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Figure 1: Invariant mass distribution of the selected diphoton events. Residual number of events with respect to the
fit result are shown in the bottom pane. The first two bins in the lower pane are outside the vertical plot range.

The events in this region are scrutinized. No detector or reconstruction e�ect that could explain the larger
rate is found, nor any indication of anomalous background contamination. The kinematic properties of
these events are studied with respect to those of events populating the invariant mass regions above and
below the excess, and no significant di�erence is observed.

The Run-1 analysis presented in Ref. [13] is extended to invariant masses larger than 600 GeV by using the
new background modeling techniques presented in this note (cf. Section 7). The compatibility between
the results obtained with the 8 TeV and 13 TeV datasets is estimated under the NWA hypothesis and
assuming a large-width resonance with ↵ = 6%, using the best fit value of the ratio of cross sections. For
an s-channel gluon-initiated process, the parton-luminosity ratio is expected to be 4.7 [43]. Under those
assumptions, the results obtained with the two datasets are found to be compatible within 2.2 and 1.4
standard deviations for the two width hypotheses respectively.

The 95% CL expected and observed upper limits on �fiducial⇥BR(X ! ��), corresponding to the fiducial
volume defined in Section 6, are computed using the CLs technique [39, 44] for a scalar resonance with
narrow width as a function of the mass hypothesis mX , and are presented in Figure 3. The larger diphoton
rate in the mass region around 750 GeV is translated to a higher-than-expected cross section limit at the
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Abstract

This note describes a search for new resonances decaying to two photons, with invariant mass
larger than 200 GeV. The search is optimized for scalars such as those expected, for example,
in models with an extended Higgs sector. The dataset consists of 3.2 fb�1 of pp collisions
at
p

s = 13 TeV recorded with the ATLAS detector at the Large Hadron Collider. The data
are consistent with the expected background in most of the mass range. The most significant
deviation in the observed diphoton invariant mass spectrum is found around 750 GeV, with
a global significance of about 2 standard deviations. A limit is reported on the fiducial
production cross section of a narrow scalar boson times its decay branching ratio into two
photons, for masses ranging from 200 GeV to 1.7 TeV.
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Figure 2: p-value for the background-only hypothesis p0 as a function of the mass mX of a probed NWA resonance
signal.
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Figure 3: Expected and observed upper limits on �fiducial ⇥BR(X ! ��) expressed at 95% CL, as a function of the
assumed value of the narrow-width scalar resonance mass.
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local significance: 3.6 ! global significance: 2.3 !
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Figure 6: Expected and observed 95% C.L. exclusion limits for different signal hypotheses. The
range 500 GeV < mG < 4.5 TeV is shown for k̃ = 0.01, 0.1, 0.2 on the top-left, top-right, bottom
respectively.

icance is expected to reduce further after accounting for the fact that several k̃ hypotheses have
been searched for.
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respectively.
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Search for new physics in high mass diphoton events in
proton-proton collisions at 13 TeV

The CMS Collaboration

Abstract

We report on a search for new physics using high mass diphoton events. The search
employs 2.6 fb�1 of pp collision data collected by the CMS experiment in 2015 atp

s = 13 TeV and it is aimed at extradimensional models leading to resonant pro-
duction of two photons. Limits on the production cross section of Randall-Sundrum
gravitons decaying to two photons are obtained in the range 500-4500 GeV.

local significance: 2.6 ! global significance: 1.2 !
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Figure 1. All data sets collected by both the ATLAS and CMS experiments at
p
s = 8 TeV

and
p
s = 13 TeV runs. The points correspond to the number of events observed in each bin

minus the background fitted functions for each dataset. Left: number of events minus background
reported by each analysis. Right: the same data normalized to the ATLAS 13 TeV cross section,
luminosity, acceptance and efficiency. The error bars are normalized as the square root of the data
normalization.

excess it is possible that the new scalar and the vector-like quarks take part in cancellation
of quadratic divergences of the Higgs boson.

The paper is organized as follows. In Section 2, we study the ATLAS and CMS diphoton
data, identifying the best fit mass, cross-section and width of the proposed scalar. In
Section 3 we introduce a minimal toy model which explains the excess via an effective field
theory of a singlet that couples to gluons and photons. The basic features of the model
and viable parameter space are identified. The toy-model is then extended in Section 4,
where we allow the singlet to mix with the SM Higgs. In Section 5 we briefly discuss the
implications of a broad resonance followed by the possible constraints and predictions in
Section 6. We conclude in Section 7 with a discussion of the possible connection with the
naturalness problem. While this work was in progress, these studies were published [10–27].
A number of them present ideas that have some overlap with our study.

2 A New Resonance?

The ATLAS experiment presented the diphoton spectrum measured with 3.2 fb

�1 collected
at

p
s = 13 TeV [1]. In the bins around 750 GeV, the ATLAS experiment reports the

following number of observed events and the estimated SM background prediction:

Bin[GeV] 650 690 730 770 810 850
Nevents 10 10 14 9 5 2

Nbackground 11.0 8.2 6.3 5.0 3.9 3.1

The largest excess is in the bins centered at 730 and 770 GeV. The local significance of
the excess at 750 GeV is quoted by ATLAS as 3.6 �. There is no evidence for unusual
additional activity (jets, missing energy) in the diphoton events in the excess region, which
puts constraints on the production mode of the hypothetical resonance.

– 3 –

CMS uses 2.6 fb

�1 collected at
p
s = 13 TeV, and their results are given separately

for 2 distinct diphoton categories. In the first category (EBEB) both photons are detected
in the barrel, whereas in the second (EBEE) one photon is detected in the barrel and the
other is found in the end cap. The efficiency and acceptance for potential new resonances
signals are significantly different in the two categories. In the bins around 750 GeV they
find [2]:

Bin[GeV] 700 720 740 760 780 800
Nevents (EBEB) 3 3 4 5 1 1

Nbackground (EBEB) 2.7 2.5 2.1 1.9 1.6 1.5
Nevents (EBEE) 16 4 1 6 2 3

Nbackground (EBEE) 5.2 4.6 4.0 3.5 3.1 2.8

The EBEB category has a mild excess in the two bins centered at 740 and 760 GeV, which
coincides with the ATLAS excess. The EBEE category (a priori less sensitive) has a very
large excess at 700 GeV, however without matching signals in the other more sensitive CMS
category or in the ATLAS data. The local significance of the excess reported by CMS is
2.6 � at around 750 GeV.

Figure 1 (left) shows the reported data minus background from both experiments atp
s = 8 and 13 TeV [1, 2, 28, 29]. Figure 1 (right) presents the same data normalized to the

ATLAS 13 TeV cross section, luminosity, acceptance and efficiency. The normalized CMS
13 TeV data exhibits better correspondence to the ATLAS 13 TeV data at around 750 GeV.
Both the ATLAS and CMS 8 TeV normalized data sets show a mild excess at around 750

GeV.
In what follows we interpret the reported results in the context of a simple extension of

the SM. We take a simplified model which includes one additional real scalar, S, which has
an effective coupling to photons and gluons. In Secs. 3-4 we discuss possible models in more
details. To interpret the above excess we incorporate four distinct data sets. For ATLAS
we use the diphoton search at

p
s = 8 TeV [28] using 20.3 fb�1 of data, and the

p
s = 13

TeV [1] search with 3.2 fb�1 discussed above. For CMS we take the diphoton searches atp
s = 8 [29] using 19.7 fb�1 and the 13 TeV search [2] with 2.6 fb�1.

We work under the assumption that the new particle is dominantly produced via gluon
fusion. We mimic a resonant signal using the Breit-Wigner distribution for the scalar mass
mS 2 [700 � 800] GeV and the width �S 2 [5, 100] GeV. We then perform a Poissonian
likelihood analysis in order to find the best fit to the data as a function of three free
parameters: (i) the singlet mass, mS , (ii) its width, �S , and (iii) production times branching
ratio rate, �(pp ! S) ⇥ Br(S ! ��). This cross section is scaled by efficiency factors for
each analysis.1 This procedure is applied to the following combined data sets:

1. ATLAS 13 TeV + CMS 13 (LHC 13 TeV)
1
For the

p
s = 13 TeV analyse, we calculated the efficiency times acceptance for a scalar resonance

produce in gluon fusion using Monte Carlo simulated data. For the ATLAS search we find ✏ ⇥ A ⇡ 0.65

at M�� = 750 GeV. For the CMS search we find ✏ ⇥ A ⇡0.48(0.21) for the EBEB (EBEE) category

at M�� = 750 GeV. For the 8 TeV diphoton analyses we use the efficiency times acceptance quoted by

Refs. [28, 29].

– 4 –

ATLAS 

CMS 



≈≈

20 40 60 80 100
0

5

10

15

20

GS@GeVD

s
HppÆ

SLâB
rHSÆ
gg
L@fb
D

LHC 8+13 TeV, mS=750 GeV

Figure 4. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of width
vs. cross-section of a 750 GeV scalar resonance decaying to 2 photons favored by the ATLAS and
CMS run-1 and run-2 data .

Assuming mX & mS , we integrate out X to generate the following effective couplings to
gluons and photons (see e.g. [30, 31]):

csgg =

yXv

12⇡2mX
, cs�� =

yXQ2
Xv

2⇡2mX
. (3.3)

As a consequence, the ratio between the photon and gluon couplings is fixed by the electric
charge of X, cs�� = 6Q2

Xcsgg.
The partial decay widths mediated by these effective couplings are given by,

�(S ! ��) = c2s��
e4m3

S

64⇡v2
, �(S ! gg) = c2sgg

g4sm
3
S

8⇡v2
. (3.4)

Assuming that S can decay only to gluons and to photons, the branching fraction for the
photon decays is found to be,

Br(S ! ��) =
e4c2s��

8g4sc
2
sgg + e4c2s��

. (3.5)

Under the same assumption, the total decay width of S is always small for perturbative
values of yX and mX & 1 TeV. In the narrow width approximation, the tree-level production

– 7 –
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Figure 3. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of mass
vs. cross-section of a scalar resonance decaying to 2 photons favored by the ATLAS and CMS run-1
and run-2 data . The results are presented assuming a Breit-Wigner shape with � = 5 GeV (left)
and � = 40 GeV (right).

In Fig. 4 we also show the best fit region for mS = 750 GeV in the plane of the resonance
width vs cross section. Again, we see slight preference for a large width: the best fit point
occurs for �S = 30, and � = 4.8 fb. Finally, in the full 3D scan we find the best fit point
for mS ⇡ 730 GeV, � ⇡ 6 fb, and �S ⇡ 40 GeV. This is preferred over the best fit point
with �S = 5 GeV by ��2 ⇡ 2.5.

3 Toy Model: A Singlet

We begin by studying a minimal model which addresses the excess discussed above. We
introduce a real scalar, S, coupled to photons and gluons

LS,e↵ =

e2

4v
cs��SAµ⌫Aµ⌫ +

g2s
4v

csggSG
a
µ⌫G

a
µ⌫ , (3.1)

where e is the electromagnetic constant, gs is the QCD coupling constant, and v ' 246 GeV
is introduced for dimensional reasons. In our numerical analyses we use the SM couplings
evaluated at 750 GeV, gs = 1.07, and e = 0.31. These couplings are non-renormalizable,
but they may arise effectively in a renormalizable model after integrating out vector-like
quarks at one loop. We assume the singlet has a Yukawa coupling yX to a vector-like quark
X which resides in the fundamental representation of SU(3)c and has mass mX and electric
charge QX ,

L � �yXS ¯XX . (3.2)

– 6 –

2.4+1.35
�1.30 fb



How do we explain 
this 2.4 fb?



How do we explain 
this 2.4 fb?

NP particle with m=750 GeV

Production cross section

BR of the diphoton channel

�
prod

·B = 2.4 fb





Inte
rfe
ren
ce



2. Interference 
Effects



New Particle search for 
Breit-Wigner resonance



full gg ! !! amplitude is a sum of resonance and
continuum terms,

A gg!!! ! "Agg!HAH!!!

ŝs"m2
H # imH!H

#Acont; (1)

where ŝs is the gluon-gluon invariant mass. The interfer-
ence term in the partonic cross section is

"#̂#gg!H!!! !"2$ŝs"m2
H%

Re$Agg!HAH!!!A&
cont%

$ŝs"m2
H%2 #m2

H!
2
H

" 2mH!H
Im$Agg!HAH!!!A&

cont%
$ŝs"m2

H%2 #m2
H!

2
H

:

(2)

At the hadron level, the interference term is

"#pp!H!!! !
Z dŝs

ŝs
dLgg

dŝs
"#̂#gg!H!!!; (3)

where the gluon-gluon luminosity function is

dLgg

dŝs
!

Z 1

0
dx1dx2x1g$x1%x2g$x2%"$ŝs=s" x1x2%: (4)

The intrinsic Higgs width !H is much narrower than the
experimental resolution "mH ' 1 GeV, so the observable
interference effect requires an integral across the entire
linewidth. The integral of the first,‘‘real,’’ term in Eq. (2)
vanishes in the narrow-width approximation [8] and leads
to a subdominant effect, to be discussed below.

The second,‘‘imaginary,’’ term in Eq. (2) has the same
ŝs dependence as the resonance itself, so it survives inte-
gration over ŝs in the narrow-width limit [not counting the
!H factor already explicit in Eq. (2)]. However, it requires
a relative phase between the resonant and continuum
amplitudes. As mentioned above, in the SM the resonant
amplitude, apart from the Breit-Wigner factor, is predom-
inantly real. The one-loop continuum gg ! !! ampli-
tude is mediated by light quarks in the loop. Thus one
might expect Acont to have a large imaginary part, which
is related by unitarity to the tree amplitude product
Agg!q "qq (Aq "qq!!!. For some gluon-photon helicity con-
figurations this is true, but for the like-helicity cases
g)g) and !)!) relevant for interference with a scalar
Higgs resonance, the tree amplitudes vanish as mq ! 0

[8]. At one loop, the imaginary part of Acont comes
mainly from the b and c quark loops (as indicated in
Fig. 1) and is suppressed by factors of order e2qm2

q=m2
H.

A much larger imaginary part of Acont arises at the
two-loop order, where there is no quark mass suppression
[17]. In fact, the imaginary part of the two-loop gg ! !!
amplitude is divergent due to an exchange of a soft-
collinear virtual gluon between the two incoming gluons,
but this divergence cancels against a similar two-loop
contribution to the production amplitude AH!gg. We
write the fractional interference correction to the reso-
nance, for polarized gluons and photons, as

" * "#̂#
#̂#

! 2mH!HIm
! A$1%

cont

A$1%
gg!HA$1%

H!!!

(
"

1#A$2%
cont

A$1%
cont

"
A$2%

gg!H

A$1%
gg!H

"
A$2%

H!!!

A$1%
H!!!

#$

;

(5)

where for ŝs ! m2
H [5,6]

A $1%
gg!H !

%%%%%%%%%%%%%%%%%%

GF=2
%%%

2
pq

$s$mH%m2
H

3%

X

q!t;b;c

AQ$4m2
q=m2

H%;

(6)

A$1%
H!!! !

%%%%%%%%%%%%%%%%%%

GF=2
%%%

2
pq

$m2
H

2%

(
"

3
X

q!t;b;c

e2qAH
Q $4m2

q=m2
H%

# AH
Q $4m2

&=m2
H% # AH

W $4m2
W=m

2
H%
#

; (7)

with

AQ$x% ! 3
4A

H
Q $x% ! 3

2x+1# $1" x%f$x%,; (8)

AH
W $x% ! "x

"

3# 2

x
# 3$2" x%f$x%

#

; (9)

f$x% !
8

<

:

+sin"1$1= %%%

x
p %,2; x - 1;

" 1
4 +ln$1#

%%%%%%%
1"x

p

1"
%%%%%%%
1"x

p % " i%,2; x < 1:
(10)

Up to constant prefactors, the one-loop continuum am-
plitude A$1%

cont for gg ! !! is the same as for light-by-
light scattering [8,18] and is included with full quark
mass dependence. The two-loop amplitude A$2%

cont is
evaluated in the mq ! 0 limit [17], after canceling the
divergent terms in the ratio A$2%

cont=A$1%
cont against those in

A$2%
gg!H=A$1%

gg!H. The remaining two-loop QCD correc-
tions from A$2%

gg!H and A$2%
H!!! are included [19] but are

small because they do not induce new phases.
A simplified approximate formula can be given by

neglecting the remaining A$2%
gg!H and A$2%

H!!! terms,
the small phase of A$1%

cont, and all but the (real) W and t
loops in A$1%

H!!! and A$1%
gg!H. There are two

CP-inequivalent helicity configurations, g#g# ! !#!#

g

g

t, b
H

 

 
W, t
b, c,τ · · ·

b, c, . . . u, c, d, s, b · · ·

*

γ

γ

FIG. 1. Sample Feynman diagrams contributing to the inter-
ference of gg ! H ! !! with the continuum background.
Only one diagram is shown at each loop order, for each
amplitude. The blob contains W and t loops and small con-
tributions from lighter charged fermions.
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Diphoton channel of a Higgs boson
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Up to constant prefactors, the one-loop continuum am-
plitude A$1%

cont for gg ! !! is the same as for light-by-
light scattering [8,18] and is included with full quark
mass dependence. The two-loop amplitude A$2%
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evaluated in the mq ! 0 limit [17], after canceling the
divergent terms in the ratio A$2%
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cont against those in
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gg!H. The remaining two-loop QCD correc-
tions from A$2%
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H!!! are included [19] but are

small because they do not induce new phases.
A simplified approximate formula can be given by

neglecting the remaining A$2%
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H!!! terms,
the small phase of A$1%

cont, and all but the (real) W and t
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Only one diagram is shown at each loop order, for each
amplitude. The blob contains W and t loops and small con-
tributions from lighter charged fermions.
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gard of whether pure dips can be produced.
The pure resonance dip is a particularly interesting

signal. As the pure dip has the BW shape (with just a
negative sign), its signal is well localized and searches are
eased; most importantly, it can be probed by the current
searches that do not even take into account interference
e↵ects. In Sec. III A, we will discuss LHC prospects of
pure A0 resonance dips in tt̄ channel by using the latest
search results and the modified NWA.

II. GENERAL FORMALISM

We study the interference between the continuum and
the resonance in a 2 ! 2 scattering. The general expres-
sion for the partonic di↵erential cross-section is
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where z = cos ✓⇤, ✓⇤ is the scattering angle in the center-
of-mass frame, and we properly sum and average over
helicities and colors. The first term is for the continuum
background and the second is for the resonance with the
mass M and the width �. Ai and �i are the magnitude
and complex phase of each helicity amplitude, respec-
tively. We factor out a BW propagator in the resonance
amplitude. The complex phase can be generated by ei-
ther loop diagrams or CP-violating interactions.

The interference e↵ects are more clearly shown in the
following form:
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The w,R and � are our key parameters. If the interfer-
ence is dominated by a certain helicity amplitude and the
resonance amplitude does not depend on the scattering
angle z (as is for a scalar resonance), the R and � can be
well approximated by the dominant helicity amplitude as

R ' A
res

A
bg

, � ' �
res

� �
bg

. (6)

These imply that R and � are the relative strength and
phase between the resonance and continuum, respec-
tively.
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FIG. 1. Resonance shapes from the imaginary-part interfer-
ences (c� = 0) for M = 400 GeV, � = 10 GeV and R = 0.035
(R = 0.05 for the case (c)). The vertical axis uses arbitrary
unit. Solid lines are the results for (a) a pure dip in Eq. (7),
(b) a pure enhanced peak (� = ⇡/2), and (c) nothingness
(� = �⇡/2, w/R = 0.5). For comparison, we also show a
resonance without any interference (orange-dashed) and the
continuum alone (black-dotted).

Depending on R, � and w for a given process, various
resonance shapes can arise. The first term in the second
line of Eq. (2), originated from the real-part interference
(c�), is odd in ŝ near M2. The second term, the sum
of the resonance square and the imaginary-part interfer-
ence (s�), is even in

p
ŝ. The relative strength and sign

between the first and second terms will determine the
overall resonance shape, parameterized well by R and �.
The simplest example is the well-known purely real-part
interference with s� = 0 (no net relative phase); a peak-
dip or dip-peak structure arises and shifts the final peak
position depending on the size and sign of �̂

int

c�.
On the other hand, the non-zero imaginary interfer-

ence can produce strikingly di↵erent resonance shapes.
First of all, the purely imaginary interference can pro-
duce a pure resonance dip if the following conditions are
satisfied:

Pure dip: � = �⇡

2
,

w

R
> 0.5. (7)

A pure dip in an example invariant mass distribution is
shown in Fig. 1 by the line (a) for gg ! � ! AB at the
LHC 14 TeV. The collider signature would be a deficit
rather than an excess in the invariant mass distribution.
The pure dip condition in Eq. (7) requires the pure neg-
ative imaginary interference, a sizable decay width and
relatively small resonance-to-interference strength.
We also show other interesting cases of the pure imag-

inary interference in Fig. 1. As shown by the line
(b), the resonance can be a pure peak if c� = 0 and
(1 + 2ws�/R) > 0 in Eq. (2). The peak can be en-
hanced (� = ⇡/2) or suppressed (� = �⇡/2) compared
to the result without interference (orange-dashed). Sur-
prisingly, the resonance can even disappear if � = �⇡/2
and w/R = 0.5 denoted by the line (c), in which case
both real and imaginary terms vanish in Eq. (2). These
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negative sign), its signal is well localized and searches are
eased; most importantly, it can be probed by the current
searches that do not even take into account interference
e↵ects. In Sec. III A, we will discuss LHC prospects of
pure A0 resonance dips in tt̄ channel by using the latest
search results and the modified NWA.
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where z = cos ✓⇤, ✓⇤ is the scattering angle in the center-
of-mass frame, and we properly sum and average over
helicities and colors. The first term is for the continuum
background and the second is for the resonance with the
mass M and the width �. Ai and �i are the magnitude
and complex phase of each helicity amplitude, respec-
tively. We factor out a BW propagator in the resonance
amplitude. The complex phase can be generated by ei-
ther loop diagrams or CP-violating interactions.
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Z
dz

X
A

bg

A
res

ei(�res��bg), (4)

R =
�̂
res

�̂
int

, w ⌘ �

M
. (5)

The w,R and � are our key parameters. If the interfer-
ence is dominated by a certain helicity amplitude and the
resonance amplitude does not depend on the scattering
angle z (as is for a scalar resonance), the R and � can be
well approximated by the dominant helicity amplitude as

R ' A
res

A
bg

, � ' �
res

� �
bg

. (6)

These imply that R and � are the relative strength and
phase between the resonance and continuum, respec-
tively.

ggÆFÆAB, LHC 14TeV
cf=0

HbL f=p
2

HaL f= -p
2
,
w
R
>0.5

HcL f= -p
2
,
w
R
=0.5

360 380 400 420 440

0.2

0.5

1.0

2.0

5.0

10.0

MAB @GeVD
FIG. 1. Resonance shapes from the imaginary-part interfer-
ences (c� = 0) for M = 400 GeV, � = 10 GeV and R = 0.035
(R = 0.05 for the case (c)). The vertical axis uses arbitrary
unit. Solid lines are the results for (a) a pure dip in Eq. (7),
(b) a pure enhanced peak (� = ⇡/2), and (c) nothingness
(� = �⇡/2, w/R = 0.5). For comparison, we also show a
resonance without any interference (orange-dashed) and the
continuum alone (black-dotted).

Depending on R, � and w for a given process, various
resonance shapes can arise. The first term in the second
line of Eq. (2), originated from the real-part interference
(c�), is odd in ŝ near M2. The second term, the sum
of the resonance square and the imaginary-part interfer-
ence (s�), is even in

p
ŝ. The relative strength and sign

between the first and second terms will determine the
overall resonance shape, parameterized well by R and �.
The simplest example is the well-known purely real-part
interference with s� = 0 (no net relative phase); a peak-
dip or dip-peak structure arises and shifts the final peak
position depending on the size and sign of �̂
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On the other hand, the non-zero imaginary interfer-

ence can produce strikingly di↵erent resonance shapes.
First of all, the purely imaginary interference can pro-
duce a pure resonance dip if the following conditions are
satisfied:

Pure dip: � = �⇡
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A pure dip in an example invariant mass distribution is
shown in Fig. 1 by the line (a) for gg ! � ! AB at the
LHC 14 TeV. The collider signature would be a deficit
rather than an excess in the invariant mass distribution.
The pure dip condition in Eq. (7) requires the pure neg-
ative imaginary interference, a sizable decay width and
relatively small resonance-to-interference strength.
We also show other interesting cases of the pure imag-

inary interference in Fig. 1. As shown by the line
(b), the resonance can be a pure peak if c� = 0 and
(1 + 2ws�/R) > 0 in Eq. (2). The peak can be en-
hanced (� = ⇡/2) or suppressed (� = �⇡/2) compared
to the result without interference (orange-dashed). Sur-
prisingly, the resonance can even disappear if � = �⇡/2
and w/R = 0.5 denoted by the line (c), in which case
both real and imaginary terms vanish in Eq. (2). These
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FIG. 1. Resonance shapes from the imaginary-part interfer-
ences (c� = 0) for M = 400 GeV, � = 10 GeV and R = 0.035
(R = 0.05 for the case (c)). The vertical axis uses arbitrary
unit. Solid lines are the results for (a) a pure dip in Eq. (7),
(b) a pure enhanced peak (� = ⇡/2), and (c) nothingness
(� = �⇡/2, w/R = 0.5). For comparison, we also show a
resonance without any interference (orange-dashed) and the
continuum alone (black-dotted).
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(ŝ�M2)2 +M4w2

(2)

⇥
"
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FIG. 1. Resonance shapes from the imaginary-part interfer-
ences (c� = 0) for M = 400 GeV, � = 10 GeV and R = 0.035
(R = 0.05 for the case (c)). The vertical axis uses arbitrary
unit. Solid lines are the results for (a) a pure dip in Eq. (7),
(b) a pure enhanced peak (� = ⇡/2), and (c) nothingness
(� = �⇡/2, w/R = 0.5). For comparison, we also show a
resonance without any interference (orange-dashed) and the
continuum alone (black-dotted).

Depending on R, � and w for a given process, various
resonance shapes can arise. The first term in the second
line of Eq. (2), originated from the real-part interference
(c�), is odd in ŝ near M2. The second term, the sum
of the resonance square and the imaginary-part interfer-
ence (s�), is even in

p
ŝ. The relative strength and sign

between the first and second terms will determine the
overall resonance shape, parameterized well by R and �.
The simplest example is the well-known purely real-part
interference with s� = 0 (no net relative phase); a peak-
dip or dip-peak structure arises and shifts the final peak
position depending on the size and sign of �̂

int

c�.
On the other hand, the non-zero imaginary interfer-

ence can produce strikingly di↵erent resonance shapes.
First of all, the purely imaginary interference can pro-
duce a pure resonance dip if the following conditions are
satisfied:

Pure dip: � = �⇡

2
,

w

R
> 0.5. (7)

A pure dip in an example invariant mass distribution is
shown in Fig. 1 by the line (a) for gg ! � ! AB at the
LHC 14 TeV. The collider signature would be a deficit
rather than an excess in the invariant mass distribution.
The pure dip condition in Eq. (7) requires the pure neg-
ative imaginary interference, a sizable decay width and
relatively small resonance-to-interference strength.
We also show other interesting cases of the pure imag-

inary interference in Fig. 1. As shown by the line
(b), the resonance can be a pure peak if c� = 0 and
(1 + 2ws�/R) > 0 in Eq. (2). The peak can be en-
hanced (� = ⇡/2) or suppressed (� = �⇡/2) compared
to the result without interference (orange-dashed). Sur-
prisingly, the resonance can even disappear if � = �⇡/2
and w/R = 0.5 denoted by the line (c), in which case
both real and imaginary terms vanish in Eq. (2). These
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To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
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ŝ�M2 + iM�
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the partonic cross-section becomes
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where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects
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(ŝ�M2)2 +M4w2


1 +

2w

R
s� +

2(ŝ�M2)

M2

c�
R

�
(4)
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The even functions survive from the integration over ŝ which is well motivated by the
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If there is one dominant amplitude

2

gard of whether pure dips can be produced.
The pure resonance dip is a particularly interesting

signal. As the pure dip has the BW shape (with just a
negative sign), its signal is well localized and searches are
eased; most importantly, it can be probed by the current
searches that do not even take into account interference
e↵ects. In Sec. III A, we will discuss LHC prospects of
pure A0 resonance dips in tt̄ channel by using the latest
search results and the modified NWA.

II. GENERAL FORMALISM

We study the interference between the continuum and
the resonance in a 2 ! 2 scattering. The general expres-
sion for the partonic di↵erential cross-section is

d�̂

dz
=

1

32⇡ŝ

X����Abg

ei�bg +
M2

ŝ�M2 + iM�
· A

res

ei�res

����
2

,

(1)
where z = cos ✓⇤, ✓⇤ is the scattering angle in the center-
of-mass frame, and we properly sum and average over
helicities and colors. The first term is for the continuum
background and the second is for the resonance with the
mass M and the width �. Ai and �i are the magnitude
and complex phase of each helicity amplitude, respec-
tively. We factor out a BW propagator in the resonance
amplitude. The complex phase can be generated by ei-
ther loop diagrams or CP-violating interactions.

The interference e↵ects are more clearly shown in the
following form:

�̂ = �̂
bg

+
M4

(ŝ�M2)2 +M4w2

(2)

⇥
"
2(ŝ�M2)

M2

�̂
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✓
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R
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◆#
,

where s� = sin�, c� = cos�, and

�̂
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1
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Z
dz
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bg,res, (3)
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ei� =
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dz

X
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A
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ei(�res��bg), (4)

R =
�̂
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�̂
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, w ⌘ �

M
. (5)

The w,R and � are our key parameters. If the interfer-
ence is dominated by a certain helicity amplitude and the
resonance amplitude does not depend on the scattering
angle z (as is for a scalar resonance), the R and � can be
well approximated by the dominant helicity amplitude as

R ' A
res

A
bg

, � ' �
res

� �
bg

. (6)

These imply that R and � are the relative strength and
phase between the resonance and continuum, respec-
tively.
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FIG. 1. Resonance shapes from the imaginary-part interfer-
ences (c� = 0) for M = 400 GeV, � = 10 GeV and R = 0.035
(R = 0.05 for the case (c)). The vertical axis uses arbitrary
unit. Solid lines are the results for (a) a pure dip in Eq. (7),
(b) a pure enhanced peak (� = ⇡/2), and (c) nothingness
(� = �⇡/2, w/R = 0.5). For comparison, we also show a
resonance without any interference (orange-dashed) and the
continuum alone (black-dotted).

Depending on R, � and w for a given process, various
resonance shapes can arise. The first term in the second
line of Eq. (2), originated from the real-part interference
(c�), is odd in ŝ near M2. The second term, the sum
of the resonance square and the imaginary-part interfer-
ence (s�), is even in

p
ŝ. The relative strength and sign

between the first and second terms will determine the
overall resonance shape, parameterized well by R and �.
The simplest example is the well-known purely real-part
interference with s� = 0 (no net relative phase); a peak-
dip or dip-peak structure arises and shifts the final peak
position depending on the size and sign of �̂

int

c�.
On the other hand, the non-zero imaginary interfer-

ence can produce strikingly di↵erent resonance shapes.
First of all, the purely imaginary interference can pro-
duce a pure resonance dip if the following conditions are
satisfied:

Pure dip: � = �⇡

2
,

w

R
> 0.5. (7)

A pure dip in an example invariant mass distribution is
shown in Fig. 1 by the line (a) for gg ! � ! AB at the
LHC 14 TeV. The collider signature would be a deficit
rather than an excess in the invariant mass distribution.
The pure dip condition in Eq. (7) requires the pure neg-
ative imaginary interference, a sizable decay width and
relatively small resonance-to-interference strength.
We also show other interesting cases of the pure imag-

inary interference in Fig. 1. As shown by the line
(b), the resonance can be a pure peak if c� = 0 and
(1 + 2ws�/R) > 0 in Eq. (2). The peak can be en-
hanced (� = ⇡/2) or suppressed (� = �⇡/2) compared
to the result without interference (orange-dashed). Sur-
prisingly, the resonance can even disappear if � = �⇡/2
and w/R = 0.5 denoted by the line (c), in which case
both real and imaginary terms vanish in Eq. (2). These



To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as
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Z
dz

X
A2

bg,res, (5)

�̂inte
i� =

1

32⇡ŝ
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where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects

5

BW resonance



To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As
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which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
M2
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Z
dz

X
A2

bg,res, (5)

�̂inte
i� =

1

32⇡ŝ
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2(ŝ�M2)

M2

c�
R

�
(4)
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To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.
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The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects

5

* slowly varying near s=M^2

if w is small, only resonance region 
is important

* treated as constants



To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
M2

ŝ�M2 + iM�
Arese

i�res ,

the partonic cross-section becomes

�̂ = �̂bg + �̂res
M4

(ŝ�M2)2 +M4w2
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(4)

⌘ �̂bg + �̂res [fBW(ŝ) + freal(ŝ) + fimag(ŝ)] .

The exact definition of �̂bg,res,intf and the relative phase � are
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1
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Z
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Z
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R =
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, w ⌘ �

M
, (7)

where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects
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Real part interference

• Odd function about the invariant mass

• Cancelled by the integration over a finite bin

I. IMAGINARY PEAK

We can rewrite the general expression, Eq. (??), in a more useful form, as

σ̂ = σ̂bg +
1

(ŝ−M2) +M4w2

×
[
M2(ŝ−M2)σ̂intcφ +M4σ̂res

(
1 +

2w

R
sφ

)]
, (1)

where σ̂bg,res = 1/(32πŝ)
∫
dz

∑
A2

bg,res and sφ = sinφ, cφ = cosφ. The σ̂int and relative

phase φ are defined as

σ̂inte
iφ ≡ 1

32πŝ

∫
dz

∑
AbgArese

i(φres−φbg) . (2)

σ̂int and φ can be approximately determined by taking dominant helicity amplitudes in the

left hand side. The w and R are defined as

R ≡ σ̂res

σ̂int
, w ≡ Γ

M
(3)

Let’s consider the pure imaginary case:

sφ = +1.

At the resonance, the cross sections with and without the interference are

σ̂|sφ=1,cφ=0,ŝ=M2 = σ̂bg

[
1 +

R

w2

(
1 + 2

w

R

)]
, (4)

σ̂|sφ=0,cφ=0,ŝ=M2 = σ̂bg

[
1 +

R

w2

]

Therefore, the ratio of the cross sections with the interference to that without the interference

is

σ̂|w/

σ̂|w/o

=
1 + 1

w

(
R
w + 2

)

1 + 1
w

R
w

(5)

This enhancement can be important.

MSM = 360 GeV, σSM = 11.81 pb at 14 TeV, Br(H → γγ) = 6.1× 10−6, (6)

enhanced by 10? 2.3 fb (7)

1
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To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
M2

ŝ�M2 + iM�
Arese

i�res ,

the partonic cross-section becomes

�̂ = �̂bg + �̂res
M4

(ŝ�M2)2 +M4w2


1 +

2w

R
s� +

2(ŝ�M2)
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R

�
(4)

⌘ �̂bg + �̂res [fBW(ŝ) + freal(ŝ) + fimag(ŝ)] .

The exact definition of �̂bg,res,intf and the relative phase � are

�̂bg,res =
1

32⇡ŝ

Z
dz

X
A2

bg,res, (5)

�̂inte
i� =

1

32⇡ŝ

Z
dz

X
AbgArese

i(�res��bg), (6)

R =
�̂res

�̂int
, w ⌘ �

M
, (7)

where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects
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To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
M2

ŝ�M2 + iM�
Arese

i�res ,

the partonic cross-section becomes

�̂ = �̂bg + �̂res
M4

(ŝ�M2)2 +M4w2
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(4)
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, (7)

where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects
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Imaginary part interference & BW

Type I : 2.2× 104

Type II : 0.74× 104

Type X : 1.1× 104

Type Y : 1.4× 104

• Even function about
√
ŝ = M

• survived from the integration over a finite bin.

A. What we have done

In the hidden light Higgs scenario of the 2HDM, we begin with the parameter points

which survived from all relevant theoretical and experimental constraints, including

1. vacuum stability;

2. unitarity

3. perturbativity: |λi| < 4π.

B. Additional constraints?

The current results are based on the previous study of the Hidden light Higgs scenario

in 2HDM. We need to implement

1. New b → sγ results for Type II and Y in Ref. [1] are

mH± > 480 GeV at 95% C.L., (1)

mH± > 348 GeV at 98% C.L.

We should include mH± > 348 GeV condition for Type II. mH± > 480 GeV condition

will exclude most of parameter space for Type II, which is to be mentioned in the

main text.

1



To be more specific, we present the value of ŷHtt in the parameter space of (c��↵, t�). As

the red line indicates, a specific nonzero positive c��↵ for a given t� leads to vanishing ŷHtt ,

which happens, for example, when c��↵ = 0.1 for t� = 9.95 or c��↵ = 0.4 for t� = 2.29.

B. General formalism for interference

We consider the interference between the continuum background and the resonance pro-

cess in a 2 ! 2 scattering. When we write the helicity amplitudes for the continuum

background (Mbg) and the resonance (Mres) as

Mbg = Abge
i�bg , (3)

Mres =
M2

ŝ�M2 + iM�
Arese

i�res ,

the partonic cross-section becomes

�̂ = �̂bg + �̂res
M4

(ŝ�M2)2 +M4w2


1 +
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s� +

2(ŝ�M2)
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(4)

⌘ �̂bg + �̂res [fBW(ŝ) + freal(ŝ) + fimag(ŝ)] .
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, (7)

where z = cos ✓⇤, and ✓⇤ is the scattering angle in the c.m. frame. R, w, and � are our key

parameters.

The interference e↵ects consist of two part, the real part and the imaginary part in Eq. 4).

It is very useful to quantify two interference contributions in terms of the key parameters

(R, w, and �). We first observe that if the total width is small enough compared with the

mass, i.e.,w ⌧ 1, the invariant mass (
p
ŝ) distribution becomes meaningful only near M .

In the resonance region the �bg and �res in Eq. 4) are slowly varying, and
p
ŝ dependence

is mainly shown in fBW(ŝ), freal(ŝ), and fimag(ŝ). It is clear that freal(ŝ) is an odd function

while fBW(ŝ) and fimag(ŝ) are even.

The even functions survive from the integration over ŝ which is well motivated by the

finite bin size in the invariant mass distribution. We first quantify the interference e↵ects
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Correction factor to the NWA

C

3

various new features suggest that we change the image
of a particle resonance: its signal does not have to be an
excess; it can be a deficit or even nothing. We will see in
the next section that all of these features can appear for
heavy Higgs bosons.

The NWA is not a good approximation with the non-
zero imaginary part of interference. It is because, be-
ing an even function in ŝ near the resonance, the imag-
inary part survives under the integration of

p
ŝ across

the resonance mass, thus contributing to the total cross-
section; on the other hand, the real part practically van-
ishes under the integration. We, however, note that the
imaginary part adds to the �̂

res

, simply modifying the
coe�cient of the BW-square by (1 + 2w

Rs�) in Eq. (2).
Therefore, the factor (1 + 2w

Rs�) serves as the correction
factor to the NWA as if the original resonance-square sig-
nal were multiplied by the factor. Thus, we suggest the
modified NWA as:

�(ab ! � ! cd)w/ intf = �(ab ! �) · Br(� ! cd) · C,
(8)

where the subscript “w/ intf” emphasizes that full inter-
ference e↵ects are included, and the correction factor C
is defined as

C ⌘
✓
1 +

2w

R
s�

◆
. (9)

For narrow resonances, the energy dependences of R,w
and � can be ignored, and we evaluate them at ŝ = M2.

The observation of resonance shape can be limited by
the resolution of the invariant mass. If the width is much
smaller than the experimental resolution, the observable
would just be the resonance signal integrated over the
experimental bin size. In such case, the correction factor
C in Eq. (9) can also serve as a useful measure of how
the resonance would be observed:

C < 0 : deficit, (10)

C = 0 : nothingness,

C > 0 : excess.

The “nothingness” can be resulted either from the com-
plete disappearance of a resonance (� = �⇡/2, C = 0) or
from remaining symmetric dip-peak or peak-dip struc-
tures (� 6= �⇡/2, C = 0). We will use the sign of the C
factor to discuss resonance shapes in the general param-
eter space of heavy Higgs bosons in the next section.

III. THE ABNORMALITY OF HEAVY HIGGS
RESONANCES IN THE ALIGNED 2HDM

The interference e↵ects from a resonance particle be-
come significant when the width is not too narrow. Heavy
neutral Higgs bosons, which are ubiquitous in many new
physics models with the extended Higgs sector, are good
candidates for sizeable total width. In addition, their
production through the gluon fusion at one-loop level

develops a complex phase when the heavy Higgs bo-
son masses are above the tt̄ or bb̄ thresholds. As one
of the simplest extensions of the SM, we consider the
heavy Higgs bosons in the CP-conserving aligned Type
II 2HDM.
A 2HDM [27] introduces two complex SU(2)L Higgs

doublet scalar fields, both of which have nonzero vac-
uum expectation values v

1

and v
2

. There are five phys-
ical Higgs boson degrees of freedom, the light CP-even
scalar h0, the heavy CP-even scalar H0, the CP-odd
pseudoscalar A0, and two charged Higgs bosons H±. We
consider the resonance shapes of H0 and A0. The SM
Higgs field is a mixture of h0 and H0 as

HSM = sin(� � ↵)h0 + cos(� � ↵)H0, (11)

where ↵ is the mixing angle between h0 and H0 and
tan� = v

2

/v
1

. Since the current LHC Higgs data prefers
a very SM-like Higgs boson [28], we simply assume the ex-
act alignment limit, sin(��↵) = 1. Then we discuss each
phenomenology of H0 and A0 in the two-dimensional pa-
rameter space of MH/A and tan�1. The Yukawa cou-
plings normalized by the SM ones become

ŷHt = � 1

ŷHb
= � 1

tan�
, ŷAt =

1

ŷAb
=

1

tan�
. (12)

Note that the H-t-t̄ and H-b-b̄ vertices have the opposite
sign while A-t-t̄ and A-b-b̄ vertices have the same sign.
Important decay modes of H0 and A0 are tt̄, bb̄, ⌧+⌧�,

��, �Z, hh and Zh. The ZZ and WW decay modes are
forbidden at the tree level in the alignment limit. In the
following subsections, we study tt̄, bb̄ and �� channels to
see whether striking resonance shapes are produced and
to classify the parameter space as pure dip, nothingness
and enhanced peak regions. We also briefly discuss other
channels in the last subsection.

A. Dips and nothingness in gg ! H/A ! tt̄.

For MH/A � 2mt, the dip signal can arise in tt̄ final
states [12, 13]. We delineate how the dip conditions are
satisfied, and we discuss various other resonance shapes
in a general parameter space. In the interference between
gg ! H/A ! tt̄ and the continuum background gg ! tt̄,
a sizable complex phase is naturally generated from the
top quark loop. Since the resonance process is one-loop
suppressed compared to the continuum process and the
heavy Higgs width is usually O(1)GeV, the R is roughly
of the same order or smaller than w in most of the pa-
rameter space. Therefore, the necessary dip condition
w/R > 0.5 is easily satisfied.

1 There is another model parameter, the soft Z2 symmetry break-
ing term m2

12. The m2
12 a↵ects the Higgs triple couplings, which

do not play a significant role in the H/A decays into tt̄, bb̄, ��.

Integrated out



Imaginary part interference



σres

ϕ=135∘

225
∘

45∘
315 ∘

650 700 750 800 850

0.5×10-3
0.001

0.005

0.010

0.050

0.100

Mγγ [GeV]

A
rb
itr
ar
y
U
ni
t



How does the 
interference effect 
change the 750 
GeV diphoton 

excess?



3. Singlet Model:  
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Another important parameter is the width. In the above model, the width is typi-

cally too small (. 1 GeV) to make interference e↵ects apparent in current experiments;

� mainly decays to loop-induced gg and ��

�(� ! gg) =
↵2

S

128⇡3

M3

�

M2

Q

�����
X

Q

sQA
�

1/2

 
M2

�

4M2

Q

!�����

2

, (3.4)

�(� ! ��) =
↵2

256⇡3

M3

�

�����
X

f=Q,L

NC q2f
sf
Mf

A�

1/2

 
M2

�

4M2

f

!�����

2

, (3.5)

where loop functions A�=A
1/2 are defined as in Ref. [101], and other signals such as

Z�, ZZ, WW are currently well below their LHC 8 sensitivities. If such a narrow

resonance falls within a single experimental bin, the real-part interference (although

itself is independent on the width) is cancelled out. In addition, the imaginary-part

interference is small since it is directly proportional to the width as (C�1) / �. Thus,

to illustrate the impacts of interference e↵ects, we assume a bigger constant width

�
�

= 5GeV, (3.6)

which is easily accomplished by adding extra hidden decay modes of �, not constrained

at all [102]. We cannot assume an arbitrarily large new decay width because diphoton

signal will then be relatively suppressed. If the NL is smaller, the total width decreases

and the interference e↵ects will be less significant. Meanwhile, for ML  M
�

/2, the de-

cays into vector-like leptons dominate and the diphoton signal becomes too suppressed.

Although such light leptons can change the phase � and introduce di↵erent interference

e↵ects, we cannot fit the diphoton excess data well and do not discuss this possibility

further.

An important feature of the singlet scalar model is

� '
⇢
8.3� for sL > 0;

188.3� for sL < 0,
(3.7)

which induces almost purely real-part interference. This is the case in which resonance

shape is maximally distorted from pure BW shape (and the peak location is maximally

shifted), for the given total rate. The small but non-zero phase is generated from the

SM quark loops in gg ! �� background box diagrams.

– 8 –
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Lepton sector

M
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L

is varied.
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Another important parameter is the width. In the above model, the width is typi-

cally too small (. 1 GeV) to make interference e↵ects apparent in current experiments;

� mainly decays to loop-induced gg and ��
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↵2
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where loop functions A�=A
1/2 are defined as in Ref. [101], and other signals such as

Z�, ZZ, WW are currently well below their LHC 8 sensitivities. If such a narrow

resonance falls within a single experimental bin, the real-part interference (although

itself is independent on the width) is cancelled out. In addition, the imaginary-part

interference is small since it is directly proportional to the width as (C�1) / �. Thus,

to illustrate the impacts of interference e↵ects, we assume a bigger constant width

�
�

= 5GeV, (3.6)

which is easily accomplished by adding extra hidden decay modes of �, not constrained

at all [102]. We cannot assume an arbitrarily large new decay width because diphoton

signal will then be relatively suppressed. If the NL is smaller, the total width decreases

and the interference e↵ects will be less significant. Meanwhile, for ML  M
�

/2, the de-

cays into vector-like leptons dominate and the diphoton signal becomes too suppressed.

Although such light leptons can change the phase � and introduce di↵erent interference

e↵ects, we cannot fit the diphoton excess data well and do not discuss this possibility

further.

An important feature of the singlet scalar model is

� '
⇢
8.3� for sL > 0;

188.3� for sL < 0,
(3.7)

which induces almost purely real-part interference. This is the case in which resonance

shape is maximally distorted from pure BW shape (and the peak location is maximally

shifted), for the given total rate. The small but non-zero phase is generated from the

SM quark loops in gg ! �� background box diagrams.
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* Long tail in high mass region 
* Peak shift into larger mass



* Tail in the small mass region 
* Peak shift into small mass



Quantitatively?

Only through the !2 analysis



•Dashed: 1" allow region w/o interference
•Blue: w/ interference ⇒ lower mass region



•Dashed: w/o interference
•Blue: w/ interference ⇒ higher mass region



•positive sL ⇒ the tail region shrinks
•negative sL ⇒ the tail region expands



3. Doublet Model:  
Imaginary-Part 
Interference 



Two Higgs doublets

I. INTRODUCTION

II. THE TWO HIGGS DOUBLET MODEL

h0, H0, A0, H+, H−

mh, MH , MA, MH±

The general 2HDM [? ] involves Φ1 and Φ2 which are two complex Y = 1, SU(2)L Higgs

doublet scalar fields. The most general potential with CP invariance and softly broken Z2

symmetry is given by [? ]

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
1

2
λ5

[
(Φ†

1Φ2)
2 + h.c.

]
(1)

where all of the parameters are real.

The scalar potential (??) is bounded from below only if the following conditions are

satisfied [? ? ? ? ]

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2. (2)

In addition, we demand perturbativity as

|λi| < 4π. (3)

After spontaneous symmetry breaking, the doublets have the vacuum expectation values as

follows,

⟨Φ1⟩ =
1√
2

⎛

⎝ 0

v1

⎞

⎠ , ⟨Φ2⟩ =
1√
2

⎛

⎝ 0

v2

⎞

⎠ , (4)

where v1 and v2 are are taken to be real. For CP conservation, we further require

v2 ≡ v21 + v22 = (246 GeV)2,
v2
v1

= tan β. (5)

Before, we defined tan β = vu/vd, which implies

Φu = Φ1, Φd = Φ2. (6)

1

which determine m11 and m22 as

m2
11 = m2

12 tan β − v2

2

(
λ1 cos

2 β + λ345 sin
2 β

)
, (8)

m2
22 = m2

12 cot β − v2

2

(
λ2 sin

2 β + λ345 cos
2 β

)
,

Therefore, 8 parameters are

(
m2

11,m
2
22,m12,λ1,λ2,λ3,λ4,λ5

)
→ (v, tan β,m12,λ1,λ2,λ3,λ4,λ5) . (9)

With two complex scalar SU(2) doublets there are eight fields:

Φa =

⎛

⎜⎝
φ+
a

va + ρa + iηa√
2

⎞

⎟⎠ , a = 1, 2. (10)

With the above minimum, the mass terms for the charged scalars are given by

Vφ± mass =
[
m2

12 − (λ4 + λ5)v1v2
] (

φ−
1 , φ−

2

)
⎛

⎜⎝

v2
v1

−1

−1
v1
v2

⎞

⎟⎠

⎛

⎝ φ+
1

φ+
2

⎞

⎠ . (11)

There is a zero eigenvalue corresponding to the charged Goldstone boson G± which gets

eaten by the W±. The mass-squared of the ‘charged Higgs’ is

m2
H+ =

m2
12

cos β sin β
− (λ4 + λ5)v

2. (12)

The mass terms for the pseudoscalars are given by

Vηmass =
1

2

m2
A

v21 + v22

(
η1, η2

)
⎛

⎝ v22 −v1v2

−v1v2 v21

⎞

⎠

⎛

⎝ η1

η2

⎞

⎠ . (13)

One eigenvalue is zero, which corresponds to a pseudoscalar Goldstone mode. The mass-

squared of the physical pseudoscalar is

m2
A =

m2
12

cos β sin β
− 2λ5v

2. (14)

Note that, when m2
12 = 0 and λ5 = 0, the pseudoscalar becomes massless. This is due to

the existence, in that limit, of an additional global U(1) symmetry which is spontaneously

broken.
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Two Higgs doublets

In order to suppress FCNC 
at tree level,

we impose Z2 symmetry

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ

AOKI, KANEMURA, TSUMURA, AND YAGYU PHYSICAL REVIEW D 80, 015017 (2009)

015017-2



Z2 parity of other fermions
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Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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Five physical Higgs bosons

h0, H0, A0, H±

where

M2
11 = m2

12t
2
β +

λ1v2

1 + t2β
, (6)

M2
12 = −m2

12 + λ345v
2 tβ
1 + t2β

,

M2
22 =

m2
12

t2β
+ λ2v

2
t2β

1 + t2β
.

The mixing angle is α ∈
[
−π

2 ,
π
2

]
:

⎛

⎝ ρ1

ρ2

⎞

⎠ =

⎛

⎝ cα −sα

sα cα

⎞

⎠

⎛

⎝ H0

h0

⎞

⎠ (7)

and the masses as

m2
H,h =

1

2

[
M2

11 +M2
22 ±

√
(M2

11 −M2
22)

2 + 4(M2
12)

2
]
, (8)

The SM Higgs field, which corresponds to H1, are expressed in terms of h0 and H0 as

HSM = sβ−αh
0 + cβ−αH

0 (9)

In the light hidden Higgs scenario, the condition of cβ−α = 0 guarantees very SM-like H0,

called the alignment limit.

The alignment limit if H0 = h125: cβ−α = 1 (10)

As shall be shown, the surviving parameters from all the constraints are distributed around

the alignment limit. It is interesting to observe that this limit maximizes or minimizes some

triple couplings of Higgs bosons with weak gauge bosons or other Higgs bosons, which are

divided into wo categories, one proportional to sβ−α and the other proportional to cβ−α:

sβ−α : ghW+W− , ghZZ , gZAH , gW±H∓H , (11)

cβ−α : gHW+W− , gHZZ , gZAh, gW±H∓h, gHhh.

The couplings proportional to cβ−α vanish in the alignment limit.

Yukawa couplings of Higgs bosons are different according to type, i.e., the Z2 charges

of the SM fermions. The general expressions for the Yukawa couplings are referred to

Ref. [8, 14].
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0Alignment limit
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John Smith
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Subsection Example

Second SectionLagrangian

�L = YDLLH1

DR + Y 0
DLRH1

D 0
L + YELL ˜H2

ER + Y 0
ELR ˜H

2

E 0
L

+MLLLLR +MEE
0
LER +MDD

0
LDR + h.c.

750 GeV state

M� = MH = MA = 750GeV



2HDM with VLL
SU(3)⇥ SU(2)⇥ U(1)Y

LL =

✓
EL

DL

◆
LR =

✓
E 0

R

D0
R

◆
(1, 2, �3

2

)

ER E 0
L (1, 1, �1)

DR D0
L (1, 1, �2)

Table 1. The contents and quantum numbers of vector-like leptons in the VLL-2HDM

model. The electric charges of the doublet components are (�1,�2).

the 750 GeV diphoton excess, we consider a degenerate heavy Higgs bosons

M� = MH = MA = 750GeV. (4.1)

Note that the top quark Yukawa couplings of H0 and A0 are inversely proportional to

t� in the alignment limit.

The observed diphoton excess rate of O(1) fb is too large to be explained in the

original 2HDM with the perturbativity of Yukawa coupling [4, 86]. The alignment limit

is e�cient to enhance Br(H0 ! ��) by forbidding H0 ! WW,ZZ decays. If t� is small

like ⇠ 1, the heavy Higgs bosons dominantly decay to the top pair, and the diphoton

branching ratio is still very small such as Br(� ! ��) = 7.8 (8.7)⇥ 10�6 for � = H(A).

The diphoton signal rate is just �(pp ! H/A ! ��) ' 0.01 fb . If t� is large, we may

enhance the diphoton branching ratio by reducing Br(H/A ! tt̄), but the gluon fusion

production cross section is also suppressed. In order to achieve the needed O(1) fb

diphoton signal, we extend the model with extra VLLs, to be called the VLL-2HDM.

We now introduce VLLs, LL, ER, DR, LR, E 0
L, D

0
L, of which the quantum numbers

are summarized in Table 1. Note that the electric charges of E(0) and D(0) are �1

and �2, respectively. All of the VLLs in Table 1 are imbedded in one family. In the

following analysis we introduce 3 VLL families. The Lagrangian of the VLLs in Type

II 2HDM is

�L = YDLLH1

DR + Y 0
DLRH1

D0
L + YELLH̃2

ER + Y 0
ELRH̃2

E 0
L

+MLLLLR +MEE
0
LER +MDD

0
LDR + h.c. (4.2)

In this work we neglect the mixing between VLLs and the SM leptons although its

phenomenological impact is interesting [104, 105].
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Short title

John Smith

First Section

Subsection Example

Second SectionLagrangian in mass basis

�L � yEh(E 1

E
1

� E
2

E
2

) + yDh(D1

D
1

� D
2

D
2

)

� 1

t�
yEH(E

1

E
1

� E
2

E
2

) + t�yDH(D
1

D
1

� D
2

D
2

)

�i
1

t�
yEA(E 1

�
5

E
1

� E
2

�
5

E
2

)

�i t�yDA(D1

�
5

D
1

� D
2

�
5

D
2

)

Short title

John Smith

First Section

Subsection Example

Second SectionLagrangian in mass basis

�L � yEh(E 1

E
1

� E
2

E
2

) + yDh(D1

D
1

� D
2

D
2

)

� 1

t�
yEH(E

1

E
1

� E
2

E
2

) + t�yDH(D
1

D
1

� D
2

D
2

)

�i
1

t�
yEA(E 1

�
5

E
1

� E
2

�
5

E
2

)

�i t�yDA(D1

�
5

D
1

� D
2

�
5

D
2

)

The mass matrix in the basis of (E,E 0) is

ME =

 
ML

1p
2

YEv2
1p
2

Y 0
Ev2 ME

!
. (4.3)

We have similar form of MD by changing Y
(0)
E ! Y

(0)
D , v

2

! v
1

,ME ! MD. We

consider the case where heavier mass eigenvalues are much larger than the lighter ones,

for example, when ML � ME,MD or Y
(0)
E , Y

(0)
D � 1. Then, the contributions from

the heavier mass eigenstates E
2

and D
2

are suppressed. For simplicity, we assume the

two light mass eigenvalues are degenerated in mass, (ME
1

= MD
1

= M). We do not

consider the mass M below M
�

/2 since the new decay channels of H/A ! EĒ/DD̄

suppress the diphoton branching ratio quickly. We also assume that YE = Y 0
E and

YD = Y 0
D for simplicity.

The Yukawa terms for the VLLs in the mass eigenstate basis become

�L
Yukawa

� � 1

t�
yEH(E

1

E
1

� E
2

E
2

) + t�yDH(D
1

D
1

�D
2

D
2

)

� i
1

t�
yEA(E1

�
5

E
1

� E
2

�
5

E
2

)� i t�yDA(D1

�
5

D
1

�D
2

�
5

D
2

)

+ yEh(E1

E
1

� E
2

E
2

) + yDh(D1

D
1

�D
2

D
2

) , (4.4)

where yE = �s�s2✓EYE/
p
2, yD = �c�s2✓DYD/

p
2, and the mixing angles ✓E,D are given

by tan 2✓E,D =
p
2v

2,1YE,D/(ML �ME,D).

The partial decay widths of � = h,H,A in the VLL-2HDM are

�(� ! gg) =
GF↵

2

sM
3

�

64
p
2⇡3

�����
X

q

ŷ�q A
�

1/2

�
⌧q
�
�����

2

, (4.5)

�(� ! ��) =
GF↵

2

eM
3

�

128
p
2⇡3

�����
X

q

ŷ�q NcQ
2

qA
�

1/2

�
⌧q
�
+
X

`

ŷ�` Q
2

`A
�

1/2

�
⌧`
�
+A�

��,VLL

�����

2

,

where ⌧f = M2

�

/(4m2

f ), the relative Yukawa couplings normalized by the SM values

are ŷht,b,⌧ = 1, ŷH,A
t = ⌥1/t� and ŷH,A

b,⌧ = t� for Type II in the aligned 2HDM, and the

loop functions A
H/A
1,1/2(⌧) are referred to Ref. [101]. The VLL contributions A�

��,VLL

in

Eq. (4.5) are given as

A�

��,VLL

=
X

VLL

X

i=1,2


Q2

Ei

ŷ�t yEv

MEi

A�

1/2(⌧Ei) +Q2

Di

ŷ�b yDv

MDi

A�

1/2(⌧Di)

�
. (4.6)
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The mass matrix in the basis of (E,E 0) is

ME =
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1p
2

YEv2
1p
2

Y 0
Ev2 ME

!
. (4.3)

We have similar form of MD by changing Y
(0)
E ! Y

(0)
D , v

2

! v
1

,ME ! MD. We

consider the case where heavier mass eigenvalues are much larger than the lighter ones,

for example, when ML � ME,MD or Y
(0)
E , Y

(0)
D � 1. Then, the contributions from

the heavier mass eigenstates E
2

and D
2
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ŷ�` Q
2

`A
�

1/2

�
⌧`
�
+A�

��,VLL

�����

2

,

where ⌧f = M2

�

/(4m2

f ), the relative Yukawa couplings normalized by the SM values
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h ➝## OK?

YES!  
If we allow some fine tuning

We vary M from 375GeV to 600GeV and yE,D from �4⇡ to 4⇡.

The final comment is on the constraint from the Higgs precision data. As shown

Eq. (4.5), the VLL loop also contributes to h ! ��, which is already very limited by

the 8 TeV LHC data. If two Yukawa couplings yD and yE are tuned as

yD = �Q2

E

Q2

D

yE = �0.25yE , (4.7)

new contribution to the Higgs precision data vanishes. If t� = 1, the cancellation of

the VLL contributions to h ! �� equally happens to the A ! �� decay. Since the A

diphoton signal is usually larger than the H signal if there is no cancellation, we choose

t� = 0.7 in the analysis. This small t� and thus enhanced top quark Yukawa couplings

of H and A shall bring about the excesses in the tt̄ resonance searches. At the 8 TeV

LHC, we find that the C factor for gg ! H(A) ! tt̄ is �0.53 (�0.76), which yields

about � · Br ' �430 fb . This is under the LHC8 upper bound of 550 fb [106]. Other

exclusion limits from Z� [107], bb̄ [108], ⌧+⌧� [109], and jj [110] channels at the 8 TeV

LHC are also satisfied in the parameter space under consideration.

4.2 Results – VLL-2HDM Model

We first discuss the total widths of H and A, both of which are dominated by the tt̄

decay channel. Using the running top quark mass mt(µ = 750GeV) = 147GeV [111],

we have �H(A)

= 46(58)GeV. Since the degenerate H and A do not interfere, we

regard them as independent resonances and superpose those resonance distributions.

We perform a minimum �2 analysis (see Sec. 2.2) and find the best-fit signal rates to

the LHC 13+8 datasets

�(pp ! � ! ��) =

⇢
6.5± 2.5 fb (68%CL)

6.5+4.5
�3.5 fb (95%CL)

, (4.8)

which are in agreement with Ref. [3].

In our scenario of VLL-2HDM the relative interference phase is close to ±90�,

corresponding to the imaginary interference. The interference between the H resonance

and the continuum background, for example, yields � 2 [103�, 117�] for yE = 1 and

� 2 [�129�,�110�] for yE = �1. The reasons are as follows. The complex phase from

the continuum background amplitude is minor [94]. The production part gg ! H/A

generates large complex phase due to the top quark loop: 77�(91�) for MH(MA) =

750GeV. The decay part H(A) ! �� gives small phase ⇠ 20�(30�) from the top quark

loop, because the dominant contributions from VLL are real : note MH,A < 2ML.

Depending on the sign of Yukawa coupling yE, the whole complex phase is changed by
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Figure 6. (Upper): Contour plots for K
intf

(solid lines) and �
mNWA

(dashed line) in the
(yE ,M) plane of VLL-2HDM model. (Lower): The 68% CL(1�, darker oranger) and 95%
CL (lighter orange) best-fit regions are shown. For comparison, the 68% CL results without
interferences accounted for are also shown as hatched regions. (Left): yE < 0 induces signal
suppression. (Right): yE > 0 induces signal enhancement.
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5. Conclusions 
• The 750 GeV diphoton excess can be a 
new scalar boson, through the gluon 
fusion production. 

• Interference with the continuum 
background can be significant. 

• Real interference shifts the mass pole 
position, and imaginary interference 
enhances or reduces the signal rate.


