ) and
their ratio, as well as (b) N (µ+τhad), N (µ+e) and their ratio, assuming the presence of a 130 GeV
charged Higgs boson in tt̄ events.

candidates. The various simulated tt̄ samples are reweighted so that the N τ
track and the

N iso
track distributions match7 before the systematic uncertainties on the tt̄ generation, the

parton shower model, as well as initial- and final-state radiation, are evaluated.

For the signal samples, which are generated with PYTHIA (i.e. without higher-order

corrections), no alternative generator is available, hence the systematic uncertainty is set to

the relative difference in acceptance between tt̄ events generated with MC@NLO interfaced

to HERWIG/JIMMY and with AcerMC, which is also a leading-order generator, interfaced

to PYTHIA. For the systematic uncertainty coming from initial- and final-state radiation,

the same simulated samples as for the SM tt̄ events are used. In the evaluation of the

systematic uncertainties for the signal samples, only τ jets matched to true hadronically

decaying τ leptons in the generated events are considered.

For the backgrounds with misidentified leptons, the largest systematic uncertainties

arise from the sample dependence: the misidentification probabilities are calculated in

a control region dominated by gluon-initiated events, but later used in a data sample

with a higher fraction of quark-initiated events. The total systematic uncertainty on the

backgrounds with misidentified leptons is 38% for electron-triggered events and 49% for

muon-triggered events. It corresponds to the relative variation of the number of events

with exactly one trigger-matched lepton and two jets, after having considered all systematic

uncertainties. The requirement of having two b-jets in the event does not have a significant

impact on these systematic uncertainties and neither does the presence of a second lepton.

For the estimation of backgrounds with jets misidentified as hadronically decaying τ

leptons, the systematic uncertainty on the scale factors associated with the number of

tracks is determined by varying the requirement on the jet multiplicity and the magnitude

of the subtraction of τ candidates matched to a true electron, muon or τ lepton in the

7Both variables are reweigthed in a correlated way.
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Light Charged Higgs, H+ ➛ cs

Searches channel … 
considering hadronic decay

[ATLAS]

• Charged Higgs bosons could be produced from a generic 2HDM
• H+ Production:

• Light H+: pp → tt → bW bH+

• Heavy H+: gb → tH+ and gg → tbH+

• H+ Decay:
• Light H+:  Almost exclusively to τν (at low                                                    

tanB predominantly to cs) 
• Heavy H+: tb; τν; χ+χ0 

A Generic 2HDM: Charged Higgs Searches

• ATLAS charged Higgs searches with taus:

• ATLAS charged Higgs search with cs:

–

–

––

24

c	

        

s        
e,μ        

ν        

Light Charged Higgs Search … !
Final state allows for full 
reconstruction of H+ candidate …  !
Examine dijet spectrum 
and look for extra mass peak …

Isolated e/μ; pT > 20 GeV !
At least 4 jets; pT > 20 GeV;  
one b-tag !
MT > 25 GeV  
MET + MT > 60 GeV

Selection … Kinematics …
Neutrino momentum from ET,miss 
calculated by constraining the W-mass … !
Solve combinatorics using  
kinematic χ2-fit to (blν) and (bjj) systems … 
[both required to be the top mass]

[EPJ C, 73 (2013) 2465]
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χ2-distribution 
to be minimized …
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Fig. 2 Comparison of the dijet mass distribution before
(upper part) and after (lower part) the kinematic fit and the
χ2 < 10 selection criterion. The distribution is shown for MC
simulations of SM tt̄ decays and the mH+ = 110 GeV signal
(tt̄ → H+bW−b̄). The curves are normalized to the same
area.

using a template for the multi-jet background and tem-
plates from MC simulations for all other processes. The
uncertainty on the QCD multi-jet background is evalu-
ated to be 50% by studying the effect of pile-up events
on the fit results and by performing likelihood fits on
the mT(W ) distribution. The dijet mass distribution of
multi-jet events is obtained from a control region in the
data, where leptons are required to be semi-isolated,
such that the transverse momentum of the inner de-
tector tracks in a cone of radius ∆R = 0.3, excluding
the lepton, satisfies 0.1 < p∆R=0.3

T /pT(e, µ) < 0.3. Lep-
tons in the control region are also required to have a
large impact parameter with respect to the identified
primary vertex (0.2 mm < |d0| < 2 mm) and an impact
parameter significance |d0|/σd0

> 3.

The rate of W+jets events is estimated by a data-
driven method [58] that uses the observed difference in
the number of W+ and W− bosons in the data and the
charge asymmetry (W+ − W−)/(W+ + W−), which
is calculated to good precision by the MC simulation

Channel Muon Electron

Data 10107 5696

SM tt̄ → W+bW−b̄ 8700±1800 5000±1000
W/Z + jets 420±120 180±50
Single top quark + Diboson 370±60 210±30
QCD multi-jet 300±150 130±60

Total Expected (SM) 9800±1800 5500±1000

mH+ = 110 GeV

B(t → H+b) = 10% :
tt̄ → H+bW−b̄ 1400±280 800±160
tt̄ → W+bW−b̄ 7000±1400 4000±800

Total Expected (B = 10%) 9500±1700 5300±1000

Table 1 The expected numbers of events from SM pro-
cesses, integrated over the full range of dijet masses and the
observed number of events in the data after all the selection
requirements. The expected number of events in the case of a
signal with mH+ = 110 GeV and B(t → H+b) = 10% is also
shown. The tt̄ → W+bW−b̄ numbers include both the lep-
ton + jets and dilepton decay channels. The uncertainties are
the sum of the contributions from statistics and systematic
uncertainties.

of W+jets events. The heavy flavour fraction of the
W+jets MC simulation is calibrated using W + 1 jet
or W + 2 jets events in the data. The uncertainty on
the W+jets background is 26% (28%) for the electron
(muon) channel, which includes the uncertainty from
the charge asymmetry and heavy flavour fraction com-
ponents. The shape of the mjj distribution for W+jets
events is obtained from simulation.

Uncertainties on the modelling of the detector and
on theory give rise to systematic uncertainties on the
signal and background rate estimates. The following
systematic uncertainties are considered: integrated lu-
minosity (3.9%) [22, 23], trigger efficiency (3.5%/1%
for electron/muon), jet energy scale (1–4.6%) [45], jet
energy resolution (up to 16% smearing) [59], and b-jet
identification efficiency (5–17%). The last three uncer-
tainties depend on the pT and η of the jets. Uncer-
tainties on lepton reconstruction and identification ef-
ficiency are determined using a tag and probe method
in samples of Z boson and J/ψ decays [60]. The mo-
mentum resolution and scales are determined from fits
to samples of W boson, Z boson, and J/ψ decays [53,
61]. Additional pT-dependent uncertainties are placed
on the b-jet (up to 2.5%) and c-jet (up to 1.3%) en-
ergy scales [45]. Uncertainties on the modelling of the
tt̄ background are estimated using a second MC gener-
ator (Powheg [62–64]) and comparing the effect of us-
ing Pythia and Herwig to perform the parton show-
ering and hadronization. Uncertainties on initial and
final state radiation (ISR/FSR) are assessed using Ac-
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top-quark mass 172.5 GeV, which is consistent with the
measured top-quark mass [56]. When assigning jets in
the fitter, b-tagged jets are assumed to originate from
the b-quarks. The best bbjj combination is found by
minimizing a χ2 for each assignment of jets to quarks
and for the choice of solution for the longitudinal neu-
trino momentum, where the five highest-pT jets are con-
sidered as possible top-quark decay products. Since the
b-jets are only allowed to be assigned to the b-quarks,
and the two untagged jets are assigned to quarks from
the same charged boson, there are two possible jet con-
figurations overall for events with four jets, two of which
are b-tagged. For events with at least five jets, the two
highest-pT jets are always assumed to be from the top-
quark decay products (W/H+ boson or b-quark) to re-
duce the combinatorics in the fit procedure. The com-
bination with the smallest χ2 value, χ2

min, is selected as
the best assignment. The function minimized in the fit
is:

χ2 =
∑

i=ℓ,4jets

(pi,fitT − pi,meas
T )2

σ2
i

+
∑

j=x,y

(pSEJ,fit
j − pSEJ,meas

j )2

σ2
SEJ

+
∑

k=jjb,bℓν

(mk −mt)2

Γ 2
t

.

(1)

In the first term, the fitted transverse momenta of
the lepton and the four jets currently under consider-
ation are allowed to vary around the measured values
using the corresponding measured resolutions (σi). In
the fit only the magnitudes of the object pTs are var-
ied; the angles of the jets and leptons are assumed to
be measured with good precision. The vector sum of
the momenta of the remaining jets (pT > 15 GeV) in
the event, labelled SEJ, is allowed to vary in the sec-
ond term. The resolution for this term is taken from
the nominal jet resolution. Letting the SEJ vary allows
the Emiss

T to be recalculated from the fitted values of its
dominant components. Jets with lower pT and energy
from calorimeter cells not associated with any physics
object are both minor contributions to the Emiss

T and
are held fixed in the re-calculation of the Emiss

T . The
third term constrains the hadronic (jjb) and leptonic
(bℓν) top-quark candidates to have a mass close to the
top-quark mass.

The χ2
min distribution for selected events in the data

agrees well with the expectation from the simulation
(see Fig. 1). Events are required to have χ2

min < 10 to
remove poorly reconstructed tt̄ events. This selection
has an efficiency of 63% for SM tt̄ events. The fit re-
sults in a 12 GeV dijet mass resolution, as shown in

Fig. 2. This is a 20–30% improvement, depending on the
mass of the boson studied, compared to the resolution
obtained when the same jets are used with their origi-
nal transverse momentum measurements. After the fit,
there is better discrimination between the mass peaks
of the W boson from SM decays of tt̄ and a 110 GeV
H+ boson in this example.
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0 10 20 30 40 50 60 70 80 90

Ev
en

ts
 / 

bi
n

0

2000

4000

6000

8000

10000

12000

14000
-1 Ldt = 4.7 fb∫ = 7 TeV : s

Data
tSM t
tNon-t

SM with uncertainty

ATLAS

Fig. 1 Comparison of the distribution of χ2
min from the

kinematic fitter for data and the expectation from the back-
ground estimates for the combined electron and muon chan-
nels. The MC simulation is normalized to the expectation for
the SM (B(t → H+b) = 0). The uncertainty shown on the
background estimate is the combination in quadrature of the
±1σ systematic uncertainties. The final bin also contains the
overflow entries.

Table 1 shows the number of events observed in the
data and the number of events expected from the SM
processes after the selection requirements. The SM tt̄
entry includes events from both the lepton + jets and
dilepton tt̄ decay modes, where the dilepton events can
pass the event selection if the events contain additional
jets and the second lepton is not identified. Good agree-
ment is observed between the data and the expectation.
The table also shows the number of signal events ex-
pected for B(t → H+b) = 10%. The signal prediction
accounts for acceptance differences due to the different
kinematics of the t → H+b events relative to the SM
t → Wb events.

5 Systematic uncertainties

The background estimates and the estimate of the sig-
nal efficiency are subject to a number of systematic
uncertainties. The QCD multi-jet background is esti-
mated using a data-driven method [57] that employs
a likelihood fit to the Emiss

T distribution in the data,

all jet-pt to vary  
within uncertainties

soft jets  
influencing ET,miss

top mass  
constraints

[EPJ C, 73 (2013) 2465]
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erMC interfaced to Pythia and examining the effects
of changing the ISR/FSR parameters in a range con-
sistent with experimental data [65]. The predicted SM
tt̄ cross-section for pp collisions at

√
s = 7 TeV, ob-

tained from approximate next to next to LO QCD cal-
culations, is σtt̄ = 167+17

−18 pb for a top-quark mass
of 172.5 GeV [66]. The uncertainty on the predicted
value includes the uncertainty in the renormalization
and factorization scales, parton density functions, and
the strong coupling constant. An additional uncertainty
on the tt̄ cross-section (4.5%) is included due to the
uncertainty on the top-quark mass. The uncertainty
on the top-quark mass is 0.9 GeV from the combined
measurement [56] at the Tevatron. However, this re-
sult would be biased in the presence of a H+ → cs̄
signal in the lepton + jets channel, so a larger uncer-
tainty of 1.5 GeV is taken, which is consistent with
the latest top-quark mass measurement in the dilep-
ton channel from the CMS experiment [67]. Changing
the top-quark mass leads to altered event kinematics,
which results in a final uncertainty on the event rate of
1.9%. The effects of these systematic uncertainties on
the overall normalization are listed in Table 2. The jet
energy calibration, b-jet identification, tt̄ background
modelling, and ISR/FSR uncertainties also modify the
shape of the dijet mass distribution and are therefore
determined as a function of mjj . The systematic un-
certainties that affect the shape of the mjj distribu-
tion (top half of Table 2) are more important than
the shape-independent uncertainties. The effects of the
systematic uncertainties are comparable, within 10%,
between the SM and signal tt̄ samples. The combined
uncertainty on the single top-quark and diboson back-
grounds is 15%, which comes mostly from the uncer-
tainties on the cross-section, jet energy scale, and b-
tagging. The total uncertainty on the overall normal-
ization of the non-tt̄ backgrounds is 30%.

6 Results

The data are found to be in good agreement with the
distribution of the dijet mass expected from SM pro-
cesses (see Fig. 3). The fractional uncertainty on the
signal-plus-backgroundmodel is comparable to the back-
ground only model. Upper limits on the branching ratio
B(t → H+b) are extracted as a function of the charged
Higgs boson mass. The upper limits are calculated as-
suming the charged Higgs always decays to cs̄. The fol-
lowing likelihood function is used to describe the ex-

Systematic Source

Shape dependent

Jet energy scale ±9.5%
b-jet energy scale +0.3,−0.6%
c-jet energy scale +0.1,−0.3%

Jet energy resolution ±0.9%
MC generator ±4.3%
Parton shower ±3.1%

ISR/FSR ±8.8%

Shape independent

b-tagging efficiency (b-jets) ±11%
b-tagging efficiency (c-jets) ±2.4%

b mistag rate ±1.8%
Lepton identification ±1.4%
Lepton reconstruction ±1.0%

t-quark mass ±1.9%
tt̄ cross-section +10,−11%
Luminosity ±3.9%

Table 2 Effect of the systematic uncertainties on the event
rate of tt̄ background and signal (mH+ = 110 GeV) events be-
fore any reduction from the likelihood fit, described in Sect. 6.
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Fig. 3 The dijet mass distribution from data and the ex-
pectation from the SM (B = 0). The error bars represent the
statistical uncertainty on the data. The uncertainty shown
on the background estimate is the combination in quadrature
of the ±1σ systematic uncertainties, accounting for the con-
straint from the profile likelihood fit. The first and last bins
contain the underflow and overflow events respectively.

pected number of events as a function of the branching
ratio:

L(B,α) =
∏

i

νi(B,α)nie−νi(B,α)

ni!

∏

j

1√
2π

e−
α2
j
2 , (2)

where ni is the number of events observed in bin i
of the dijet mass distribution and j labels the sources of
systematic uncertainty. The number of expected signal

[EPJ C, 73 (2013) 2465]
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plus background events in each bin, νi(B,α), is given
by

νi(B,α) = 2B(1− B)σtt̄ LAH+

SH+

i

∏

j ̸=b

ρH
+

ji (αj)

+(1− B)2 σtt̄ LAWSW
i

∏

j ̸=b

ρWji (αj) + nN
i ρ

N
bi (αb)

(3)

where nN
i is the expected number of non-tt̄ back-

ground events, σtt̄ is the cross-section for tt̄ produc-
tion, L is the integrated luminosity, B is the branching
ratio of t → H+b, and AH+

and AW are the accep-
tances for signal (tt̄ → H+bℓνb̄) and SM tt̄ (tt̄ → jjbℓνb̄
and tt̄ → ℓν̄bℓνb̄) events respectively. The decay mode
tt̄ → H+bH−b̄ does not contribute to the expectation
because this mode does not produce a single isolated
lepton and hence has a negligible efficiency to pass the
selection requirements. The SH+

i (SW
i ) parameter de-

scribes the shape of the mjj spectrum (normalized to
one) for H+ (W ) boson production. It gives the rela-
tive number of events in bin i according to the normal-
ized mjj distribution. The αj variables are nuisance
parameters representing the systematic uncertainties,
which are constrained via the Gaussian terms in Eq. 2.
The effect of the systematic uncertainties on the non-tt̄
background can be obtained by calculating the effect of
each source of uncertainty on each non-tt̄ background
component, and combining them in quadrature. Since
this sum is dominated by the uncertainties on the data-
driven W+jets and multi-jet background estimates, the
combined variation is treated as a single nuisance pa-
rameter (αb, b ∈ j) and is assumed to be uncorrelated
from the other systematic uncertainties. The ρji func-
tions account for the effect of nuisance parameters on
the yields and are defined such that ρji(αj = ±1σ) rep-
resents the 1±1σ fractional change in the number of en-
tries in bin i of the dijet mass spectrum due to system-
atic uncertainty j. The physics measurement involves a
sufficiently large number of events that this likelihood
can constrain the αj parameters beyond the precision of
the subsidiary measurements. The effects of systematic
uncertainties are applied coherently in signal and back-
ground distributions. The subsidiary measurements of
the αj parameters are taken to be uncorrelated. The
fit uses 17 nuisance parameters in total. None of them
are shifted by more than one sigma compared to the
original values obtained in subsidiary measurements.
Maximal reduction of uncertainty is obtained for the
jet energy scale parameter which is reduced by 50%.

The limits on the branching ratio are extracted us-
ing the CLs technique at 95% confidence level [68, 69].
The consistency of the data with the background model
can be determined by comparing the value of the test

Higgs Mass Expected limit Observed limit
(stat.⊕ syst.) (stat.⊕ syst.)

90 GeV 0.080 0.051
100 GeV 0.034 0.034
110 GeV 0.026 0.025
120 GeV 0.021 0.018
130 GeV 0.023 0.014
140 GeV 0.020 0.013
150 GeV 0.015 0.012

Table 3 Expected and observed 95% CL limits, including
systematic uncertainties, on the branching ratio for a top-
quark to decay to a charged Higgs boson and a b-quark, as-
suming that B(H+ → cs̄) = 100%. The limits shown are
calculated using the CLs limit-setting procedure.
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Fig. 4 The extracted 95% CL upper limits on B(t → H+b),
assuming that B(H+ → cs̄) = 100%, are shown for a range
of charged Higgs masses from 90 GeV to 150 GeV. The limits
shown are calculated using the CLs limit-setting procedure.

statistic (a profile likelihood ratio based on Eq. 2) in
the data with the expectation from background-only
Monte Carlo simulated experiments. The correspond-
ing probability (p-value) for the background to produce
the observed mass distribution varies from 67% to 71%
as a function of mH+ , indicating that there is no signif-
icant deviation from the background hypothesis. The
expected and observed limits, shown in Table 3 and
Fig. 4, are calculated using asymptotic formulae [68].
The expected limits on B, including both statistical
and systematic uncertainties, vary between 1–8% de-
pending on mH+ ; if only the statistical uncertainty is
considered these limits are 1–3%. The observed limits,
including both statistical and systematic uncertainties,
vary between 1–5%. The extracted limits are the most
stringent to date on the branching ratio B(t → H+b),
assuming B(H+ → cs̄) = 100%. These results can be
used to set limits for a generic scalar charged boson
decaying to dijets in top-quark decays, as long as the
width of the resonance formed is less than the experi-
mental dijet resolution of 12 GeV.
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“Search for charged Higgs bosons in the τ+jets final state with pp collision data 
recorded at √s=8 TeV with the ATLAS experiment” [ATLAS-CONF-2013-090] 

light H+ from top decay                                                      heavy  H+, associated production             

Search in H+ →  τ + ν decay channel, motivated by MSSM when tan β > 3

Combined analysis of: !
Three- and Four-jet final states  
with H+ ➛ τhad + v …

[ATLAS]

1 Introduction

Charged Higgs bosons, H+ and H�, are predicted by several non-minimal Higgs scenarios [1, 2], such
as models containing Higgs triplets [3] and Two-Higgs-Doublet Models (2HDM) [4]. The observation
of a charged Higgs boson1 would clearly indicate physics beyond the Standard Model (SM). In a type-II
2HDM, which is the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) [5], the
main production mode at the Large Hadron Collider (LHC) for charged Higgs bosons with masses mH+

smaller than the top quark mass mtop (in the following called light charged Higgs bosons) is through the
top quark decay t ! H+b. For charged Higgs bosons with mH+ > mtop (called heavy charged Higgs
bosons in the following), the main production mode is top quark associated. Feynman diagrams of these
processes are shown in Fig. 1. For tan � > 3, where tan � is the ratio of the vacuum expectation values of
the two Higgs doublets, light charged Higgs bosons decay mainly via H+ ! ⌧⌫ [6]; for heavy charged
Higgs bosons the branching fraction to ⌧⌫ can still be sizeable.
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Figure 1: Example of leading-order Feynman diagrams for the production of charged Higgs bosons at
masses below (left) and above (center and right) the top quark mass.

The combined LEP lower limit for the charged Higgs boson mass in a type-II 2HDM with B(H+ !
⌧⌫) = 1 is mH+ > 94 GeV [7], and the lower limit for any B(H+ ! ⌧⌫) is 80 GeV. The D0 [8] and
CDF [9] collaborations at the Tevatron placed upper limits on B(t ! H+b) in the 15 � 20% range for
light charged Higgs bosons. Both the CMS [10] and ATLAS [11, 12] collaborations searched for light
charged Higgs bosons assuming B(H+ ! ⌧⌫) = 1 and improved the Tevatron limits to the 1 � 4% range
for a mass range 90 GeV < mH+ < 160 GeV. The recent discovery of a Higgs boson at the LHC with
mass of 125.3 � 125.5 GeV and properties resembling those of the SM Higgs boson [13, 14] can be
compatible with an extended scalar sector. The new particle can be easily incorporated as one of the
scalar particles that are predicted by these theories, e.g. in the MSSM [15].

This note describes the search for a charged Higgs boson produced and decaying as follows:

tt̄ ! [H+b] [W�b̄]! [(⌧+ + ⌫⌧)b] [qq̄b̄] (1)

gb̄! [t̄] [H+]! [qq̄b̄] [⌧+ + ⌫⌧] (2)

gg! [t̄b] [H+]! [(qq̄b̄)b] [⌧+ + ⌫⌧] (3)

where the top quark in Eqs. (2) and (3) decays to a W boson and b quark, and the W boson decays
hadronically. The decay products of the W bosons (q, q̄) can be observed as jets and the b jets can be
identified as such experimentally. In this analysis, only final states with hadronically decaying ⌧ leptons
are selected. The visible decay products of the ⌧ lepton (⌧had�vis) can be observed as narrow jets. The
neutrinos cannot be detected, leading to missing transverse momentum (Emiss

T ).

1In the following, charged Higgs bosons will be denoted H+, with the charge-conjugate H� always implied.
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Figure 2: The transverse mass, mT, shown for events passing the heavy H+ signal selection. Background
contributions from tt̄, single top quark, single boson and diboson events estimated from simulation are
shown stacked while hypothetical signal distributions for di↵erent charged Higgs boson masses are over-
laid, scaled arbitrarily for shape comparison.

mH+ [GeV] 90 100 110 120 130 140 150 160
E�ciency (%) 0.72 0.76 0.85 0.92 1.02 1.19 1.19 1.18
mH+ [GeV] 180 190 200 225 250 275 300 350
E�ciency (%) 1.78 1.88 2.00 2.31 2.75 2.93 3.15 3.60
mH+ [GeV] 400 450 500 550 600
E�ciency (%) 4.05 4.19 4.48 4.78 4.89

Table 1: The signal selection e�ciency, as determined from simulation, as a function of the charged
Higgs boson mass.

5 Background modeling

Backgrounds to the search for charged Higgs bosons in the ⌧ + jets final state can be categorized accord-
ing to the origin of the hadronically decaying ⌧ candidate in the event. For the cases where an electron,
muon, or true ⌧ is reconstructed as the ⌧ candidate of the event, the background prediction is taken from
simulated events. The background contribution from events with a correctly identified ⌧ is modified by
scale factors that correct the e�ciency of the ⌧had�vis identification algorithm in simulation to that mea-
sured in data [51]. The background contribution with a ⌧ candidate reconstructed from an electron or
muon is suppressed by dedicated lepton veto algorithms. Scale factors are also applied to correct the
simulated e�ciency of the electron veto algorithm to that measured in data [51].

The final source of background is from events where a jet is misidentified as the ⌧ candidate of the
event. This background arises from both gluon-initiated and quark-initiated jets, and it is assessed using a
data-driven method that applies weights calculated from identification and misidentification e�ciencies
to data events.

The weights for this method are determined based on several relations. First, “loose” and “tight” ⌧
candidate selections are defined. The loose selection requires the ⌧had�vis object selection and trigger-
matching, with no requirement on the ⌧had�vis identification. The tight ⌧ candidate selection requires the
object to pass both the loose selection and the nominal ⌧had�vis identification criteria.

The collections of loose and tight ⌧ candidates contain both real and misidentified objects, so the
total number of events with a single loose or tight ⌧ candidate can be expressed as:

NL = NL
m + NL

r ; (5)
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Selection:
≥ 4 (3) jets; on b-tag 
for light (heavy) H+

one hadronic τ 
pT > 40 GeV;  no additional τ,e,μ

ET,miss ≥ 65 (80) GeV 
for light (heavy) H+

Transverse mass 
shows Jacobian peak  !
[Edge at H+-mass …]

• Muon candidates are rejected if they are found within �R < 0.4 of any jet that passes the nominal
pT, ⌘, and JVF requirements.

• A ⌧ candidate is rejected when it is found within �R < 0.2 of a selected muon or electron.

• Finally, a jet is removed if found within �R < 0.2 of a selected ⌧ object.

3.7 Missing transverse momentum

The missing transverse momentum (Emiss
T ) definition used in this analysis is an object-based defini-

tion [58]. It is computed using fully calibrated and reconstructed physics objects.

4 Event selection

The triggers used for this search require a threshold on the transverse momentum of the ⌧ object of
p⌧T > 29 GeV or > 27 GeV and a requirement that Emiss

T > 40 GeV or > 50 GeV. The ⌧had�vis + Emiss
T

trigger definition varied slightly during the 2012 data-taking period as trigger object thresholds were
adjusted to maintain a high e�ciency without exceeding the bandwidth of the trigger system while the
luminosity increased.

The following requirements are then applied to select events compatible with the signal hypothesis:

• at least 4 (3) jets pass the pT, ⌘ and JVF criteria as described in Sec. 3.2 for the light (heavy) signal
selection,

• at least one of the selected jets must be b-tagged,

• exactly one hadronically decaying ⌧ has pT > 40 GeV (this ⌧had�vis candidate must match to the ⌧
object used in the trigger decision),

• there must be no additional hadronically decaying ⌧ leptons with pT > 20 GeV, nor any muon or
electron with pT > 25 GeV,

• Emiss
T >65 (80) GeV for the light (heavy) charged Higgs boson search,

• a requirement is placed on the quantity Emiss
T

0.5·
pP

pPV trk
T

>13 (12) GeV1/2 in the light (heavy) H+

search. Here pPV trk
T is the transverse momentum of a track originating from the primary vertex and

the sum is taken over all tracks from the PV.

The final discriminating variable is the ⌧had�vis + Emiss
T transverse mass, defined as

mT =

q
2p⌧TEmiss

T (1 � cos��⌧,miss), (4)

where ��⌧,miss is the azimuthal angle between the hadronic decay products of the ⌧ lepton and the di-
rection of the missing transverse momentum. In the case of backgrounds that produce a real W boson
decaying to (⌧+ ⌫) with a subsequent hadronic ⌧ decay, mT corresponds to the transverse W boson mass.
For the signal hypothesis it corresponds to the transverse H+ boson mass. The simulated mT distributions
of the dominant SM backgrounds are shown in Fig. 2, overlaid with mass distributions for several signal
mass points. Backgrounds are scaled to luminosity while signals are scaled arbitrarily for shape compar-
ison. Signal selection e�ciencies, including ⌘ and pT cuts on selected objects are given in Table 1 for
various H+ mass points.

The mT distribution in data is modeled using a combination of background components and a hypo-
thetical signal component. The background components are described below. The hypothetical signal
component is modeled using simulation across a range of charged Higgs boson masses.
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p⌧T = (40, 70) GeV p⌧T = (70, 500) GeV
Emiss

T = (65, 80) GeV 0.94 ± 0.16 ± 0.18 0.89 ± 0.14 ± 0.26
Emiss

T = (80, 100) GeV 1 ± 0.1 ± 0.4 1.1 ± 0.15 ± 0.24
Emiss

T = (100, 500) GeV 0.93 ± 0.09 ± 0.18 0.94 ± 0.10 ± 0.31

Table 7: Scale factors measured for the ⌧had�vis + Emiss
T trigger e�ciency. The first uncertainties are

statistical, the second ones are systematic.

parameters in the likelihood function. A profile likelihood ratio [61] is used with the mT distribution as
the discriminating variable. The q̃µ test statistic is used, based on a one-sided profile likelihood ratio.

Before applying the likelihood fit to the signal region data, the fitting method is validated by applying
it to data and a model of the signal and background passing the event selection of the previously defined
zero b-tags validation region. This region is orthogonal to the signal region. Its background composition
is slightly di↵erent than the signal region, as the real ⌧had�vis background component is dominated by
events from W boson + jets events rather than tt. The fit model is able to describe the data well, and
there is no evidence of significant signal in this validation region, as expected. The observed pulls of the
nuisance parameters are also investigated in the validation region and, later, the signal region, where they
are seen to be well-behaved.
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Figure 5: The data and background predictions after applying the nominal selection for the (left) light
charged Higgs boson search and for the (right) heavy charged Higgs boson search. They are shown both
in linear scale (top) and logarithmic scale (bottom). In the distributions for the light H+ signal selection,
a signal of mH+ = 130 GeV and B(t ! H+b) = 0.9% is included. For the heavy H+ signal selection, a
signal of mH+ = 250 GeV and tan � = 50 with the cross section and B(H+ ! ⌧⌫) of the MSSM mmax

h
scenario [59] is included. All signal contributions are scaled up by a factor of 10. The last bin of each mT
distribution includes overflow. The uncertainty band shows the pre-fit systematic uncertainties, added in
quadrature.
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Figure 5: The data and background predictions after applying the nominal selection for the (left) light
charged Higgs boson search and for the (right) heavy charged Higgs boson search. They are shown both
in linear scale (top) and logarithmic scale (bottom). In the distributions for the light H+ signal selection,
a signal of mH+ = 130 GeV and B(t ! H+b) = 0.9% is included. For the heavy H+ signal selection, a
signal of mH+ = 250 GeV and tan � = 50 with the cross section and B(H+ ! ⌧⌫) of the MSSM mmax

h
scenario [59] is included. All signal contributions are scaled up by a factor of 10. The last bin of each mT
distribution includes overflow. The uncertainty band shows the pre-fit systematic uncertainties, added in
quadrature.
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at leading order. When calculated to all orders, the two schemes are identical, but they do not match
exactly at finite order. The results from the four- and five-flavor schemes are combined according to the
Santander matching described in Ref.[43]. For the 5FS, the following theoretical uncertainties are taken
into account [67]: scale uncertainties of approximately 10-20% that vary with mH+ ; and a combined
uncertainty on the PDF, mass of the bottom quark, and the strong coupling of approximately 10-15%.
For the 4FS, only a scale uncertainty of approximately 30% is taken into account [67]. Due to the
complication of overlap and interference with o↵-shell tt̄ production in the range of masses 180 GeV
< mH+ < 200 GeV, the MSSM interpretation is included only for mH+ > 200 GeV.

mH+ (GeV) 90 100 110 120 130 140 150 160
p0-value 0.29 0.50 0.57 0.69 0.72 0.90 0.94 0.95
mH+ (GeV) 180 190 200 225 250 275 300 350
p0-value 0.42 0.35 0.37 0.90 0.93 0.94 0.92 0.65
mH+ (GeV) 400 450 500 550 600
p0-value 0.27 0.31 0.34 0.62 0.31

Table 9: Observed p0-values as a function of the charged Higgs boson mass hypothesis.

mH+ (GeV) 90 100 110 120 130 140 150 160
B(t ! bH+) (in %) 2.1 1.6 0.67 0.50 0.43 0.30 0.27 0.24

(1.7) (1.6) (0.51) (0.43) (0.39) (0.32) (0.33) (0.29)
mH+ (GeV) 180 190 200 225 250 275 300 350
�H+ (in pb) 0.90 0.80 0.69 0.29 0.21 0.16 0.13 0.095

(0.83) (0.70) (0.61) (0.43) (0.34) (0.24) (0.21) (0.11)
mH+ (GeV) 400 450 500 550 600
�H+ (in pb) 0.075 0.047 0.034 0.017 0.019

(0.059) (0.039) (0.027) (0.019) (0.015)

Table 10: Observed (Expected) limits, with B(H+ ! ⌧⌫) = 100%, on B(t ! bH+) (in %) for mH+ =

90� 160 GeV, and on the production cross section (in pb) for mH+ = 180� 600 GeV, as a function of the
charged Higgs boson mass.

 [GeV]+Hm
90 100 110 120 130 140 150 160

+
 b

H
→t 

B

-210

-110

Observed CLs
Expected
σ 1±

σ 2±

ATLAS Preliminary Data 2012
 = 8 TeVs

-1Ldt = 19.5 fb∫

 [GeV]+Hm
200 250 300 350 400 450 500 550 600

 [p
b]

 
+ H

σ
-310

-210

-110

1

10

210

Observed CLs
Expected
σ 1±
σ 2±

ATLAS Preliminary Data 2012
 = 8 TeVs

-1Ldt = 19.5 fb∫

Figure 6: The expected and observed 95% CL upper limits for the light charged Higgs boson (left) search
and for the heavy charged Higgs boson (right) search, with the assumption that B(H+ ! ⌧⌫) = 1.
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at leading order. When calculated to all orders, the two schemes are identical, but they do not match
exactly at finite order. The results from the four- and five-flavor schemes are combined according to the
Santander matching described in Ref.[43]. For the 5FS, the following theoretical uncertainties are taken
into account [67]: scale uncertainties of approximately 10-20% that vary with mH+ ; and a combined
uncertainty on the PDF, mass of the bottom quark, and the strong coupling of approximately 10-15%.
For the 4FS, only a scale uncertainty of approximately 30% is taken into account [67]. Due to the
complication of overlap and interference with o↵-shell tt̄ production in the range of masses 180 GeV
< mH+ < 200 GeV, the MSSM interpretation is included only for mH+ > 200 GeV.

mH+ (GeV) 90 100 110 120 130 140 150 160
p0-value 0.29 0.50 0.57 0.69 0.72 0.90 0.94 0.95
mH+ (GeV) 180 190 200 225 250 275 300 350
p0-value 0.42 0.35 0.37 0.90 0.93 0.94 0.92 0.65
mH+ (GeV) 400 450 500 550 600
p0-value 0.27 0.31 0.34 0.62 0.31

Table 9: Observed p0-values as a function of the charged Higgs boson mass hypothesis.

mH+ (GeV) 90 100 110 120 130 140 150 160
B(t ! bH+) (in %) 2.1 1.6 0.67 0.50 0.43 0.30 0.27 0.24

(1.7) (1.6) (0.51) (0.43) (0.39) (0.32) (0.33) (0.29)
mH+ (GeV) 180 190 200 225 250 275 300 350
�H+ (in pb) 0.90 0.80 0.69 0.29 0.21 0.16 0.13 0.095

(0.83) (0.70) (0.61) (0.43) (0.34) (0.24) (0.21) (0.11)
mH+ (GeV) 400 450 500 550 600
�H+ (in pb) 0.075 0.047 0.034 0.017 0.019

(0.059) (0.039) (0.027) (0.019) (0.015)

Table 10: Observed (Expected) limits, with B(H+ ! ⌧⌫) = 100%, on B(t ! bH+) (in %) for mH+ =

90� 160 GeV, and on the production cross section (in pb) for mH+ = 180� 600 GeV, as a function of the
charged Higgs boson mass.
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Figure 7: Interpretation of the limits on the branching fractions of the light H+ (left) and the production
cross section of the heavy H+ (right), in the context of the MSSM mmax

h scenario with µ = 200 GeV and
other parameters as given in [59]. For comparison, the 2011 limits are overlaid in green for the light H+

limit interpretation [12].

8 Conclusion

In conclusion, a search for evidence of a charged Higgs boson produced in the decay of, or in association
with, a top quark, using 19.5 fb�1 of data collected by the ATLAS experiment at

p
s = 8 TeV has been

performed using the hadronically decaying ⌧ + jets final state. There is no evidence for the existence of
such a particle and the most stringent limits to date are set on the production of charged Higgs bosons.
For charged Higgs bosons with mH+ < mtop, 95% confidence level upper limits are set on B(t ! H+b)
in the range 0.24 � 2.1% for H+ with masses between 90 GeV and 160 GeV, with the assumption that
B(H+ ! ⌧⌫) = 1. Interpreted in the mmax

h scenario of the MSSM, this corresponds to an exclusion on
tan � > 1 in the tan �-mH+ paramater space for 100 < mH+ < 140 GeV and leaves only small regions
of parameter space for 90 < mH+ < 100 GeV and 140 < mH+ < 160 GeV. For heavy charged Higgs
bosons with mH+ > mtop, 95% confidence level upper limits are set on the production cross section
�(pp ! t(b)H+) in the range 0.017 � 0.90 pb for masses between 180 GeV and 600 GeV, with the
assumption that B(H+ ! ⌧⌫) = 1. This corresponds to an exclusion of values of tan � between 47 and
63 in a mass range 200 GeV < mH+ < 300 GeV when interpreted in the mmax

h scenario of the MSSM.
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Fig. 1 Feynman diagrams for pair and associated production of Φ++

Fig. 2 Production cross sections for pair and associated production processes at
√

s = 7 TeV

In addition to a model-independent search in each final
state, where the Φ++ is assumed to decay in 100 % of the
cases in turn in each of the possible lepton combinations
(ee,µµ, ττ, eµ, eτ,µτ ), the type II seesaw model is tested,
following [9], at four benchmark points (BP), that probe
different neutrino mass matrix structures. BP1 and BP2 de-
scribe a neutrino sector with a massless neutrino, assuming
normal and inverted mass hierarchies, respectively. BP3 rep-
resents a degenerate neutrino mass spectrum with the mass
taken as 0.2 eV. The fourth benchmark point BP4 represents
the case in which the Φ++ has an equal branching fraction
to each lepton generation. This corresponds to the following
values of the Majorana phases: α1 = 0, α2 = 1.7. BP4 is the
only case in which α2 is non-vanishing. For all benchmark
points, vanishing CP phases and an exact tri-bimaximal
neutrino mixing matrix are assumed, fixing the values of
the mixing angles at θ12 = sin−1(1/

√
3), θ23 = π/4, and

θ13 = 0. The four benchmark points, along with the model-
independent search, encompass the majority of the parame-
ter space of possible Φ++ leptonic decays. The values of the
neutrino parameters at the benchmark points are compatible
with currently measured values within uncertainties. The re-
cent measurement of a non-zero θ13 angle [17, 18] is the
only exception, and influences the branching fractions at the
benchmark points by a maximum of a few percent [9]. The
branching fractions at the benchmark points are summarized
in Table 1.

The first limits on the Φ++ mass were derived based
on the measurements done at PEP and PETRA experi-
ments [19–24]. Next, the Φ++ was searched for at the
MARK II detector at SLAC [25], the H1 detector at HERA
[26] and the LEP experiments [27–30]. The latest results are

Table 1 Branching fractions of Φ++ at the four benchmark points

Benchmark point ee eµ eτ µµ µτ ττ

BP1 0 0.01 0.01 0.30 0.38 0.30
BP2 1/2 0 0 1/8 1/4 1/8
BP3 1/3 0 0 1/3 0 1/3
BP4 1/6 1/6 1/6 1/6 1/6 1/6

from the Tevatron and ATLAS [31–33] experiments, which
set lower limits on the Φ++ mass between 112 and 355 GeV,
depending on assumptions regarding Φ++ branching frac-
tions. In all previous searches, only the pair-production
mechanism, and only a small fraction of the possible final
state combinations, were considered. The addition of asso-
ciated production and all possible final states significantly
improves the sensitivity and reach of this analysis.

2 The CMS detector

The central feature of the CMS apparatus is a supercon-
ducting solenoid of 6 m internal diameter with a 3.8 T
field. Within the field volume are a silicon pixel and strip
tracker, a crystal electromagnetic calorimeter (ECAL) and a
brass/scintillator hadron calorimeter. Muons are measured in
gas-ionization detectors embedded in the steel return yoke.
Extensive forward calorimetry complements the coverage
provided by the barrel and endcap detectors.

CMS uses a right-handed coordinate system, with the
origin at the nominal interaction point, the x axis point-
ing to the center of the LHC ring, the y axis pointing
up (perpendicular to the LHC ring), and the z axis along
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set [28] added in quadrature to the difference between the
central value of this set and the CTEQ6L PDF set.

The dilepton mass distribution observed in data is shown
for the e±e±, µ±µ±, and e±µ± channels in Fig. 1 and is
compared to the background expectation and four hypothet-
ical H±± signals normalised to their respective cross sec-
tions (assuming a branching ratio to the given lepton flavour
of 100%). The data show no clear peak structure and agree
well with the background estimate in all three channels.

A limit on the number of lepton pairs originating from
H±± bosons (Nrec) in each mass window is derived using a
CLs technique [29]. It is converted to a limit on the cross
section times branching ratio for doubly-charged Higgs pro-
duction using the acceptance times efficiency values derived
from MC simulation. Since this analysis counts lepton pairs
and each event contains two H±± bosons, the cross section
times branching ratio for pair production is given by

s(pp ! H±±H⌥⌥)⇥BR(H±± ! `±`0±) =

Nrec(`±`0±)

2⇥A⇥ e ⇥L
, (2)

where A⇥ e is the acceptance times efficiency to detect a
lepton pair from H±± decay within a given mass window.
The integrated luminosity L is 4.7 fb�1.

The 95% CL expected and observed upper limits on
the cross section times branching ratio as a function of the
H±± boson mass are shown in Fig. 2. The expected limit
is determined as the median outcome of simulated pseudo-
experiments in the absence of any signal. Also shown are the
theoretical cross sections calculated at next-to-leading order
(NLO) for H±± production with left- and right-handed cou-
plings [16]. The uncertainty on these cross sections is ±10%
due to scale dependence in the NLO calculation, parton dis-
tribution function uncertainties, and neglecting higher-order
electroweak corrections.

At low mass, the expected cross-section limits are most
stringent for the µ±µ± channel due to the low background
levels in this channel. At high mass, the expected e±e± and
µ±µ± limits are comparable while the e±µ± limit is about
30% worse due to the larger background from WZ produc-
tion. In general the observed and expected limits agree well
with each other. The largest deviations of the observed limit
from the expected limit are within the 2s uncertainty on the
expected limit. The cross-section limits range from 25 fb (in
the e±e± channel at low mass) to 0.6 fb (in all channels at
high mass).

Comparison of the cross-section limits with the theoret-
ical production cross section places constraints on m(H±±).
The lower limits on the H±± mass at 95% CL are listed in
Table 1 for the three final states when BR(H±± ! `±`0±) =
100%, as well as branching ratios of 33%, 22%, and 11%.
For a democratic scenario where the BR to each pair of lep-
ton flavours is the same, the branching ratio is 22% for the
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Fig. 1 Invariant mass distributions for (a) e±e±, (b) µ±µ±, and (c)
e±µ± pairs passing the full event selection. The data are shown as filled
circles. The stacked histograms represent the backgrounds composed
of pairs of prompt leptons from SM processes, pairs with at least one
non-prompt lepton, and for the electron channels, backgrounds arising
from charge misidentification and conversions. The open histograms
show the expected signal from simulated H±±

L samples, assuming a
100% branching ratio to the decay channel considered and coupling to
left-handed fermions. Lepton pairs in the e±e± channel with an invari-
ant mass between 70 GeV and 110 GeV are excluded because of the
larger background from charge misidentification in Z ! e±e⌥ decays.
The last bin is an overflow bin.
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Fig. 1 Invariant mass distributions for (a) e±e±, (b) µ±µ±, and (c)
e±µ± pairs passing the full event selection. The data are shown as filled
circles. The stacked histograms represent the backgrounds composed
of pairs of prompt leptons from SM processes, pairs with at least one
non-prompt lepton, and for the electron channels, backgrounds arising
from charge misidentification and conversions. The open histograms
show the expected signal from simulated H±±

L samples, assuming a
100% branching ratio to the decay channel considered and coupling to
left-handed fermions. Lepton pairs in the e±e± channel with an invari-
ant mass between 70 GeV and 110 GeV are excluded because of the
larger background from charge misidentification in Z ! e±e⌥ decays.
The last bin is an overflow bin.
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Fig. 2 Upper limit at 95 % CL on the cross section times branch-
ing ratio for pair production of H±± bosons decaying to (a) e±e±,
(b) µ±µ±, and (c) e±µ± pairs. The observed and median expected
limits are shown along with the 1σ and 2σ variations in the expected
limits. In the range 70 < m(H±±) < 110 GeV, no limit is set in the
e±e± channel. Also shown are the theoretical predictions at next–
to-leading order for the pp → H±±H∓∓ cross section for H±±

L and
H±±

R bosons. The variation from bin to bin in the expected limits is
due to fluctuations in the background yields derived from small MC
samples

Fig. 3 The mass limits as a function of the branching ratio for the
H±± decaying to e±e±, e±µ±, and µ±µ± for (a) H±±

L and (b) H±±
R

bosons. Shown are both the observed limits (solid lines) and the ex-
pected limits (dashed lines). The stepping behavior, where the same
mass limit is valid for a range of branching ratios, results from fluctu-
ations in the observed cross-section limits shown in Fig. 2

The lower limits on the H±± mass at 95 % CL are listed
in Table 1 for the three final states when BR(H±± →
ℓ±ℓ′±) = 100 %, as well as branching ratios of 33 %, 22 %,
and 11 %. For a democratic scenario where the BR to each
pair of lepton flavors is the same, the branching ratio is 22 %
for the e±e± and µ±µ± final states and 11 % for the e±µ±

final state. In addition, the same mass limits can be placed
on the singlet H±± in the Zee–Babu model as its produc-
tion cross sections and decay kinematics are the same as for
H±±

L . Figure 3 shows the mass limits as a function of the
branching ratio into each of the three final states.

In conclusion, a search for doubly charged Higgs bosons
decaying to e±e±, e±µ±, or µ±µ± has been performed by
searching for a narrow resonance peak in the dilepton mass
distribution. No such peak was observed in a data sample
corresponding to an integrated luminosity of 4.7 fb−1 of pp

collisions at
√

s = 7 TeV recorded by the ATLAS detector
at the LHC in 2011. Cross-section limits between 17 fb and
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Table 2 Selections applied in the three-lepton final states

Variable ee, eµ, µµ eτ , µτ ττ

∑
pT >1.1mΦ + 60 GeV >0.85mΦ + 125 GeV >mΦ − 10 GeV

or >200 GeV

|m(ℓ+ℓ−) − mZ| >80 GeV >80 GeV >50 GeV

Emiss
T None >20 GeV >40 GeV

∆ϕ <mΦ/600 GeV + 1.95 <mΦ/200 GeV + 1.15 <2.1

Mass window [0.9mΦ ;1.1mΦ ] [mΦ/2;1.1mΦ ] [mΦ/2 − 20 GeV;1.1mΦ ]

Fig. 3 Left: Like-charge invariant mass distribution for the ℓℓℓ and
ℓℓτh final state for the MC simulation and data after pre-selection.
Where τ decay products are present in the final state, a visible mass is
reconstructed that does not include the contribution of neutrinos. The

expected distribution for a Φ++ with a mass of 350 GeV for the bench-
mark point BP4 is also shown. Right: Event yields as a function of the
applied selection criteria. ∆ϕ column includes both ∆ϕ and Emiss

T se-
lections

Table 3 Selections applied in various four-lepton final states

Variable ee, eµ, µµ eτ , µτ ττ

∑
pT >0.6mΦ + 130 GeV >mΦ + 100 GeV or >400 GeV >120 GeV

|m(ℓ+ℓ−) − mZ0 | None >10 GeV >50 GeV

∆ϕ None None <2.5

Mass window [0.9mΦ ;1.1mΦ ] [mΦ/2;1.1mΦ ] None

6.2 ℓℓℓℓ, ℓℓℓτh and ℓℓτhτh final states

The requirement of a fourth lepton substantially reduces the
background. The Z veto is not applied for scenarios involv-
ing only light-leptons because of low signal efficiency.

A mass window around the doubly charged Higgs boson
mass hypothesis is defined. It consists of a two-dimensional
region in the plane of m(ℓ+ℓ+) vs. m(ℓ−ℓ−), where
m(ℓ+ℓ+) and m(ℓ−ℓ−) denote the reconstructed same-sign
dilepton masses. The window boundaries are the same as in
Sect. 6.1. Because of the large width of the reconstructed
mass peak, the mass window is not selected in the case of
B(Φ++ → τ+τ+) = 100 % in order to keep the signal effi-
ciency high. The selection criteria used in this category are

summarized in Table 3. The resulting mass distributions are
shown in Fig. 4. Good agreement is seen between the event
yields observed in the data and the expected background
contributions.

7 Background estimation from data

7.1 Sideband method

A sideband method is used to estimate the background con-
tribution in the signal region. The sideband content is deter-
mined by using same-charge di-leptons with invariant mass
in the ranges (12 GeV, mlower) and (1.1mΦ ,500 GeV) for
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Fig. 4 Left: Like-charge invariant mass distribution for the four-lepton
final state for MC simulation and data after pre-selection. Where τ
decay products are present in the final state, a visible mass is re-
constructed that does not include the contribution of neutrinos. The

expected distribution for a Φ++ with a mass of 350 GeV for the
benchmark point BP4 is also shown. Right: Event yields as a function
of the applied selection criteria

the three-lepton final state selection. In the case of the four-
lepton final state, the sidebands comprise the Φ++ and Φ−−

two-dimensional mass plane with dilepton invariant masses
between 12 GeV and 500 GeV, excluding the candidate mass
region. The upper bound of 500 GeV is chosen due to the
negligible expected yields for both signal and background at
higher masses, for the data sample used.

The sideband content is determined after the preselec-
tion requirements in order to ensure a reasonable number
of events. For each Φ++ mass hypothesis, the ratio of the
event yields in the signal region to those in the sideband, α,
is estimated from the sum of all SM background MC pro-
cesses:

α = NSR

NSB
,

where NSR and NSB are the event yields in the signal
and sideband regions respectively, estimated from simulated
event samples. Modifications to this definition are made in
the case of very low event counts:

– If NSB = 0, then α = NSR is assumed
– If NSR is less than the statistical uncertainty, then the sta-

tistical uncertainty of the simulated samples is used as an
estimate for the signal region.

With an observation of NData
SB in a sideband, the prob-

ability density function for the expected event rate is the
Gamma distribution with mean (NData

SB + 1) and dispersion√
NData

SB + 1 [49]. The predicted background contribution in
the signal region is given by:

NBGSR = α ·
(
NData

SB + 1
)
,

with a relative uncertainty of 1/
√

NData
SB + 1, where NBGSR

is the number of background events in the signal region es-
timated from the data, and NData

SB is the total number of data
events in the sidebands after applying the preselection re-
quirements. Where the background estimate in the signal
region is smaller than the statistical uncertainty of the MC
prediction, then it is assumed that the background estimate
is equal to its statistical uncertainty.

Independently of this method, control regions for major
backgrounds (tt, Z + jets) are defined to verify the reliabil-
ity of the simulation tools in describing the data, and good
agreement is found.

7.2 ABCD method

As a mass window is not defined for the 4τ analysis, and
comprises too large an area in the background region for the
3τ analysis with mΦ++ < 200 GeV, the sideband method
cannot be used for these modes. Instead, we use the ‘ABCD
method’, which estimates the number of background events
after the final selection (signal region A) by extrapolat-
ing the event yields in three sidebands (B, C and D). The
signal region and three sidebands are defined using a set
of two observables x and y, that define four exclusive re-
gions in the parameter space. The requirement of negligi-
ble correlation between x and y ensures that the probabil-
ity density function of the background can be factorized as
ρ(x, y) = f (x)g(y). It can be shown that the expectation
values of the event yields in the four regions fulfill the rela-
tion λA/λB = λD/λC . The quantities λX are the parameters
of the Poisson distribution, which for one measurement cor-
respond to the event counts NX . The estimated number of

3-lepton 
final state

4-lepton 
final state
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Table 5 Background estimation from simulation and data, observed number of events, and signal yields for BP4

Mass Final state MC estimate Estimate from data Observed events Pair-production Associate production

200 GeV ℓℓℓ 0.99 ± 0.43 1.32 ± 0.64 ± 0.02 2 9.35 ± 0.07 33.17 ± 0.15

200 GeV ℓℓτh 0.52 ± 0.07 0.50 ± 0.10 ± 0.01 1 3.05 ± 0.04 8.02 ± 0.08

200 GeV ℓℓℓℓ 0.05 ± 0.02 0.07 ± 0.04 ± 0.01 0 17.25 ± 0.07 0.01 ± 0.01

200 GeV ℓℓℓτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 4.55 ± 0.05 0.04 ± 0.01

200 GeV ℓℓτhτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.57 ± 0.02 0.0 ± 0.0

300 GeV ℓℓℓ 0.22 ± 0.03 0.30 ± 0.06 ± 0.01 0 2.06 ± 0.02 7.07 ± 0.04

300 GeV ℓℓτh 0.12 ± 0.04 0.12 ± 0.04 ± 0.01 0 0.62 ± 0.01 1.52 ± 0.02

300 GeV ℓℓℓℓ 0.03 ± 0.02 0.04 ± 0.03 ± 0.01 0 3.06 ± 0.02 0.0 ± 0.0

300 GeV ℓℓℓτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.78 ± 0.01 0.0 ± 0.0

300 GeV ℓℓτhτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.10 ± 0.01 0.0 ± 0.0

400 GeV ℓℓℓ 0.19 ± 0.04 0.26 ± 0.07 ± 0.01 1 0.60 ± 0.01 1.94 ± 0.01

400 GeV ℓℓτh 0.06 ± 0.02 0.06 ± 0.03 ± 0.01 0 0.17 ± 0.01 0.4 ± 0.01

400 GeV ℓℓℓℓ 0.03 ± 0.02 0.04 ± 0.03 ± 0.01 0 0.70 ± 0.01 0.0 ± 0.0

400 GeV ℓℓℓτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.18 ± 0.01 0.0 ± 0.0

400 GeV ℓℓτhτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.02 ± 0.01 0.0 ± 0.0

450 GeV ℓℓℓ 0.14 ± 0.04 0.19 ± 0.06 ± 0.03 1 0.32 ± 0.01 1.04 ± 0.01

450 GeV ℓℓτh 0.04 ± 0.02 0.04 ± 0.03 ± 0.00 0 0.08 ± 0.01 0.21 ± 0.01

450 GeV ℓℓℓℓ 0.03 ± 0.02 0.04 ± 0.03 ± 0.01 0 0.36 ± 0.01 0.0 ± 0.0

450 GeV ℓℓℓτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.09 ± 0.01 0.0 ± 0.0

450 GeV ℓℓτhτh 0.03 ± 0.02 0.02 ± 0.02 ± 0.01 0 0.01 ± 0.0 0.0 ± 0.0

Fig. 5 Lower bound on Φ++ mass at 95 % CL for B(Φ++ → e+e+) = 100 %

distinguish the cases of three and four leptons with no τh

involved. The limits are interpolated linearly. The results of
the exclusion limit calculations are reported in Figs. 5–14,
and summarized in Table 6.

The cross section limits significantly improve on previ-
ously published lower bounds on the Φ++ mass. New limits
are also set on the four benchmark points, probing a large
region of the parameter space of type II seesaw models.
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