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More evidence has now been collected at the Large Hadron Collider suggesting the new 125–126 GeV

boson is likely the long-sought Higgs boson in the standard model. One pressing question theorists

continue to ask is whether this Higgs boson is a lone player responsible for the full electroweak symmetry

breaking. Current data still allow room for additional Higgs bosons or some other UV physics that may

play a partial role in electroweak symmetry breaking as well. We use the WW scattering to investigate

such a possibility, using the two-Higgs-doublet model as a prototype. The WW scattering becomes strong

when the extra Higgs bosons are very heavy. We study the sensitivity of these strong WW scattering

signals at the 13 TeV Large Hadron Collider.
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I. INTRODUCTION

A new particle with mass of 125–126 GeV was discov-
ered at the Large Hadron Collider (LHC) in July 2012 [1,2].
This may be the long-sought Higgs boson of the standard
model (SM), which was proposed in the 1960s [3], or
one of the Higgs bosons beyond the SM. For example,
supersymmetric theories, little-Higgs models, and other
extended Higgs sector models such as the two-Higgs-
doublet models (2HDM) all contain a multitude of neutral
as well as charged Higgs bosons. The current data still
contain large uncertainties so that these various extensions
of the SM cannot be confirmed or ruled out decisively.
Based on the data on the signal strengths of all decay
channels of the Higgs boson, it is therefore important to
constrain various couplings of the Higgs boson. Indeed,
several precision studies of the Higgs boson appeared
recently, either in a model-independent approach [4] or in
specific models (e.g., two-Higgs-doublet models [5]).

One of the most useful constraints from the global fitting
of the Higgs boson couplings is the one to a pair of W=Z
bosons. The current data constrain [4]

Cv � ghWW

gSMhWW

¼ 0:96þ0:13
�0:15: (1)

The central value is close to 1, which means that the
observed Higgs boson leaves only a little room for the
existence of another Higgs boson or some unknown UV
physics responsible for the electroweak symmetry break-
ing (EWSB). If Cv is exactly equal to 1, it means that the
observed Higgs boson will completely account for the
EWSB. We do not need another Higgs boson, or if another
Higgs boson exists it has nothing to do with the EWSB, for
example in the inert Higgs doublet model. Nevertheless, it
is not unreasonable that the value of Cv could deviate from
the central value by �2�, then the Cv could be as low as
0.66. One certainly needs more data to reduce the error.

If the hWW coupling is less than its SM value, there
must be something heavier, could be as heavy as a few TeV,
to complete the EWSB. The simplest realization of this
scenario is the 2HDM, in which the light CP-even Higgs
boson h is at 125–126 GeV while the heavy CP-even
Higgs boson H is at 1–2 TeV. These two CP-even Higgs
bosons couple to the vector boson with reduced strengths
ghWW ¼ sin ð�� �ÞgSMhWW and gHWW ¼ cos ð�� �ÞgSMhWW

such that g2hWW þ g2HWW ¼ ðgSMhWWÞ2, where tan� is the

ratio of the VEVs of the two doublets and � the mixing
angle between the two CP-even neutral Higgs bosons.
At low energy only one light CP-even Higgs boson is
relevant. One can then parametrize all the UV effects
with all the heavier Higgs bosons being integrated out by
an effective Lagrangian as presented in Ref. [6].
As is well known, scattering of the longitudinal compo-

nents of the weak gauge bosons is a useful probe of the
EWSB sector [7,8]. The scattering amplitudes with purely
gauge contributions grow with energy as s=m2

W , where s is
the squared center-of-mass (CM) energy of the WLWL

system. In the SM with a light Higgs boson, the amplitude
will be completely unitarized by the Higgs boson. Once

ffiffiffi
s

p
goes beyond the light Higgs boson mass, the scattering
amplitude will no longer grow like s=m2

W . On the other
hand, if the hWW coupling deviates from the SM value,
even by a small amount, the terms growing like s=m2

W in
the scattering amplitude would continue to grow after
exchanging the light Higgs boson. Furthermore, if the scale
of the UV part is far enough from the light Higgs boson, the
onset of strong WLWL scattering between the light Higgs
mass and the UV scale should be discernible at the LHC, as
was demonstrated for a generic extended Higgs sector
in [9] as well as for an extra hidden Z0 model in [10].
This temporal growth of WLWL scattering amplitudes in
the immediate range of energy is of immense interests
to the LHC experiments, in particular with its upgrade
to 13–14 TeV. Previously, the calculation was done using

PHYSICAL REVIEW D 87, 093005 (2013)

1550-7998=2013=87(9)=093005(6) 093005-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.87.093005


the naive effectiveW approximation [11]. In this work, we
extend our previous work [9] to include the full calcula-
tions with detector simulations.

In the full calculation of qq ! qqWþW�, there are
(i) vector-boson fusion (VBF) diagrams and (ii) non-VBF
diagrams, e.g., theW bosons simply radiate off the external
quark legs. The non-VBF diagrams do not involve the
dynamics in the EWSB sector and thus should be sup-
pressed by devising appropriate kinematical cuts. TheWW
fusion can be extracted by the presence of two energetic
forward jets. We can impose selection cuts to select jets in
forward rapidity and high energy region [12]. Furthermore,
if we demand the leptonic decay of the vector bosons, there
will be very few jet activities in the central rapidity region
[13]. Previous studies in the context of strongly interacting
EWSB sector were performed in Ref. [14]. Similar selec-
tion cuts can be applied here for the current scenario.

The organization of this paper is as follows. In Sec. II,
we first briefly review some details on how the bad energy
behavior in the WLWL scattering amplitudes in SM is
completely cancelled among the gauge and Higgs dia-
grams. We then discuss how the modified gauge-Higgs
coupling may lead to incomplete cancellation and thus
the partial growth in the scattering amplitudes in the inter-
mediate energy range. Using the 2HDM as an illustration
we present our numerical results to support this strong
WLWL scattering for the 13 TeV LHC in Sec. III. We
conclude in Sec. IV.

Note that the use of the 2HDM is only for simplicity and
renormalizablitiy. The main point here is that the model
could account for the light CP-even Higgs boson observed
at the LHC. This Higgs boson is partially responsible for
the EWSB and the other part of the EWSB is rather heavy.
The 2HDM has at least six independent free parameters
and certainly has enough freedom to allow us to implement
this scenario. We are looking at the window between
this light Higgs boson and the heavy UV part where the
WLWL scattering may reveal the nature of the EWSB
sector at the LHC.

A previous work on using WW scattering to investigate
the anomalous ghWW coupling can be found in Ref. [15].
Another interesting approach is to determine the relative

longitudinal to transverse production of the vector bosons
by measuring the polarization of the vector bosons [16].
More recent works on WW scattering after the Higgs
discovery can be found in Refs. [17–19].

II. WW SCATTERING AMPLITUDES

Let us begin by recalling the derivation of a covariant
form for the longitudinal polarization 4-vector �

�
L ðpÞ of the

vector boson, say the W boson. The leading piece is
directly proportional to p�=mW . We can write it as

�
�
L ðpÞ ¼ p�=mW þ v�ðpÞ (2)

with

v�ðpÞ ’ � mW

2p02
ðp0;� ~pÞ �OðmW=EWÞ: (3)

Since this form of v� is not covariant, the calculation
involving v� would be cumbersome. Nevertheless, in the
center-of-mass frame of the incoming Wþðp1ÞW�ðp2Þ
pair, where ~p1 ¼ � ~p2, we can express

v�ðp1Þ ¼ � 2mW

s
p�
2 (4)

and so the polarization 4-vector �
�
L ðp1Þ can be expressed as

�
�
L ðp1Þ ¼ p�

1

mW

� 2mW

s
p
�
2 (5)

and similarly

�
�
L ðp2Þ ¼ p�

2

mW

� 2mW

s
p
�
1 ; (6)

where s ¼ ðp1 þ p2Þ2. For the outgoing Wþðk1ÞW�ðk2Þ
pair, simply make the substitution of ðp1; p2Þ ! ðk1; k2Þ to
obtain the covariant form for their polarization vectors.
Next consider the process Wþðp1ÞW�ðp2Þ !

Wþðk1ÞW�ðk2Þ, which has contributing Feynman dia-
grams of �, Z in both s and t channels and a 4-point vertex,
as well as the Higgs boson exchange in s and t channels.
The amplitudes for the gauge diagrams are given by

iM�þZ
t ¼�ig2

�
s2W
t
þ c2W
t�m2

Z

�
½ðp1þk1Þ��ðp1Þ ��ðk1Þ�2k1 ��ðp1Þ��ðk1Þ�2p1 ��ðk1Þ��ðp1Þ�½ðp2þk2Þ��ðp2Þ ��ðk2Þ

�2k2 ��ðp2Þ��ðk2Þ�2p2 ��ðk2Þ��ðp2Þ�;

iM�þZ
s ¼�ig2

�
s2W
s
þ c2W
s�m2

Z

�
½ðp1�p2Þ��ðp1Þ ��ðp2Þþ2p2 ��ðp1Þ��ðp2Þ�2p1 ��ðp2Þ��ðp1Þ�½ðk2�k1Þ��ðk1Þ ��ðk2Þ

�2k2 ��ðk1Þ��ðk2Þþ2k1 ��ðk2Þ��ðk1Þ�;
iM4¼ ig2½2�ðp2Þ ��ðk1Þ�ðp1Þ ��ðk2Þ��ðp2Þ ��ðp1Þ�ðk1Þ ��ðk2Þ��ðp2Þ ��ðk2Þ�ðp1Þ ��ðk1Þ�:

Substituting the form of the longitudinal polarization vectors into the above amplitudes, the leading term of order
OðE4=m4

WÞ of each amplitude is
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iM�þZ
t ¼�i

g2

4m4
W

�
ðs�uÞt�3m2

Wðs�uÞþ8m2
W

s
u2
�
;

iM�þZ
s ¼�i

g2

4m4
W

½sðt�uÞ�3m2
Wðt�uÞ�;

iM4¼ i
g2

4m4
W

�
s2þ4stþ t2�4m2

Wðsþ tÞ�8m2
W

s
ut

�
:

The gauge structure ensures the cancellation ofOðE4=m4
WÞ

terms.1 The sum of the gauge diagrams are left with terms
proportional to OðE2=m2

WÞ,

iMgauge ¼ iM�þZ
t þ iM�þZ

s þ iM4

¼ �i
g2

4m2
W

uþOððE=mWÞ0Þ:

Suppose the hWW coupling is merely a fraction Cv of its
SM value as defined in Eq. (1). The contributions from the
Higgs diagrams are

iMHiggs ¼ �i
C2
vg

2

4m2
W

"ðs� 2m2
WÞ2

s�m2
h

þ ðt� 2m2
WÞ2

t�m2
h

#
;

’ i
C2
vg

2

4m2
W

u; (7)

in the limit of s � m2
h,m

2
W . Only ifCv is exactly equal to 1

as in SM can the bad energy-growing term be delicately
cancelled between the gauge diagrams and the Higgs dia-
grams. Historically an upper bound of the SM Higgs mass
ofm2

h < 4�
ffiffiffi
2

p
=GF was first deduced based on the unitarity

constraint on the WLWL scattering [7]. Nowadays more
useful theoretical lower and upper bounds for the Higgs
mass 129<mhðGeVÞ< 180 can be obtained by consider-
ing the vacuum stability [20] and perturbativity [21] of the
SM scalar potential. Nevertheless, back to our own track.
In some extended models that the light Higgs boson has
only a fraction of the SM coupling strength (i.e., Cv < 1),
one expects the total scattering amplitude to keep growing
with s after hitting the light Higgs pole at 125–126 GeV.
We expect the UV part of the EWSB sector will come in
eventually to unitarize the amplitude at sufficiently high
energy to restore unitarity. It was shown that the violation
of unitarity occurs at

ffiffiffiffiffiffiffiffiffi
sWW

p ¼ 1:2, 1.7, 2.7, 3.8 TeV for a
modified hWW coupling with Cv ¼ 0, 0.71, 0.89, 0.95,
respectively [9].

As alluded to in the Introduction, the simplest realization
of the above scenario of temporal growth of WLWL scat-
tering amplitude is the 2HDM, in which Cv is given by
sin ð�� �Þ. The heavier neutral Higgs boson couples to

the weak gauge boson with a reduced strength gHWW ¼
cos ð�� �ÞgSMHWW such that it can unitarize the rest of the
growing amplitudes when sWW > m2

H. We will use this
scenario in 2HDM to investigate the sensitivity at the LHC.

III. EXPERIMENTAL CUTS FOR VBF
AND NUMERICAL RESULTS

The central issue for the experimental detection of WW
scattering is to separate the VBF diagrams among all the
other non-VBF ones. In the VBF diagrams, each of the
initial quarks radiates a W=Z boson, which further scatters
into the final state W=Z bosons. The unique feature of this
process is that the scattered quark is very energetic, carry-
ing almost all the energy of the incoming quark and very
forward [12,13]. Furthermore, if we demand the leptonic
decays of the W and Z bosons, there will be very little
hadronic activities in the central rapidity region. Therefore,
the signature includes (i) the appearance of two energetic
forward jets with large spatial separation and (ii) the lep-
tonic decay products of theW or Z bosons are enhanced at
the large invariant mass region.
Based on these features we impose the following experi-

mental cuts for the two jets in selecting the VBF events,

ETj1;j2
> 30 GeV; j�j1;j2j< 4:7;

��12 ¼ j�j1 � �j2j> 3:5; �j1�j2 < 0;
(8)

where ETj1;j2
and �j1;j2 are the transverse energies and

pseudorapidities, respectively, of the two forward jets, and

Mjj > 500 GeV (9)

on their invariant mass Mjj at
ffiffiffi
s

p ¼ 13 TeV. This set of

cuts is more or less the same as those used by CMS [22]
and ATLAS [23] in their searches for fermiophobic Higgs
boson using VBF. The cuts for the leptonic decay modes
W ! ‘	‘ and Z ! ‘þ‘� for each of theWþW�,W�W�,
W�Z, and ZZ channels are slightly different, which we
list separately in Table I. We sum over the charged
leptons ‘ ¼ e, �.
We set the mass of the heavier CP-even Higgs boson to

be 2 TeV, which is basically at the margin of the LHC
reach. The charged and the CP-odd Higgs bosons are not
relevant to the WW scattering here. Therefore, the only
relevant parameter to this study is sin ð�� �Þ, which we
shall use 0.5, 0.7, 0.9 as illustrations.
We use MADGRAPH 5 [24] to perform the full parton-

level calculations, including the decays of the W and Z
bosons. Then we turn on PYTHIA 8.1 [25] for parton
showering and jet radiation, and use PYTHIA-PGS [26] to
perform detector simulation to provide jet and lepton
reconstruction.
We expect that the enhancement in the differential cross

section in the large invariant-mass region of the vector-
boson pair will be manifested at the large invariant-mass of

1In an extra hidden Z0 model, it has been shown in [10] that
even the OðE4=m4

WÞ terms are not cancelled and may lead to
strong WLWL scattering as well.
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its decay products, e.g., M‘‘ in both W�W� and WþW�
channels, and M3‘ and M4‘ in WZ and ZZ channels,
respectively (see Table I). We show the invariant-mass
distributions of the charged leptons in various diboson
channels WþW�, WþWþ, WþZ, ZZ for sin ð�� �Þ ¼
0:5, 0.7, 0.9 as well as the SM in Fig. 1. In the figures, we
show only WþWþ and WþZ channels since W�W� and
W�Z are relatively smaller. In Table II, we show the cross
sections for all channels after the leptonic and jet cuts in
various diboson channels for sin ð�� �Þ ¼ 0:5, 0.7, 0.9
and the SM.

The difference between the cross section of the SM
and the one with sin ð�� �Þ � 1 is the signal of enhance-
ment due to the deviation in the ghWW coupling. The
largest enhancement happens in the WþW� and ZZ

channels. In the WþW� channel, the enhancement is
ð0:51–0:39Þ=0:39 � 0:31 and ð0:46–0:39Þ=0:39 � 0:18
for sin ð�� �Þ ¼ 0:5 and 0.7, respectively; while in the
ZZ channel the enhancement is ð8:4–4:4Þ 	 10�3=
4:4	 10�3 ¼ 0:91 and ð6:4–4:4Þ 	 10�3=4:4	 10�3 ¼
0:45 for sin ð�� �Þ ¼ 0:5 and 0.7, respectively. Because
of the overall smallness of the ZZ channel compared with
other channels, even if we can collect the planned 300 fb�1

luminosity at the LHC, the event rate for ZZ ! 4‘ is too
small for detection. On the other hand, the event rate for
WþW� ! 2‘2	 is sufficient for detection at the LHC. It
was recently shown [17] that the significance of the signal
can be increased using the matrix element method, but a
full investigation including showering and detector simu-
lations is needed.
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FIG. 1 (color online). Invariant-mass distributions of the charged leptons in various diboson channelsWþW�,WþWþ,WþZ, ZZ for
sin ð�� �Þ ¼ 0:5, 0.7, 0.9.

TABLE I. Leptonic cuts on the leptonic decay products of the diboson channels: WþW�,
W�W�, W�Z, and ZZ.

WþW� W�W� W�Z ZZ

pT‘
> 100 GeV pT‘

> 100 GeV pT‘
> 100 GeV pT‘

> 50 GeV
jy‘j< 2 jy‘j< 2 jy‘j< 2 jy‘j< 2
M‘þ‘� > 250 GeV M‘�‘� > 250 GeV M3‘ > 375 GeV M4‘ > 500 GeV
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IV. CONCLUSION

In this work, we have demonstrated that detailed studies
of longitudinal weak gauge boson scattering at the LHC
can provide useful hints of new physics at a higher scale,
despite the fact that only a light Higgs boson has been
discovered at the LHC. If unitarity is only partially ful-
filled by the light Higgs boson, the WW scattering cross
sections must be growing as energy increases before it
reaches the other heavier Higgs bosons or other UV com-
pletion to achieve the full unitarization. This partial and
temporary growth of the cross sections can be palpable at
the LHC, provided that the UV part resides at a sufficiently
high scale. On the other hand, if the UV part is within the
reach of the LHC energies, the WW scattering can also
reveal it as a bump in the invariant mass distribution. This

can be realized in a number of multi-Higgs-doublet
models, e.g., 2HDM. Our approach of using longitudinal
weak gauge boson scattering is more direct and perhaps
more efficient to probe the EWSB. Partial growth in the
WW scattering cross sections can be a generic feature in
many extensions of the SM. Detection of such a behavior
at the LHC would be fascinating. Perhaps Higgs is not a
lone player.
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