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Abstract: In one of our previous papers, we provided general, effective Higgs interactions for the lightest Higgs

boson h (SM-like) and a heavier neutral Higgs boson H based on the effective Lagrangian formulation up to the

dim-6 interactions, and then proposed two sensitive processes for probing H. We showed in several examples that

the resonance peak of H and its dim-6 effective coupling constants (ECC) can be detected at LHC Run 2 with

reasonable integrated luminosity. In this paper, we further perform a more thorough study of the most sensitive

process, pp→VH∗→VVV, providing information about the relations between the 1σ, 3σ, 5σ statistical significance

and the corresponding ranges of the Higgs ECC for an integrated luminosity of 100 fb−1. These results have two

useful applications in LHC Run 2: (A) realizing the experimental determination of the ECC in the dim-6 interactions

if H is found and, (B) obtaining the theoretical exclusion bounds if H is not found. Some alternative processes

sensitive for certain ranges of the ECC are also analyzed.
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1 Introduction

After the discovery of the 125 GeV Higgs in 2012 at
the CERN LHC [1], the ATLAS and CMS collaborations
have measured its couplings to other particles[2, 3]. So
far, to the present experimental precision, they turn out
to all be consistent with the standard model (SM) predic-
tions. However, This does not mean that the SM is the
final theory of fundamental interactions since it has sev-
eral shortcomings, such as unnaturalness[4], triviality[5],
vacuum instability[6] and its lack of a suitable dark mat-
ter candidate. Searching for new physics beyond the SM
is still the main task in TeV-scale particle physics. So
far, there is no evidence of the well-known new physics
models such as supersymmetry, large extra dimensions,
etc.

We know that most new physics models contain sev-
eral Higgs bosons, and the lightest one may behave as (or
very close to) the SM Higgs boson, while the masses of
other heavy Higgs are usually in the few hundred GeV to

1 TeV range. Therefore, the discovered 125 GeV Higgs
boson may actually be the lightest Higgs boson in a new
physics model. Thus searching for a heavier Higgs boson
may be a feasible way to find evidence of new physics.
Heavy Higgs bosons in several most popular models such
as the minimal supersymmetric extension of the stan-
dard model (MSSM) and the two-Higgs-doublet model
(2HDM) [7] were searched for during LHC Run 1, but
no positive evidence has been found. Therefore, a model-
independent probe of the neutral heavy Higgs bosons is
a more efficient way of doing it.

In our previous works [8, 9], we studied a model-
independent probe of heavy neutral Higgs bosons H with
different strengths of the HVV (V = W,Z) couplings at
high energy hadron colliders. Ref. [8] dealt with the case
of not so small HVV couplings, and Ref. [9] dealt with
the case of very small HVV couplings (gauge-phobic or
nearly gauge-phobic4)). In Ref. [8], we provided general,
effective Higgs interactions for the lightest Higgs boson h
(SM-like) and a heavier neutral Higgs boson H based on
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the effective Lagrangian formulation up to dim-6 inter-
actions, and then we proposed two sensitive processes for
probing H, namely the weak-boson scattering VV→VV
(WBS) and pp → VH∗ → VVV (VH∗). We showed in
several examples that the resonance peak of H and its
dim-6 effective coupling constants (ECC) can be detected
at the LHC Run 2 with reasonable integrated luminos-
ity. Experimentally, the CMS collaboration performs a
more general search, which gives the exclusion limit for
a neutral heavy Higgs boson with the SM couplings up
to an overall factor C ′[11].

This paper is an extension of Ref. [8] to make it
closer to the experimental observation (not including
the probe of gauge-phobic or nearly gauge-phobic heavy
Higgs bosons, which is related to Ref. [9]). In this pa-
per, as in Ref. [8], we consider an arbitrary new physics
theory containing more than one Higgs fields Φ1, Φ2, . . .
without specifying the number of Φi and their represen-
tations. Their interaction potential V(Φ1,Φ2, . . .) may,
in general, cause mixing between the Higgs fields, and
form a set of mass eigenstates. We denote the lightest
mass eigenstate by Φh, and the second lightest one by
ΦH. The neutral Higgs bosons in Φh and ΦH will be de-
noted by h and H, respectively. Here we identify h with
the discovered 125 GeV Higgs boson.

In the language of the effective Lagrangian, we ex-
pand the effective interactions up to the dim-6 terms.
Since h is identified with the discovered 125 GeV SM-
like Higgs boson, it does not have dim-6 interactions.
For H, the effective interactions can be expressed by

L=L(4) +L(6). (1)

Since ΦH is a mixture of the original Higgs Fields
Φ1,Φ2, . . ., the gauge coupling gH and vacuum expecta-
tion value (VEV) vH of H may be different from the orig-
inal coupling g and the VEV v. We define

ρH≡
g2
HvH

g2v
(2)

to reflect the mixing effect. The dim-4 term in Eq. (1)
can then be expressed as:

L(4)
HWW = gMWρHHWµW µ,

L(4)
HZZ =

gMWρH

2c2
HZµZµ.

(3)

where c≡ cosθW.
The dim-6 interactions between H and gauge bosons

can be written through effective Lagrangian as:

L(6)
HVV =

∑
n

fn

Λ2
On , (4)

where Λ is the scale under which the effective Lagrangian
works. Here we take Λ=3 TeV, which is consistent with

the theoretical argument Λ ∼ 4πv and with the present
LHC results on heavy particle searches. On are dim-6
operators composed of H and the SU(2)L×U(1) gauge
fields with extra derivatives [12–14]. The dim-6 HWW
and HZZ interactions relevant to this study are

L(6)
HZZ = g(1)

HZZZµνZ
µ ∂

ν
H +g(2)

HZZHZµνZ
µν

L(6)
HWW = g(1)

HWW(W+
µνW

−µ ∂
ν
H +h.c.)

+g(2)
HWWHW+

µνW
−µν , (5)

in which

g(1)
HZZ = gMWρH

c2fW +s2fB

2c2Λ2
,

g(2)
HZZ =−gMWρH

s4fBB +c4fWW

2c2Λ2
,

g(1)
HWW = gMWρH

fW

2Λ2
, g(2)

HWW =−gMWρH

fWW

Λ2
, (6)

where c≡ cosθW,s≡ sinθW. Because of the smallness of
s2, Eq. (6) is mainly described by two effective coupling
constants (ECC) ρHfW/Λ2 and ρHfWW/Λ2 [8].

In the interactions between H and fermions, the main
relevant one is the Ht̄t interaction. It has been shown
that, up to dim-6 terms, the Ht̄t interaction can be ex-
pressed as

LHtt̄ = yH
t t̄LΦHtR +h.c.≡Ct y

SM
f t̄LΦHtR +h.c., (7)

where Ct is a parameter reflecting the deviation from the
SM Yukawa coupling constant.

Now we have altogether five parameters, namely the
mass of the heavy Higgs boson MH, the anomalous
Yukawa coupling factor Ct, the anomalous gauge cou-
pling constant ρH in the dim-4 HVV interaction, and the
anomalous coupling constants fW and fWW in the dim-6
HVV interactions. They characterize the heavy neutral
Higgs boson H model-independently. In our study, we
take MH = 400 GeV, 500 GeV, and 800 GeV to repre-
sent three ranges of MH.

In Ref. [8], we pointed out, via several examples, that
VH∗ and WBS are sensitive processes for discovering
H and detecting its effective coupling constants (ECC)
ρHfW/Λ2 and ρHfWW/Λ2. In this paper, we shall give
a more thorough analysis on the relations between the
1σ, 3σ, 5σ statistical significance and the corresponding
ranges of the four ECCs for the most sensitive process
VH∗ for an integrated luminosity of 100 fb−1. If a signal
of the neutral heavy Higgs boson H is detected at the
3σ (evidence) or 5σ level (discovery) level, this analysis
can provide a specific way of realizing the experimental
determination of ρHfW/Λ2 and ρHfWW/Λ2. If no signal
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of H is seen, the 1σ analysis can provide theoretical ex-
clusion bounds1) on the ECC. In certain ECC ranges,
the conventional on-shell production of H via gluon fu-
sion (GF) and vector-boson fusion (VBF) may also help
to discover H. We shall also present the corresponding
analysis on these processes.

This paper is organized as follows. First, we give a
more detailed study on the exclusion bounds (EB) on the
ECC from the LHC Run 1 data and the unitarity bound
(UB) from the requirement of unitarity of the S matrix
element in Sec. 2. We first consider only the dim-4 inter-
actions, and then, without losing generality, we take into
account the dim-6 interactions by taking certain sample
values of Ct and ρH to provide two-dimensional plots on
the exclusion bounds in the ρHfW/Λ2-ρHfWW/Λ2 plane
for various values of MH. In Sec. 3, we provide an anal-
ysis on the information about the relation between the
1σ,3σ,5σ statistical significance and the ranges of the
four ECCs for the most sensitive process VH∗ at the
LHC Run 2, taking account of the present bounds given
in Sec. 2. In Section 4, we give the results for the GF
and VBF processes. Sec. 4 is a discussion on the exclu-
sion bounds if the signal of H is not seen at the LHC
Run 2.

2 Exclusion bounds from the LHC Run
1 data and the unitary bound

In Ref. [8], we have studied the exclusion bounds from
the requirement of the unitarity of the S matrix elements
and from the CMS data on excluding the SM-like Higgs
boson with mass from 100 GeV to 1 TeV [15] only for
several examples. Now we make a more thorough study
of the bounds.

Since the on-shell GF Higgs production process in the
LHC Run 1 is not sensitive to dim-6 interactions, we first
study the exclusion bound without taking account of the
dim-6 interactions. Then there are only two parameters
Ct and ρH left.

Taking the same approach as in Ref. [8], we calculate
the exclusion bound (with vanishing dim-6 ECC) in the
Ct-ρH plane for the cases of MH = 400 GeV, 500 GeV and
800 GeV. The results are plotted in Fig. 1. The region
above each curve is the excluded region.

However, we showed in Ref. [8] that the contribu-
tion of the dim-6 interaction with large enough ρHfW/Λ2

and/or ρHfWW/Λ2 may cancel a part of the dim-4 inter-
action contribution to make H easier to escape from be-
ing excluded by the exclusion bounds (EB) than what is
shown in Fig. 1. Therefore, we should further take into
account the contribution of the dim-6 interaction. Now
we have to deal with all four parameters. Of course it

is not judicious to plot a four dimensional figure. Note
that we are mainly aiming at analyzing the most sensi-
tive process VH∗ which is actually not sensitive to Ct (Ct

only affects the total width of H). So we can simply take
Ct = 1 to represent the Type-I case, and take Ct = 0.1
to represent the Type-II case. It is still not easy to read
out the exclusion bound quantitatively from a three di-
mensional plot. So we still need to reduce one parameter.
Note that the detection of H from the VH∗ process needs
a not so small ρH. So the range of ρH we are considering
is not large. Therefore we can take ρH = 0.2, 0.6 and
1 to represent three small regions of ρH. Then we can
plot a two dimensional exclusion bound in the ρHfW/Λ2-
ρHfWW/Λ2 plane which can be quantitatively read. The
values of the four parameters we are taking are listed in
Table 1.

400 GeV

500 GeV

800 GeV

0.1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

ρH

C
t

1

1

Fig. 1. EB for the cases of MH = 400 GeV (black
long dashed), 500 GeV (black short dashed) and
800 GeV (black solid). For each curve, the region
above the curve is excluded.

Table 1. Values of Ct and ρH in our study.

label A B C

parameter Ct ρH Ct ρH Ct ρH

400 GeV I 1 0.2 1 0.6 1 1

500 GeV I 1 0.2 1 0.6 1 1

800 GeV I 1 0.2 1 0.6 1 1

400 GeV II 0.1 0.2 0.1 0.6 0.1 1

500 GeV II 0.1 0.2 0.1 0.6 0.1 1

800 GeV II 0.1 0.2 0.1 0.6 0.1 1

Taking again the same approach as in Ref. [8], we
obtain the exclusion bounds for MH = 400 GeV (Fig. 2),
MH = 500 GeV (Fig. 3), and MH = 800 GeV (Fig. 4).
In these figures, the region inside the dark, solid con-
tour is not excluded, and the blue, dashed curves denote
the unitarity bound (UB). Figures without a dark-solid

1) This theoretical exclusion bound is not the same as the experimental 95% C.L. exclusion bound which depends on the data and
the total error (including the systematic error). The experimental 95% C.L. exclusion bound can only be obtained when the measurement
is done, and can only be given by the experimentalists.
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Fig. 2. (color online) Exclusion bounds (outside the dark-solid contour) and the unitary bound (outside the blue-
dashed contour) for MH = 400 GeV in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2).

Fig. 3. (color online) Exclusion bounds (outside the dark-solid contour) and the unitary bound (outside the blue-
dashed contour) for MH = 500 GeV in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2).
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Fig. 4. (color online) Exclusion bounds (outside the dark-solid contour) and the unitary bound (outside the blue-
dashed contour) for MH = 800 GeV in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2).

contour means that the whole region of ρHfW/Λ2

and ρHfWW/Λ2 is excluded (e.g., the cases of Type-
I-B (Fig. 2(b) and Fig. 3(b)), Type-I-C (Fig. 2(c) and
Fig. 3(c)) for MH = 400 and 500 GeV, and Type-I-C
(Fig. 4(c)) for MH = 800 GeV). In the cases of Type-II-
C (Fig. 2(f), Fig. 3(f), and Fig. 4(f)) for MH = 400, 500
and 800 GeV, even though there are dark, solid contours,
they do not overlap with the blue-dashed contours of UB,
so that they are also completely excluded. Thus there
are only ten parameter sets not being excluded which
should be considered in the following sections, namely
Type-I-A, Type-II-A, Type-II-B for MH = 400 and 500
GeV (Fig. 2(a), (d), (e), Fig. 3(a), (d), (e)), and Type-
I-A, Type-I-B, Type-II-A, Type-II-B (Fig. 4(a), (b), (d),
(e)) for MH =800 GeV.

We see that the parameter set Ct = 1, ρH = 0.2 for
MH =400 GeV is in the excluded regions in Fig. 1. How-
ever, Fig. 2(a) shows that there is still a region inside
the dark-solid contours not excluded. This means Fig. 1
(ignoring the dim-6 interactions) is too crude, and dim-6
interactions have to be taken into account.

3 Analysis of VH∗ at LHC Run 2

In Ref. [8], we proposed that the semi-leptonic modes
of WBS and VH∗ are two sensitive processes for discov-

ering H and measuring its dim-6 interactions at the 14
TeV LHC. The typical Feynman diagrams for WBS and
VH∗ (having crossing symmetry) with the same ECC
and the relation between them are shown in Fig. 5. So
their sensitivity of depending on the ECC ρHfW/Λ2 and
ρHfWW/Λ2 (in the dim-6 interaction) should be similar.
Since the most sensitive process is VH∗, we concentrate
on analyzing the VH∗ process in this section. We shall
calculate the ranges of ρHfW/Λ2 and ρHfWW/Λ2 corre-
sponding to the 1σ, 3σ and 5σ statistical significance for
the ten allowed parameter sets of Ct and ρH mentioned
in Sec. 2 for an integrated luminosity of 100 fb−1 at the
14 TeV LHC.

Fig. 5. Feynman diagrams showing the relation be-
tween WBS (left) and VH∗ (right).
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We use MadGraph5 [16] interfaced with FeynRules
[17] and Pythia6.4 [18] to simulate signals and back-
grounds, and take CTEQ6.1 [19] as the parton distribu-
tion function (PDF). Delphes3 [20] and fastjet [21] are
used to simulate detector acceptance and jet reconstruc-
tion. The detector acceptance is set in Table 2 referring
to the design of CMS detector [22].

Table 2. Detector acceptance according to DELPHES3.

µ e jet photon

|η|max 2.4 2.5 5 2.5

pTmax/GeV 10 10 20 0.5

We use the Cambridge/Aachen (C/A) algorithm with
radius R = 0.8 [23] to cluster the boosted jets and
then apply jet pruning algorithm [24] with parameters
Zcut = 0.1 and RFactorcut = 0.5 on the C/A jets. Then
we apply the same cuts as in Ref. [8]:

Cut1: Leptonic cuts

N(`+)= 1, N(`−)= 0, η`+ < 2.4, (8)

and

|pT(leptons)|> 400GeV, (9)

where pT(leptons)≡ |pT(`+)+pT(ν`)|.

Cut2: Fat jet cuts

70GeV <M(J1)< 100GeV,

70GeV <M(J2)< 100GeV, (10)

where J1 and J2 are fat jets from boosted W boson de-
cays.

Cut3: Top-quark veto
Vetoing events satisfying

130GeV <M(J,j) < 240GeV (11)

to suppress the top-quark background (J and j stand for
a fat jet and an ordinary jet, respectively).

Cut4: Angular distance cuts
For the two fat jets we require

∆R(`+,J1) > 2.5, ∆R(`+,J2)> 2.5. (12)

These make both J1 and J2 mainly come from the decay
of H, and thus the M(J1,J2) distribution will show the
H resonance peak. In addition, we only take the events
within a small vicinity around the resonance peak of H
as what we did in Ref. [8]. The jet pruning algorithm
further suppresses the backgrounds.

Before the discovery of new physics events, people are
usually concerned about to what extent there can be ex-
tra events over the SM background fluctuations. This is
described by the statistical significance given below. Let
σS and σB be the cross sections of the signal and back-
ground, respectively. For an integrated luminosity Lint,
the event numbers NS and NB of the signal and back-
ground are NS =LintσS and NB =LintσB. In the case of
Lint = 100 fb−1 at the 14 TeV LHC, NS and NB are large,
so the statistical significance σstat can be approximately
expressed as

σstat =
NS√
NB

. (13)

In Fig. 6, Fig. 7, and Fig. 8, we plot the contours
(red dotted, red dashed-dotted, and red solid), in the
ρHfW/Λ2-ρHfWW/Λ2 plane, corresponding to the statis-
tical significance of 1σ (margin), 3σ (evidence) and 5σ
(discovery) for the process VH∗ with MH = 400, 500, and
800 GeV, respectively. In these figures, we also plot (or
partly plot) the EB (dark-solid) and/or the UB (blue-
dashed) given in Sec. 2 to show the actual allowed re-
gions. The ten figures in Fig. 6, Fig. 7, and Fig. 8 are for
the ten sets of Ct and ρH mentioned in Sec. 2.

Fig. 6. (color online) Contours for 1σ, 3σ and 5σ statistical significance for VH∗ on the ρHfW/Λ2-ρHfWW/Λ2 plane
(in TeV−2) for MH = 400 GeV at the 14 TeV LHC with Lint = 100 fb−1. The EB (dark-solid) and/or UB
(blue-dashed) are also shown (or partly shown).
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Fig. 7. (color online) Contours for 1σ, 3σ and 5σ statistical significance for VH∗ on the ρHfW/Λ2-ρHfWW/Λ2 plane
(in TeV−2) for MH = 500 GeV at the 14 TeV LHC with Lint = 100 fb−1. The EB (dark-solid) and/or UB
(blue-dashed) are also shown (or partly shown).

Fig. 8. (color online) Contours for 1σ, 3σ and 5σ statistical significance for VH∗ on the ρHfW/Λ2-ρHfWW/Λ2 plane
(in TeV−2) for MH = 800 GeV at the 14 TeV LHC with Lint = 100 fb−1. The EB (dark-solid) and/or UB
(blue-dashed) are also shown (or partly shown).

We see that, in most cases, the EB and UB put non-
trivial constraints on the red contours. Only some parts
of the red contours inside the allowed regions set by the
EB and/or UB are actually allowed, while the parts out-
side the allowed regions are excluded. The only excep-
tion is the case of Type-II-A for MH = 400 GeV whose
red contours are so small that they are completely well

within the allowed region.
In the following, we discuss two useful applications of

these results.

(A) Experimental determination of ρHfW/Λ2 and
ρHfWW/Λ2 of H.

In Ref. [8], we pointed out that, after the discovery of
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the resonance peak of H, one can further measure four
distributions, namely the pT(leptons)-, the pT(J1)-, the
∆R(`+,J1)-, and the ∆R(J1,J2)-distribution, to deter-
mine the values of ρHfW/Λ2 and ρHfWW/Λ2 of this H
(cf. Sec.VIII of Ref. [8]). Now we can see the specific
way of realizing it from Fig. 6, Fig. 7, and Fig. 8. Taking
the 5σ discovery of H in the the case of Type-II-B for
MH = 500 GeV (Fig. 7 (c)) as an example, the allowed
values of ρHfW/Λ2 and ρHfWW/Λ2 lie on two segments of
the red, solid contour inside the UB allowed region. Thus
we can determine the values ρHfW/Λ2 and ρHfWW/Λ2 by
adjusting the values on these two segments in the theo-
retical distributions to fit the experimentally measured
distributions. Since these two segments are not long, the
best fit values may be easily obtained by iteration. The
so determined values of ρHfW/Λ2 and ρHfWW/Λ2 serve
as a new powerful high energy criterion for discriminat-
ing new physics models. Only models whose predicted
ρHfW/Λ2 and ρHfWW/Λ2 are consistent with the exper-
imentally determined values can survive as candidates
of the correct new physics models reflecting the nature.
All models whose predicted ρHfW/Λ2 and ρHfWW/Λ2 are
not consistent with the experimentally determined values
will be ruled out.

(B) Theoretical exclusion bounds if H is not discovered
at LHC Run 2.

In this paper, we take into account only the statistical
error, and leave the study of the systematic error to ex-
perimentalists. In this sense, the 1σ contours for the ten
possible parameter sets (cf. Sec. 2) shown in Figs. 6, 7,
and 8 play an important role. For each set of Ct and ρH,
the regions inside the 1σ contour means that the signal
is immersed in the statistical fluctuation, i.e., it cannot
be detected. Thus, theoretically, if the resonance peak is
not found at the 14 TeV LHC, the 1σ contours provide
the strongest theoretical exclusion bound on ρHfW/Λ2

and ρHfWW/Λ2 for each set of Ct and ρH, i.e., the values
of ρHfW/Λ2 and ρHfWW/Λ2 outside the 1σ contours are
excluded. Note that in Fig. 6 (a) the 1σ contour is com-
pletely in the excluded region. In this case, the whole
allowed region is excluded.

4 Analysis of GF and VBF at LHC Run
2

On-shell Higgs productions via GF and VBF are tra-
ditional processes in the discovery and measurement of
the 125 GeV Higgs boson h at the LHC Run 1. The
most accurate measurement comes from the decay mode
h→ ZZ→ 4l. In Ref. [8], we pointed out that the dim-6
interactions are suppressed by a factor k2/Λ2 relative to
the dim-4 interactions, where k is a typical momentum
scale (from the extra derivatives in the dim-6 interac-

tions) appearing in the dim-6 interaction, and it is of the
order of the momentum of the Higgs boson. In on-shell
Higgs productions of the heavy Higgs boson H, k2∼M2

H.
Taking MH = 500 GeV with Λ = 3 TeV as an exam-
ple, k2/Λ2 ∼ (500/3000)2 = 0.03. This means that the
dim-6 interactions only contribute about 3% of the to-
tal contribution. Thus it is hard to measure the effect
of the dim-6 interactions in on-shell Higgs production.
This is the reason why we concentrate our study on the
VH∗ process. However, in certain regions of the ECC,
on-shell production of H via GF and VBF may still help
in discovering H. So, for completeness, we analyze these
two processes in this section.

The signals and backgrounds for the GF and VBF
processes in the LHC Run 1 have been analyzed in
Ref. [25]. Here we take the same approach as in Sec. 2.
For the signals, we take the production cross sections and
branching ratios given by the LHC Higgs Cross Section
Working Group [26] and rescale their distributions. For
the main background of GF, pp→ ZZ → 4`, we rescale
it with the K-factor given in Ref. [27]. We take the anti-
kT algorithm with radius R=0.5 [28] to cluster jets and
refer to the research of the CMS collaboration on the 4`
mode of Higgs decay [25] to apply cuts in this section.
The events in which the final four leptons can reconstruct
the mass of H are selected for both the signal and the
background processes.

Since the dim-4 interaction dominates in these two
on-shell H production processes, we first analyze it ignor-
ing the dim-6 interactions. The 1σ, 3σ and 5σ contours
with vanishing dim-6 ECC are plotted in Fig. 9.

We see from Fig. 9 that GF is sensitive for discovering
H when Ct and ρH are both not so small. However, as we
see from Fig. 9, quite a large portion of this region has
already been excluded by EB. The VBF process is sensi-
tive when ρH is large, but UB excludes the 5σ discovery
for MH > 500 GeV, and allows a very narrow region for
5σ discovery only for MH = 400 GeV.

Next we analyze the general case including the dim-6
interactions. The 1σ, 3σ and 5σ contours for GF (pur-
ple) and VBF (red) together with the EB (dark-solid)
and UB (blue-dashed) constraints for MH = 400, 500,
and 800 GeV are plotted in Fig. 10, 11 and 12, respec-
tively for the ten sets of Ct and ρH mentioned in Sec. 2.

We see that GF can help to discover H only in the
case of Type-I-A with very narrow available parameter
ranges, and can hardly discover H in all other cases. VBF
can help to discover H in more cases except Type-I-B for
MH = 800 GeV, but the available parameter ranges are
all quite small.

Comparing Fig. 10 (a) with Fig. 6 (a), we see that
the 1σ contour for GF and VBF are larger than that
for VH∗. So if H is not discovered, VH∗ still gives the
strongest exclusion bound.

We also see that the density of the contours for VH∗
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process is much larger than that for GF and VBF. This
means that VH∗ is much more sensitive to the variation

of ρHfW/Λ2 and ρHfWW/Λ2. This is why we only suggest
measuring ρHfW/Λ2 and ρHfWW/Λ2 via VH∗.

Fig. 9. (color online) The 1σ (dotted), 3σ (dashed-dotted) and 5σ (solid) contours of the GF (purple) and VBF
(red) processes for H with vanishing dim-6 ECC at the 14 TeV LHC with Lint = 100 fb−1. The EB (dark-solid,
from Fig. 1) and UB (blue-dashed) are also shown.

Fig. 10. (color online) 1σ, 3σ and 5σ contours for GF (purple dotted, purple dashed-dotted, and purple solid)) and
VBF (red dotted, red dashed-dotted, and red solid) in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2) for MH = 400
GeV at the 14 TeV LHC with Lint = 100 fb−1. Except in (a), the tiny contours for GF are ignored.

Fig. 11. (color online) 1σ, 3σ and 5σ contours for GF (purple dotted, purple dashed-dotted, and purple solid)) and
VBF (red dotted, red dashed-dotted, and red solid) in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2) for MH = 500
GeV at the 14 TeV LHC with Lint = 100 fb−1. Except in (a), the tiny contours for GF are ignored.
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Fig. 12. (color online) 1σ, 3σ and 5σ contours for GF (purple dotted, purple dashed-dotted, and purple solid)) and
VBF (red dotted, red dashed-dotted, and red solid) in the ρHfW/Λ2-ρHfWW/Λ2 plane (in TeV−2) for MH = 800
GeV at the 14 TeV LHC with Lint = 100 fb−1. Except in (a) and (b), the tiny contours for GF are ignored.

5 Summary

In this paper, we extend the study in Ref. [8] to a
more thorough analysis of EB from the LHC Run 1 data,
the UB, and the relations between the statistical signif-
icance of 1σ, 3σ, 5σ and the ranges of the ECC in the
general, effective interactions related to the heavy neu-
tral Higgs boson H. These results are very useful in Run
2 of the LHC for realizing the experimental determina-
tion of ρHfW/Λ2 and ρHfWW/Λ2 if H is discovered, and
setting the exclusion bounds on the ECC if H is not
found.

We take the same formulation of the effective inter-
actions related to the heavy neutral Higgs boson H as
in Ref. [8], which contains five parameters, namely the
heavy Higgs mass MH, the anomalous Htt̄ Yukawa cou-
pling factor Ct, the anomalous gauge coupling constant
ρH in the dim-4 HVV interactions, and the anomalous
gauge coupling constants ρHfW/Λ2 and ρHfWW/Λ2 in the
dim-6 HVV interactions. We take MH = 400 GeV, 500
GeV, and 800 GeV to represent three mass ranges of MH

in this study.
It has been pointed out that, at the 14 TeV LHC, the

most sensitive processes for discovering H and measur-

ing its ρHfW/Λ2 and ρHfWW/Λ2 is pp → VH∗ → VVV
(VH∗), so we concentrate on analyzing the process VH∗

in this paper. Since VH∗ is not sensitive to the varia-
tion of Ct, we just take two values of Ct, namely Ct = 1
and Ct = 0.2 to represent the two types of anomalous
Yukawa interactions, Type-I and Type-II, respectively.
In addition, the process VH∗ is detectable only if the
HVV interactions are not too weak (the probe of heavy
Higgs bosons with very weak HVV interactions (gauge-
phobic or nearly gauge-phobic) is given in Ref. [9]), so we
consider a not so large range of ρH, namely 0.2 <ρH < 1,
and divide it into three parts. We take ρH =0.2, 0.6 and
1 to represent these three parts. This parameter setting
of Ct and ρH is shown in Table 1.

We first gave a more thorough study of the EB from
the LHC Run 1 data, and the UB from the requirement
of the unitarity of the S matrix elements in Sec. 2 for the
parameter sets given in Table 1. This already gives quite
strong constraints on the ECC, and we shall see it plays
an important role in the analysis of the VH∗ in Sec. 3.

Sec. 3 is the main part of our analysis. We calcu-
lated the contours for the statistical significance of 1σ
(margin), 3σ (evidence), and 5σ (discovery) with the in-
tegrated luminosity Lint = 100 fb−1 for the process VH∗
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at the 14 TeV LHC. The results are plotted in Figs. 6, 7,
and 8. These results have two useful applications in
Run 2 of the LHC: (A) realizing the experimental deter-
mination of ρHfW/Λ2 and ρHfWW/Λ2 which provides a
new high energy criterion for discriminating new physics
models, i.e., only models whose predicted ρHfW/Λ2 and
ρHfWW/Λ2 are consistent with the experimentally deter-
mined values can survive as candidates of the correct
new physics models reflecting nature; (B) setting the ex-
clusion bounds on the ECC from the 1σ contours if H
is not found at the LHC Run 2. These are important
extensions of the study in Ref. [8].

Finally, for completeness, we also analyzed the tra-
ditional processes of on-shell Higgs productions via GF
and VBF in Sec. 4. The results are shown in Figs. 9, 10,
11, and 12. First of all, we showed that on-shell Higgs
productions via GF and VBF can hardly give any contri-
butions to the experimental determination of ρHfW/Λ2

and ρHfWW/Λ2. Then from Figs. 9, 10, 11, and 12 we see
that: (i) GF can help to discover H only in the case of
Type-I-A with very narrow available parameter ranges,
and can hardly discover H at all other cases; (ii) VBF
can help to discover H in more cases except Type-I-B for
MH = 800 GeV, but the available parameter ranges are
all quite small; (iii) if H is not found at the LHC Run
2 experiments, the exclusion bounds on ECC from GF
and VBF are significantly weaker than those from VH∗.

In a word, we conclude that VH∗ is the best pro-
cess for discovering H and measuring its ρHfW/Λ2 and
ρHfWW/Λ2 at Run 2 of the LHC.

We are grateful to Guo-Ming Chen for valuable dis-
cussions. We would like to thank Tsinghua National Lab-
oratory for Information Science and Technology for pro-
viding their computing facility.
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