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ATLAS Collaboration, “Search for anomalous production of prompt

same-sign lepton pairs and pair-produced doubly charged Higgs

bosons with
√
s = 8 TeV pp collisions using the ATLAS detec-

tor,” 1412.0237 (JHEP 2015). 20.3 fb−1

Measured like-sign dilepton fiducial cross section.

In good agreement with SM prediction⇒ set limits on anomalous

production cross section.

Doubly-charged Higgs interpretation assumed H±± → `±`± (dilepton reso-

nance) – not useful for GM model.

Theorist recasting: µ±µ± channel provides strongest limit.

Selection cuts: same-sign dilepton pair with

p
`1
T > 25 GeV, p`2T > 20 GeV, |η| < 2.5, M`` > 15 GeV.

Events with an opposite-sign same-flavour dilepton pair with

|M`+`− −MZ| < 10 GeV rejected.
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Kanemura, Kikuchi, Yagyu & Yokoya, “LHC Run-I constraint
on the mass of doubly charged Higgs bosons in the same-sign
diboson decay scenario,” 1412.7603

Recast the ATLAS result in the context of the Higgs Triplet
Model (φ+, φ0) + (χ++, χ+, χ0).

Production: Drell-Yan (fixed by gauge coupling & H++ mass)
(a) pp→ H++H−−

(b) pp→ H++H− Assumed mH± = mH±±
(c) pp→ H+H−−

2

opposite-sign same-flavor dilepton whose invariant mass satisfies |Mℓℓ − mZ | < 10 GeV are rejected. In addition, in
the e±e± channel, (vi) events with a same-sign dielectron in the mass range between 70 GeV and 110 GeV are vetoed
to use events in this region as a control sample to estimate the SM background. Total numbers of the collected events
and invariant mass distributions are in good agreement with the prediction by the SM, and therefore upper limits on
the cross section from the non-SM contribution are obtained for the fiducial region defined above.

III. LIMIT ON H±± IN THE DIBOSON DECAY SCENARIO

The experimental limits on the fiducial cross section can be compared with the theoretical prediction calculated as

σfid = σtot · B · ϵA, (1)

where σtot·B is (sum of) the total cross section times branching ratio for the process giving the same-sign dilepton signal
from the new physics model, and ϵA is the factor of efficiencies of the acceptance and kinematical cuts. We evaluate
the fiducial cross section for the process with the same-sign dimuon, µ±µ±, in the final state via H±± → W (∗)±W (∗)±

in the HTM. The other channels, such as e±e± and e±µ± turn out to give weaker bounds than the µ±µ± channel.
In the following discussion, we assume that the branching ratio of the diboson decay mode is 100%.2 The branching
ratio for the H±± → W (∗)±W (∗)± → µ±µ±νν channel is explained in details in Ref. [8].

The dominant production processes of H±± at the LHC are (a) pp → H++H−−, (b) pp → H++H−, and (c)
pp → H+H−−, where H± are the singly charged Higgs bosons which is also introduced in the HTM. The total cross
sections for these processes have been calculated up to the next-to-leading order (NLO) in perturbative QCD [10].
Numerical predictions at the LHC with various collision energies can be found in Ref. [8]. We assume that the mass
of H± is the same as that of H±± for simplicity.

In this Letter, efficiencies for the acceptance and kinematical cuts are estimated by using MadGraph5 [11] for each
production process at the parton level in the leading order. Because we consider only inclusive production of a pair of
same-sign muons, and do not count the other particles, the cuts (v) and (vi) explained in the last section are omitted.
In Table I, we summarize the total cross sections, branching ratio and the efficiencies for mH±± = 50 GeV to 100 GeV.
By combining them, the fiducial cross section for the inclusive µ±µ± production is calculated as

σfid(µ±µ±) =
!
σa ·

"
2ϵa − ϵ2aBµµ

#
+ σb · ϵb + σc · ϵc

$
· Bµµ, (2)

where σ, ϵ are the total cross sections, efficiencies for the processes (a), (b) and (c), respectively, and Bµµ = B(H±± →
µ±µ±νν). The results for the fiducial cross sections are also summarized in Table I.

mH±± 50 60 70 80 90 100 [GeV]

σNLO
tot (pp → H++H−−) 8.52 3.57 1.93 1.16 0.744 0.501 [pb]

σNLO
tot (pp → H++H−) [mH± = mH±± ] 10.6 4.47 2.36 1.40 0.891 0.598 [pb]

σNLO
tot (pp → H+H−−) [mH± = mH±± ] 6.71 2.73 1.40 0.803 0.498 0.326 [pb]

B(H±± → µ±µ±νν) 2.22 2.21 2.19 2.16 1.98 1.61 [%]

ϵA(pp → H++H−−) 5.1 9.9 16. 21. 23. 23. [%]

ϵA(pp → H++H−) 4.9 9.9 15. 21. 22. 23. [%]

ϵA(pp → H+H−−) 4.7 9.7 15. 21. 23. 22. [%]

σfid(pp → µ±µ± + X) [mH± = mH±± ] 37.7 31.2 26.2 20.2 12.8 6.98 [fb]

TABLE I: Table of the total cross sections [8] for H++H−−, H++H− and H+H−− processes, branching ratio of H±± into a
same-sign dimuon [8], and the acceptance and cut efficiencies for µ±µ± searches at the LHC with 8 TeV for mH±± = 50 GeV
to 100 GeV. Efficiencies include acceptance cuts for pT , η of muons, and the invariant mass cut Mµµ > 15 GeV. The resulting
fiducial cross section is also listed.

Now, we are ready to compare the fiducial cross sections for the inclusive µ±µ± production via the diboson decay
of H±± at the LHC. In Fig. 1, the fiducial cross section for the µ±µ± events is plotted as a function of mH±± . Red
band shows the NLO prediction, where its width indicates 5% uncertainty from scale variation and errors from parton

2 This scenario can be realized by taking the vacuum expectation value of the triplet field to be larger than about 10−4 GeV [9].

Details of the production cross section (NLO K-factor) and in-
terference effects∗ in the decay BRs (important for mH++ <

160 GeV), are described in detail in
Kanemura, Kikuchi, Yagyu & Yokoya, 1407.6547
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∗Below the WW threshold, same-flavour leptons can come from
either of the W s, leading to an interference term. Need full
H++ → 4f branching ratios simulation.
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FIG. 2: Branching ratios of H±± into jjjj, ℓ±νjj, same-flavour and different-flavour ℓ±ℓ±νν modes as a

function of mH±± . In this plot, only the H±± → W±(∗)W±(∗) mode is taken into account.

that we neglect the dilepton decay and cascade decay channels here. It is found that the branching

ratio of the s.f. ℓ±ℓ±νν decay mode is enhanced by 80% for mH±± ! 90 GeV, while by 10-20%

for 100 GeV ! mH±± ! 160 GeV. The ratio of all hadronic decay mode is also enhanced for

mH±± < 2mW by 5%, while the ratio of ℓ±νjj and d.f. ℓ±ℓ±νν decay modes is suppressed by

10% and 5%, respectively. Therefore, for mH±± < 2mW , the interference term can have sizable

and constructive contribution to the decay rate, and consequently the s.f. ℓ±ℓ±νν decay becomes

relatively important.

The tree level formula for the dilepton decay rate of H±± is given by

Γ(H±± → ℓ±
i ℓ±

j ) =
Sij

8πv2
∆

|(mν)ij |2mH±± , (21)

where Sij = 1 (1/2) for i ≠ j (i = j).

For the cascade decay, taking into account the off-shellness of the W boson, the tree-level formula

is given by

Γ(H±± → H±W ±(∗)) =
9g4 cos2 β

128π3
mH±±G

!
m2

H±

m2
H±±

,
m2

W

m2
H±±

"
, (22)

where the phase space functions are defined as

G(x, y) =
1

12y

#
2 (x − 1)3 − 9

$
x2 − 1

%
y + 6 (x − 1) y2 − 3

&
1 + (x − y)2 − 2y

'
y log x

+ 6 (1 + x − y) y
(

−λ(x, y)
&
tan−1

) x − y − 1(
−λ(x, y)

*
+ tan−1

) x + y − 1(
−λ(x, y)

*'+
, (23)

λ(x, y) = 1 + x2 + y2 − 2xy − 2x − 2y. (24)
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Kanemura, Kikuchi, Yagyu & Yokoya, “LHC Run-I constraint

on the mass of doubly charged Higgs bosons in the same-sign

diboson decay scenario,” 1412.7603
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opposite-sign same-flavor dilepton whose invariant mass satisfies |Mℓℓ − mZ | < 10 GeV are rejected. In addition, in
the e±e± channel, (vi) events with a same-sign dielectron in the mass range between 70 GeV and 110 GeV are vetoed
to use events in this region as a control sample to estimate the SM background. Total numbers of the collected events
and invariant mass distributions are in good agreement with the prediction by the SM, and therefore upper limits on
the cross section from the non-SM contribution are obtained for the fiducial region defined above.

III. LIMIT ON H±± IN THE DIBOSON DECAY SCENARIO

The experimental limits on the fiducial cross section can be compared with the theoretical prediction calculated as

σfid = σtot · B · ϵA, (1)

where σtot·B is (sum of) the total cross section times branching ratio for the process giving the same-sign dilepton signal
from the new physics model, and ϵA is the factor of efficiencies of the acceptance and kinematical cuts. We evaluate
the fiducial cross section for the process with the same-sign dimuon, µ±µ±, in the final state via H±± → W (∗)±W (∗)±

in the HTM. The other channels, such as e±e± and e±µ± turn out to give weaker bounds than the µ±µ± channel.
In the following discussion, we assume that the branching ratio of the diboson decay mode is 100%.2 The branching
ratio for the H±± → W (∗)±W (∗)± → µ±µ±νν channel is explained in details in Ref. [8].

The dominant production processes of H±± at the LHC are (a) pp → H++H−−, (b) pp → H++H−, and (c)
pp → H+H−−, where H± are the singly charged Higgs bosons which is also introduced in the HTM. The total cross
sections for these processes have been calculated up to the next-to-leading order (NLO) in perturbative QCD [10].
Numerical predictions at the LHC with various collision energies can be found in Ref. [8]. We assume that the mass
of H± is the same as that of H±± for simplicity.

In this Letter, efficiencies for the acceptance and kinematical cuts are estimated by using MadGraph5 [11] for each
production process at the parton level in the leading order. Because we consider only inclusive production of a pair of
same-sign muons, and do not count the other particles, the cuts (v) and (vi) explained in the last section are omitted.
In Table I, we summarize the total cross sections, branching ratio and the efficiencies for mH±± = 50 GeV to 100 GeV.
By combining them, the fiducial cross section for the inclusive µ±µ± production is calculated as

σfid(µ±µ±) =
!
σa ·

"
2ϵa − ϵ2aBµµ

#
+ σb · ϵb + σc · ϵc

$
· Bµµ, (2)

where σ, ϵ are the total cross sections, efficiencies for the processes (a), (b) and (c), respectively, and Bµµ = B(H±± →
µ±µ±νν). The results for the fiducial cross sections are also summarized in Table I.

mH±± 50 60 70 80 90 100 [GeV]

σNLO
tot (pp → H++H−−) 8.52 3.57 1.93 1.16 0.744 0.501 [pb]

σNLO
tot (pp → H++H−) [mH± = mH±± ] 10.6 4.47 2.36 1.40 0.891 0.598 [pb]

σNLO
tot (pp → H+H−−) [mH± = mH±± ] 6.71 2.73 1.40 0.803 0.498 0.326 [pb]

B(H±± → µ±µ±νν) 2.22 2.21 2.19 2.16 1.98 1.61 [%]

ϵA(pp → H++H−−) 5.1 9.9 16. 21. 23. 23. [%]

ϵA(pp → H++H−) 4.9 9.9 15. 21. 22. 23. [%]

ϵA(pp → H+H−−) 4.7 9.7 15. 21. 23. 22. [%]

σfid(pp → µ±µ± + X) [mH± = mH±± ] 37.7 31.2 26.2 20.2 12.8 6.98 [fb]

TABLE I: Table of the total cross sections [8] for H++H−−, H++H− and H+H−− processes, branching ratio of H±± into a
same-sign dimuon [8], and the acceptance and cut efficiencies for µ±µ± searches at the LHC with 8 TeV for mH±± = 50 GeV
to 100 GeV. Efficiencies include acceptance cuts for pT , η of muons, and the invariant mass cut Mµµ > 15 GeV. The resulting
fiducial cross section is also listed.

Now, we are ready to compare the fiducial cross sections for the inclusive µ±µ± production via the diboson decay
of H±± at the LHC. In Fig. 1, the fiducial cross section for the µ±µ± events is plotted as a function of mH±± . Red
band shows the NLO prediction, where its width indicates 5% uncertainty from scale variation and errors from parton

2 This scenario can be realized by taking the vacuum expectation value of the triplet field to be larger than about 10−4 GeV [9].

Acceptance efficiencies from LO MadGraph5 simulation.
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FIG. 1: The fiducial cross section for the µ±µ± channel at the LHC 8 TeV collision as a function of mH±± . The green dashed
horizontal line shows the 95% CL upper limit from the ATLAS data of the integrated luminosity to be 20.3 fb−1 [1]. Red
shaded band shows the NLO prediction with 5% uncertainty. Details can be found in Table I.

distribution functions [12]. The green dashed horizontal line shows the 95% CL upper limit obtained by the ATLAS
Collaboration,

σfid
95 (µ±µ±, Mµµ > 15 GeV) = 16 [fb]. (3)

By comparing them, we find that doubly charged Higgs bosons with mH±± ! 84 GeV are excluded in the diboson decay
scenario. For the reference, the experimental limits for the other decay channels are reported as σfid

95 (e±e±, Mee >
15 GeV) = 32 [fb] and σfid

95 (e±µ±, Meµ > 15 GeV) = 29 [fb] [1], while theoretical estimations for these channels are
comparable with the µ±µ± channel in the mass range of mH±± ! 90 GeV [8]. Thus, the limits by these channels are
negligible.

IV. CONCLUSION

We have studied the latest mass bound on the doubly charged Higgs bosons in the diboson decay scenario in the
HTM. The new limit has been obtained by comparing the inclusive searches of events with a same-sign dilepton by
the ATLAS Collaboration using the latest 20.3 fb−1 data set at the LHC 8 TeV run [1] with theoretical prediction
which includes the production cross section with NLO QCD corrections, branching ratio with interference effects, and
efficiencies for the acceptance and kinematical cuts [8]. The lower bound has been revised to be mH±± " 84 GeV.
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Reinterpreted HTM recasting in the GM model.

Simple relation of cross sections:
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FIG. 4. Fiducial cross section for the µ±µ± final state from H++
5 H��

5 and H±±
5 H⌥

5 pair production at the 8 TeV LHC as
a function of mH++ = m5, assuming BR(H++

5 ! W+W+) = 1, as adapted from the results of Ref. [51] for the HTM. The
horizontal dotted line shows the 95% confidence level upper limit from ATLAS with 20.3 fb�1 of data [53]. The widths of
the bands represent a ±5% theoretical uncertainty on the cross sections. This yields m5 & 76 GeV in the GM model and its
generalizations, independent of the value of sH .

of the finite part of the V V ! V V scattering amplitude, as given by Eq. (44). This provides the strongest constraint
on the models for m5 above 700 GeV.

Finally, we apply two further constraints that rely on the presence of H+
5 and H0

5 degenerate in mass with H++
5 .

First, an absolute lower bound on the doubly-charged scalar mass from ATLAS like-sign dimuon data was recently
obtained in Ref. [51] for the Higgs Triplet Model (HTM) [52], in which the SM is extended by a single complex
isospin-triplet scalar field with Y = 2, assuming that BR(H++ ! W+W+) = 1 and that the singly-charged scalar has
the same mass as the doubly-charged scalar. In the GM model and its generalizations, the relevant production cross
sections, evaluated at next-to-leading order (NLO) in QCD, are rescaled compared to those in the HTM according
to9

�NLO
tot (pp ! H++

5 H��
5 )GM = �NLO

tot (pp ! H++H��)HTM,

�NLO
tot (pp ! H±±

5 H⌥
5 )GM =

1

2
�NLO

tot (pp ! H±±H⌥)HTM. (48)

We ignore the cross section contributions from associated production of H±±
5 H⌥

3 or H±±
5 H⌥

7 , as well as single
production of H±±

5 . Rescaling the HTM total cross sections and reassembling the fiducial cross section from the
information provided in Table I of Ref. [51] yields the results shown in Fig. 4, where the widths of the two bands
represent ±5% theoretical uncertainty from QCD and parton distribution functions [51]. Because of the reduced cross
section in the GM model and its generalizations, the H++ mass lower bound of 84 GeV found for the HTM in Ref. [51]
is weakened to m5 & 76 GeV in the GM model and its generalizations.

Second, a nontrivial upper bound on sH for m5  100 GeV can be obtained using the results of a decay-mode-
independent search for new scalar bosons produced in association with a Z boson [54] from OPAL at the CERN
Large Electron-Positron (LEP) Collider. This search used the recoil-mass method to set a limit on the production
cross section of new scalar resonances without any reference to the decay modes of the scalar. We used the numerical
tabulation of the OPAL limit in the data file lep decaymodeindep.txt provided with the public code HiggsBounds
4.2.0 [55] to constrain the H0

5ZZ coupling [Eq. (37)] as a function of m5. Results are shown in Fig. 5. The OPAL
measurement limits the maximum possible value of h

V in the GM model and its three generalizations to 2.36, which
is obtained in the GGM5 and GGM6 models for m5 ' 97 GeV.

We emphasize that these constraints rely on the presence of the custodial SU(2) symmetry in the scalar potential.
They are thus valid in the GM model and its generalizations, but they do not apply in, e.g., the septet model.

9 The relevant Feynman rules in the GM model and its generalizations are fixed by custodial symmetry to be

ZµH++
5 H��

5 : i
e

sW cW
(1 � 2s2

W )(p1 � p2)µ, W+
µ H+

5 H��
5 : i

gp
2
(p1 � p2)µ, (46)

where p1 and p2 are the incoming momenta of the first and second scalars listed. For comparison, the corresponding Feynman rules in
the HTM are

ZµH++H�� : i
e

sW cW
(1 � 2s2

W )(p1 � p2)µ, W+
µ H+H�� : ig(p1 � p2)µ. (47)

mH± = mH±± guaranteed by custodial symmetry.

Everything else that we needed was provided already by Kane-

mura, Kikuchi, Yagyu & Yokoya, 1412.7603
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Subtleties:

- We ignored contributions to the H±± production cross section

from Drell-Yan pp→ H±±5 H∓3 (depends also on m3), VBF→ H±±

(rate proportional to s2
H), and pp→ H → H±5 H

∓
5 (requires mH >

2m5). These would make the exclusion stronger, but introduce

dependence on additional model parameters.

- We assumed m3 > m5 so that BR(H±±5 → W±W±) = 1. This

is safe because LEP searches for charged Higgs decaying to

fermions excludes H±3 up to masses higher than 76 GeV (hep-

ex/0107031).
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