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Outline:

2

 why doubly charged Higgs bosons?
 searches for doubly charged Higgs bosons in ATLAS @ 13 TeV
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Theory:
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H±±
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Left-Right symmetric models (LRSM) [1]
Theory:

H±±

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
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Left-Right symmetric models (LRSM)  [1]
 Higgs triplets (HTM) [2,3]

Theory:

H±±
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Left-Right symmetric models (LRSM) [1]
Higgs triplets (HTM) [2,3]
 Zee-Babu models [4,5]
Georgi–Machacek [6]

✤ Restoring parity symmetry in weak interactions at higher energy  (LRSM)

↪︎ Phenomenology: new particle H±± 

Why?

left and right-handed in LRSM or letf-handed only in Higgs triplets

✤ Explain light neutrino masses through Type I/II See-Saw mechanism

Theory:

H±±
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Theory:

9

✤ Restoring parity symmetry in weak interactions at higher energy  (LRSM)

↪︎ Phenomenology: new particle H±± 

✤ Both L and R triplets acquire a v.e.v ≠ 0, constraint by precise measurements of W and Z boson 
masses:

if ρ = 1.0004 ±0.003 ➜ vL < 1 GeV

✤ In LRSM, three possible choices for v.e.v:
✤ vL = vR   ➜ unwanted because we need to break the symmetry ✘
✤ vL ~ 0     ➜ wanted to preserve ρ =1: ✔
✤ vR = 0    ➜  discarded because of the two above ✘

➜ vR ~ TeV

Why?

left and right-handed in LRSM or letf-handed only in Higgs triplets

H±±

✤ Explain light neutrino masses through Type I/II See-Saw mechanism

Left-Right symmetric models (LRSM) [1]
Higgs triplets (HTM) [2,3]
 Zee-Babu models [4,5]
Georgi–Machacek [6]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.015018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.095005
https://www.sciencedirect.com/science/article/pii/055032138690475X?via=ihub
https://www.sciencedirect.com/science/article/pii/0370269388915845?via=ihub
https://www.sciencedirect.com/science/article/pii/0550321385903256
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Main production at LHC

Production..

H±± production and decay:
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Proportional to v.e.v: negligibleMain production at LHC

Production..

H±± production and decay:
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Suppressed in the scenario:Proportional to v.e.v: negligibleMain production at LHC

Production..

H±± production and decay:
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Main production at LHC

Production..

H±± production and decay:

 dominant in LRSM and HTM
 only production mode considered here and in ATLAS 
searches @ 7 TeV [Eur.Phys.J. C72 (2012) 2244] and     
@ 8 TeV [JHEP 03 (2015) 041]

https://arxiv.org/abs/1210.5070
https://arxiv.org/abs/1412.0237
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lepton decay 
W±W± decay

..and decay
To leptons:

To bosons:

✤ Coupling to leptons not determined by lepton mass 

✤ Depends on v.e.v parameter
✤ Dominant mode for v.e.v >0.1 MeV

  ✤ Lepton number violating decays are allowed. 

Production..

H±± production and decay:

Main production at LHC
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 only production mode considered here and in ATLAS 
searches @ 7 TeV [Eur.Phys.J. C72 (2012) 2244] and     
@ 8 TeV [JHEP 03 (2015) 041]

https://arxiv.org/abs/1210.5070
https://arxiv.org/abs/1412.0237
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lepton decay 
W±W± decay

..and decay
To leptons:

To bosons:

✤ Coupling to leptons not determined by lepton mass 

✤ Depends on v.e.v parameter
✤ Dominant mode for v.e.v >0.1 MeV

  ✤ Lepton number violating decays are allowed. 

Production..

H±± production and decay:

Main production at LHC

 dominant in LRSM and HTM
 only production mode considered here and in ATLAS 
searches @ 7 TeV [Eur.Phys.J. C72 (2012) 2244] and     
@ 8 TeV [JHEP 03 (2015) 041]

only light leptons (e,!), either from H±± 
or from W±W± decays, considered here

https://arxiv.org/abs/1210.5070
https://arxiv.org/abs/1412.0237


Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for

H±± → l±l± - analysis signal regions:

16

A x ε

lepton decay 
W±W± decayv.e.v=0 

9.1%

Eur. Phys. J. C (2018) 78: 199
P: #pair

L: #leptons

✤ clean signature: 2,3,4 light leptons
✤ masses 200-1300 GeV 
✤ no explicit requirement on jet multiplicity 

Signal region optimization based on signal topology:
✤ same-sign leptons with ∆R (< 3.5)
✤ high transverse momentum of the same-sign 
pair (>100 GeV)
✤ mass equality in a pair (∆M/M)

✤ Major backgrounds: 
electron charge misidentification, VV production, 
misreconstructed objects faking prompt leptons
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H±± → l±l± - analysis signal regions:

17

33.7%

A x ε

✤ clean signature: 2,3,4 light leptons
✤ masses 200-1300 GeV 
✤ no explicit requirement on jet multiplicity 

v.e.v=0 
lepton decay 
W±W± decay

Signal region optimization based on signal topology:
✤ same-sign leptons with ∆R (< 3.5)
✤ high transverse momentum of the same-sign 
pair (>100 GeV)
✤ mass equality in a pair (∆M/M)

9.1%
✤ Major backgrounds: 

electron charge misidentification, VV production, 
misreconstructed objects faking prompt leptons

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± - analysis signal regions:

18

9.1% 33.7% 57.2%

A x ε

v.e.v=0 
lepton decay 
W±W± decay

Eur. Phys. J. C (2018) 78: 199

✤ clean signature: 2,3,4 light leptons
✤ masses 200-1300 GeV 
✤ no explicit requirement on jet multiplicity 

Signal region optimization based on signal topology:
✤ same-sign leptons with ∆R (< 3.5)
✤ high transverse momentum of the same-sign 
pair (>100 GeV)
✤ mass equality in a pair (∆M/M)

✤ Major backgrounds: 
electron charge misidentification, VV production, 
misreconstructed objects faking prompt leptons
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H±± → l±l± -  electron charge misidentification:

19

Mainly due to:
✤ bremsstrahlung: e± → e± γ → e± e±e∓ : wrong calo-track matching
✤ stiff tracks: high-pT electrons less bent by magnetic field

Muon charge mis-ID negligible (<1%) up to pT~ 4 TeV

e-

e-
e+

True electron

Photon

Mis-identified electron

Data-driven method in Z peak:

extracted from the fit

Select Z → ee events with:
|mSC(ee) - mZ |< 15.8 GeV
|mOC(ee) - mZ |< 14 GeV 

and two sideband regions:
 15.8 GeV <|mSC(ee) - mZ |< 31.6 GeV
 14 GeV    <|mSC(ee) - mZ |< 18 GeV

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± -  electron charge misidentification - II:

20

P(pT, η) = σ(pT)×f(η)

A bin-by-bin scale factor SF = P(CF;data)/P(CF;MC) and an anti-SF =  [1-P(CF;data)]/[1-P(CF;MC)] 
are respectively applied to MC electrons with correct or incorrect charge.

Uncertainties: statistics of the data/MC sample 10%-20% on rates across pT, η bins.

Eur. Phys. J. C (2018) 78: 199 Eur. Phys. J. C (2018) 78: 199
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fake lep

IP b Jet

F = 

Fake leptons
✤ in-flight decays of mesons inside jets
✤ mis-identified jets
✤ initial/final state radiation conversions

fake (non isolated) lep

Fake-factor method

Design control regions enriched in fake leptons:

tight

loose
T∉L

Uncertainties:
 fake composition: varying nominal fake-enriched kinematic definition. 
 theory: residual component from prompt leptons subtracted to avoid double counting. 
change MC normalization up/down when subtracting from data.

Uncertainty varies between 10%-20% depending on lepton pT.

H±± → l±l± -  fake lepton background:

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± - analysis signal regions:

22

used for Drell-Yan 
normalization

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± - analysis signal regions:

23

OSCR DBCR 4LCR

used for diboson normalization

Eur. Phys. J. C (2018) 78: 199



Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for

H±± → l±l± - analysis signal regions:

24

OSCR DBCR 4LCR

test charge-misidentication, 
fakes, diboson predictions

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± -  results:
✤ H±±  branching ratio not fixed across models 

2 leptons signal region

3 leptons signal region

No excess over Standard Model observed

25

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± -  results:
4 leptons signal region Observed ee!! event compatible with ZZ production

1 event observed compatible with SM

Eur. Phys. J. C (2018) 78: 199

!+

!-

e-

e+

Limits on mass and cross-section:

✤ sensitivity dominated by 4L signal region

✤ 2L/3L signal regions gain sensitivity

signal samples rescaled to reach the desired BR combination

where X does not enter the signal 
regions, i.e. hadronic τ or W decays



Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for27

H±± → l±l± -  results:
E.g: mixed branching ratios

BR(l±l±) = 100%

Eur. Phys. J. C (2018) 78: 199
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H±± → l±l± -  results: Eur. Phys. J. C (2018) 78: 199

BR(l±l±) + BR(X) = 100%

10% BR to leptons

Dominating uncertainties:
statistics, data-driven fakes and charge mis-identification

10% BR to leptons
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H±± → W±W± -  analysis regions:

lepton decay 
W±W± decay

✤ signature: 2,3,4 light leptons + missing ET

✤ masses 200-700 GeV 

✤ Major backgrounds: 
WZ production, electron charge mis-ID, fakes

✤ Major backgrounds: 
WZ production, electron charge mis-ID, fakes

Preselection:

estimated with a 
technique similar to 
what discussed before

arXiv:1808.01899v1 
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H±± → W±W± -  analysis regions:

lepton decay 
W±W± decay

✤ signature: 2,3,4 light leptons + missing ET

✤ masses 200-700 GeV 

✤ Major backgrounds: 
WZ production, electron charge mis-ID, fakes

✤ Major backgrounds: 
WZ production, fakes

Preselection:

arXiv:1808.01899v1 
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H±± → W±W± -  analysis regions:

lepton decay 
W±W± decay

✤ signature: 2,3,4 light leptons + missing ET

✤ masses 200-700 GeV 

✤ Major backgrounds: 
WZ production, electron charge mis-ID, fakes

✤ Major backgrounds: 
ZZ, ttV production

Preselection:

arXiv:1808.01899v1 
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H±± → W±W± -  fake lepton background:
using fake-factor using data-driven SFs

arXiv:1808.01899v1 
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H±± → W±W± -  fake lepton background:

Fe =
Fμ =

→ systematic uncertainty of 56% 
→ systematic uncertainty of 35% F = NTT

NTL
from changing the kinematic 

selection of the 2lSS region

arXiv:1808.01899v1 
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H±± → W±W± -  fake lepton background:

Fe =
Fμ =

→ systematic uncertainty of 81% 
→ systematic uncertainty of 55% F = NTT

NTL
from changing the kinematic 

selection of the 3lSS region

Here the opposite-charge lepton is always assumed to be prompt: the 3L formula reduces to the 2L case

arXiv:1808.01899v1 
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H±± → W±W± -  fake lepton background:
Z+jets dominated tt dominated

mainly non-prompt from b-jets from ttV production, small component from light-quarks
 heavy-flavour: the lower pT lepton in the SS pair
 light-flavour: the fake is assumed not to be from Z 

X = Z,T

with a systematic uncertainty of 50%. Applied as “event weight” to simulation.

arXiv:1808.01899v1 
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Mass-dependent  and channel-dependent optimizations, exploiting:
mXl of all leptons in the event;
∆R(l±l±) and ∆R(l±l±)max/∆R(l±l±)min in the 4L channel
mjets only in the 2L channel
pT leading jet
∆Φ(l±l±, ETmiss) in the 2L channel
∆R(l, jet) any lepton and its closest jet in the  3L channel

36

H±± → W±W± -  signal region optimization:

in the 2L channel

used in rectangular cut optimization

3L 4L2L

signal acceptance ~0.2%

arXiv:1808.01899v1 
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H±± → W±W± -  results: likelihood function built using six bin counting experiment
ar

Xi
v:

18
08

.0
18

99
v1
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H±± → W±W± -  results:

Dominating uncertainties:
statistics, data-driven fakes and charge mis-identification

arXiv:1808.01899v1 



Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for

Conclusions and outlook:

39

No evidence for doubly charged Higgs boson production



Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for

No evidence for doubly charged Higgs boson production..yet!

Conclusions and outlook:

40
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Conclusions and outlook:

41

 incoming LHC/ATLAS upgrades foreseen for 
Run 3 (300 fb-1)/HL-LHC (3000 fb-1):         
potential for HBSM discoveries! 

 more and more data in Run2 to analyse!
presented two complementary searches:

 H±± → l±l±  in LRSM:higher sensitivity, possible 
to reconstruct H±± mass (current best limit)
 H±± → W±W± in HTM: lower sensitiviy due to 
presence of ETmiss, searched for the first time in 
ATLAS
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Conclusions and outlook:

42

Thank you for your attention!!

 more and more data in Run2 to analyse!

 incoming LHC/ATLAS upgrades foreseen for 
Run 3 (300 fb-1)/HL-LHC (3000 fb-1):         
potential for HBSM discoveries! 

presented two complementary searches:
 H±± → l±l±  in LRSM:higher sensitivity, possible 
to reconstruct H±± mass (current best limit)
 H±± → W±W± in HTM: lower sensitiviy due to 
presence of ETmiss, searched for the first time in 
ATLAS



Additional Material
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H±±  -Previous ATLAS searches: Model: LRMS, pair production, BR(leptons)=100%

Eur.Phys.J. C72 (2012) 2244

JHEP 03 (2015) 041

44

https://arxiv.org/abs/1210.5070
https://arxiv.org/abs/1412.0237
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H±± → l±l± - simulated samples:
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H±± → l±l± - systematic uncertainties:
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H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:



Charged 2018, Uppsala, 27th September 2018 G.Ucchielli for52

H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:
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H±± → l±l± - Fit results:
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v.e.v = 0.1 GeVH±± → W±W± - simulated samples:
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H±± → W±W± - signal region optimization: 2L
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H±± → W±W± - signal region optimization: 3L
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H±± → W±W± - signal region optimization: 4L
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H±± → W±W± - signal region optimization:
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H±± → W±W± - signal region optimization:
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H±± → W±W± - signal region optimization:
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H±± → W±W± - signal region optimization:


