PHYSICAL REVIEW D 92, 075038 (2015)

Hiding a Higgs width enhancement from off-shell gg(— h*) - ZZ
measurements

Heather E. Lo gan*

Ottawa-Carleton Institute for Physics, Carleton University, 1125 Colonel By Drive, Ottawa,
Ontario K1S 5B6, Canada
(Received 25 January 2015; published 29 October 2015)

Measurements of the off-shell Higgs boson production cross section in gg(— h*) - ZZ
have recently been used by the CMS and ATLAS collaborations to indirectly constrain the total
width of the Higgs boson. I point out that the interpretation of these measurements as a Higgs width

constraint can be invalidated if additional neutral Higgs boson(s) are present with masses below about

350 GeV.
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I. INTRODUCTION

The measurement of the properties of the recently
discovered [1] 125 GeV Higgs boson is central to particle
physics over the next decade [2]. These properties, in
particular the couplings of the Higgs boson to other
Standard Model (SM) particles, probe the underlying cause
of electroweak symmetry breaking. Searches for exotic
decays of the Higgs boson further provide a probe for new
physics which may be coupled to the SM solely through
Higgs interactions [3]. Sensitivity to the Higgs boson
couplings at the CERN Large Hadron Collider (LHC)
comes primarily from measurements of “signal strengths,”
i.e., of the rates of Higgs production and decay in particular
production modes and into particular final states. On the
Higgs resonance, the couplings can be parametrized by a
collection of multiplicative factors k; [4] that modify the
corresponding SM couplings. The on-resonance rate in a
particular production and decay channel can then be
expressed in the narrow-width approximation as
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where o; is the Higgs production cross section in produc-
tion mode 7, I'; is the Higgs decay partial width into final
state j, [, is the total width of the Higgs boson, the
corresponding quantities in the SM are denoted with a
superscript, and I, represents the partial width of the
Higgs boson into new, non-SM final states.

Rate measurements in all accessible production and
decay channels are combined in a fit to extract the coupling
factors «;. This fit possesses a well-known flat direction [5];
for example, one can imagine a scenario in which all
the coupling modification factors have a common value
k; =k > 1 and there is a new, unobserved contribution to
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the Higgs total width, I',.,, > 0. In this case the Higgs
production and decay rates measurable at the LHC are
given by
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All measured Higgs production and decay rates will be
equal to their SM values if

1
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where the Higgs branching ratio into nonstandard final
states is

I I
BR = new — new . 4
e Lot KZFISOIYI + Thew ( )

In particular, a simultaneous enhancement of all the
Higgs couplings to SM particles can mask, and be masked
by, the presence of new decay modes of the Higgs (such
as light jets [6]) that are not directly detected at the
LHC.'

This flat direction can be bounded by imposing addi-
tional theoretical assumptions, such as the absence of new,
unobserved Higgs decay modes [5,8] or the imposition of
Kw, Kz < 1, which is valid when the Higgs sector contains
only isospin doublets and/or singlets [9]. However, viable
models exist in which ky, ; can be significantly larger than
1, such as the Georgi-Machacek model with isospin-triplet
scalars [10,11] (for a recent update of the allowed

'Measuring such an enhancement in the Higgs couplings
would be straightforward at a lepton-collider Higgs factory such
as the International Linear Collider, where a direct measurement
of the total Higgs production cross section in ete™ — Zh can be
made with no reference to the Higgs decay branching ratios by
using the recoil mass method (see, e.g., Ref. [7]).
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enhancement of ky , see Ref. [12]), extensions of the
Georgi-Machacek model with larger isospin representa-
tions [13], and a model with an isospin-septet scalar mixing
with the usual doublet [14,15]. In these models it is
straightforward to simultaneously enhance the Higgs cou-
plings to vector bosons and to fermions, thereby reopening
the flat direction.

Naturally, the elimination of this loophole in LHC Higgs
coupling measurements has become a high priority. Two
novel techniques have been proposed since the Higgs
boson discovery that offer direct sensitivity to the product
of the Higgs production and decay couplings in selected
channels, and hence, via the corresponding signal strength,
to the Higgs total width. The first makes use of the tiny shift
in the reconstructed Higgs resonance position in the gg —
h — yy invariant mass spectrum caused by interference
between the signal and the continuum background [16—18].
This method is robust against new-physics effects, but is
not very sensitive: with the full 3000 fb~! high-luminosity
LHC data set this technique may ultimately be able to
constrain 'y, < 15TSM [18]. The second uses the contri-
bution of off-shell gg - h* — ZZ production to the total
gg — ZZ rate above the ZZ production threshold [19-21].2
Away from the h resonance, the off-shell gg — h* — ZZ
cross section is proportional to K%K%, while on resonance
the corresponding gg — h — ZZ cross section is propor-
tional to k7% /T'o;. Thus a combination of the on- and off-
resonance measurements can be used to place an indirect
constraint on [';.

This second technique has already been used by the
CMS and ATLAS experiments to set upper bounds on the
Higgs total width [24,25]:

[ <5415
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(CMS),
(ATLAS), (5)

where the range in the quoted ATLAS limit represents theo-
retical uncertainty in the background cross section. Along the
SM-mimicking flat direction x? =x> = 1/(1 —BR),
these bounds translate into quite stringent bounds on the
common coupling modification factor x and the Higgs
branching ratio to non-SM final states:

x| < 1.52,
K| < 1.48 — 1.67,

BR,., < 0.60,
BR,., <0.54—0.64, (6)

for CMS and ATLAS, respectively.

It has already been pointed out [26—31] that these bounds
must be interpreted with great caution. In particular, the
CMS and ATLAS bounds rely on the assumption that

2.2

the product of coupling modification factors xjkz is

*The WW final state can provide additional sensitivity [22,23].
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independent of the center-of-mass energy /s = m,, of
the process. This assumption comes into play because the
on-resonance signal strength measurements depend on
the coupling values at my;; = 125 GeV, while the sensi-
tivity to the off-shell Higgs contribution to continuum
gg — ZZ comes from the high ZZ invariant mass region
myzz > 2m, = 350 GeV. This assumption can break down
if the ggh coupling is modified due to a new weak-scale
particle running in the loop [27,30] or if either of the
couplings is modified due to the contribution of momentum-
dependent dimension-six operators [26—31] that parametrize
the effects of new physics at a scale above the direct
kinematic reach of the measurement.

In this paper I point out another way in which an
enhancement of the Higgs total width can go undetected in
the gg(— h*) — ZZ analysis. 1 consider the scenario in
which the Higgs couplings to top quarks and W, Z bosons
are modified due to an extended Higgs sector, and there
are no new light colored degrees of freedom running in
the ggh loop, so that x, =k, neglecting light quark
contributions. When the product of coupling modification
factors k;xkz # 1, the discovered Higgs boson / by itself
no longer unitarizes the f - ZZ scattering amplitude at
high energy [32-34] [indeed, the resulting linear growth
of this amplitude with increasing center-of-mass energy is
the origin of the sensitivity to k k, # 1 of the gg(— h*) —
ZZ cross section measurement at high my, [27]]. Of
course, in a renormalizable model, unitarity is restored
once contributions from the additional Higgs boson(s) are
included. If the new Higgs boson(s) are light compared to
the my, range in which the LHC gg(— h*) — ZZ meas-
urement obtains its sensitivity, their contribution to the
Higgs-exchange amplitude largely cancels the modifica-
tion due to x,kz > 1. In this way the presence of new
Higgs boson(s) below about 350 GeV can render the off-
shell gg(— h*) — ZZ analysis insensitive to an enhance-
ment of the & couplings, and hence to a corresponding
new unobserved decay width of 4.

In the next section I give the details of the calculation,
and I conclude in Sec. III.

II. THE EFFECT OF A SECOND SCALAR
RESONANCE

For simplicity I consider the situation in which a single
additional (undiscovered) neutral Higgs boson H com-
pletes the unitarization of 7 — ZZ. In CP-conserving two
Higgs doublet models [35] this is the second CP-even
neutral Higgs boson; in the Georgi-Machacek model
[10,11] this is the second custodial-singlet Higgs boson.
H is usually taken to be heavier than £, though this is not
necessary for what follows. Unitarity of the 17 — ZZ
scattering amplitude requires that

Kl 4+ k] =1, (7)
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where the couplings of 47 and H relative to those of
the SM Higgs are distinguished by a superscript.3
In the enhanced-coupling scenario we can then write

Kb =1+A>1,

kil = —A. )

Away from the # and H resonances, the sum of the
amplitudes for gg - h* - ZZ and g9 - H* — ZZ, nor-
malized to the corresponding SM amplitude for a Higgs of
mass my, reduces to

M+ My - p?—m;
—_— = =(14+A)—-A—=——, (10
v M =(1+A) e (10)

where p? = m2, is the square of the invariant mass of the
final-state ZZ system.
When p? > m3, m%, this becomes

4

2 9
M= 1—ama=m) ol AMn)
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In particular, the scalar-exchange amplitude rapidly
approaches its SM value M = 1 with increasing pz.4
This is shown in Fig. 1, where I plot M for the product
of couplings ngc’é =1+ A = 2.31 corresponding to the
CMS limit given in Eq. (6), and my = 150, 225, and

*The couplings of & and H to top quarks and W and Z bosons
can be written in the generic form

cosa L
K = , Kl = cosacos @y — Asinasin @y,
1 W,z
cos Oy
sina . .
k= , ki, = sinacos 0y + A cos asin Oy, (8)
cos Oy

where a is the mixing angle that diagonalizes the h-H mass-
squared matrix and cos 0 = v,/ v, with v = (V2G5)~!/? being
the SM Higgs vacuum expectation value and v, being the
vacuum expectation value of the doublet that gives rise to the top
quark mass. The coefficient A depends on the isospin of the
additional scalar multiplet: A = 0 for the SM Higgs mixed with
a singlet scalar, A =1 for a two Higgs doublet model, A =

1/ 8/3 for the Georgi-Machacek model, and A = 4 for the SM
Higgs mixed with a scalar septet. When A > 1, one can have

K{fV’Z > 1 for appropriately chosen values of a and 6. The

situation "%, > 1 is not possible in the singlet scalar extension

of the SM.

*Reference [30] studied the scenario in which the SM Higgs
boson mixes with a light isospin-singlet scalar, leading to
k;kz; < 1 for the SM-like state, and observed the same return
to the SM amplitude in the high-p? limit.
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FIG. 1. Normalized scalar amplitude M as a function of the ZZ
invariant mass, for the SM, & exchange only, and # and H
exchange for three sample values of the H mass. I take k% =
1 + A =2.31 corresponding to the CMS limit given in Eq. (6).

300 GeV (dashed curves).5 These should be compared to
the situation in which only % exchange is considered, in
which M = 1 + A (solid horizontal line), in particular in
the region my,; > 350 GeV where the LHC off-shell-
Higgs measurement obtains its sensitivity.

The presence of an additional light scalar in such an
enhanced-coupling scenario is not at all exotic. Indeed, one
or more relatively light new scalars are required in weakly
coupled extended Higgs sectors when the couplings of / are
significantly modified, due to the decoupling behavior of
these theories [36]. For example, in the Georgi-Machacek
model, a simultaneous enhancement of the 4 couplings to
fermions and vector bosons by more than 10%—15% can
only be obtained when at least one of the new scalars lies
below about 400 GeV [12]. Such a relatively light additional
scalar resonance can hide from direct searches if it decays
predominantly into the same undetected nonstandard final
states that give rise to BR,,,, of 4.

By contrast, when H is heavy, m; < p?> < m3, the
scalar-exchange amplitude becomes

- m2, — m? 2
M=1+a"0""0 a2 (12
my —p my

This reduces to the situation in which only £ is exchanged,
M =1+ A, in the limit m% > p*. As p* approaches m%
from below, the presence of the H resonance manifests as a

*When m} < m} < p?, the amplitude in Eq. (10) is in fact
suppressed compared to the SM expectation. This is due to the
proximity of the H resonance with its negative product of
couplings k7l = —A, which interferes destructively with the
h exchange diagram. This mirrors the enhancement of the 4¢
differential cross section at low invariant masses, shown in Fig. 8
of Ref. [30], caused by the high-energy tail of the H resonance in
the case of a light isospin singlet mixed with the SM Higgs, in

which case the product of couplings xfx¥ = cos? y > 0.
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momentum-dependent rise in the amplitude, which can be
reinterpreted in terms of a dimension-six operator obtained
by integrating H out of the theory.

Finally T comment on the effect of light unitarizing
scalars on off-shell Higgs production via vector boson
fusion, WW — h* — ZZ. This channel is included in the
CMS off-shell-Higgs analysis [24], though its contribution
to the sensitivity is currently very small due to the small
event rate. This channel has the benefit of avoiding model
dependence due to new light colored degrees of freedom
that would affect the ggh coupling. Its sensitivity, however,
still relies on the fact that when «f,x% # 1, the discovered
Higgs boson 4 by itself no longer unitarizes the WW — ZZ
scattering amplitude at high energy [37], leading to
quadratic growth of this amplitude with increasing
center-of-mass energy. In models with an extended Higgs
sector that yield «% , > 1, unitarity of the WW — ZZ
scattering amplitude is restored by additional diagrams
involving t-channel exchange of a singly charged Higgs
boson that couples to W*Z [38-40], yielding the sum rule

ZKWKZ =1+ (kf72)% (13)

where the sum runs over the neutral states s, H, and any
others that couple to W and Z pairs, and the H*W, Z,
Feynman rule is 2iMy M ZKWZg,w/ v. The related process
WW — WW is unitarized by a doubly charged Higgs
boson with a coupling to like-sign W pairs, yielding the
sum rule [38—40]

Do) =1+ (k)2 (14)

i

where again the sum runs over all neutral states that
couple to WW and the H*"W, W, Feynman rule is
2iM3kl" g,,/v. These states appear in the Georgi-
Machacek model and its generalizations, as well as in
the septet model. As in the gluon-fusion case, if the
additional unitarizing Higgs boson(s) are all light compared
to the my, (or myy) range in which the LHC measure-
ments would obtain their sensitivity, the growth of the
h-exchange amplitude with increasing my, is largely
canceled and the residual deviation of the amplitude from
its SM value again falls like M — 1 « m%/p>.
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A light singly or doubly charged Higgs boson is more
difficult to hide from direct searches than a second neutral
Higgs boson, because it cannot generically decay into the
same undetected light new physics that gives rise to BR ., of
h. A dedicated search for a fermiophobic singly charged
Higgs boson produced in WZ fusion and decaying to WZ
was recently performed by ATLAS [41]; however, such a
charged Higgs with mass between half the Z mass and
200 GeV remains largely unconstrained by direct searches.
For the doubly charged Higgs, LHC measurements of the
like-sign WEW=* cross section already put rather stringent
constraints on production of a doubly charged Higgs boson
in vector boson fusion if it decays solely to W= W= [42]. The
unitarity sum rule in Eq. (14) then allows this direct-search
limit to be translated into a model-independent upper bound
on «f, , [13], as a function of the doubly charged Higgs
boson’s mass. The constraints are least stringent for a doubly
charged Higgs below 100 GeV, where the existing LHC
measurement loses sensitivity due to the increasingly soft
charged leptons from the off-shell W decays [42].

III. SUMMARY

In this paper I showed that the interpretation of LHC
measurements of the gg(— h*) — ZZ cross section in the
high m , region as a constraint on the Higgs total width is
invalidated if new light scalar degree(s) of freedom that
unitarize the tf — ZZ scattering amplitude are present at
energy scales below that at which the LHC measurement
obtains its sensitivity. In particular, the gg — ZZ cross
section in the high m , region can be very SM-like even
in the case that the product of couplings k7'« of the 125 GeV
Higgs boson £ is substantially larger than predicted in the
SMif a second light neutral Higgs boson H with appropriate
couplings is present. A similar conclusion follows for the
process WW(— h*) — ZZ, WW so long as the unitarity-
restoring singly or doubly charged Higgs boson is light.

ACKNOWLEDGMENTS

I thank J. Gunion, M.-J. Harris, K. Kumar, V. Rentala,
and M. Spannowsky for thought-provoking conversations
and S. Godfrey for comments on the manuscript. This work
was supported by the Natural Sciences and Engineering
Research Council of Canada.

[1] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012); S. Chatrchyan et al. (CMS Collaboration), Obser-
vation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716, 30 (2012).

[2] R. Brock, M. E. Peskin, K. Agashe, M. Artuso, J. Campbell,
S. Dawson, R. Erbacher, C. Gerber et al., Planning the
future of U.S. particle physics (Snowmass 2013): Chapter 3:
Energy frontier, arXiv:1401.6081.

[3] B. Patt and F. Wilczek, Higgs-field portal into hidden
sectors, arXiv:hep-ph/0605188.

075038-4


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arXiv.org/abs/1401.6081
http://arXiv.org/abs/hep-ph/0605188

HIDING A HIGGS WIDTH ENHANCEMENT FROM OFF- ...

[4] A. David et al. (LHC Higgs Cross Section Working Group
Collaboration), LHC HXSWG interim recommendations to
explore the coupling structure of a Higgs-like particle,
arXiv:1209.0040.

[5] D. Zeppenfeld, R. Kinnunen, A. Nikitenko, and E. Richter-
Was, Measuring Higgs boson couplings at the CERN LHC,
Phys. Rev. D 62, 013009 (2000); A. Djouadi, R. Kinnunen,
E. Richter-Was, H. U. Martyn, K. A. Assamagan, C. Balazs,
G. Belanger, E. Boos et al., The Higgs Working Group:
Summary report, arXiv:hep-ph/0002258.

[6] E. L. Berger, C. W. Chiang, J. Jiang, T. M. P. Tait, and C. E.
M. Wagner, Higgs boson decay into hadronic jets, Phys.
Rev. D 66, 095001 (2002).

[7] H. Baer, T. Barklow, K. Fujii, Y. Gao, A. Hoang, S.
Kanemura, J. List, H. E. Logan et al, The International
Linear Collider technical design report—Volume 2: Physics,
arXiv:1306.6352.

[8] R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, and M.
Duhrssen, Measuring the Higgs sector, J. High Energy
Phys. 08 (2009) 009.

[9] M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G.
Weiglein, and D. Zeppenfeld, Extracting Higgs boson
couplings from CERN LHC data, Phys. Rev. D 70,
113009 (2004); K. A. Assamagan et al. (Higgs Working
Group Collaboration), The Higgs Working Group: Sum-
mary report 2003, arXiv:hep-ph/0406152.

[10] H. Georgi and M. Machacek, Doubly charged Higgs
bosons, Nucl. Phys. B262, 463 (1985).

[11] M.S. Chanowitz and M. Golden, Higgs boson triplets
with My = Mycosfy, Phys. Lett. B 165, 105 (1985).

[12] K. Hartling, K. Kumar, and H. E. Logan, Indirect constraints
on the Georgi-Machacek model and implications for Higgs
boson couplings, Phys. Rev. D 91, 015013 (2015).

[13] H.E. Logan and V. Rentala, All the generalized Georgi-
Machacek models, Phys. Rev. D 92, 075011 (2015).

[14] J. Hisano and K. Tsumura, Higgs boson mixes with an
SU(2) septet representation, Phys. Rev. D 87, 053004
(2013).

[15] S. Kanemura, M. Kikuchi, and K. Yagyu, Probing exotic
Higgs sectors from the precise measurement of Higgs boson
couplings, Phys. Rev. D 88, 015020 (2013).

[16] S.P. Martin, Shift in the LHC Higgs diphoton mass peak
from interference with background, Phys. Rev. D 86,
073016 (2012).

[17] S.P. Martin, Interference of Higgs diphoton signal and
background in production with a jet at the LHC, Phys. Rev.
D 88, 013004 (2013).

[18] L.J. Dixon and Y. Li, Bounding the Higgs Boson Width
Through Interferometry, Phys. Rev. Lett. 111, 111802
(2013).

[19] N. Kauer and G. Passarino, Inadequacy of zero-width
approximation for a light Higgs boson signal, J. High
Energy Phys. 08 (2012) 116.

[20] F. Caola and K. Melnikov, Constraining the Higgs boson
width with ZZ production at the LHC, Phys. Rev. D 88,
054024 (2013).

[21] J. M. Campbell, R. K. Ellis, and C. Williams, Bounding the
Higgs width at the LHC using full analytic results for
g9 — e~ eTuu™, J. High Energy Phys. 04 (2014) 060.

PHYSICAL REVIEW D 92, 075038 (2015)

[22] J.M. Campbell, R.K. Ellis, and C. Williams, Gluon-
gluon contributions to W 4+ W— production and Higgs
interference effects, J. High Energy Phys. 10 (2011) 005.

[23] J. M. Campbell, R. K. Ellis, and C. Williams, Bounding the
Higgs width at the LHC: Complementary results from
H — WW, Phys. Rev. D 89, 053011 (2014).

[24] V. Khachatryan et al. (CMS Collaboration), Constraints on
the Higgs boson width from off-shell production and decay
to Z-boson pairs, Phys. Lett. B 736, 64 (2014).

[25] G. Aad et al. (ATLAS Collaboration), Constraints on the
off-shell Higgs boson signal strength in the high-mass ZZ
and WW final states with the ATLAS detector, Eur. Phys. J.
C 75, 335 (2015).

[26] J.S. Gainer, J. Lykken, K. T. Matchev, S. Mrenna, and M.
Park, Beyond geolocating: Constraining higher dimensional
operators in H — 47 with off-shell production and more,
Phys. Rev. D 91, 035011 (2015).

[27] C. Englert and M. Spannowsky, Limitations and opportu-
nities of off-shell coupling measurements, Phys. Rev. D 90,
053003 (2014).

[28] G. Cacciapaglia, A. Deandrea, G. Drieu La Rochelle, and
J. B. Flament, Higgs Couplings: Disentangling New Physics
with Off-Shell Measurements, Phys. Rev. Lett. 113, 201802
(2014).

[29] A. Azatov, C. Grojean, A. Paul, and E. Salvioni, Taming the
off-shell Higgs boson, J. Exp. Theor. Phys. 120, 354 (2015).

[30] C. Englert, Y. Soreq, and M. Spannowsky, Off-shell Higgs
coupling measurements in BSM scenarios, J. High Energy
Phys. 05 (2015) 145.

[31] M. Buschmann, D. Goncalves, S. Kuttimalai, M. Schonherr,
F. Krauss, and T. Plehn, Mass effects in the Higgs-gluon
coupling: Boosted vs. off-shell production, J. High Energy
Phys. 02 (2015) 038.

[32] M. S. Chanowitz, M. A. Furman, and I. Hinchliffe, Weak
interactions of ultra heavy fermions, Phys. Lett. B 78, 285
(1978); Weak interactions of ultra heavy fermions (II), Nucl.
Phys. B153, 402 (1979).

[33] T. Appelquist and M. S. Chanowitz, Unitarity Bound on the
Scale of Fermion Mass Generation, Phys. Rev. Lett. 59,
2405 (1987); 60, 1589(E) (1988).

[34] G. Bhattacharyya, D. Das, and P. B. Pal, Modified Higgs
couplings and unitarity violation, Phys. Rev. D 87, 011702
(2013); D. Choudhury, R. Islam, and A. Kundu, Anomalous
Higgs couplings as a window to new physics, Phys. Rev. D
88, 013014 (2013).

[35] For a recent review, see G.C. Branco, P. M. Ferreira, L.
Lavoura, M. N. Rebelo, M. Sher, and J. P. Silva, Theory and
phenomenology of two-Higgs-doublet models, Phys. Rep.
516, 1 (2012).

[36] H.E. Haber, Non-Minimal Higgs Sectors: The Decoupling
Limit and its Phenomenological Implications, in Proceed-
ings of the U.S.-Polish Workshop, Warsaw, Poland, 1994,
edited by P. Nath, T. Taylor, and S. Pokorski (World
Scientific, Singapore, 1995), pp. 49-63.

[37] B. W. Lee, C. Quigg, and H. B. Thacker, Strength of Weak
Interactions at Very High Energies and the Higgs Boson
Mass, Phys. Rev. Lett. 38, 883 (1977); Weak interactions at
very high energies: The role of the Higgs-boson mass, Phys.
Rev. D 16, 1519 (1977).

075038-5


http://arXiv.org/abs/1209.0040
http://dx.doi.org/10.1103/PhysRevD.62.013009
http://arXiv.org/abs/hep-ph/0002258
http://dx.doi.org/10.1103/PhysRevD.66.095001
http://dx.doi.org/10.1103/PhysRevD.66.095001
http://arXiv.org/abs/1306.6352
http://dx.doi.org/10.1088/1126-6708/2009/08/009
http://dx.doi.org/10.1088/1126-6708/2009/08/009
http://dx.doi.org/10.1103/PhysRevD.70.113009
http://dx.doi.org/10.1103/PhysRevD.70.113009
http://arXiv.org/abs/hep-ph/0406152
http://dx.doi.org/10.1016/0550-3213(85)90325-6
http://dx.doi.org/10.1016/0370-2693(85)90700-2
http://dx.doi.org/10.1103/PhysRevD.91.015013
http://dx.doi.org/10.1103/PhysRevD.92.075011
http://dx.doi.org/10.1103/PhysRevD.87.053004
http://dx.doi.org/10.1103/PhysRevD.87.053004
http://dx.doi.org/10.1103/PhysRevD.88.015020
http://dx.doi.org/10.1103/PhysRevD.86.073016
http://dx.doi.org/10.1103/PhysRevD.86.073016
http://dx.doi.org/10.1103/PhysRevD.88.013004
http://dx.doi.org/10.1103/PhysRevD.88.013004
http://dx.doi.org/10.1103/PhysRevLett.111.111802
http://dx.doi.org/10.1103/PhysRevLett.111.111802
http://dx.doi.org/10.1007/JHEP08(2012)116
http://dx.doi.org/10.1007/JHEP08(2012)116
http://dx.doi.org/10.1103/PhysRevD.88.054024
http://dx.doi.org/10.1103/PhysRevD.88.054024
http://dx.doi.org/10.1007/JHEP04(2014)060
http://dx.doi.org/10.1007/JHEP10(2011)005
http://dx.doi.org/10.1103/PhysRevD.89.053011
http://dx.doi.org/10.1016/j.physletb.2014.06.077
http://dx.doi.org/10.1140/epjc/s10052-015-3542-2
http://dx.doi.org/10.1140/epjc/s10052-015-3542-2
http://dx.doi.org/10.1103/PhysRevD.91.035011
http://dx.doi.org/10.1103/PhysRevD.90.053003
http://dx.doi.org/10.1103/PhysRevD.90.053003
http://dx.doi.org/10.1103/PhysRevLett.113.201802
http://dx.doi.org/10.1103/PhysRevLett.113.201802
http://dx.doi.org/10.1134/S1063776115030140
http://dx.doi.org/10.1007/JHEP05(2015)145
http://dx.doi.org/10.1007/JHEP05(2015)145
http://dx.doi.org/10.1007/JHEP02(2015)038
http://dx.doi.org/10.1007/JHEP02(2015)038
http://dx.doi.org/10.1016/0370-2693(78)90024-2
http://dx.doi.org/10.1016/0370-2693(78)90024-2
http://dx.doi.org/10.1016/0550-3213(79)90606-0
http://dx.doi.org/10.1016/0550-3213(79)90606-0
http://dx.doi.org/10.1103/PhysRevLett.59.2405
http://dx.doi.org/10.1103/PhysRevLett.59.2405
http://dx.doi.org/10.1103/PhysRevLett.60.1589.3
http://dx.doi.org/10.1103/PhysRevD.87.011702
http://dx.doi.org/10.1103/PhysRevD.87.011702
http://dx.doi.org/10.1103/PhysRevD.88.013014
http://dx.doi.org/10.1103/PhysRevD.88.013014
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://dx.doi.org/10.1103/PhysRevLett.38.883
http://dx.doi.org/10.1103/PhysRevD.16.1519
http://dx.doi.org/10.1103/PhysRevD.16.1519

HEATHER E. LOGAN

[38] A. Falkowski, S. Rychkov, and A. Urbano, What if the
Higgs couplings to W and Z bosons are larger than in the
Standard Model?, J. High Energy Phys. 04 (2012) 073.

[39] B. Grinstein, C. W. Murphy, D. Pirtskhalava, and P.
Uttayarat, Theoretical constraints on additional Higgs
bosons in light of the 126 GeV Higgs, J. High Energy
Phys. 05 (2014) 083.

[40] B. Bellazzini, L. Martucci, and R. Torre, Symmetries, sum
rules and constraints on effective field theories, J. High
Energy Phys. 09 (2014) 100.

PHYSICAL REVIEW D 92, 075038 (2015)

[41] G. Aad et al. (ATLAS Collaboration), Search for a Charged
Higgs Boson Produced in the Vector-Boson Fusion Mode
with Decay H* — W*Z using pp Collisions at /s =
8 TeV with the ATLAS Experiment, Phys. Rev. Lett.
114, 231801 (2015).

[42] C. W. Chiang, S. Kanemura, and K. Yagyu, Novel con-
straint on the parameter space of the Georgi-Machacek
model with current LHC data, Phys. Rev. D 90, 115025
(2014).

075038-6


http://dx.doi.org/10.1007/JHEP04(2012)073
http://dx.doi.org/10.1007/JHEP05(2014)083
http://dx.doi.org/10.1007/JHEP05(2014)083
http://dx.doi.org/10.1007/JHEP09(2014)100
http://dx.doi.org/10.1007/JHEP09(2014)100
http://dx.doi.org/10.1103/PhysRevLett.114.231801
http://dx.doi.org/10.1103/PhysRevLett.114.231801
http://dx.doi.org/10.1103/PhysRevD.90.115025
http://dx.doi.org/10.1103/PhysRevD.90.115025

