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Introduction

LHC measurements of h125 couplings are consistent with SM,

with uncertainties δκ ∼ 10% and shrinking.

Relevant to study the alignment limit of extended Higgs models:

- Tree-level couplings of h125 become equal to their SM values

- Additional Higgs bosons can be weak-scale

(As distinct from alignment due to decoupling in which additional

Higgs bosons are very heavy.)

Thoroughly studied in 2HDM: choose α so that sin(β − α)→ 1

- Useful for systematizing searches for additional Higgs bosons

This talk: alignment in the Georgi-Machacek model
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + triplets (1,0) + (1,1) in a bi-triplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


Global SU(2)L×SU(2)R → custodial symmetry 〈χ0〉 = 〈ξ0〉 ≡ vχ

(ensures ρ = 1)

Most general scalar potential invariant under SU(2)L×SU(2)R:

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

9 parameters, 2 fixed by GF and mh → 7 free parameters. Aoki & Kanemura, 0712.4053

Chiang & Yagyu, 1211.2658; Chiang, Kuo & Yagyu, 1307.7526

Hartling, Kumar & HEL, 1404.2640
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + triplets (1,0) + (1,1) in a bi-triplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


Global SU(2)L×SU(2)R → custodial symmetry 〈χ0〉 = 〈ξ0〉 ≡ vχ

Physical spectrum:
Bi-doublet: 2⊗ 2→ 1⊕ 3 Bi-triplet: 3⊗ 3→ 1⊕ 3⊕ 5

- Two custodial singlets mix → h0, H0 mh, mH, angle α
Usually identify h0 = h(125)

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

0
3 , H

−
3 ) m3 + 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 ) m5

Fermiophobic; H5V V couplings ∝ sH ≡
√

8vχ/vSM
s2
H ≡ exotic fraction of M2

W , M2
Z
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Alignment limit: all tree-level couplings of h125 → SM values.

h = cαφ
0,r − sαH0′

1 , H0′
1 ≡

√
1

3
ξ0,r +

√
2

3
χ0,r

Tree-level couplings of h:

κhf =
cα

cH
, κhV = cαcH −

√
8

3
sαsH

Alignment requires both sH → 0∗ and sα → 0.
∗I.e., triplet vevs → 0.

Can show that

sH =
2
√

2M1v

4m2
3 − 2λ5v2

Decoupling: m3 →∞.

Alignment: M1 → 0.
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Can also show that

s2
α =

3
4v

2
φ [4(2λ2 − λ5)vχ −M1]2

(m2
H −m

2
h)(m2

H − 8λ1v
2
φ)

Decoupling: mH →∞.

Alignment: 4(2λ2 − λ5)vχ −M1 → 0.

No second alignment condition required:

vχ ≡ sHv/
√

8 and M1 → 0 sends sα → 0 automatically.

Spectrum in the alignment limit: (λ5 can be positive or negative)

m2
H = µ2

3 + (2λ2 − λ5)v2

m2
3 = m2

H +
1

2
λ5v

2

m2
5 = m2

H +
3

2
λ5v

2

Mass spectrum controlled by 2 parameters: one overall scale mH

and one splitting parameter λ5.
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Phenomenology

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

Alignment limit: M1 → 0
Chanowitz & Golden 1985

Setting M1 = 0 and M2 = 0 preserves an exact Z2 symmetry,
unbroken when vχ = 0 −→ lightest Z2-odd particle is stable.

We do not want this! Keep M2 6= 0.
Alignment due to M1 → 0 is a fine-tuned accident, but this is
also true in the 2HDM.

Extra Higgs bosons consist entirely of SU(2) triplet and are still
SM-phobic at tree level!

Trilinear coupling M2 among SU(2) triplets ⇒ scalar triangle dia-
grams induce decays of extra Higgs bosons to V V (V = γ, Z,W ).
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Phenomenology

Higgs-to-Higgs cascade decays (tree-level) will happen when kine-
matically allowed: H → H3 → H5 or H5 → H3 → H

Lightest new scalar (H0
5 or H) will decay via scalar loop diagram.

Potential for large BR(H0
i → γγ): easy to detect!

Production via Drell-Yan: cross section ∝ gauge coupling
- pp→ H0

5H
±
5 , H0

5H
±
3 , H0

5H
0
3

- pp→ HH±3 , HH0
3

Need to compute BR to γγ.

H, H0
5 → γγ, Zγ are easy to compute.

H,H0
5 → ZZ,W+W− are not so easy!

Hi

s1

s2

γ

s2

V
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Phenomenology

Two approaches:

(1) Buckle down and calculate them. FeynRules/FormCalc ⇒
numerical results (done by Yongcheng)

(2) Effective operator + gauge invariance (works when mass

splittings can be neglected; Λ = mass of new scalars)

Only one dimension-5 operator: (+ many dimension-7 operators)

O5 =
c5
Λ
ξaW a

µνB
µν

Use definitions of Z and γ to write all the effective couplings in

terms of one (e.g., H0
5 → γγ).

Notice H,H0
5 →W+W− = 0: true when mass splittings are zero.
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Phenomenology

Branching ratios of H in alignment limit (blue = γγ)

Dashed lines: single effective operator approximation

Positive ∆m2 −→ H → H3V decays open up

m2
3 = m2

H −
1
2∆m2 m2

5 = m2
H −

3
2∆m2
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Phenomenology

Branching ratios of H0
5 in alignment limit (blue = γγ)

Dashed lines: single effective operator approximation

Negative ∆m2 −→ H0
5 → H3V decays open up

m2
3 = m2

5 + ∆m2 m2
H = m2

5 + 3
2∆m2
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Phenomenology

pp→ HH±3 , HH0
3 pp→ H0

5H
±
5 , H0

5H
±
3 , H0

5H
0
3

PRELIMINARY
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+
X

)
σ

H → γγ H0
5 → γγ

LHC diphoton resonance searches, black = 8 TeV; red = 13 TeV
Color scale = σ×BR at 13 TeV

Interesting exclusions for masses up to ∼ 400 GeV!
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Conclusions and outlook

The Georgi-Machacek model possesses an alignment limit, to-

ward which we are increasingly being driven as measurements

constrain h125 couplings to their SM values.

Exact alignment has dramatic phenomenological consequences,

with H → γγ or H0
5 → γγ leading to strong exclusions below

about 400 GeV.

Next step: study approach to alignment: how far can we go from

exact alignment until the γγ decays are no longer significant?

An interesting tangent: the approach to alignment in the Z2-

symmetric model. Must generate vχ through spontaneous sym-

metry breaking – as vχ → 0, mH → 0 too! Can we completely

exclude this version of the model?
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BACKUP SLIDES
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Distinctive processes: N.B. Not useful in alignment limit!

VBF → H±±5 →W±W± VBF + like-sign dileptons + MET

VBF → H±5 →W±Z VBF + qq``; VBF + 3` + MET

Andrea Carlo Marini 6 Aug 2016

Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
! type I / type II / type Y…"
! Light: mH± < mt - mb "
! t→H±b"
! ttbar and single top productions"
! for tan# > 5 preferentially decays 

into !"

! Heavy: mH± > mt - mb "
! for very high masses H±→tb"
! !(H±→ !") ~1—10 %

6 DiJet
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4

! Introduce H±WZ couplings at tree level"
! Di$erent phenomenology wrt nHDM"
!
!
! Georgi-Machacek: 
! real and complex triplet"
! free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)

7 Charged Higgs
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q
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p
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t
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p

p
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8 Doubled Charged Higgs

qq➙H++➙W±W±

q̄

q
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p

p
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W

5

6 DiJet
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gg➙H+

H+

p

p t̄

τ+

ντ

b

gg➙H+

H+

p

p t̄

b̄

t
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p

p t̄

W+

H

b
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b
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q
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p
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4

Cross section ∝ s2
H ≡ fraction of M2

W ,M
2
Z due to exotic scalars
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Searches

SM VBF →W±W± → `±`± + MET cross section measurement

ATLAS Run 1 1405.6241, PRL 2014

Recast to constrain VBF → H±±5 →W±W± → `±`± + MET

Chiang, Kanemura, Yagyu, 1407.5053
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FIG. 1: (Left) Excluded regions on the mH5 -v∆ plane by the 8-TeV LHC data at 68% and 95% CL. (Right) Contours of
required luminosity for a 5-sigma discovery at the 14-TeV LHC on the mH5 -v∆ plane.

tion of pp → jjW±W± process depends only on v∆ and
mH5 , the mass of H±±

5 and H0
5 .

In Ref. [1], the signal events are classified as the inclu-
sive region and the VBS region. In both of the cases, the
following basic kinematic cuts are imposed:

p!
T > 20 GeV, pj

T > 30 GeV, ET/ > 40 GeV,

|η!| < 2.5, |ηj | < 4.5,

∆R!! > 0.3, ∆Rjj > 0.4, ∆R!j > 0.3,

Mjj > 500 GeV, M!! > 20 GeV, (5)

where pX
T , and ηX and MXX are the transverse mass and

pseudorapidity for parton X , respectively. The distance
between two partons X and Y is denoted by ∆RXY , and
ET/ is the missing transverse energy. The signal events
for the inclusive region are obtained by only taking the
above cuts. For the VBS region, one further imposes the
following cut:

|∆yjj | > 2.4, (6)

where ∆yjj is the rapidity difference between the dijets.
We note that the cross section of the inclusive region in-
cludes contributions from both electroweak and strong
processes, while that of the VBS region mainly the elec-
troweak processes due to the cut in Eq. (6).

From the measured pp → jj"±"±ET/ events and
Monte Carlo background simulations, the fiducial cross
sections for the inclusive and VBS regions are re-
spectively derived to be 2.1±0.5(stat)±0.3(sys) fb and
1.3±0.4(stat)±0.2(sys) fb [1]. The corresponding SM
cross sections quoted in Ref. [1] are 1.52± 0.11 fb and
0.95±0.06 fb. Therefore, the SM predictions are consis-
tent with the measured fiducial cross sections within 1σ.

In the following numerical analysis, we use
MadGraph5 [11] for simulations and CTEQ6L for the
parton distribution functions. Before comparing the
cross sections in the GM model with the fiducial values,

we first calibrate the SM cross sections. Our SM simu-
lations give the inclusive cross section as 1.66 fb and the
VBS cross section as 1.06 fb. We will thus multiply the
factors 0.92 (=1.52 fb/1.66 fb) and 0.90 (=0.95 fb/1.06
fb) to the cross sections simulated in our analysis in
the inclusive and VBS regions, respectively. We confirm
that the VBS region has a better sensitivity than the
inclusive region. For example, using the analysis based
on the VBS (inclusive) region, we obtain in the case of
mH5 = 200 GeV the upper limit of 27 GeV (32 GeV) at
the 68% CL and 33 GeV (40 GeV) at the 95% CL for
v∆. Therefore, we concentrate on the VBS cross section
in the following analysis.

The left plot in Fig. 1 shows the excluded parameter
region on the mH5 - v∆ plane according to the current
20.3 fb−1 data of 8-TeV LHC. The region above the black
(red) curve is excluded at the 68% (95%) CL. The most
severe upper bound on v∆ is about 30 GeV at the 95%
CL in the case of mH5 = 200 GeV. When a larger value of
mH5 is taken, the bound on v∆ becomes more relaxed due
to smaller production cross sections. When mH5 is taken
to be smaller than about 200 GeV, a milder bound on
v∆ is also obtained, as more events from the 5-plet Higgs
bosons are rejected by the kinematic cuts in Eq. (5).

By applying the same analysis for the VBS region
to the case of 14-TeV collisions, one can calculate ex-
pected cross section deviations from the SM predictions
for different luminosities. In the right plot of Fig. 1,
we show the expected 5-sigma reach for excess in the
pp → jjW±W± process at the 14-TeV LHC on the mH5-
v∆ plane. The integrated luminosity is assumed to be
30, 100 and 300 fb−1 for the three curves. Similar to the
analysis of 8-TeV data, the discovery reach becomes the
largest at around mH5 = 200 GeV, where a 5-sigma dis-
crepancy is expected in the cases of v∆ ! 24, 17 and 12
GeV for the luminosity of 30, 100, 300, and 3000 fb−1,
respectively.

Fig. 2 shows the contours of signal strengths for the
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Searches

VBF H±±5 →W±W± → `±`± + MET (CMS Run 1)

CMS 1410.6315, PRL 2015

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

5

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 7: Observed and expected 95% CL upper limits on (a) � ⇥ B(H±
5 ! W±Z) and (b) the parameter sin ✓H of

the GM Model as a function of mH±
5

. The shaded region shows where the theoretical intrinsic width of the resonance
would be larger than 5% or 10% of the mass.

9 Conclusion

A search is performed for resonant W Z production in fully leptonic final states (electrons and muons)
using 36.1 fb�1 of

p
s = 13 TeV pp data collected by the ATLAS experiment at the LHC during the 2015

and 2016 run periods. Two di�erent production modes are considered using quark–antiquark annihilation
and vector-boson fusion.

The data in the qq̄ fusion category are found to be consistent with Standard Model predictions. The
results are used to derive upper limits at 95% CL on the cross section times branching ratio of the
phenomenological Heavy Vector Triplet benchmark Model A (Model B) with coupling constant gV = 1
(gV = 3) as a function of the resonance mass, with no evidence of heavy resonance production for masses
below 2260 (2460) GeV.

In the case of the VBF production processes, limits on the production cross section times branching ratio
are obtained as a function of the mass of a charged member of a heavy vector triplet or of the fiveplet
scalar in the Georgi–Machacek model. The results show a local excess of events over the Standard Model
expectations at a resonance mass of around 450 GeV. The local significances for signals of H±

5 and of a
heavy vector W 0 boson are 2.9 and 3.1 standard deviations respectively. The respective global significances
calculated considering the Look Elsewhere e�ect are 1.6 and 1.9 standard deviations respectively.
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