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Motivation 
§  Many new physics models to produce same-

sign leptons in the final state. 
§  Supersymmetry 
§  Universal extra dimensions 
§  Left-right symmetric models 
§  Higgs triplet models 
§  Little Higgs models 
§  Seesaw models 
§  Vector-like quark models 

§  We search for inclusive same-sign leptons to 
minimize the model dependence. 
§  JHEP12(2012)007 (arXiv:1210.4538[hep-ex]) 

§  We also look for doubly-charged Higgs. 
§  Eur.Phys.J.C72(2012)2244 (arXiv:1210.5070[hep-ex]) 
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Tight lepton selection 
§  Tight criteria for electron and muon 

identification. 
§  Cuts on both longitudinal (z0) and transverse 

(d0) impact parameters. 
§  |z0sinθ|<1mm 
§  |d0|/σ(d0) < 3 

§  Isolation cuts: 
§  Select leptons isolated from other activity. 
§  Isolation variable = sum of momentum or energy 

around the lepton. 
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Loose event selection 
Selection Criteria 

Primary vertex 3 or more tracks 
Same-sign pair(s) 2 or more electron(s) and/or muon(s) with 

same charge. 
Low mass resonance 
removal 

M(ll) > 15 GeV 
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•  3-channels: ee, eµ, µµ 
•  2011, 7TeV data, 4.7fb-1 
•  Single lepton triggers were used. 

•  All plots are taken from 
 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-13/ 
 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-18/ 



Backgrounds 
§  Prompt backgrounds: 

§  WZ, ZZ, ttbarW, ttbarZ, same-sign WW. 
§  Estimated from MC simulations. 

§  Charge flip and photon conversion (electron): 
§  Main source is trident events: 

§  e+àe+γàe+e+e-  when this e- carry the most of pT of the 
original e+ 

§  Estimated from MC simulations: 
§  Drell-Yan(Z*), ttbar, WW, Wgamma 

§  Scale factor is derived by comparing to data in Z-peak 
region. 

§  Non-prompt/Fake backgrounds: 
§  Semileptonic b and c quark decay 
§  K and pi decay in flight 
§  Jet faking a lepton 
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Fake factor method 
•  Data driven method to estimate the non-prompt/fake 

background. 

•  Calculate fake factors from fake dominant samples (di-jet 
samples). 

•  Fake factor = (fake which pass signal selection)/(fake which 
pass fake selection). 
•  Fake selection = fail isolation cuts. 

•  Apply the fake factor to the data: 
•  Count fakes in the signal sideband region. 
•  Then apply the fake factor to estimate the number of fakes in the 

signal region. 

Signal region Signal side 
band (Fake 
dominant) 

Fake which 
satisfy signal 

selection 

Fake which 
fail isolation 
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Fake factor method 
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band (Fake 
dominant) 

Fake which 
satisfy signal 

selection 

Fake which 
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Satisfy 
isolation 

Fail 
isolation 

Data which 
satisfy signal 
selection   
Fake 
dominant 
sample 

•  Key assumption is:  
Fake factor (= the ratio of left/right) 
is the same both in signal like region 
and fake dominant sample 

•  This is the source of systematic errors. 



Fake control regions 
§  We check the validity of our fake factor method 

using fake control regions. 
§  We select the signal sideband region dominated 

by non-prompt/fakes. 
§  Sideband = looser particle ID, reversed impact 

parameter cut, reversed isolation cuts. 
§  Good agreement between data and expectation 
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Systematic Uncertainties 
§  Non-prompt background (Fake) 

§  Limited data statistics, fake estimate : 15-100% 

§  Charge-flip background 
§  Scale factor, MC cross section etc. : ~10% 

§  Prompt background 
§  Lepton ID efficiency : ~3% 
§  MC cross section : ~10% 

§  Luminosity : 3.9% 
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Signal regions 

18/06/2014 CAP Congress,     K. Hamano 10 

No significant deviation from 
expected background. 
No significant bumps, no 
overall excess. 
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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

⇤(pp ⇧ H±±H⌅⌅)⇥BR(H±± ⇧ ⇥±⇥⌃±) =

Nrec(⇥±⇥⌃±)

2⇥A⇥ � ⇥L
, (2)

where A⇥ � 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 2⇤ 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±± ⇧ ⇥±⇥⌃±) =
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. 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.



Fiducial cuts 
§  We set fiducial cuts to reduce model 

dependence in selection efficiency. 
§  Fiducial cuts are the same cuts as the selection 

cuts but with truth variables (so that theorists 
can reproduce cuts). 

§  Efficiency variation between different models 
gets smaller after fiducial cuts. 

§  We take the lowest efficiency to be 
conservative. 
§  ee: 43%, eµ: 55%, µµ: 59%  
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Fiducial cross section limits 
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•  µµ is the best channel 

ee eµ 

µµ 



Limits on doubly-charged Higgs 
§  Doubly charged Higgs can be pair produced: 

§  ppàH++H-- 

§  Doubly charged Higgs decays to two same-sign 
leptons: H++àl+l+ 
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Fig. 2 Upper limit at 95% CL on the cross section times branching
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 1⇥ and 2⇥ variations in the expected limits.
In the range 70<m(H±±)< 110 GeV, no limit is set in the e±e± chan-
nel. 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.

Table 1 Lower mass limits at 95% CL on H±± bosons decaying to
e±e±, µ±µ±, or e±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

L ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

R ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

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 production cross
sections and decay kinematics are the same as for H±±

L . Fig-
ure 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
0.6 fb are set depending on the mass of the H±± boson and
the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e±e±, µ±µ±, and e±µ± final
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits on H±±

L bosons also apply to the singlet in
the Zee-Babu model.
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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 expected limits
(dashed lines). The stepping behaviour, where the same mass limit is
valid for a range of branching ratios, results from fluctuations in the
observed cross-section limits shown in Fig. 2.
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Fig. 2 Upper limit at 95% CL on the cross section times branching
ratio for pair production ofH±± 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 1⇥ and 2⇥ variations in the expected limits.
In the range 70< m(H±±) < 110 GeV, no limit is set in thee±e± chan-
nel. Also shown are the theoretical predictions at next-to-leading order
for the pp ! H±±H"" cross section forH±±

L andH±±
R bosons. The

variation from bin to bin in the expected limits is due to ßuctuations in
the background yields derived from small MC samples.

Table 1 Lower mass limits at 95% CL onH±± bosons decaying to
e±e±, µ±µ±, ore±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L ! !±! #±) 95% CL lower limit onm(H±±

L ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.

100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R ! !±! #±) 95% CL lower limit onm(H±±

R ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.

100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

e±e± and µ±µ± Þnal states and 11% for thee±µ± Þnal
state. In addition, the same mass limits can be placed on the
singletH±± in the Zee-Babu model as its production cross
sections and decay kinematics are the same as forH±±

L . Fig-
ure 3 shows the mass limits as a function of the branching
ratio into each of the three Þnal states.

In conclusion, a search for doubly-charged Higgs bosons
decaying toe±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
0.6 fb are set depending on the mass of theH±± boson and
the Þnal state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
Þnal state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL fore±e±, µ±µ±, ande±µ± Þnal
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits onH±±

L bosons also apply to the singlet in
the Zee-Babu model.
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Conclusion and prospects 
§  Same-sign dilepton final states are searched. 
§  Good estimates for the main backgrounds: 

§  Prompt, charge-flip, non-prompt/fake 

§  No excess is observed and fiducial cross section 
limits are set. 
§  As a function of dilepton mass. 

§  Doubly-charged Higgs mass limits are set. 
§  Best mass limits as of 2013 

§  2012, 8TeV, 20 fb-1 data is under analysis. 
Results will be made public in July. 
§  Big improvements are expected; sensitivity in the 

doubly-charged Higgs mass increase by ~100GeV. 
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Back up: Tight lepton selection 
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Electron Muon 
Particl ID etc. isEM tight++ Staco muon, 

Charge: QID = QMS 

Leading pT 25 GeV 25 GeV 
Subleading pT 20 GeV 20 GeV 
Eta |η|<2.47, excluding  

1.37<|η|<1.52 
|η|<2.5 

Impact parameter |z0sinθ|<1mmF· |z0sinθ|<1mm 
|d0|/σ(d0) < 3 |d0|<0.2mm,  

|d0|/σ(d0) < 3 
Track isolation ptcone30/ET < 0.1 ptcone40/pT < 0.06 
Calo isolation Etcone20 <  

3+0.037(ET-20) 
Overlap removal ΔR(e,µ)>0.05 

ΔR(e,jet)>0.40 
ΔR(µ,jet)>0.40 



Back-up: ee-channel 
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Fig. 2 Upper limit at 95% CL on the cross section times branching
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 1⇥ and 2⇥ variations in the expected limits.
In the range 70<m(H±±)< 110 GeV, no limit is set in the e±e± chan-
nel. 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.

Table 1 Lower mass limits at 95% CL on H±± bosons decaying to
e±e±, µ±µ±, or e±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

L ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

R ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

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 production cross
sections and decay kinematics are the same as for H±±

L . Fig-
ure 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
0.6 fb are set depending on the mass of the H±± boson and
the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e±e±, µ±µ±, and e±µ± final
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits on H±±

L bosons also apply to the singlet in
the Zee-Babu model.
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Fig. 2 Upper limit at 95% CL on the cross section times branching
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 1⇥ and 2⇥ variations in the expected limits.
In the range 70<m(H±±)< 110 GeV, no limit is set in the e±e± chan-
nel. 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.

Table 1 Lower mass limits at 95% CL on H±± bosons decaying to
e±e±, µ±µ±, or e±µ± pairs. Mass limits are derived assuming branch-
ing ratios to a given decay mode of 100%, 33%, 22%, or 11%. Both
expected and observed limits are given.

BR(H±±
L ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

L ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 407 409 401 398 392 375
33% 318 317 317 290 279 276
22% 274 258 282 282 250 253
11% 228 212 234 216 206 190

BR(H±±
R ⌅ ⇥±⇥⇧±) 95% CL lower limit on m(H±±

R ) [GeV]

e±e± µ±µ± e±µ±

exp. obs. exp. obs. exp. obs.
100% 329 322 335 306 303 310
33% 241 214 247 222 220 195
22% 203 199 223 212 194 187
11% 160 151 184 176 153 151

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 production cross
sections and decay kinematics are the same as for H±±

L . Fig-
ure 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
0.6 fb are set depending on the mass of the H±± boson and
the final state. Assuming pair production, couplings to left-
handed fermions, and a branching ratio of 100% for each
final state, masses below 409 GeV, 398 GeV, and 375 GeV
are excluded at 95% CL for e±e±, µ±µ±, and e±µ± final
states, respectively. Lower mass limits are also set for sce-
narios with right-handed couplings or smaller branching ra-
tios. The limits on H±±

L bosons also apply to the singlet in
the Zee-Babu model.
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