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Introduction
• Extended Higgs sector beyond 2HDM`s being probed with the 

CMS Experiment!

• Focus in this talk on extensions via additional SU(2) triplets 
governing custodial symmetry!

SU(2)xU(1) (1,0) representation (real triplet), (1,+/-2) representation 
complex triplet!

• Offer complementary event signatures in the detector!

• Doubly charged Higgs bosons appear !

• Opposed to 2HDM, (doubly-)charged Higgs couples to W/Z 
bosons at tree-level
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• Three CMS analysis being presented: two 8 TeV results, one 13 TeV

CMS Searches Presented
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Run-1 Result at 
8TeV!

CMS-PAS-HIG-14-039!
!

Search for a doubly-charged 
Higgs boson decaying into 

leptons  
!

Probing extension by complex 
Higgs triplet with small VEV 

(required by custodial 
symmetry, small boson 

couplings),  
typeII Seesaw mechanism, 

large Yukawa couplings

Run-1 Result at 
8TeV!

CERN-PH-EP-2014-250!
!

Search for a doubly-charged 
Higgs decaying in to same-sign 

W pairs produced with VBF 
signature	



Probing extensions by real/
complex Higgs triplet with 

large VEV, arranged to 
preserve custodial symmetry	



Georgi-Machacek Model,  
General doubly-charged 
bosonic state coupling to 

bosons

Run-2 Result at 
13TeV!

CMS-PAS-HIG-16-027!
!

Search for a charged Higgs 
decaying in WZ bosons 

produced with VBF  
signature	



Probing extensions by real/
complex Higgs triplet with large 

VEV, arranged to preserve 
custodial symmetry	



Georgi-Machacek Model,  
General charged bosonic state 

coupling to bosons



Doubly-Charged Higgs: Leptonic Decay
• small triplet vev, larger Yukawa couplings!

already performed at 7 TeV, HERA,  
LEP, TeVatron, …!

• Search performed 19.7/fb at 8 TeV!

• Search performed in 3,4 lepton final states!

mutually exclusive, all lepton flavor final states  
(e, μ , τ→lνν)!

• Event Pre-Selection:!

di-lepton trigger, lepton-pT > 20GeV, |eta|<2.4  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Production modes

the neutrinos and that at least two of the neutrinos must have some Majorana mass. This could arise
entirely from a see-saw mechanism and all the hij could be zero. Lower bounds on the hij arise if the
entire Majorana neutrino mass is assumed to come from the triplet vev. The combination of ∆m2

atm ∼
2.4 × 10−3 eV2 and ∆m2

solar ∼ 8 × 10−5 eV2 imply that at least one of the neutrinos (which depends
upon whether we have a normal or inverted hierarchy) should have a Majorana mass of order 0.05 eV and
a second should have a mass of at least 0.009 eV for normal hierarchy or again of order 0.05 eV for the
inverted hierarchy case. A Majorana mass of ∼ 0.05 eV corresponds to h ∼ 3× 10−13/sH . Whether or
not couplings that saturate these limits can be phenomenologically relevant is determined by the extent to
which lepton-lepton channels can be of significance in the decays of the Higgs bosons. (The limits above
clearly imply that the couplings are not useful for Higgs boson production.) For any Y = ±2 triplet
Higgs boson with decay mediated by an hij , such as the decay H++

5 → l+l+, the relevant Feynman
rule coupling for the decay is easily obtained from Eq. (13.14) and takes the form −2hllvT (k)CPLv(l),
where PL ≡ (1 − γ5)/2, C is the usual charge conjugation matrix, and k and l are the momenta of the
two final state leptons. The resulting decay width for a generic χ is

Γ(χ→ ll′) =
|hll′ |2

8π
mχ, (13.17)

where l, l′ might be either charged leptons or neutrinos. In the present Y = 0 plus Y = ±2 triplet model,
the small size of the hll′ imply that these decays are rather unlikely to be phenomenologically important
unless sH is very small, a limit to which we will now turn.

This completes our summary of results applicable when the neutral member of a triplet has a
substantial vev and thus makes a substantial contribution to electroweak symmetry breaking. We next
turn to triplet models in which the triplet(s) play little or no role in electroweak symmetry breaking.

13.1.3 Triplet models with no or forbidden triplet vev (⟨φ0
T=1⟩ = 0)

From the perspective of the preceding section, this would seem a very special case. However, the
⟨φ0

T=1⟩ = 0 limit of a triplet model is the point at which custodial SU(2)C is an unbroken symme-
try to all orders. One obtains ρ = 1 at tree-level with finite radiative corrections. It is no longer necessary
to input ρ as an additional observable as part of the renormalization procedure. However, at least in the
Y = 0 TM, the SM Higgs must then be fairly light. The ⟨φ0

T=1⟩ = 0 choice also has the advantage of
restoring the prediction that mt ∼ 174 GeV in order to agree with precision electroweak data.

If ⟨φ0
T=1⟩ = 0, then the triplet Higgs boson(s) will not have any couplings to purely SM particle

final states (leaving aside the lepton-lepton coupling possibility for the moment). In addition, all cou-
plings of triplets to the SM-like Higgs will be ones in which two triplet Higgs of the same type appear
— these also do not allow for decay to the SM Higgs which would in turn decay as usual. To explore
the non-Higgs-diagonal Higgs-Higgs-V couplings, we first turn to the model containing one Y = 0 and
one Y = ±2 triplet. An important issue is whether the Higgs-Higgs-V couplings could allow a cas-
cade decay of the H++

5 . For the model in question, for sH = 0 there are non-zero H++
5 H−

3 W− and
H+

3 H0 ′
1 W− couplings. Further, for sH = 0 we have mH5

2 = 3mH3
2 and mH0 ′

1
= 0 (at tree-level).

As a result, there will be a rapid cascade of H++
5 → H+

3 W+ → H0 ′
1 W+W+. The H0 ′

1 , being stable
and having no interactions with SM particles, would lead to missing energy. (Of course, one or more of
the above particles could be virtual.) Thus, we would have a very distinctive H++

5 decay chain. A final
state of four W ’s plus missing energy coming from the production of an H++

5 H−−
5 pair would be hard

to miss if the rate is adequate.
In the case of the simpler single Y = 0 triplet, ⟨ξ0⟩ = 0 implies that the k0 and h± are degenerate.

Presumably this degeneracy would be slightly broken by electromagnetic interactions, resulting in a
larger mass for the h±. Generically speaking, these corrections would be expected to yield mh± −mk0

of order few×mπ, in which case the h± decay would eventually take place, but perhaps not in a typical
detector (see below). The k0 would be stable.
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the process W +W+ → W+W+ with W + → l+νl decays [35]. To cleanly observe the s-channel H++
5

exchange as a peak in MW+W+ , given the presence [20] of t- and u-channel graphs with exchanges of
H0

5 , H0
1 and H0 ′

1 , would require using the mode where one W + → l+νl while the second decays via
W+ → q′q. The charge conjugate process, W−W− → W−W−, will also be present at a somewhat
lower rate. At the Tevatron, the rate for W +W+ → H++

5 will be rather small. Only searches based on
Drell-Yan production are likely to be fruitful. There are currently no Tevatron searches for H ++

5 H−−
5

pair production with mH5 > 2mW based on H++
5 →W+W+ and H−−

5 →W−W−.
At a linear collider it is possible to operate in the e−e− mode, in which case W−W− →W−W−

scattering will take place [20, 36]. Using the W − → qq ′ decay modes, the W−W− mass can be
reconstructed. If there is an H−−

5 present in the s-channel, sizable bumps in the MW−W− distribution
will emerge for tH = 1 if mH5 ∼ 200 − 300 GeV, assuming

√
s = 500 GeV. Another interesting

possibility is W−W− → H−
3 H−

3 , with H−−
5 exchange in the s-channel [37]. The reaction W −W− →

H−
5 H−

5 occurs via t- and u-channel Higgs exchanges. Although there is no s-channel resonance, the
size of the cross section depends strongly on tH and the masses of the exchanged H0

5 and H0
3 .

It is also interesting to note that the H0 ′
1 can be quite light and at tree-level would only decay

via the sH suppressed H0 ′
1 → W−∗W+ ∗ → fermions. As pointed out in [38], see also [21], the γγ

loop-induced decay can be quite competitive in such an instance and some experimental limits may be
applicable [39], depending on the tH value.

As already noted, triplet models with ρ = 1 at tree-level and non-zero neutral field vevs will
yield a non-zero charged-Higgs-ZW vertex. In general, observation of such an interaction would be an
immediate signal for a Higgs sector with SU(2)L representations beyond the doublet. In the present
model, for sH ̸= 0 there is a non-zero H+

5 ZW− vertex given by κ = sHv. In the T = 1/2, Y = 1
plus T = 1, Y = 0 model there was a non-zero h+ZW− vertex with κ = sβv. This kind of coupling,
especially if suppressed by small sH , sβ or their equivalents, is not easy to probe experimentally. Possi-
bilities include e+e− → Z∗ → χ∓W± [40, 41], pp → Z∗ → χ±W∓, and pp → W± ∗ → Zχ± [42].
Constraints on a charged-Higgs-ZW vertex from the static electromagnetic properties of the W boson
are discussed in [43].

13.1.2.3 Y = 2 triplets with non-zero Higgs-lepton-lepton coupling
Let us finally return to the Higgs-lepton-lepton couplings of a Y = 2 triplet. These can be written in the
form

L = ihij
(
ψT

i LCτ2∆ψj L

)
+ h.c. , (13.14)

where ψi L is the usual two-component leptonic doublet field, ψi L =
(
νli L

li L

)
, ∆ is a 2×2 representation

of the Y = 2 complex triplet field,

∆ ≡
(
χ+
√

2
χ++

χ0∗ −χ+
√

2

)

, (13.15)

and i, j are family indices. Expanding out this Yukawa interaction, we find Majorana mass terms for the
neutrinos of the form

mij = 2hij⟨χ0⟩ = hijsHv√
2

. (13.16)

If we assume that this matrix is diagonal, then the strongest limit on the Majorana mass is that for νe

deriving from neutrinoless double-beta decay (ββ0ν ). From this we obtain hee <∼ 5.75× 10−12/sH . For
the muon and tau neutrinos, there are the usual limits from µ and τ decays. But, WMAP data, especially
in combination with results from SDSS and/or 2dFGRS, imply [44] a much stronger upper bound of
roughly 1 eV on the largest of the neutrino masses, corresponding to h <∼ 1 × 10−11/sH . Neutrino
oscillation data provide further constraints on the h’s. Indeed, we know that there is mixing among
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(< 1eV)

http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-012-2189-5


Pre-Selected Sample

• Major background from WZ in 3-lepton, ZZ in 4-lepton!

• Pre-selection sample used as background control!

• Then H++ mass dependent signal selection cuts applied

5

6 5 Background estimation
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Figure 2: Selection cut flow for the 3` (2a) and 4` (2b) analyses. m(F) is set to 500 GeV for these
plots with a cross section times leptonic branching fraction of 0.55 fb for associated production
and 0.40 fb for pair production. The benchmark hypothesis used corresponds to BP4.
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Figure 3: m(`+`+) distributions for the three-lepton category (3a) and the four-lepton category
(3b) at preselection level. The backgrounds shown are estimated using Monte Carlo simulation.
q

NData
SB + 1 [39]. The expected background is then given as

NBGSR = a · NData
SB

with relative error 1/
q

NData
SB + 1, where NData

SB is the number of events in the sideband in data
with only the preselection applied. If the uncertainty on this estimate is greater than the back-
ground estimate from Monte Carlo, the uncertainty is taken as the background estimate.

Independently of this method, control regions for major backgrounds (tt, Z+jets) are defined
to verify the reliability of the simulation tools in describing the data, and good agreement is
found. These control regions are also used to test the sideband method. We split the low
mass sideband in two test regions, a low sT region (sT < 150 GeV) and a medium sT region
(150 < sT < 400 GeV), orthogonal to the signal region. We then derive the background contri-
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SB + 1 [39]. The expected background is then given as
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with relative error 1/
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SB + 1, where NData

SB is the number of events in the sideband in data
with only the preselection applied. If the uncertainty on this estimate is greater than the back-
ground estimate from Monte Carlo, the uncertainty is taken as the background estimate.

Independently of this method, control regions for major backgrounds (tt, Z+jets) are defined
to verify the reliability of the simulation tools in describing the data, and good agreement is
found. These control regions are also used to test the sideband method. We split the low
mass sideband in two test regions, a low sT region (sT < 150 GeV) and a medium sT region
(150 < sT < 400 GeV), orthogonal to the signal region. We then derive the background contri-

3 lepton category 4 lepton category



Signal Selection
• Full selection:  

mass dependent optimisation 
on discriminating variables!

• background estimation 
extrapolated  from inverted  
mass cut sample after  
preselection

6
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SB + 1 [39]. The expected background is then given as

NBGSR = a · NData
SB
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SB + 1, where NData

SB is the number of events in the sideband in data
with only the preselection applied. If the uncertainty on this estimate is greater than the back-
ground estimate from Monte Carlo, the uncertainty is taken as the background estimate.

Independently of this method, control regions for major backgrounds (tt, Z+jets) are defined
to verify the reliability of the simulation tools in describing the data, and good agreement is
found. These control regions are also used to test the sideband method. We split the low
mass sideband in two test regions, a low sT region (sT < 150 GeV) and a medium sT region
(150 < sT < 400 GeV), orthogonal to the signal region. We then derive the background contri-
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Table 3: Final selections for three lepton final states. The selection criteria are loosened for the
100% branching ratio decay modes to et and µt. mF denotes the F±± mass hypothesis.

Variable ee, eµ, µµ,BP1-4 et, µt
|m(`+`�)� mZ0 | ( GeV) > 80 80

sT = Â p`T ( GeV) > 1.07 · mF + 45 0.72 · mF + 50

DR`±`±

✓
mF < 400 GeV
mF � 400 GeV

◆
>

mF/380 + 2.06
mF/1200 + 2.77

mF/380 + 1.96
mF/1000 + 2.6

m`±`± ( GeV) 2 (0.9 · mF, 1.1 · mF) (0.5 · mF, 1.1 · mF)

Table 4: Final selections for four lepton final states. The selection criteria are loosened for the
100% branching ratio decay modes to et and µt. mF denotes the F±± mass hypothesis.

Variable ee, eµ, µµ,BP1-4 et, µt
|m(`+`�)� mZ0 | ( GeV) > None 10

sT = Â p`T ( GeV) > 0.6 · mF + 130 mF + 100 or 400
DR`±`± > None None

m`±`± ( GeV) 2 (0.9 · mF, 1.1 · mF) (0.5 · mF, 1.1 · mF)

5 Background estimation

The primary Standard Model backgrounds in the 3` final states are WZ and Drell-Yan with
smaller contributions from tt̄ and tt̄V. In the 4` final state, the only significant background
is ZZ production. These contributions are reduced to a negligible amount at the higher mass
points after the full selection.

The background contribution in the signal region is estimated using the same-sign dilepton
sidebands with only preselection applied [7]. For the three lepton analysis, the sideband is
defined as the union of (12 GeV; 0.9 · mF GeV) and (1.1 · mF; 800 GeV). For the four-lepton
analysis, the signal regions are defined in the two-dimensional mass plane of the same-sign
lepton pairs (0.9 ·mF GeV; 1.1 ·mF GeV). The sideband is defined from 12 to 700 GeV, excluding
the signal region. The upper bounds are chosen due to the negligible expected yields for both
signal and background at higher masses.

The 100% et and µt benchmarks use a different mass window for the signal region (0.5 · mF
GeV; 1.1 ·mF GeV). For these benchmarks, the lower portion of the three lepton and four lepton
sidebands are redefined to (12 GeV; 0.5 · mF GeV).

For each mass hypothesis, the ratio of events (a) in the signal region to those in the sideband
is determined from Monte Carlo. The signal region is defined as the selection with all final
selections applied. The sideband is defined after preselection with the mass window selection
inverted and no other mass dependent cuts applied. This ensures adequate statistics since the
signal phase space may be poorly populated. This ratio is defined as

a =
NSR

NSB

with NSR and NSB defined as the number of events in Monte Carlo in the signal region and
sideband region, respectively. In the case of low statistics, additional checks are performed on
the event counts. If NSB = 0 then a = NSR, and if NSR less than the statistical uncertainty in
Monte Carlo, the statistical uncertainty is used.

With a defined, the background in the signal region is estimated from data with the expectation
that the event rate is defined by a Gamma Distribution with mean NData

SB + 1 and dispersion
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analysis, the signal regions are defined in the two-dimensional mass plane of the same-sign
lepton pairs (0.9 ·mF GeV; 1.1 ·mF GeV). The sideband is defined from 12 to 700 GeV, excluding
the signal region. The upper bounds are chosen due to the negligible expected yields for both
signal and background at higher masses.

The 100% et and µt benchmarks use a different mass window for the signal region (0.5 · mF
GeV; 1.1 ·mF GeV). For these benchmarks, the lower portion of the three lepton and four lepton
sidebands are redefined to (12 GeV; 0.5 · mF GeV).

For each mass hypothesis, the ratio of events (a) in the signal region to those in the sideband
is determined from Monte Carlo. The signal region is defined as the selection with all final
selections applied. The sideband is defined after preselection with the mass window selection
inverted and no other mass dependent cuts applied. This ensures adequate statistics since the
signal phase space may be poorly populated. This ratio is defined as

a =
NSR

NSB

with NSR and NSB defined as the number of events in Monte Carlo in the signal region and
sideband region, respectively. In the case of low statistics, additional checks are performed on
the event counts. If NSB = 0 then a = NSR, and if NSR less than the statistical uncertainty in
Monte Carlo, the statistical uncertainty is used.

With a defined, the background in the signal region is estimated from data with the expectation
that the event rate is defined by a Gamma Distribution with mean NData

SB + 1 and dispersion
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defined for different neutrino 
hierarchy hypothesis!

• Model dependent and 
independent exclusion limits calculated!

• H++ Masses from 400-600 GeV 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excluded M < 450 GeV (ee, μμ)
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8 7 Results and statistical interpretation

Table 6: Expected and observed yields for a sample 500 GeV mass point for the five 100% ``
channels for both associated (AP) and pair (PP) production.

Channel Expected Signal Expected ObservedAP PP Background
100% ! ee 3.63 5.44 0.28 0
100% ! eµ 3.87 6.07 0.07 0
100% ! µµ 4.14 7.15 0.04 0
100% ! et 0.79 1.36 1.22 0
100% ! µt 0.86 2.00 1.16 1

Table 7: Observed 95% CL lower mass limits for associated production (AP), pair production
(PP), and combined limits for the different branching ratio scenarios. The pair production mass
limit is given separately for the 3`, 4`, and combined result.

Benchmark AP [ GeV ] PP [ GeV ] Combined [ GeV ]3` 3` 4` 3`+4`
100% ee 517 480 507 550 608
100% eµ 521 494 514 569 616
100% µµ 526 496 530 576 621
100% et 312 342 251 353 368
100% µt 316 348 264 381 415

BP1 430 428 351 456 505
BP2 482 474 433 513 558
BP3 492 458 454 512 560
BP4 466 463 407 500 537
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Figure 4: Observed F±± mass limits at 95% C.L. in different lepton final states. The branching
ratios that are assumed in the limit calculation are indicated.

2 2 The CMS Detector

Table 1: Branching fraction scenarios for the decays of F±±.

Benchmark Point ee eµ et µµ µt tt
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
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W±
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`⌥k

`±j

`±i

(b) 3`

Figure 1: Feynman diagrams for the four (a) and three (b) lepton final states

The first experimental limits on the mass of F++ were derived from measurements at PEP
and PETRA e+e� storage rings [15–20]. Further limits were set at the MARK II detector at
SLAC [21], the H1 detector at HERA [22], and the LEP experiments [23–26]. The lowest mass
excluded by CDF was 112 GeV in the 100% µt final state [27, 28], and D0 excluded a mass of
127 GeV in the 100% µµ final state [29]. The most recent searches were performed by CMS
and ATLAS. ATLAS has performed searches utilizing both 7 TeV [30] and 8 TeV data [31]. The
8 TeV analysis places the highest limits on the mass of a left-handed doubly-charged Higgs
boson. They searched for 100% decays to ee, µµ, and eµ, which were excluded up to masses of
551 GeV, 516 GeV, and 468 GeV respectively.

CMS has performed a search utilizing the 7 TeV proton-proton collision dataset [7]. The analy-
sis searched for 100% decays to ee, µµ, tt, eµ, et, and µt, as well as the benchmark points listed
in Table 1. The lowest mass excluded was 169 GeV for tt, and the highest was 395 GeV for µµ.
The analysis presented here is a continuation of this search utilizing the 8 TeV proton-proton
collision dataset.

2 The CMS Detector

A superconducting solenoid is the central feature of the CMS detector, providing an axial mag-
netic field of 3.8 T parallel to the beam direction. A silicon pixel and strip tracker, a crystal
electromagnetic calorimeter, and a brass/scintillator hadron calorimeter are located within the
solenoid. A quartz-fiber Cherenkov calorimeter extends the coverage to |h| < 5.0, where
h = � ln[tan (q/2)]. Muons are measured in gas-ionization detectors embedded in the steel
flux return yoke outside the solenoid. The first level of the CMS trigger system, composed of
custom hardware processors, is designed to select the most interesting events using informa-
tion from the calorimeters and muon detectors. A high-level trigger processor farm decreases
the event rate to a few hundred hertz, before data storage. A more detailed description of
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Figure 8: Limits for 3` and 4` final states for 100% decay to µµ.
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Figure 9: Limits for 3` and 4` final states for 100% decay to µt.
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Figure 10: Limits for 3` and 4` final states for Benchmark 1.



• Analysis performed on 8 TeV dataset 19.7/fb !

CERN-PH-EP-2014-250!

• H++ WW coupling proportional to large VEV, real&complex triplet 
arranged to preserve custodial symmetry (Georgi-Machacek Model)!

• probing doubly charged Higgs in custodial fiveplet, fermiophobic!

• Search performed in same analysis as CMS  
VBS study, WW signal becomes background!

• clean signature!

VBF production: two high energetic forward jets!

like sign leptons:

Doubly-Charged Higgs WW at 8 TeV
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1

Vector boson scattering (VBS) and quartic boson couplings are features of the standard model
(SM) that remain largely unexplored by the LHC experiments. The observation of a Higgs
boson [1–3], in accordance with a key prediction of the SM, motivates further study of the
mechanism of electroweak symmetry breaking through measurements of VBS processes. In
the absence of the SM Higgs boson, the amplitudes for these processes would increase as a
function of center-of-mass energy and ultimately violate unitarity [4, 5]. The Higgs boson ac-
tually observed by the LHC experiments may restore the unitarity, although some scenarios
of physics beyond the SM predict enhancements for VBS through modifications to the Higgs
sector or the presence of additional resonances [6, 7].

This letter presents a study of VBS in pp collisions at
p

s = 8 TeV. The data sample corresponds
to an integrated luminosity of 19.4 ± 0.5 fb�1 collected with the CMS detector [8] at the LHC
in 2012. The aim of the analysis is find evidence for the electroweak production of same-sign
W-boson pair events. The strong production cross section is reduced by the same-sign require-
ment, making the experimental signature of same-sign dilepton events with two jets an ideal
topology for VBS studies. Candidate events have exactly two identified leptons of the same
charge, two jets with large rapidity separation and dijet mass, and moderate missing trans-
verse energy. The final states considered are µ+µ+nµnµ jj, e+e+nene jj, e+µ+nenµ jj, and their
charge conjugates and t-lepton decays to electrons and muons. Figure 1 shows representative
Feynman diagrams for the electroweak and QCD induced production.
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Figure 1: Representative Feynman diagrams for the electroweak and QCD induced same-sign
W-boson pair production.

The study of VBS presented here leads to measurements of the production cross sections for
W±W± and WZ in a fiducial region. Evidence for electroweak production has been reported
by the ATLAS Collaboration [9]. Various extensions of the SM alter the couplings of vector
bosons. An excess of events could signal the presence of anomalous quartic gauge couplings
(AQGC) [10]. Doubly-charged Higgs bosons are predicted in Higgs sectors beyond the SM
where weak isotriplet scalars are included [11, 12]; they can be produced via weak vector-boson
fusion (VBF) and decay to pairs of same-sign W bosons [13].

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
magnet. The first level of the CMS trigger system, composed of custom hardware processors, is
designed to select the most interesting events within 3 µs, using information from the calorime-
ters and muon detectors. The high level trigger processor farm further reduces the event rate
to a few hundred hertz before data storage. Details of the CMS detector and its performance
can be found elsewhere [8].

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. The leading-order event generator MADGRAPH 5.2 [14] is used to produce event
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Event Selection
• Event Selection: !

two same-sign leptons |eta| < 2.5, pT > 20 GeV 
(third lepton veto)!

two jets |eta| < 4.5 , pT>30GeV!

• additional VBF Selection cuts:!

m(jj) > 500 GeV, dEtajj > 2.5!

• Major background: !

WWjj, 70%, 90% of which is EWK  
(estimated from LO MG)!

Non Prompt background 20% (data-driven)!

WZjj (estimated in 3l control region), VVV+jets 10%
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Figure 2: The distributions of mjj (left) and leading lepton pT, p`,max
T , in the signal region (right).

The hatched bars include statistical and systematic uncertainties. The W+W+ and W�W� can-
didates are combined in these distributions. The signal, W±W± jj, includes EW and QCD pro-
cesses and their interference. The histograms for other backgrounds include the contributions
from wrong-sign events, DPS, and VVV processes.

event, and found to be 5% for the signal normalization and 50% for the triboson background
normalization. A PDF uncertainty of 6–8% in the normalization of the signal and WZ pro-
cesses is included. The systematic uncertainties of the background normalizations are taken
into account using log-normal distributions.

The cross section is extracted for a fiducial signal region. The fiducial region is defined by re-
quiring two same-sign leptons with p`T > 10 GeV and |h`| < 2.5, two jets with pj

T > 20 GeV and
|h j| < 5.0, mjj > 300 GeV, and |Dhjj| > 2.5 and is less stringent than the event selection for our
signal region. The measured cross section is corrected for the acceptance in this region using
the MADGRAPH MC generator, which is also used to estimate the theoretical cross section. The
acceptance ratio between the selected signal region and the fiducial region is 36% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 7.9%.

The MADGRAPH prediction of the same-sign W-boson pair cross section is corrected by a next-
to-leading order to leading-order cross section ratio estimated using VBFNLO [32–34]. The fidu-
cial cross section is found to be sfid(W±W± jj) = 4.0+2.4

�2.0 (stat)+1.1
�1.0 (syst) fb with an expectation

of 5.8 ± 1.2 fb.

In addition to the dilepton same-sign signal region, a WZ ! 3`n control region is studied by
requiring an additional lepton with pT larger than 10 GeV. This control region allows the mea-
surement of a fiducial cross section of the WZjj process and is sfid(WZjj) = 10.8 ± 4.0 (stat) ±
1.3 (syst) fb with an expectation of 14.4 ± 4.0 fb. The fiducial region is defined in the same way
as for the WW analysis, but requiring one more lepton with p`T > 10 GeV and |h`| < 2.5. The
acceptance ratio between the selected signal region and the fiducial region is 20% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 3.6%.

To compute the limits and significances, the CLs [35–37] construction is used. The observed
(expected) significance for the W±W± jj process is 2.0 s (3.1 s). Considering the QCD compo-
nent of the W±W± jj events as background and the EW component together with the EW-QCD
interference as signal, the observed (expected) signal significance reduces to 1.9 s (2.9 s).
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Vector boson scattering (VBS) and quartic boson couplings are features of the standard model
(SM) that remain largely unexplored by the LHC experiments. The observation of a Higgs
boson [1–3], in accordance with a key prediction of the SM, motivates further study of the
mechanism of electroweak symmetry breaking through measurements of VBS processes. In
the absence of the SM Higgs boson, the amplitudes for these processes would increase as a
function of center-of-mass energy and ultimately violate unitarity [4, 5]. The Higgs boson ac-
tually observed by the LHC experiments may restore the unitarity, although some scenarios
of physics beyond the SM predict enhancements for VBS through modifications to the Higgs
sector or the presence of additional resonances [6, 7].

This letter presents a study of VBS in pp collisions at
p

s = 8 TeV. The data sample corresponds
to an integrated luminosity of 19.4 ± 0.5 fb�1 collected with the CMS detector [8] at the LHC
in 2012. The aim of the analysis is find evidence for the electroweak production of same-sign
W-boson pair events. The strong production cross section is reduced by the same-sign require-
ment, making the experimental signature of same-sign dilepton events with two jets an ideal
topology for VBS studies. Candidate events have exactly two identified leptons of the same
charge, two jets with large rapidity separation and dijet mass, and moderate missing trans-
verse energy. The final states considered are µ+µ+nµnµ jj, e+e+nene jj, e+µ+nenµ jj, and their
charge conjugates and t-lepton decays to electrons and muons. Figure 1 shows representative
Feynman diagrams for the electroweak and QCD induced production.
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Figure 1: Representative Feynman diagrams for the electroweak and QCD induced same-sign
W-boson pair production.

The study of VBS presented here leads to measurements of the production cross sections for
W±W± and WZ in a fiducial region. Evidence for electroweak production has been reported
by the ATLAS Collaboration [9]. Various extensions of the SM alter the couplings of vector
bosons. An excess of events could signal the presence of anomalous quartic gauge couplings
(AQGC) [10]. Doubly-charged Higgs bosons are predicted in Higgs sectors beyond the SM
where weak isotriplet scalars are included [11, 12]; they can be produced via weak vector-boson
fusion (VBF) and decay to pairs of same-sign W bosons [13].

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
magnet. The first level of the CMS trigger system, composed of custom hardware processors, is
designed to select the most interesting events within 3 µs, using information from the calorime-
ters and muon detectors. The high level trigger processor farm further reduces the event rate
to a few hundred hertz before data storage. Details of the CMS detector and its performance
can be found elsewhere [8].

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. The leading-order event generator MADGRAPH 5.2 [14] is used to produce event



Signal Extraction
• Model independent limits on cross  

section times BR are derived!

LHCHXSWG-2015-001 and MG Model 
files did not exist back then 

• m(jj) distribution is used to extract  
signal!

• Model independent limit to be  
converted into exclusion limit 
on VEV in Georgi-Machacek Model!

essentially: 
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The cross section for VBF production of H±± and decay to W±W± is directly proportional to
the vacuum expectation value of the triplet. The remaining five parameters in the model of
the Higgs potential are adjusted to get the given mH±± hypothesis while requiring one of the
scalar singlets to have a mass of 125 GeV. The Georgi–Machacek model of Higgs triplets [38]
is considered. For mH±± = 200 (800)GeV the following parameters are used: l1 = 1, l2 = 1,
l3 = 1, l4 = 2.37 (4), and l5 = 0.432 (7.26). By using the mjj distribution, 95% CL upper
limits on sH±±B(H±± ! W±W±) are derived as shown in Fig. 4. The experimental results are
overlaid with theoretical cross sections for three values of the vacuum expectation value.
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Figure 4: Expected and observed 95% CL upper limits on the cross section times branching
fraction, sH±±B(H±± ! W±W±). Theoretical cross sections for three values of the vacuum
expectation value (vev) are overlaid.

In summary, a study of vector boson scattering in pp collisions at
p

s = 8 TeV has been pre-
sented based on a data sample corresponding to an integrated luminosity of 19.4 fb�1. Can-
didate events are selected with exactly two leptons of the same charge, two jets with large
rapidity separation and dijet mass, and moderate missing transverse energy. The signal region
is expected to be dominated by electroweak same-sign W-boson pair production. The obser-
vation agrees with the standard model prediction. The observed significance is 2.0 standard
deviations, where a significance of 3.1 standard deviations is expected based on the standard
model. Cross section measurements for W±W± and WZ processes in the fiducial region are
reported. Bounds on the structure of quartic vector-boson interactions are given in the frame-
work of dimension-eight effective field theory operators, as well as limits on the production of
doubly-charged Higgs bosons.
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Figure 2: The distributions of mjj (left) and leading lepton pT, p`,max
T , in the signal region (right).

The hatched bars include statistical and systematic uncertainties. The W+W+ and W�W� can-
didates are combined in these distributions. The signal, W±W± jj, includes EW and QCD pro-
cesses and their interference. The histograms for other backgrounds include the contributions
from wrong-sign events, DPS, and VVV processes.

event, and found to be 5% for the signal normalization and 50% for the triboson background
normalization. A PDF uncertainty of 6–8% in the normalization of the signal and WZ pro-
cesses is included. The systematic uncertainties of the background normalizations are taken
into account using log-normal distributions.

The cross section is extracted for a fiducial signal region. The fiducial region is defined by re-
quiring two same-sign leptons with p`T > 10 GeV and |h`| < 2.5, two jets with pj

T > 20 GeV and
|h j| < 5.0, mjj > 300 GeV, and |Dhjj| > 2.5 and is less stringent than the event selection for our
signal region. The measured cross section is corrected for the acceptance in this region using
the MADGRAPH MC generator, which is also used to estimate the theoretical cross section. The
acceptance ratio between the selected signal region and the fiducial region is 36% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 7.9%.

The MADGRAPH prediction of the same-sign W-boson pair cross section is corrected by a next-
to-leading order to leading-order cross section ratio estimated using VBFNLO [32–34]. The fidu-
cial cross section is found to be sfid(W±W± jj) = 4.0+2.4

�2.0 (stat)+1.1
�1.0 (syst) fb with an expectation

of 5.8 ± 1.2 fb.

In addition to the dilepton same-sign signal region, a WZ ! 3`n control region is studied by
requiring an additional lepton with pT larger than 10 GeV. This control region allows the mea-
surement of a fiducial cross section of the WZjj process and is sfid(WZjj) = 10.8 ± 4.0 (stat) ±
1.3 (syst) fb with an expectation of 14.4 ± 4.0 fb. The fiducial region is defined in the same way
as for the WW analysis, but requiring one more lepton with p`T > 10 GeV and |h`| < 2.5. The
acceptance ratio between the selected signal region and the fiducial region is 20% considering
generator-level jet and lepton properties only. The overall acceptance times efficiency is 3.6%.

To compute the limits and significances, the CLs [35–37] construction is used. The observed
(expected) significance for the W±W± jj process is 2.0 s (3.1 s). Considering the QCD compo-
nent of the W±W± jj events as background and the EW component together with the EW-QCD
interference as signal, the observed (expected) signal significance reduces to 1.9 s (2.9 s).
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B. Branching ratios of H0
5 , H

±
5 , and H±±

5

Custodial symmetry restricts the allowed tree-level decays of the H5 states to the possibilities H5 ! V V , H5 !
V H3, and H5 ! H3H3. Tree-level decays to fermion pairs are forbidden due to the fermiophobic nature of H5.
Loop-induced decays such as H0

5 ! �� have tiny branching ratios unless the tree-level decays are severely suppressed
due to kinematics (i.e., m5 ⌧ 2MV ) or very small couplings (i.e., sH ⌧ 1, which also severely suppresses the VBF
production cross sections). We do not consider these possibilities here.

In most of the GM model parameter space, the H5 states decay primarily into V V . This is because decays to V H3

and H3H3 are forbidden if m3 � m5 and are kinematically suppressed for m3 close to m5.
We performed a scan over the GM model parameter space using the public code GMCALC version 1.0.1 [6], taking

m5 in the range 200–2000 GeV and imposing the theoretical constraints from perturbative unitarity of scalar couplings
and the stability of the electroweak vacuum, as well as the indirect constraints from b ! s� and the S parameter.
We found that for over 98% of our scan points, all three of BR(H0

5 ! W+W� + ZZ), BR(H±
5 ! W±Z), and

BR(H±±
5 ! W±W±) were above 99%.

Therefore we recommend that, for simplicity, the H5 states can be assumed to decay entirely into vector boson
pairs for masses above the V V threshold, i.e., that

BR(H0
5 ! W+W� + ZZ) = BR(H±

5 ! W±Z) = BR(H±±
5 ! W±W±) = 1. (16)

This assumption holds in the vast majority of the GM model parameter space.

C. Experimental and theoretical constraints on sH

Constraints on sH from theoretical considerations of perturbativity and vacuum stability of the full GM model, as
well as from the measurement of b ! s� (which is a↵ected by the custodial-triplet scalar H+

3 ), were most recently
studied in Ref. [10]. A scan made using GMCALC 1.0.1 [6] showing the allowed range of sH as a function of m5 after
imposing these constraints is shown in Fig. 1, for m5 in the range 200–2000 GeV.

Under the assumption that BR(H5 ! V V ) = 1, the LHC searches for H0
5 , H

±
5 , and H±±

5 depend only on the
parameters sH and m5. Therefore the results of these searches can be sensibly displayed as regions in the m5–sH
plane as shown in Fig. 1.

If one-dimensional model lines (with fixed sH) are desired, we suggest the following benchmark values of sH :

sH = 0.50 for m5  1000 GeV,

sH = 0.25 for m5  2000 GeV. (17)

We note that a recasting of an ATLAS like-sign WWjj cross-section measurement in the context of the GM model
found an exclusion of the doubly-charged member of the custodial fiveplet, H±±

5 , for m5 values of about 140–400 GeV
at sH = 0.5 [11]. We show this exclusion with the blue curve in Fig. 1 (points above the curve are excluded).

III. RECOMMENDATIONS FOR CROSS SECTIONS AND DECAY WIDTHS

A. Production cross sections

The total cross sections for production of H0
5 , H

±
5 , and H±±

5 in VBF can be computed up to NNLO accuracy
using the VBF@NNLO code [4, 5, 12], via the structure-function approach. This approach [13] consists in considering
the VBF process as a double deep-inelastic scattering (DIS) attached to the colorless pure electroweak vector-boson
fusion into a Higgs boson. According to this approach one can include next-to-leading order (NLO) QCD corrections
to the VBF process employing the standard DIS structure functions Fi(x,Q2); i = 1, 2, 3 at NLO [14] or similarly the
corresponding structure functions at NNLO [15–18].

Although the e↵ective factorization underlying the structure-function approach holds to a very good approximation
up to NNLO, it formally does not include all types of contributions. At leading order (LO) an additional contribution
arises from the interference between identical final-state quarks (e.g., uu ! Huu) or between processes where either
a W or a Z boson can be exchanged (e.g., ud ! Hud). These LO contributions are known to be extremely small
(less than 0.1% of the total cross-section). Apart from such contributions, the structure-function approach is exact
up to NLO. At NNLO, however, several types of diagrams violate the underlying factorization. Their impact on
the total rate has been computed or estimated in Ref. [5] and found to be negligible. Some of them are color and



Charged Higgs to WZ at 13 TeV
• Search performed on 15.2 /fb at 13 TeV collected in 2015 and 

2016!

PAS-HIG-16-027!

• Again Georgi-Machacek Model!

or vector-boson-philic charged particle!

• Consider fully leptonic final state!

small WZ BR but: clean, small irreducible background contributions, 
transverse mass used as discriminant for signal extraction!

• Signal produced according to recommended Model file provided:!

https://feynrules.irmp.ucl.ac.be/wiki/GeorgiMachacekModel
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1 Introduction

Charged Higgs bosons appear in many extensions of standard model (SM) physics, such as
two Higgs doublet [1–4] and triplet models [5–10].

Current searches for H± at the LHC concentrate on production and decay via couplings in-
volving fermions. This is well motivated by the minimal supersymmetric standard model
(MSSM) [11], where the H±tb coupling is the strongest irrespective of mH± and tan b, the ratio
of vacuum expectation value of the two Higgs doublets.

In this paper we study H± in the production and decay to W±Z. The coupling is predicted
in Higgs triplet models at tree level. The search is performed using the leptonic (electron and
muons) decays of the W and Z boson. Events are selected with two jets with large rapidity
separation and high dijet mass to select a vector boson scattering (VBS) topology. The data are
compared with the Georgi-Machacek Higgs Triplet Model [12] for a charged Higgs mass range
of 200 GeV < mH± < 1000 GeV. Figure 1 shows a Feynman diagram of the production and
decay of a charged Higgs Boson with coupling to W and Z bosons. An independent search
was performed by the ATLAS collaboration in proton-proton collisions at

p
s = 8 TeV in the

semi-leptonic final state [13].

The data used in this search were recorded by the CMS detector in proton-proton collisions atp
s = 13 TeV and corresponds to an integrated luminosity of 15.2 fb�1’s.

q q

W±

q q

Z
H±

W±

Z

Figure 1: Feynman diagram showing the production of a charged Higgs Boson via WZ fusion.

2 The CMS experiment

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
magnet. The first level of the CMS trigger system, composed of custom hardware processors, is
designed to select the most interesting events within 3 µs, using information from the calorime-
ters and muon detectors. The high level trigger processor farm further reduces the event rate
to a few hundred hertz before data storage. Details of the CMS detector and its performance
can be found elsewhere [14].

3 Data and Monte Carlo samples

This analysis uses a sample of pp collisions collected at
p

s = 13 TeV. The data sample cor-
responds to an integrated luminosity of 2.3 fb�1 and 12.9 fb�1 recorded during the years 2015

https://feynrules.irmp.ucl.ac.be/wiki/GeorgiMachacekModel


Event Selection
• Requirements on event selection signal acceptance (10-15%): !

• 3 leptons with pT>20/20/10 (4th lepton veto) (electrons, muons)!

• reconstructed Z candidates:  
|m(ll) - m(Z)| < 15 GeV (opposite-sign same-flavor)!

• VBF topology:  
two jets |eta| < 4.5 , pT>30GeV, m(jj) > 500 GeV, dEta(jj) > 2.5!

• MET>30 GeV, reject top events (b-tagging veto)!

• Largest background from WZ 
process (EWK+QCD)!

• followed by non-prompt leptons!

• Z+jets, ttbar 
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WZ) at 95% confidence level and on the ratio of vacuum expectation values in the Georgi-
Machacek Model as a function of m(H+) are obtained and shown in Figure 5. A narrow-width
signal is assumed for the s(H+)⇥ BR(H+ ! WZ) limits.

Table 2: Yields of selected events in 2.3 fb�1 of 2015 data at 13 TeV, together with the expected
yields from various background processes. The statistical and systematic uncertainties are
shown. The signal yield is shown for the ratio of vacuum expectation value of sin q = 1.0.

Process all flavor final-states
Data 9
WZ 7.7 ± 1.8

Non-prompt 1.2 ± 1.1
Zg 0.2 ± 0.2
ZZ 0.2 ± 0.0

VVV 0.8 ± 0.1
Total Bkg. 10.1 ± 2.1

Signal (m(H+) = 700 GeV) 1.8 ± 0.2

Table 3: Yields of selected events in 12.9 fb�1 of 2016 data at 13 TeV, together with the ex-
pected yields from various background processes. The statistical and systematic uncertainties
are shown. The signal yield is shown for the ratio of vacuum expectation value of sin q = 1.0.

Process all flavor final-states
Data 53
WZ 34.5 ± 7.9

Non-prompt 8.8 ± 2.7
Zg 1.0 ± 0.7
ZZ 1.6 ± 0.1

VVV 5.3 ± 0.5
Total Bkg. 51.3 ± 8.4

Signal (m(H+) = 700 GeV) 8.9 ± 0.9

9 Summary

We presented a search for heavy charged Higgs bosons decaying into W and Z bosons in pp
collisions at

p
s = 13 TeV. The data sample corresponds to an integrated luminosity of 15.2

fb�1 collected with the CMS detector in 2015 and 2016. Events are selected with three leptons,
electrons and muons, two jets with large rapidity separation and high dijet mass, and moderate
missing transverse energy. The observation agrees with the standard model prediction. Limits
on the charged Higgs boson cross section times branching fraction are given and interpreted in
the context of Higgs triplet models.
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Background Estimation
• WZ+2Jets cross section at 13 TeV not yet measured, major 

background: !

QCD produced WZ normalisation obtained from two-jet control region 
(EWK contribution estimated from simulation) 
 
 
 

• Non-Prompt lepton SM processes  
estimated from fake-enriched 
(loose) lepton selection sample!

non-prompt lepton transfer factor  
estimated from di-jet sample
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Figure 3: Kinematic distributions in the background control region of 2016 data. The uncer-
tainty band corresponds to the total statistical and systematic uncertainty.

4 6 Background estimation

data, while the shape is obtained from the simulated sample. The non-prompt lepton back-
grounds are solely evaluated from data. The ZZ ! 4`, VVV, Zg contributions are estimated
from simulated samples, with corrections from data control samples.

Distributions of the kinematic variables relevant for the event selection and signal extraction
are shown in Fig. 2 and 3 in the two-jet control region, for 2015 and 2016 data, respectively.

6.1 WZ background

The WZ background constitutes about 80% of the total expected SM background yield. The
normalization of the WZ contribution produced via QCD is obtained from a background dom-
inated side-band defined by inverting the cuts on the di-jet variables: 100 < mjj < 500 GeV
and

��Dhjj
�� < 2.5. From the number of events in data selected in this phase-space region the

background contributions from EWK WZ, ZZ ! 4`, VVV and non-prompt leptons are sub-
tracted. The simulated sample of WZ+2jet processes, produced via QCD, using MadGraph is
then normalized to match the number of observed events, extrapolated into the signal region.

The uncertainty on the normalization of the QCD WZ contribution is 21-23% and dominated
by the statistical uncertainty in the two-jet control region. The shape of the transverse mass is
taken from the simulated sample.

The EWK WZ is estimated using the NLO cross section prediction and MadGraph5 aMC@NLO [15]
simulation.

6.2 Backgrounds estimated by Monte Carlo simulation

The Zg background is controlled with data using events where the trilepton mass (m3`) is
compatible with the Z mass after dropping the selection requirements on the jets and Emiss

T . We
find the simulation prediction consistent with the data.

The ZZ ! 4` background is largely reduced by the Emiss
T requirement and the veto of events

containing an additional lepton. The qq ! ZZ process is normalized to the next-to-next-to-
leading-order (NNLO) cross section prediction with a k factor of 1.1 [38] and gg ! ZZ at NLO
with a k factor of 1.7 [39].

The triboson events (VVV) are generated at NLO and the samples give a comparable overall
expected yield with respect to the Zg and ZZ background processes.

The overall expected contribution from ZZ ! 4`, VVV, Zg processes to the total background
yield is about 10% and the uncertainty dominated by the statistical component introduced by
the number of simulated events passing the event selection requirements.

6.3 Non-prompt lepton background

Jet induced non-prompt leptons are an important source of background for many physics chan-
nels. In this analysis the main sources of non-prompt leptons are Z + jets and top-quark (tt and
tW) events, where at least one of the jets or a constituent is misidentified as an isolated lepton.
The dominant background at the final selection level is Z + jets. According to the simulation
less than 10% of the background events with at least one non-prompt lepton are coming from
top-quark processes.

A data-based approach is pursued to estimate this background. A set of loosely selected lepton-
like objects, referred to as the “fakeable object” from here on, is defined in a sample of events
dominated by dijet production. The efficiency for these denominator objects to pass the full
lepton selection criteria is measured. This background efficiency, typically referred to as the
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signal contamination negligible



Signal Extraction
• Simultaneous fit of transverse mass distributions obtained in 

2015 and 2016 data-taking periods to extract signal!

different experimental conditions, uncorrelated uncertainties
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The missing transverse momentum vector ~pmiss
T is defined as the projection onto the plane

perpendicular to the beams of the negative vector sum of the momenta of all reconstructed PF
objects in an event, corrected for the pileup contribution. Its magnitude is referred to as Emiss

T .

5 Event selection

Collision events are selected by the trigger system requiring the presence of one or two high
transverse momentum (pT) muons or electrons. The trigger efficiency is greater than 99% for
events that pass all other selection criteria explained below.

The selection of events aims to single out three-lepton events with the VBS topology while
reducing the top quark, Drell–Yan, and WZ background processes. To avoid bias, the number
of events passing the selection was not evaluated until the analysis was complete. Three lepton
candidates, muons or electrons with pseudorapidity |h| < 2.4 (2.5) for muons (electrons) are
required, with isolation and identification requirements. Two leptons are required to have
pT > 20 GeV and a third lepton pT > 10 GeV. Events with an additional fourth lepton with
pT > 10 GeV are rejected.

Events are required to have at least two selected jets with transverse energy ET > 30 GeV, and
|h| < 4.7. The VBS topology is targeted by requiring that the two jets with leading pT have
large dijet mass, mjj > 500 GeV, and large pseudorapidity separation,

��Dhjj
�� > 2.5.

The H+ ! WZ ! 3` + n` decay is characterized by a pair of same-flavor, opposite-charge,
isolated leptons with an invariant mass corresponding to a Z boson, together with a third iso-
lated lepton and a significant amount of missing transverse energy associated to the escaping
neutrino from the W decay.

The Z boson candidates are built from two opposite-sign same-flavor leptons. The leading and
second leading lepton are required to have pT > 20 GeV. The Z boson candidate invariant mass
should lie within about 15 GeV of the nominal Z boson mass. In case there is more than one
possible pair, the candidate with the mass closest to the nominal Z boson mass is chosen. The
remaining lepton is associated to the W boson decay, and it is required to have pT > 20 GeV. If
the lepton is an electron, then additional identification criteria are required to further reject the
Z + jets background. The missing transverse energy in the event is required to be larger than
30 GeV to select W boson decays.

Finally, to reject the top-quark background, the event should not pass the b-tagging selection,
where the Combined Secondary Vertex version b-tagger is applied [37].

After these requirements, the signal acceptance is about 10-15%, depending on the mass of the
charged Higgs.

For signal extraction, the shape of the distribution of the transverse mass variable obtained
from the WZ system is used.

mT(WZ) =
q
(ET(W) + ET(Z))2 � (pT(W) + pT(Z))2

6 Background estimation

A combination of data-driven methods and detailed simulated studies to estimate background
contributions is used. The following background categories are considered: WZ, ZZ ! 4`,
VVV, Zg and non-prompt leptons. The normalization of the WZ contribution is derived from
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Figure 4: Transverse mass distributions after full selection. The background yield predictions
correspond to the background only hypothesis fit result. The signal distribution is shown for
m(H+) = 700 GeV.
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Signal Extraction
• Model independent limit on 

cross section time BR derived!

note: higher parton luminosities  
=> larger SM contributions, but 
also larger signal cross section!

• Recommended cross sections  
from LHCHXSWG-2015-001!

• improved sensitivity wrt  
semileptonic analysis!

sin(θ)2 fraction of W mass from  
triplet VEV
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red points are a parameter scan produced using GMCALC 1.0.1 [6]. Contours of the width-to-mass ratio of H0

5 (solid black
lines), H±

5 (long-dashed black lines, indistinguishable from the solid lines) and H±±
5 (short-dashed black lines), assuming that

BR(H5 ! V V ) = 1. From top to bottom, �(H5)/m5 = 0.10, 0.03, 0.01, and 0.003. The recast analysis in Ref. [11], which
constrains the doubly-charged scalar H++

5 , excludes points above the blue curve.

kinematically suppressed [19–21], and others have been shown in Ref. [22] to be small enough not to produce a
significant deterioration of the VBF signal.

NLO electroweak corrections are known for SM Higgs production in VBF [23, 24], but not for any beyond-the-SM
scenario, and therefore are not included in the numbers shown here.

To produce the numbers shown in this paper, we have used the following electroweak parameters:

GF = 1.16637 · 10�5 GeV�2, MW = 80.398 GeV, MZ = 91.1876 GeV,

�W = 2.141 GeV, �Z = 2.4952 GeV. (18)

The H5V V vertices have the form given in Eq. (10), and we have set sH = 1. The production cross sections for other
values of sH are conveniently obtained using the relation

�(VBF ! H5) = s2H�1(VBF ! H5), (19)

where �1 represents the cross section for sH = 1. The values of �1 at LO, NLO and NNLO computed for the 8 (13) TeV
LHC are shown in Tables I, II, V, VI and IX (Tables III, IV, VII, VIII and X) respectively for H++

5 , H��
5 , H+

5 , H�
5

and H0
5 production.

We have employed the MSTW 2008 PDF set [25] with QCD evolution consistent with the perturbative order of the
cross-section and with with error sets at the 68% confidence level. For ↵s, we use the values provided by each PDF
set. In particular

↵s(MZ) = 0.13939 at LO, (20)

↵s(MZ) = 0.12018 at NLO, (21)

↵s(MZ) = 0.11707 at NNLO. (22)

We do not compute uncertainties associated with the value of ↵s(MZ), which are completely negligible in the case of
VBF in the SM.
The renormalization and factorization scales have been set to the virtuality of the vector boson attached to each of
the quark lines. Scale uncertainties have been computed by varying the two scales independently in the range [1/2, 2].

As for SM Higgs production in VBF, the impact of QCD corrections is well under control: with our setup, and
using PDF sets with QCD evolution consistent with the perturbative order of the cross-section, NLO QCD corrections



Summary
• Active exploration of extended Higgs sectors via Higgs triplets!

• Two searches for doubly charged Higgs bosons shown at  
8 TeV!

Expect results for these searches at 13 TeV soon!

• Search for charged Higgs bosons decaying into WZ in fully 
leptonic final state at 13 TeV presented!

improved performance at low and high masses when compared to 
semi-leptonic final state!

• Searches for Higgs triplets can be combined and more final 
states added to improve sensitivity
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Additional Material



Theoretical Constraints on GM Model
• Unitarity constraints on GM quintet mass and VEV
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The H5V V vertices have the form given in Eq. (10), and we have set sH = 1. The production cross sections for other
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set. In particular

↵s(MZ) = 0.13939 at LO, (20)

↵s(MZ) = 0.12018 at NLO, (21)

↵s(MZ) = 0.11707 at NNLO. (22)

We do not compute uncertainties associated with the value of ↵s(MZ), which are completely negligible in the case of
VBF in the SM.
The renormalization and factorization scales have been set to the virtuality of the vector boson attached to each of
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kinematically suppressed [19–21], and others have been shown in Ref. [22] to be small enough not to produce a
significant deterioration of the VBF signal.

NLO electroweak corrections are known for SM Higgs production in VBF [23, 24], but not for any beyond-the-SM
scenario, and therefore are not included in the numbers shown here.

To produce the numbers shown in this paper, we have used the following electroweak parameters:

GF = 1.16637 · 10�5 GeV�2, MW = 80.398 GeV, MZ = 91.1876 GeV,

�W = 2.141 GeV, �Z = 2.4952 GeV. (18)

The H5V V vertices have the form given in Eq. (10), and we have set sH = 1. The production cross sections for other
values of sH are conveniently obtained using the relation

�(VBF ! H5) = s2H�1(VBF ! H5), (19)

where �1 represents the cross section for sH = 1. The values of �1 at LO, NLO and NNLO computed for the 8 (13) TeV
LHC are shown in Tables I, II, V, VI and IX (Tables III, IV, VII, VIII and X) respectively for H++
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5 production.

We have employed the MSTW 2008 PDF set [25] with QCD evolution consistent with the perturbative order of the
cross-section and with with error sets at the 68% confidence level. For ↵s, we use the values provided by each PDF
set. In particular

↵s(MZ) = 0.13939 at LO, (20)

↵s(MZ) = 0.12018 at NLO, (21)

↵s(MZ) = 0.11707 at NNLO. (22)

We do not compute uncertainties associated with the value of ↵s(MZ), which are completely negligible in the case of
VBF in the SM.
The renormalization and factorization scales have been set to the virtuality of the vector boson attached to each of
the quark lines. Scale uncertainties have been computed by varying the two scales independently in the range [1/2, 2].

As for SM Higgs production in VBF, the impact of QCD corrections is well under control: with our setup, and
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