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Vector-boson fusion productions of new Higgs bosons decaying into pairs of electroweak gauge bosons
(WEW=*, WZ, and ZZ) are smoking-gun signature of new Higgs bosons in general, and of the Georgi-
Machacek (GM) model in particular. Notably, ATLAS has observed a 3.3 excess in WEW+* at ~450 GeV
and a 2.80 excess in the WZ channel at ~#375 GeV, while compact muon solenoid reported weaker-than-
expected limits at these masses. In this article, we consider a generalized version of the GM model without
the custodial SU(2) symmetry in the scalar potential as a minimal model to explain these excesses. In the
limit of small mixing among the Higgs bosons, the W* W+ and WZ signals can be explained by the doubly
and singly charged Higgs bosons originating primarily from the ¥ = 1 triplet, while respecting the bounds
from ZZ searches. Furthermore, the neutral Higgs boson mostly contained in the ¥ = 0 triplet can account
for the (=40) excess at &#152 GeV in associated diphoton production. Furthermore, the model is consistent
with the constraints from vacuum stability and the Standard Model Higgs signal strength measurements,
such that it can provide a valid combined explanation for some of the most significant LHC excesses.

DOI: 10.1103/wzjg-3fqg

I. INTRODUCTION

The Standard Model (SM) of particle physics is the
currently accepted theoretical description of the known
fundamental constituents and interactions of matter. It has
been successfully tested experimentally [1], culminating in
the discovery of the Higgs boson at the Large Hadron
Collider (LHC) [2,3]. Although the observed 125 GeV
scalar has properties consistent with those predicted by
the SM [4,5], this does not rule out the existence of
additional scalar bosons. In fact, as long as their contri-
bution to electroweak symmetry (EW) breaking is sub-
leading and they approximately respect custodial symmetry
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[p=m3/(m%cy) ~ 1, where ¢y is the cosine of the
Weinberg angle], they are in general compatible with the
bounds from SM Higgs signal strength measurements [4,5]
and electroweak (EW) precision data [6,7].

Interestingly, ATLAS observed excesses in vector boson
fusion (VFB) topologies in the W*W* [8] and WZ
channels [9] (see Fig. 1), with local significances of
330 at 450 GeV and 2.80 at 375 GeV, respectively.
Furthermore, compact muon solenoid (CMS) reported
weaker-than-expected limits in these mass regions [10].
Combining these data, Ref. [11] finds a combined global
significance of 4¢ for the W W+ and WZ excesses. As the
WEW= excess requires a doubly charged Higgs boson, this
requires as a minimal-dimensional representation a triplet
scalar with hypercharge ¥ = —1." Since their VEVs break
custodial symmetry, they must be small—of the order of a
few GeV—to result in a W mass prediction compatible with
experiments. Because the couplings of the scalars to a pair

'"The requirement of a vacuum expectation value (VEV) to
generate VBF together with the masslessness of the photon
demands that the new field has an electrically neutral component.

Published by the American Physical Society
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FIG. 1. Feynman diagrams showing the VBF production of
singly and doubly charged Higgses decaying to EW gauge
bosons.

of EW gauge bosons are proportional to their VEVs, their
vector boson fusion (VBF) cross sections are also small.
Consequently, despite the distinct experimental signatures,
VBF processes in these models are beyond the LHC reach.

Georgi and Machacek (GM) proposed supplementing
the SM with a Y =0 and a Y =1 scalar triplet. By
imposing custodial symmetry, the triplets are arranged into
an SU(2) (C = custodial) multiplet [12,13] so that p = 1
at the tree level. This allows sizable triplet VEVs, leading to
potentially measurable VBF production cross sections for
new Higgses at the LHC. In particular, VBF production of
W*W=* and WZ are smoking-gun signatures of the GM
model [14-39], as they are absent in two-Higgs-doublet
models (or loop-suppressed for WZ in the case of CP
violation [40]).

However, these indications for new Higgs bosons cannot
be (fully) explained within the canonical custodial-sym-
metric GM model [41], as it predicts the gaugephilic Higgs
bosons to be mass degenerate. To overcome this limitation,
we consider the generic GM model (gGMM) [36,42,43],
where the requirement of custodial symmetry in the Higgs
potential is relaxed. In this framework, the mass degeneracy
among the Higgses is lifted, while the VEVs of the two
triplet Higgses have to remain approximately equal in
size, as required by EW precision data. Furthermore, we

|

examine whether the indications for a new Higgs in asso-
ciated diphoton production at 152 GeV [44-49] obtained
from the sidebands of SM Higgs analyses (50,5117
can be explained within the gGMM.3

II. THE MODEL

Like the canonical GM model, the gGMM is constructed
by adding an SU(2), triplet scalar y with ¥ =1 and a
triplet scalar ¢ with ¥ = 0 to the SM SU(2), Higgs doublet
¢. These Higgses decompose into their SU(2), compo-
nents as

+ K_/l/++ £ _C+
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where v, v,, and v, are the respective VEVs. With these
conventions, the p parameter at tree level is given by
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p:

where 0% = v} + 4(v; + v}) & (246 GeV)?. Fromp ~ 1, it
follows that v, ~ v,. Furthermore, we know experimentally
that the 125 GeV Higgs is SM-like, i.e., h = ¢,, which
implies v ~ v, or v2, vg < 12

Without the custodial symmetry of the canonical GM
model, the scalar potential is given by [43]

V= —mf/)(gb*gb) - mﬁTr(;(U() - mETr(CZ) + (H¢;(¢T){€;5 +H.c.) + H¢¢¢TC¢ + ﬂ;(ng()(%)(C)
+ 4@ @)* + o1 [T )* + paTe(x xy) + p3[Te(82)]* + paTr(y x) Tr($?) + psTr(y E) Tr(Cy)
+ o Tr( ' 1) d b + o2 x ' + 03T ()i + (049"l + Heel), (2)

where only 4, and 64 can be complex (their phases are
related [43]), but are assumed to be real, albeit for
simplicity, while the other parameters are real by con-
struction.

As outlined in the introduction, we aim at a proof of
principle that the W*W* and WZ excesses can be
explained in the gGMM while remaining consistent with
existing bounds and accommodating the indication for a
152 GeV diphoton resonance. For this purpose, we con-
sider a simplified setup in which the Y =1 and Y =0
triplets, y and ¢, are decoupled from each other in a first

|
approximation.  This is  achieved by  setting
Hye ®0,p4 =0, p5 20,04 ~ 0. In the limit of small mixing
among the triplets, the model can be treated as a combi-
nation of the Y =0 (see, e.g., [49,59-65]) and the ¥ =1
(see, e.g., [66-71]) models, with the key difference that the

’The existence of a new scalar boson with a mass of around
150 GeV is a prediction [52-55] of the multilepton ano-
malies [56,57].

An explanation of these excesses within the GM model, albeit
without detailed calculation, was proposed in Ref. [58].
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triplet VEVs can be sizable, as their contributions to the p
parameter cancel (partially).

The particle spectrum contains a doubly charged Higgs
H** = y**, which originates purely from the Y =1
triplet. For small mixing, the remaining mass eigenstates
can be identified with the interaction ones as

. Hyrz,(E). Arp Hi O ()

while ¢* (¢,;) is approximately the charged (neutral)
would-be Goldstone boson. Concerning their masses, the
splitting between m HY and m HE is of the order of v; 2/v (ie.,
My & mHi) while the sphttmg among A°/HY, H, and
H** is of order v. To be more specific, with modulus v, -
corrections, we have

2 2 2 2
Mlyges = M R My = Mo yo. 4)

Via their VEVs, the new Higgses not only acquire
diboson couplings but also induce fermionic couplings
for the singly charged and neutral scalars through mixing
with the SM Goldstone bosons. The doubly charged Higgs
couples to W=W=* and H; W=. In the limit of small mixing,

H¥TWiWi: iZQZUng,,
HF¥FHEWE: F ig(-pi" + plii™), ()

Similarly, the singly charged Higgs HF (H;) couples to
WZ and HgW (HOW, AW, and H**WT), and their
coupling with 7AW becomes relevant for sizable mixing
between the neutral Higgses H;?., ¢ and £, denoted as a, and
a4 They also couple to fermions with a strength of
zZvX_C/ vY’. Likewise, Hg’g couples to fermions, with a
strength proportional to @, 4. Without mixing, Hg couples
to both WW and ZZ while Hg couples only to WW. These
couplings, normalized to their SM counterparts, are
2120 /s 4/2v /v, and 4v./v, respectively. Also H0
has a coupling to hh proportional to p,, + (o; +62)l)){
[pge — 21204 v¢] which, via the minimization conditions, is
of the order of v, .. Finally, the CP-odd Higgs A® couples
to fermions with a strength of ~2\/§7’x / vY/, and to hZ with
a strength of ~g/ cW\/ivX/ v. Note that these couplings
receive corrections due to mixing with the SM Higgs.

III. PHENOMENOLOGY

Because we assume that the Y = 0 and Y = 1 triplets are
decoupled from each other and have only a small mixing
with the SM Higgs, to a good approximation, the phe-
nomenology can be studied by considering the effects of
the Y = 1 and Y = O triplet models separately. However, v,
and Ve are allowed to be sizable, as their effect on the W

W71 —
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FIG. 2. VBF production cross sections for the new Higgs states
for v, = v, = 1 GeV at the 13 TeV LHC, including the next-to-
next-to-leading order quantum chromodynamics corrections
of Ref. [73].

mass can cancel.* Importantly, VBF production of the new
Higgs bosons is driven by their diboson couplings, which
are proportional to the VEVs. The production cross
sections, in the limit of vanishing mixing, are shown in
Fig. 2 as a function of their mass for v, = v, = 1 GeV and

scale as v; and v} for the ¥ =1 and ¥ =0 triplets,

respectively.

The W= W+ excess can only be explained by the doubly
charged Higgs of the Y = 1 triplet. Accordingly, we can fix
my+ ~ 450 GeV, for which oygp(H**) x Br(H** —
WEW=E) = (72 4+ 25) fb is preferred [8]. Note that this
cross section is compatible with the weaker-than-expected
95% CL limit of 80 fb from CMS [10]. The best-fit point

corresponds to v, ~23 GeV (see the cyan band in

Fig. 3) as long as the decay H** — H* W+ is negligible,
ie., for Br(H** — WiWi) ~ 100%, which holds for
Am = Myt — My 3 < 80 GeV.

In fact, the WZ excess suggests rmp: & 375 GeV,
thereby ensuring Br(H** — WEW*) » 100%. The best-
fit point is oypp(HF) x Br(HF — W*Z) ~ 60 £ 20 fb.’
This is smaller than the 95% CL upper limit obtained by
CMS (which is also a weaker-than-expected limit) [10].
The dominant decays of H f are WZ, tl_y, and Wh. Since the

“The mass splitting among the y-like Higgses significantly
impacts the W mass prediction [72]. In contrast, Y = O triplet con-
tribution is suppressed due to O (GeV) mass splitting, required by
perturbatlve unitarity and vacuum stability.

*While ATLAS provides the preferred cross section for the
WEW= excess, they do not provide one for WZ. Therefore, we
estimated the latter from the provided observed and expected
limits at 375 GeV.
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FIG. 3. Preferred (1o and 20) and excluded (95% CL) regions in the v,-a,, plane. The ATLAS measurement of WEW* prefers the
cyan region, while the region above the purple line is allowed by ZZ searches in VBF. Note that both limits are, to a good approximation,
independent of the parameters of the Y = O triplet. However, the region (red) preferred by the ATLAS WZ search can be affected by the
Y = 0 triplet parameters in the case of sizable mixing with the Y =1 triplet. Also, the region (gray) excluded by theory constraints
(vacuum stability and perturbativity) depends on the parameters of this sector. This can be seen by comparing the left plot to the right
one. In the left plot, we fix m 0 = 152 GeV to explain the excess in associated diphoton production, while in the right plot, the charged

Higgs states are close in mass (parametrized by x = 0.95) and have sizable mixing among them, which maximize the effect in WZ (see
text for details). The 7 — yy contour labels refer to the corresponding signal strength normalized to the SM.

latter depends on the mixing angle of Hg with the SM
Higgs, the red region explaining the WZ excess in Fig. 3
exhibits its maximal elongation toward small values of v, at
ay, ~0.15 as this minimizes the H*Wh coupling.

Given the masses of H** and Hy, the mass of HY is
approximately determined, i.e., #280 + O(v, ) GeV. In
addition, v, fixes its production cross section, and its
dominant decays (WW,ZZ and hh) depend, to a good
approximation, only on a,,. The experimental bounds on
ovpr(H) — ZZ) in this region of parameter space vary
between 10 fb and 40 fb, depending on its exact mass
[74,75]. For a mass of 290 GeV, the ATLAS and CMS
limits coincide at ~49 fb, and the resulting limit is shown in
purple in Fig. 3 (the region above the purple lines is
allowed). Note that this bound suggests a preference for
small but positive values of a,,. Further, the constraint
from H)? — hh — 4b in VBF [76], which is approximately
1 pb, is easily satisfied. Finally, the CP-odd Higgs A"—
with a mass similar to that of Hfz—does not couple to
WW, ZZ and is dominantly produced via gluon fusion with
a cross section of ml.Safb){ times that of a hypothetical SM
Higgs with the same mass; it decays mainly to Zh and bb.
Therefore, the experimental limits are not constraining;
even if the branching ratio to Zh were 100%, the bounds
from the corresponding search [77] would not be violated,
given the small production cross section.

We now discuss the impact of the ¥ = 0 triplet. If its
quasi-mass-degenerate states H g and H Ci are much heavier
or much lighter than My, the mixing is small, and the

interplay with the bounds discussed so far is limited. In fact,
the primary effect is on vacuum stability, which is sensitive
to the full scalar potential. The resulting excluded regions
are shown in gray in Fig. 3.

Only Y = 0 triplet masses in the range 180-200 GeV
are excluded by multiletpton production at the LHC [78].
Thus, the Y = 0 triplet can explain the 152 GeV excess in
associated diphoton production [46,47,49]. Given that the
Drell-Yan production cross section pp — W* — HZHF
and the dominant branching ratios of HZ‘E are fixed, the
excess prefers Br(H? — yy) = (0.7 4+0.18)% [49]. In
Fig. 4, we show the region in parameter space that gives
rise to this branching ratio (and thus explain the excess) for
ay, = 0.15. Depending on v, Hg is also produced in VBF
processes, and the resulting diphoton signatures have been
studied for the SM Higgs [79,80]. From the sidebands, one
can estimate that the cross section of a new Higgs with a
mass of 152 GeV should not exceed 20% of that of the SM
Higgs, excluding the region to the bottom right of the
orange line in Fig. 4 (left).

We next project this scenario onto the v,-v, plane in the
right plot in Fig. 4. Here the green band illustrates the
degree of cancellation in the W mass between the tree-level
contribution from Vys Vg and the loop-induced contribution
from the mass splitting among the Y =1 components
needed to respect the EW precision bounds. Contrary to the
pure Y = O triplet model, where there are tensions between
the preferred branching ratio from the di-photon excess,
vacuum stability, and the SM Higgs signal strength
measurements, the gGMM can resolve these issues.
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FIG. 4. Preferred (1o and 20) and excluded (95% CL) regions for myo = 152 GeV in the v-ay, and v,-v, planes for ay, = 0.15 (left)
and a4, = 0.15 (right), respectively. In the left plot, we assume v, ~ v¢, as justified by the green band from EW precision observables in
the right plot. The & — yy contour labels refer to the corresponding signal strength normalized to the SM.

Finally, if one allows for similar masses of the two
charged Higgses, one has sizable mixing among them due
to v, and v, This mixing enhances Br(H;y — WZ),
thereby enlarging the overlap of the corresponding
preferred region with that of W*W%. For this, we
consider my:+ = 450 GeV, my: = 375 GeV, My = KX

vy
resulting preferred and excluded regions for x = 0.95 are
shown in the right plot of Fig. 3.

My GeV; k — 1 leads to maximal mixing. The

IV. CONCLUSIONS AND OUTLOOK

In this article, we explored the gGMM as a minimal
explanation of the excesses in VBF production in W*W+
and WZ at =450 GeV and~375 GeV with local significance
of 3.30 and 2.80, respectively. Working in the limit of small
mixing angles, we fixed the masses of the Y = 1 triplet states
to these values, which predicts its neutral components to be
around 280 GeV. We showed that the resulting constraints
from ZZ in VBF, SM Higgs signal strength, as well as the
theoretical bounds from vacuum stability and perturbative
unitarity, can be respected for VEVs capable of providing
sufficiently high production cross sections (see Fig. 3).
However, the regions preferred by the W*W= and WZ
channels only overlap at the 2o level.

Furthermore, we showed that the neutral component of
the Y = O triplet can account for the diphoton excess in

associated production channels without violating the pre-
viously mentioned bounds or the yy signal in VBF or EW
precision data (see Fig. 4). In fact, the agreement with
data is better than in the ASM (SM extended only with
the Y = O triplet), as higher values of Br(Hg — yy) can

be obtained without conflicting with vacuum stability or the
SM Higgs signal strength measurements. Therefore, the
gGGM can provide a combined explanation for some of
the most significant LHC excesses.
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