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Introduction

Question: How can we probe/constrain contributions to W & Z

masses from vevs of higher-isospin scalars (triplets or larger)?

- Need a scalar doublet to give fermion masses

- Impose custodial symmetry to avoid ρ parameter constraints

Write v2
SM = v2

φ +Av2
exotic =

4M2
W

g2 =
4M2

Z
g2+g′2

Doublet contrib’n to M2
W,Z: cos2 θH ≡ c2H = v2

φ/v
2
SM

Exotic contrib’n to M2
W,Z: sin2 θH ≡ s2

H = Av2
exotic/v

2
SM

Experimental goal is to constrain sH.

Higher-isospin scalars + custodial symmetry ⇒ custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 )

required to unitarize longitudinal V V → V V scattering.

Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)
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Benchmark for higher-isospin contributions to MW,Z:
Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


Global SU(2)L×SU(2)R → preserves custodial symmetry (for ρ = 1)

Physical spectrum:
Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1

- Two custodial singlets mix → h0, H0

Usually h0 = h(125)

- Two custodial triplets mix → (H+
3 , H

0
3 , H

−
3 ) + Goldstones

Phenomenology very similar to H±, A0 in 2HDM Type I, tanβ → cot θH

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 )

Fermiophobic; H5V V couplings ∝ sH ≡
√

8vχ/vSM
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Constraints from direct searches in VBF:

VBF H±±5 →W±W± → `±`± + MET:

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: 

10

6

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: λ1 = 1, λ2 = 1,
λ3 = 1, λ4 = 2.37 (4), and λ5 = 0.432 (7.26). By using the mjj distribution, 95% CL upper
limits on σH±±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, σH±±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
√

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 |η�| < 2.5, two jets with pj

T > 20 GeV and
|η j| < 5.0, mjj > 300 GeV, and |∆ηjj| > 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 σfid(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�ν 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 σfid(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 |η�| < 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 σ (3.1 σ). 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 σ (2.9 σ).

all flavours
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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 → γγ 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 → sγ 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 → sγ (which is affected 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 effective 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
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Figure 4: Transverse mass distributions after full selection. The background yield predictions
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Constraints from direct searches in pair production:

Constraint on pp → H±±H∓∓+ H±±H∓ in Higgs Triplet Model

from recasting ATLAS like-sign dimuons search ATLAS, 1412.0237

Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Adapt to GM model using cross section relations:

⇒ m5 > 76 GeV, independent of sH HEL & Rentala, 1502.01275

assuming no decays H±±5 → H±3 W
±

Constraint on e+e− → H+
3 H

−
3 in Type-I 2HDM LEP, hep-ex/0107031

m3 > 78.6 GeV assuming no decays H3 → H5V

⇒ take m3 > 76 GeV also (m5 > 76 GeV guarantees no competing decays)
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5



For H5 masses below V V threshold:

- Tree-level decays are kinematically suppressed.

- H5 is fermiophobic so H5 → ff̄ is absent.

→ Loop decays involving photon(s) can become important.

H0
5 → γγ, Zγ

H±5 →W±γ

Nice clean signatures!

H0
5 → γγ: constraint from LEP at low mass!

→ Want accurate prediction of BRs.

(H±±5 →W±W± always due to charge conservation)

The calculation:

- H0
5 → γγ is completely standard (due to EM gauge invariance)

- H± →W±γ was calculated in 2HDM by Ilisie & Pich, 1405.6639

- In GM model there are new contributions to H0
5 → Zγ and

H±5 →W±γ that have not appeared in the literature.

Differences are due to tree-level H5V V vertex and m3 6= m5.

Need H0
5 → Zγ calculation to ensure correct BR(H0

5 → γγ).

Heather Logan (Carleton U.) Decays to γγ, Zγ, W±γ CHARGED 2016, Uppsala
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Feynman diagrams:

Hi

f1

f2

γ

f2

V

Hi

s1

s2

γ

s2

V

Hi

X1

s2

γ

s2

V

Hi

s1

X2

γ

X2

V

Hi

X1

X2

γ

X2

V

Hi

X1

γ

V

X2

Calculated in Ilisie & Pich: 1st diagram; 2nd for mHi = ms2; 4th for MX2 = MV

We computed these in two ways:
- By hand in Unitarity gauge, then did the Feynman parameter
integrals numerically in Mathematica;
- By hand in ’t Hooft-Feynman gauge, then expressed results in
terms of LoopTools functions and implemented in Fortran.

LoopTools: Hahn & Perez-Victoria, hep-ph/9807565
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Results: branching ratios for two benchmark lines
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Varying m3 or m5 while holding all other masses and relevant couplings fixed:

sH = 0.069, other new-scalar masses ≈500 GeV.
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Results: Exclusion from LEP fermiophobic Higgs → γγ search
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Results: Remaining allowed BR(H0
5 → γγ, Zγ)

Red points excluded by LEP e+e− → ZH0
5 , H0

5 → γγ
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Results: Remaining allowed BR(H±5,3 →W±γ)
Red points excluded by LEP e+e− → ZH0

5 , H0
5 → γγ
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lots of points with BR>1%

below WZ threshold

(m5 ∼ 110–170 GeV).

H±3 →W±γ: generally small BR

due to competition with f̄f .

A few points with BR & 1%.
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Summary & Outlook

We computed Hi → V γ in the Georgi-Machacek model.

- This involved evaluating some new 1-loop diagrams.

- Results will be given in terms of LoopTools functions.

- Results will be implemented in a future release of GMCALC.

Useful for experimental searches for H0
5 and H±5 for masses below

∼160 GeV in γγ, Zγ and W±γ modes.

Need H0
5 → Zγ calculation to ensure correct BR(H0

5 → γγ)

Interesting production modes: VBF → H5; pp→ H5H5

pp→ H5H5 xsec depends on gauge couplings only; no sH suppression.

Heather Logan (Carleton U.) Decays to γγ, Zγ, W±γ CHARGED 2016, Uppsala
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BACKUP
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Probe of contribution to EWSB from isospin triplets or larger:
Custodial fiveplet H++

5 , H+
5 , H

0
5 , H

−
5 , H

−−
5

Same phenomenology for higher-isospin custodial-sym models
HEL & V. Rentala, 1502.01275

H5V V couplings:

H0
5W

+
µ W

−
ν : −i

2M2
W

vSM

sH√
3
gµν,

H0
5ZµZν : i

2M2
Z

vSM

2√
3
sHgµν,

H+
5 W

−
µ Zν : −i

2MWMZ

vSM
sHgµν,

H++
5 W−µ W

−
ν : i

2M2
W

vSM

√
2sHgµν,

H5V V couplings fixed by V V → V V unitarization sum rule:

(κhV )2 + (κHV )2 −
5

3
s2
H = 1

Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)

(relies on custodial symmetry in scalar sector)

Heather Logan (Carleton U.) Decays to γγ, Zγ, W±γ CHARGED 2016, Uppsala
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