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The resonance-continuum interference is usually neglected when the width of a resonance is small
compared to the resonance mass. We reexamine this standard by studying the interference effects in high-
resolution decay channels, γγ and ZZ, of the heavy Higgs boson H in nearly aligned two-Higgs-doublet
models. For the H with a sub-percent width-to-mass ratio, we find that, in the parameter space where the
LHC 14 TeV ZZ resonance search can be sensitive, the interference effects can modify the ZZ signal rate
byOð10Þ% and the exclusion reach byOð10Þ GeV. In other parameter space where the ZZ or γγ signal rate
is smaller, the LHC 14 TeV reach is absent, but a resonance shape can be much more dramatically changed.
In particular, the γγ signal rate can change by Oð100Þ%. Relevant to such parameter space, we suggest
variables that can characterize a general resonance shape. We also illustrate the relevance of the width on
the interference by adding nonstandard decay modes of the heavy Higgs boson.
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I. INTRODUCTION

Needless to say, the 125 GeV Standard Model (SM)
Higgs boson discovery at the LHC run I [1] is a big step
toward the understanding of the electroweak symmetry
breaking. But the observed mass of 125 GeV requires a
satisfactory explanation for the huge hierarchy between the
weak scale and the Planck scale. Most candidate explan-
ations, such as supersymmetry and composite Higgs
models, predict a set of new particles at around the
electroweak scale. The absence of any such discovery at
the LHC run I motivates us not only to reponder naturalness
criteria but also to revisit collider search strategies.
The 13 TeV LHC run II, which started taking data a few

months ago, may indeed need a careful study of resonance
searches. Unlike usually assumed, a particle somewhat
heavier than the electroweak scale may not show up as a
Breit-Wigner (BW) resonance peak at the LHC experi-
ments. The resonance-continuum interference can induce
observable impacts on the production rate and the invariant
mass distribution (resonance shape). It is generally because
(a) a heavier particle can be broader (more decay channels
with less phase-space suppression and possible Goldstone
enhancements), and (b) the production and decay ampli-
tudes can involve complex phases that arise from SM
particles running in loops below the threshold. Various
studies have shown that the interference for such cases is
not usually negligible [2–25].

Most resonance searches at collider experiments model a
resonance as a BW peak and estimate the signal rate by the
narrow width approximation (NWA). This is justified if the
width-to-mass ratio Γ=M is small enough (see e.g.,
Ref. [26]) and the resonance width is smaller than the
experimental resolution. Thus, LHC searches assume 1%
Γ=M in the γγ channel [27,28] and 0.5% in the ZZ channel
[29,30], which imply that the width of a few hundred GeV
resonance is similar or smaller than the experimental bin
size. But for even a slightly broader resonance, perhaps
with some complex phases in its production and decay
amplitudes, such an approximation may not be guaranteed.
In this paper, we reexamine such an approximation using
the two-Higgs-doublet models (2HDM).
A notable example that reveals the dramatic interference

effect is the decay of heavy Higgs bosons H and A into the
tt̄ at hadron colliders [3]. Most strikingly, it was shown that
a pure resonance dip is produced in a large part of
parameter space [4]. In other parameter space, a general
mixture of the real- and the imaginary-part interferences
produces a mixture of a peak and a dip in the mtt̄
distribution [4,31,32]. Unfortunately, it is difficult to
resolve such rich structure of the tt̄ resonance shape [31]
because the experimentalmtt̄ resolution ∼100 GeV [33,34]
is bigger than the typical width of the heavy Higgs bosons
in the aligned 2HDM. Although a pure dip can perhaps be
well searched using the available techniques optimized for
a BW peak [4], it is produced only in some part of the
parameter space.
The interference also exists in the high-resolution decay

channels, γγ and ZZ. The interferences of the SM-like
heavy Higgs boson at hadron colliders, gg → H → ZZ; γγ,
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have been calculated in past decades [5,6,10,12–16,21]; but
they are found to be insignificant producing mostly a BW
peak. The main difference between the tt̄ and ZZ; γγ
channels is the relative size of the continuum and the
resonance processes [4]. The tt̄ experiences a significant
interference because the tree-level continuum, B, and the
one-loop resonance, S, can produce a loop-factor enhanced
interference

ffiffiffiffiffiffi
SB

p
=S ∼

ffiffiffiffiffiffiffiffiffi
B=S

p
relative to the resonance

squared. While large interference effects might be expected
in gg → γγ since the continuum is produced by a one-loop
process and the resonance process occurs via two-loops,
small interference effects are expected in gg → ZZ since
both continuum and resonance processes are one-loop
order. Meanwhile, the off-shell interference of the SM
Higgs, which is beyond the scope of this paper, with the
continuum ZZ at an invariant mass much bigger than
125 GeV was found to be sensitive to the Higgs width
[12,35,36].
Nonetheless, the interference in the ZZ and γγ can be

more exciting for the 2HDM heavy Higgs bosons. The
expectation is again based on a general estimation of the
relative interference [4]. In the nearly aligned 2HDM,
as is preferred by SM Higgs precision measurements
(jcβ−αj≲ 0.1–0.4 depending on models), the resonance
process is suppressed by the small cβ−α and complex
phases can be different in the γγ channel as the W boson
loop is suppressed. As a result, the interference can be
relatively enhanced and the resonance shape can be non-
trivially modified. Thus, we study the interference in the
ZZ and γγ channels in this nearly aligned 2HDM. This
setup is not only motivated by Higgs precision measure-
ments, but can illustrate the resonance-continuum interfer-
ence of a relatively narrow resonance.
The paper is organized as follows. In Sec. II, we review

the 2HDM and our formalism of the interference effect on
the invariant mass distribution. In addition, we suggest a
few variables that can characterize a resonance shape
containing a peak and a dip. We then present the results
for the γγ channel in Sec. III and the ZZ channel in Sec. IV.
We also consider the case of a somewhat broader heavy
Higgs boson in Sec. V, in which we add nonstandard decay
modes. Section VI contains our conclusions.

II. BRIEF REVIEW OF THE 2HDM AND THE
INTERFERENCE EFFECTS

A. H in the 2HDM

We consider a 2HDM [37] with CP invariance and softly
broken Z2 symmetry, which introduces two complex Higgs
doublet scalar fields, Φ1 and Φ2, where

Φj ≡
 

ϕþ
j

1ffiffi
2

p ðvj þ ρ0j þ iη0jÞ

!
; ð1Þ

with v1 ¼ v cos β; v2 ¼ v sin β, and v ¼ 246 GeV.
The electroweak symmetry breaking is generated by
nonzero vacuum expectation value v of a linear combina-
tion H1 ¼ cos βΦ1 þ sin βΦ2. Its orthogonal combina-
tion H2 ¼ − sin βΦ1 þ cos βΦ2 acquires zero vacuum
expectation value. In what follows, we take sx ¼ sin x,
cx ¼ cos x, and tx ¼ tan x for notational simplicity.
There are five physical Higgs boson degrees of freedom,
the light CP-even scalar hð¼ −sαρ01 þ cαρ02Þ, the heavy
CP-even scalar Hð¼ cαρ01 þ sαρ02Þ, the CP-odd pseudo-
scalar Að¼ −sβη01 þ cβη02Þ, and two charged Higgs bosons
H�ð¼ −sβϕ�

1 þ cβϕ�
2 Þ, where α is the mixing angle

between CP-even Higgses. The SM Higgs field is the
CP-even neutral state of H1:

HSM ¼ sβ−αhþ cβ−αH: ð2Þ

Note that if sβ−α ¼ 1, h has the same couplings as the SM
Higgs boson, which is preferred by the SM Higgs precision
measurement with LHC8 data [38]. This is called the
alignment limit [39].
We consider the case where the observed 125 GeV state

HSM is the lighter CP-even state h although another
interesting possibility of HSM ¼ H is still compatible with
the current LHC Higgs data [40–46]. In addition, we
assume sβ−α > 0.1 Focused on γγ and ZZ decay modes,
we study the gluon fusion production of H in the two-
dimensional parameter space of MH and tβ with the given
cβ−α. Another model parameter, the soft Z2 symmetry
breaking term m2

12, is tuned to suppress H-h-h triple
coupling λHhh, where

λHhh ¼
cβ−α
vs2β

��
6s2α
s2β

− 2

�
m2

12 − s2αðM2
H þ 2m2

hÞ
�
: ð3Þ

The H-V-V (V ¼ W�; Z) coupling normalized by the
SM value is cβ−α. In order to have H → ZZ, therefore, we
need some deviation from the alignment limit. We will
therefore consider “nearly aligned” 2HDM in the remainder
of this paper.
Yukawa couplings, which play an important role in

Higgs phenomenology, are different among the types of
2HDM. In this study, we consider type I and type II where
the normalized Yukawa couplings by the SM values, ŷHt;b;τ,
in terms of cβ−α and sβ−α are

cβ−α −
sβ−α
tβ

cβ−α þ tβsβ−α

Type I ŷHt ; ŷHb ; ŷ
H
τ

TypeII ŷHt ŷHb ; ŷ
H
τ

ð4Þ

1Note that the wrong sign case in the 2HDM is shown to be still
allowed by the current LHC Higgs signal strength measurements,
though less probable [46].
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Note that both type I and type II have the same top quark
Yukawa coupling.
We find that there exists a special parameter choice for

ŷHt ¼ 0, called the top-phobic H. To be more specific, we
present the value of ŷHt in the parameter space of ðcβ−α; tβÞ
in Fig. 1. As the red line indicates, a specific nonzero
positive cβ−α for a given tβ leads to vanishing ŷHt , which
happens, for example, when tβ ¼ 10 for cβ−α ¼ 0.1 or
tβ ¼ 2.3 for cβ−α ¼ 0.4. Near the top-phobic line the signal
rate is severely suppressed especially for type I.

B. General formalism for interference

We consider the interference between the continuum
background and the resonance process of a particle with
mass M and total decay width Γ in a 2 → 2 scattering
process. When we write the helicity amplitudes
for the continuum background (Mcont) and the resonance
(Mres) as

Mcont ¼ Aconteiϕcont ;

Mres ¼
M2

ŝ −M2 þ iMΓ
Areseiϕres ; ð5Þ

the total partonic cross section becomes

σ̂cont þ σ̂sig ¼ σ̂cont þ σ̂res
M4

ðŝ −M2Þ2 þM4w2

×

�
1þ 2w

R
sinϕþ 2ðŝ −M2Þ

M2

cosϕ
R

�
≡ σ̂cont þ σ̂res½fBWðminvÞ þ fImðminvÞ
þ fReðminvÞ�; ð6Þ

where minv ¼
ffiffiffî
s

p
. Note that fBW; fIm; fRe take the terms in

square brackets one by one. σ̂cont, σ̂res, R, and the
interference phase ϕ are

σ̂cont;res ¼
1

32πŝ

Z
dz
X

A2
cont;res;

σ̂inteiϕ ¼ 1

32πŝ

Z
dz
X

AcontAreseiðϕres−ϕcontÞ;

R ¼ σ̂res
σ̂int

; w≡ Γ
M

; ð7Þ

where z ¼ cos θ� while θ� is the scattering angle in the c.m.
frame. The summation is over helicity and color indices.
R, w, and ϕ are the key parameters which determine the
pattern of interference effect. A more intuitive form for R
and ϕ can be obtained if we assume that one helicity
amplitude is dominant:

R≃ Ares

Acont
; ϕ≃ ϕres − ϕcont: ð8Þ

As can be understood from Eq. (6) and will be discussed
more, w=R indicates the strength of interference effect and
ϕ determines whether it is imaginary-part interference
(cϕ ¼ 0) or real-part interference (sϕ ¼ 0), or between
the two.
Most of the new particles of our interest have narrow

width (w ≪ 1), which confines the signal events in the
resonance region of the invariant mass distribution. It is a
good approximation to ignore the minv dependence of R
and ϕ. Then minv dependence of σ̂sig is explicitly shown in
Eq. (6) as a simple function of ŝ (¼ m2

inv). Apparently,
fReðminvÞ is an odd function at minv ¼ M, which yields a
dip-peak or peak-dip structure. On the contrary fBWðminvÞ
and fImðminvÞ are even functions. The sensitivity to
fReðminvÞ and fImðminvÞ crucially depends on the bin size
of the invariant mass distribution. If the bin is large such
that a dip-peak structure is included in one bin, we should
integrate over minv, which eliminates the real-part interfer-
ence. If the bin is narrow enough, a more dynamic structure
of fRe can be probed. We consider these two cases and
suggest new observation factors for each case.

(i) Large bin.—In this case, we integrate σ̂sig over minv,
under which the even functions survive but the odd
function fReðminvÞ is washed out at leading order.2

The survived imaginary part interference results in a
multiplicative factor, ð1þ 2w sinϕ=RÞ, to the NWA
rate σ · Br. Therefore, the total signal rate can
significantly differ from what was obtained from
the NWA due to the imaginary part interference. In
Ref. [4], we called this the correction factor
Cð≡1þ ΔCÞ:

C≡ σmNWA

σprod · Br
¼ 1þ 2w

R
sinϕ; ð9Þ

FIG. 1. The top quark Yukawa coupling ŷHt normalized by the
SM one is shown in the ðcβ−α; tβÞ plane for sβ−α > 0. We mark the
top-phobic ŷHt ¼ 0 contour with brighter red.

2Of course, the cancellation is not perfect because of the strong
ŝ dependence of the gluon luminosity.
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where σmNWA, whose subscript denotes modified
NWA, is the total signal rate by including the
imaginary-part interference effect. In the pure imagi-
nary case (cosϕ ¼ 0) there are three unique shapes
of a resonance: a pure dip (C < 0), a pure peak
(C > 0), or a nothingness (C ¼ 0). Note that the C
factor is measurable by comparing the observed
event rate with the simulation result of σprod · Br.

(ii) Fine bin.—In an ideal situation with very small bin
size, the minv dependence of σsig can be measured,
which is more crucial in observing the dip-peak
structure with nonzero real-part interference. When
cosϕ ≠ 0, the full resonance shape of σ̂sigðminvÞ is a
dip-peak (peak-dip) structure if signðcosϕÞ ¼
þ1ð−1Þ. In order to quantify the signal rates of
the dip and peak, we define the relative height ĥþ

and depth ĥ−, compared with the height of the BW
peak. In addition, the relative widths of the peak and
dip are defined as ŵ�, as illustrated in Fig. 2. For the
general case with both real- and imaginary-part
interference, we obtain ĥ� and ŵ� in terms of our
key parameters as

ĥ� ¼ 1

2

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 þ

�
2w cosϕ

R

�
2

s
� C

#
;

ŵ� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2w cosϕ

R

�
2

− 1� 2C

s
: ð10Þ

Note that ŵ− is not defined if ð2w cosϕ=RÞ2 <
1þ 2C when C > 0: this is because we defined ŵ−

as the width at the negative half maximum of the
BW one. If the dip is shallow such that its depth is

smaller than the BW half maximum, we do not
calculate ŵ− as considering it as a shallow dip.
Two limiting cases (2w=R ≪ 1 and 2w=R ≫ 1)

present a clear understanding of the real part
interference effect. When sinϕ ¼ 0, Eq. (10) to
leading order becomes

ĥþ ≃ ĥ− ≃ w
R
; ŵþ ≃ ŵþ ≃ 2w

R
; if

2w
R

≫ 1;

ð11Þ

ĥþ ≃ 1; ĥ− ≃ 0; ŵþ ≃ 1; if
2w
R

≪ 1:

ð12Þ

It is clear that the total width is not the key parameter
which determines the real part interference, but the
ratio w=R is. Even though Γ is very small compared
to its mass M, smaller R can make the ratio w=R
large: we have a profound dip-peak structure with
enhanced height and enhanced width: see Eq. (11).
If w=R ≪ 1, we have a very shallow dip and a BW-
like peak as shown in Eq. (12).
On the analogy of the correction factor C, which

quantifies the integrated resonance signal rate with
the interference, we suggest two new factors, the
distribution factors Dþ and D−, defined by

D� ¼ ĥ�ŵ�: ð13Þ

Note that D� is not exactly proportional to the new
physics signal rate, since the resonance shape with
interference is different from the ordinary BW form.
However these simple factors provide a powerful
estimate for the dip-peak structure, especially useful
when scanning a theoretical parameter space in order
to look for the large real-part interference effect. If
D− ¼ 1 for example, we can expect that a dip shall
appear with almost the same rate with the BW
resonance.

III. γγ CHANNEL

The diphoton decay channel of a heavy neutral Higgs
boson H produced by the gluon-gluon fusion is a two-loop
process while the SM continuum background gg → γγ is a
one-loop process.3 The parton level differential cross
section of gg → γγ is

FIG. 2. The definitions of variables characterizing a resonance
shape in Eq. (10): the relative height ĥþ and depth ĥ−, the relative
peak width ŵþ, and the relative dip width ŵ− for w ¼ 0.01,
R ¼ 0.007, and ϕ ¼ 0. We normalized the differential cross
section about the invariant mass such that the peak height of the
BW resonance without any interference (blue) is a unity.

3We do not consider the subdominant two-loop contribution in
continuum background. Its effect on the resonance-continuum
interference was shown to be 5% when MH < 160 GeV [5,47].
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dσ̂ðgg → γγÞ
dz

¼ 1

32πŝ
α2sα

2
e

2

X
λ1λ2λ3λ4

jMcont
λ1λ2λ3λ4

þMH
λ1λ2λ3λ4

j2;

ð14Þ

where Mcont;H
λ1λ2λ3λ4

are the normalized helicity amplitudes
from the continuum background and H resonance with the
helicity of incoming gluons (λ1; λ2) and outgoing photons
(λ3; λ4). The overall factor is due to the loop correction. We
refer the explicit expressions of Mcont ’s to Refs. [21,48].
For the Higgs resonance signal gg → H → γγ, only four
helicity amplitudes are nonzero:

MHþþþþ ¼ MH
−−−− ¼ MHþþ−− ¼ MH

−−þþ

¼ GF

128π2
ŝ2

ŝ −M2
H þ iMHΓH

X
q

ŷHq AH
1=2ðτqÞ

×

�X
q

ŷHq NcQ2
qAH

1=2ðτqÞ

þ
X
l

ŷHlQ
2
lA

H
1=2ðτlÞ þ cβ−αAH

1 ðτWÞ
�
; ð15Þ

where τp ¼ ŝ=ð4m2
pÞ, and ŷHq;l’s are shown in Eq. (4), and

the expressions of AH
1=2;1ðτÞ are in Ref. [49].

We first study the relative complex phase ϕ. The
complex phase arises through the loop diagrams when
the squared of the momentum that passes through an
internal cut line is greater than the threshold mass square
in the loop. The continuum background gg → γγ is domi-
nated by light quark (u, d, s, c, b) loops whose complex
phase arises in ðþ −þ−Þ; ð−þ −þÞ; ðþ − −þÞ;
ð−þþ−Þ helicity amplitudes. But, those helicity ampli-
tudes do not inference with the Higgs resonance amplitudes
as can be clearly seen in Eq. (15). Then, only the top quark
loop can give a small contribution to the complex phase.
The relative phase ϕ is mainly from the Higgs resonance.

gg → H → γγ is dominated by the top quark loop and the
W boson loop where the latter is suppressed for small cβ−α.
When MH < 2mt the imaginary part of amplitude arises
mostly from theW loop while afterMH > 2mt from the top
quark loop. If both cβ−α and ŷHt are positive like the SM
Higgs boson, two contributions are destructive.
In Fig. 3, we show ϕ with respect to MH for several

benchmark parameter points of cβ−α and tβ. We set cβ−α ¼
�0.4 for type I and cβ−α ¼ �0.1 for type II, which are
marginally allowed by the current Higgs precision meas-
urement. In both types, there is a considerable portion of
parameter space where the imaginary-part interference is
large, i.e., sizable sinϕ.
For type I, we consider four cases of cβ−α ¼ �0.4 and

tβ ¼ 1, 10. The value of ϕ is determined by the behaviors of
the real and imaginary parts of the loop functions at the
given mass MH. For example, let us focus on MH ¼
200 GeV where the W loop mainly generates a phase. The
case ðcβ−α ¼ 0.4; tβ ¼ 1Þ has ϕ near zero while the other
three cases have large negative values near −π=2. As shown
in Fig. 1, ðcβ−α ¼ 0.4; tβ ¼ 1Þ leads to negative ŷt so that
the top quark loop and theW loop become constructive: the
real part of the total loop function become larger; the phase
ϕ is small. For the other three cases, the destructive
interference reduces the real parts of the loop function
significantly. The untouched imaginary loop function part,
which is negative in these cases, yields ϕ ∼ −π=2. For other
MH, a similar understanding is possible through the relative
strengths and signs of ŷt;b and cβ−α. The abrupt change of
amount π in ϕ at MH ¼ 600 GeV for cβ−α ¼ −0.4 and
tβ ¼ 10 is attributed to the cancellation of two real parts
between W and top loops and consequent sign flip.
For type II, the four cases of cβ−α ¼ �0.1 and tβ ¼ 1, 10

are considered. The small values of cβ−α ¼ �0.1 suppress
theW loop contribution. The imaginary phase occurs in the
loop function AH

1=2ðτtÞ whenMH > 2mt. For MH < 2mt, ϕ
is close to zero except for the case ðcβ−α ¼ −0.1; tβ ¼ 10Þ

FIG. 3. The resonance-continuum interference phase ϕ of the gg → ðH →Þγγ process for various benchmark parameter values of cβ−α
and tβ in the type I (left panel) and type II (right panel) models. The abrupt change at around MH ≃ 2mt is due to the onset of top-pair
threshold.
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where the sizable b quark contribution with large tβ
considerably cancels the whole real part and ϕ has a large
negative value. As MH crosses the 2mt threshold, ϕ
continually increases up to π except for the ðcβ−α ¼
0.1; tβ ¼ 10Þ case. Here the real part of AH

1=2ðτtÞ vanishes
when MH ¼ 1.1 TeV so that the one-loop function gen-
erates the phase of π=2. Two factors of AH

1=2ðτtÞ from
production and decay processes yield ϕ ¼ π. The excep-
tional ðcβ−α ¼ 0.1; tβ ¼ 10Þ case is near the top-phobic
line. In this case, real parts of the W loop and the bottom
quark loop are added up while some cancellation arises for
the imaginary part. Therefore, ϕ is very small along the
whole MH region.

Second, we examine w and R in gg → γγ, of which the
ratio w=R is the crucial factor to determine the interference
effects. For simplicity, we assume that H decays into
WW;ZZ; qq̄; ττ; γγ. The possibly important decay channel
H → hh is neglected, which can be achieved by tuning the
soft Z2 symmetry breaking termm2

12. Since this assumption
minimizes the total width and thus the interference effects,
it shows a good limiting feature of the interference effects
in gg → γγ. The effect of additional decay channels shall be
discussed in Sec. V. Under this assumption, the ΓH, which
generally increases with MH, depends on cβ−α and tβ. If
cβ−α ¼ �0.1, the parameter w for MH ≲ 1 TeV is very
small to be Oð10−3Þ −Oð10−2Þ depending on the tβ value

FIG. 4. Contours of the C factor (solid black) and the σmNWA (dashed blue) of the gg → H → γγ process at the LHC 14 TeV in the
(MH , tβ) plane. The contour of C ¼ 0 is marked with red-solid.
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sinceH → WW;ZZ is very suppressed. If cβ−α ¼ �0.4 the
WW;ZZ decay channels become quite significant so that
ΓH can be 100 GeV until MH < 1 TeV.
The R value, proportional to the ratio of the magnitude of

the signal amplitude to that of the background amplitude, is
generically small in gg → γγ. The background process is at
one loop and the H signal is at two loops. The ratio R is
roughly one-loop suppressed. In most of the parameter
space R is less than 10−3. We have very large interference
effects.
Now we quantitatively discuss the interference effects. In

Fig. 4, we show the contour plots for the C factor as well as
the modified total signal rate σmNWA ¼ C × ðσ · BrÞ at
14 TeV in ðMH; tβÞ plane for cβ−α ¼ �0.4 in type I and
cβ−α ¼ �0.1 in type II. For the initial gluon luminosity, we
used the CT10NLO PDF set [50]. We also applied next-to-
next-to leading order k-factor to the heavy Higgs resonance
production part using HIGLU Fortran package [51] and use
the leading order decay rate of heavy Higgs in Ref. [52].
The most unexpected result is that the interference effect

jΔCj can be Oð100Þ% even when w is sub-percent level
(cβ−α ¼ �0.1 and large tβ). The usually adopted criteria to
ignore the interference effect, w ≪ 1, is not good enough.
The characteristics of C values for different type and
parameters are as follows. The C contours for cβ−α < 0

show some common features in both type I and type II.
They have three sectors divided by two C ¼ 0 lines. The
left and right parts of these lines have large negative C
factors (diplike resonance shapes), while the middle region
has positiveC factors (peaklike resonance shapes). The two
C ¼ 0 lines appear near two points ϕ≃ 0 and ϕ≃ π, where
ΔC flips its sign (here 2w=R is very large). As shown in
Fig. 3(b), crossing ϕ ¼ 0; π happens 2 times for
200 GeV < MH < 1 TeV, which passes near two C ¼ 0
lines. In addition, the magnitude of C increases with
increasing tβ. This is because the signal amplitude (or
R) is reduced by increasing tβ. On the contrary σmNWA

decreases with increasing tβ. In the type II cβ−α ¼ 0.1 case,
there is only one C ¼ 0 line since ϕ crosses the ϕ ¼ 0 point
once when tβ ¼ 10: see Fig. 3(b).
For the cβ−α > 0 case of type I, there is one horizontal

C ¼ 0 line. However, the origin of C ¼ 0 here is different
from the other three cases. It is very close to the top-phobic
(actually fermion-phobic due to the common ŷH’s for all
fermions) line as in Fig. 1. This fermion-phobic nature
prohibits the gluon fusion production itself. In the vicinity of
the C ¼ 0 line, very small R is generated, enhancing C
extremely. Since the sign of top Yukawa coupling is flipped
at this line, so does the sign ofC. Another unexpected result
is that the large tβ region in type I has compatible signal rate
with the small tβ region since ŷHt increases againwith tβ after
crossing the top-phobic line. Our final observation is that
jΔCj and σmNWA are anticorrelated in general: the region for
large jΔCj usually has very suppressed signal rate.

IV. ZZ CHANNEL

For the ZZ channel, both the SM background process
gg → ZZ and the Higgs resonance signal gg → H → ZZ
are one-loop processes. The partonic differential cross
section is

dσ̂ðgg → ZZÞ
dz

¼ 1

32πŝ
α2sα

2
ZβZ

256

X
λ1λ2λ3λ4

jT cont
λ1λ2λ3λ4

þ T H
λ1λ2λ3λ4

j2; ð16Þ

where αZ ¼ αe=ðsin2θWcos2θWÞ with weak mixing angle
θW and βZ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1–4m2

Z=ŝ
p

. T cont and T H are the normalized
helicity amplitude for the background and H signal,
respectively, of which the expressions are referred to
Ref. [8].4 A big difference between T contðgg → ZZÞ and
Mcontðgg → γγÞ is the presence of the longitudinal mode in
the ZZ channel. In particular when both outgoing Z bosons
are longitudinal (called the LL mode), the amplitude is
proportional to m2

q. In the ZZ mode, therefore, the top
quark contribution becomes important after the tt̄ thresh-
old. We found that the LL contribution increases linearly
with mZZ, reaching about 50% at mZZ ¼ 700 GeV.
We first study the complex phase ϕ in the ZZ channel.

For the background process, the complex phase from the
top quark loop significantly increases with invariant mass
mZZ after the tt̄ threshold while the light quark contribution
to ϕcont decreases quickly. For gg → H → ZZ, the top
quark loop contribution to gg → H provides a dominant
complex phase unless the b contribution becomes dominant
for large tβ in type II. It appears that the behaviors of
complex phases of the top loop contributions from gg →
ZZ and gg → H → ZZ are quite similar after MH > 2mt.
As a result, the phase ϕ ∼ ðϕres − ϕcontÞ is close to 0 or π
depending on overall sign. This is clearly shown in Fig. 5.
One exception is the case ðcβ−α ¼ 0.1; tβ ¼ 10Þ in type II
(green-colored line), which corresponds to top-phobicH: ϕ
is quite different from 0 or π. Here the bottom quark loop is
dominant. We also found that type I shows special
behavior: only two curves appear regardless of cβ−α and
tβ. It is because all ŷH’s are the same and thus ϕres is also the
same except the overall sign. For example, cβ−αŷH in the
case ðcβ−α ¼ 0.4; tβ ¼ 1Þ has the opposite sign of that in
the other three cases: see Fig. 1.
Now, we investigate C factor and σmNWA. The basic

setup is similar to the γγ channel. The w parameter is small
in general. The R is roughlyOð0.01Þ, mostly larger than w,

4T λ1λ2λ3λ4 are corresponding to Mλ1λ2λ3λ4 in Ref. [8]. There is
an obvious typo in Eq. (3.14) of Ref. [8] since the mass
dimensions of the first two terms in curly brackets of the
right-hand side are incorrect. From the independent calculation,
we find that it should be ð1þ βÞf4sðt − uÞY=ðs4u1t1Þ þ
4Y=s4ð� � �Þ þ � � �g where the ellipses represent the same form
of the equation.
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FIG. 5. The resonance-continuum interference phase ϕ of the gg → ðH →ÞZZ process for various benchmark parameter values of cβ−α
and tβ in the type I (left panel) and type II (right panel) models. The abrupt change at around MH ≃ 2mt is due to the onset of top-pair
threshold. The top-phobic case is shown as the green solid line.

FIG. 6. Contours of the C factor (solid black) and the σmNWA (dashed blue) of the gg → H → ZZ process at the LHC 14 TeV in the
(MH , tβ) plane. The contour of C ¼ 0 is marked with red solid.
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since both the SM background process and the Higgs
resonance signal are one-loop processes. The interference
effect would be generically small in the ZZ channel for
small w. Moreover, the cβ−α value does not affect the ratio
w=R much since larger cβ−α increases both R and w.
In Fig. 6, we show the contours of the C factor and

σmNWA in the ðMH; tβÞ plane for cβ−α ¼ �0.4 for type I and
cβ−α ¼ �0.1 for type II. The first important result is that the
interference effect is not negligible even when w is very
small, though not dramatic as in the γγ channel. For
example, the case ofMH ¼ 300 GeV, cβ−α ¼ 0.1, and tβ ¼
10 in type II, where ΓH=MH ¼ 0.2%, has ΔC≃ −30%.
The second result is that for the given tβ, jΔCj decreases

with MH but increases again after the tt̄ threshold. Before
the tt̄ threshold R increases much faster than w. After the tt̄
threshold, w increases more sharply as the tt̄ decay channel
is opened.
The negative cβ−α case has very smooth and moderate

variation of C. We have maximally 30% of ΔC for large tβ
and light MH ≃ 200 GeV or very heavy MH. The positive
cβ−α case allows the top-phobic lines and thus the C ¼ 0

line. Similar to the γγ channel, the cβ−α ¼ 0.4 case in type I
has two C ¼ 0 lines which are narrowly split near the top-
phobic line. Near this top-phobic line jΔCj is much
enhanced since R is very suppressed. Note that the large
signal rate region, with smallMH and some deviation from

FIG. 7. Expected exclusion regions from ZZ resonance searches at the 14 TeV LHC with 300 fb−1, projected from the LHC 8 TeV
results. The green regions include interference effects and the hatched regions are without interferences. We used the mNWA to obtain
these results assuming that a resonance shape is approximately a BW peak.
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the top-phobic line, has small ΔC. The cβ−α ¼ 0.1 case in
type II allows one C ¼ 0 line, below which ΔC is negative.
For MH ¼ 200 GeV and tβ ≃ 5–10, the reduction is
about 50%.
We now investigate the interference effect on the

future experimental sensitivity for the heavy Higgs boson
via the ZZ channel. We use the current experimental
results on the heavy neutral Higgs search in the ZZ
decay channel with 20.3 fb−1 data at 8 TeV from
ATLAS collaboration [30]. The nonobservation of any
significant excess above the background is interpreted as an
upper bound on σðgg → H → ZZÞ as a function of Higgs
mass MH. We project the results for 14 TeV LHC with
300 fb−1 data by assuming that the statistical error is
dominant [53,54].
In Fig. 7, we show the 14 TeV LHC projections of the

exclusion plots in the ðMH; tβÞ plane for 300 fb−1 data. We
set cβ−α ¼ �0.4 in type I and cβ−α ¼ �0.1 in type II. The
hatched exclusion region is obtained by using naive NWA
(without interference effect) while the green-colored exclu-
sion region by mNWA (with interference effect). For type I,
we extend the exclusion region up to 1.5 TeV by applying a
simple extrapolation. For cβ−α ¼ −0.4 the exclusion region
covers the entire tβ region up to MH ¼ 830 GeV and the
interference effect enlarges the exclusion region by 20–
30 GeV, i.e., constructive interference. For cβ−α ¼ 0.4,
there are two separate exclusion regions divided by the top-
phobic line. The upper (lower) region shows constructive
(destructive) interference effect. Because of sizable top-
quark Yukawa coupling above the top-phobic line, the large
tβ region (5 < tβ < 50) up to MH ¼ 800 GeV also can be
reached by LHC run II data. As for type II, for cβ−α ¼ 0.1
(cβ−α ¼ −0.1) the interference effect is constructive
(destructive).

Finally, we demonstrate the real-part interference effect
by showing the contours of Dþ and D− in the ðMH; tβÞ
plane: see Fig. 8. We take the case for cβ−α ¼ 0.4 in type I
at 14 TeV LHC, which brings about large real-part
interference effects.5 The behaviors of D� are quite similar
to C: D� is large near the top-phobic line where R is small.
For D−, the uncolored region indicates that the dip is
shallower than the half maximum of the BW peak. Even in
this shallow dip region, Dþ can be up to 5, which is
attributed to highly asymmetric mZZ distribution near
ŝ ¼ M2. Note that the corresponding jΔCj factor is less
than ∼40%. The real-part interference can be more impor-
tant, which is observable if the detector resolution is good
enough to separate the peak from the dip. Once the dip is
deep enough (colored region), both D� are larger than 1: a
clear dip-peak (cϕ > 0) or peak-dip (cϕ < 0) shape is
expected. The line-shape analysis can serve as another
important probe for the heavy Higgs signal.

V. ROLE OF TOTAL DECAY WIDTH

So far, we have assumed that the heavyH decays into the
SM fermions or gauge bosons just as the SM Higgs boson.
However, there exist additional decay channels like H →
hh; ZA;W�H∓ in the 2HDM. As a benchmark scenario in
type II, we consider

cβ−α ¼−0.1; tβ ¼ 1.8; m12¼ 240GeV;

MH ¼ 550GeV; MA ¼ 350GeV; MHþ ¼ 350GeV;

ð17Þ

FIG. 8. Contours ofDþ (left) andD− (right) in the gg → H → ZZ process at the 14 TeV LHC for cβ−α ¼ 0.4 in type I.D� are defined
in Eq. (13). The red hatched region is around the top-phobic line such that jŷHt j < 0.03.

5In the other three cases, the real-part interference is mostly
minor.
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which satisfies the constrains from b → sγ [55,56], Δρ
[57,58] as well as the stability and perturbativity [37,59].
Then additional decay channels have sizable branching
ratio: BrðH → hhÞ ¼ 0.004, BrðH → ZAÞ ¼ 0.25, and
BrðH → W�H∓Þ ¼ 0.54. Or 2HDM can be extended to
include a dark matter candidate χ, allowing a new decay
channel of H → χχ. The resulting increase in w shall affect
the interference effect: ΔC is enhanced while BrðH → ZZÞ
and thus σmNWA are reduced. Figure 9 shows the plots of C
and σmNWA with Brnew ¼ 0.8 and some specific parameter
choices in the ZZ channel. The magnitude of jΔCj is
significantly enhanced by a factor of about 5. As discussed
before, σmNWA is much reduced.
Finally, we illustrate how dramatically the resonance

shape can be altered by changing the total width. Figure 10
shows the mZZ distribution for a benchmark point of
MH ¼ 600 GeV, cβ−α ¼ 0.1 and tβ ¼ 8 in type II, which
yields R ¼ 0.0063, ϕ ¼ −74°, and σ · Br≃ 0.4 fb. If H

decays into the SM fermions and gauge bosons only, the
total decay width is small (w ¼ 0.27%) and ΔC ¼ −83%.
The resonance shape is a suppressed dip-peak structure, as
denoted by the yellow solid line. If we further allow a
sizable branching ratio of a new decay channel like
Brnew ¼ 0.8, the mZZ distribution shape changes into a
new form, a pure dip (the red solid line). Three mZZ
distribution lines clearly show that measuring the invariant
mass distribution would serve as a multidimensional
projection to extract the information of w, R and ϕ. This
is to be compared with measuring the total signal rate only,
just a single dimensional projection.

VI. CONCLUSIONS

We have studied the resonance-continuum interference
effects of the heavy neutral Higgs boson H of the nearly
aligned type I and II 2HDM in the γγ and ZZ channels.
Even for the H with a sub-percent width-to-mass ratio, the
size and pattern of the interference effects can vary with
underlying parameters and can be observably large.
For the parameter space where the ZZ resonance search

at the LHC with
ffiffiffi
s

p ¼ 14 TeV is sensitive (particularly for
small tβ ≲ 1), the interference effects mildly modify the ZZ
signal rate by Oð10Þ% and change the exclusion reach on
the MH by Oð10Þ GeV. For example, the benchmark
parameter MH ¼ 300 GeV, cβ−α ¼ 0.1, and tβ ¼ 10

(yielding ΓH=MH ¼ 0.2%) modifies the ZZ signal rate
by −30% from the interference. In this parameter space, we
approximately treated the resonance shape as a BW peak
and used the mNWA to estimate a new exclusion reach. In
other words, we could use the C-factor to approximately
quantify the interference effects (hence, on the signal rate).
In other parameter space where the ZZ signal rate is

substantially smaller (such as near the top-phobic line),
although it is unreachable for the LHC run at 14 TeV, a
resonance shape can be much more dramatically changed.
Also for the γγ channel, signal rates are smaller and the
LHC 14 TeV reach is absent in all parameter space, but the
signal rates can be typically modified by Oð100Þ% due to

FIG. 9. Plots of C factor and σmNWA with respect toMH for gg → H → ZZ with some parameter choices. Solid lines include the new
decay channel with Brnew ¼ 0.8 while dashed lines do not.

FIG. 10. Example ZZ invariant mass distribution of gg → H →
ZZ for the given parameter choice. We show several results for
comparison: the full result with interferences accounted for
(yellow solid), the pure BW result without interferences (orange
dashed), the full result with additional decay modes Brnew ¼ 0.8
(red solid), and the continuum background gg → ZZ alone
(black dashed).
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interference effects. For the same parameter choice as in the
previous paragraph, the γγ signal rate is modified by 400%.
In these cases, one shall carry out a more careful collider
study of resonance searches including the interference
effects. Rather than doing this in this paper, we suggested
a few variables that can characterize a general resonance
shape defined in Eqs. (10)–(13) and in Fig. 2. It will be
worthwhile carrying out a dedicated future collider study.
The interference effects also grow with the resonance

width. To illustrate this, we also considered a case with
extra nonstandard decay modes of the heavy Higgs boson.
The increased width and correspondingly reduced signal
could induce more significant interference effects in both
channels. For example, with 80% new branching ratio, we
find that the ZZ signal rate can be enhanced by a factor 2–3,
but a more careful collider study including the modification
of a resonance shape will be needed in this case.
From varying sizes of the interference with different

signal rates, we verify a general result that we have
discussed in Ref. [4]; the smaller the signal rate, the bigger

the relative interference. The resonance-to-continuum ratio,
approximately measured by R in Eq. (7), is another factor;
the smaller the ratio, the bigger the relative interference.
This is why the γγ channel experiences a bigger relative
interference than the ZZ channel does. Looking forward, a
100 TeV pp collider and high-luminosity LHC data that
can probe the parameter space with smaller signal rates will
generically experience bigger interference effects.
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