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the SM was “confirmed!”, BUT...
 discovery of the SM-like Higgs [ATLAS+CMS, arXiv:1606.02266]
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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A 125GeV scalar was discovered,
which looks SM-like.

[“5σ confirmation” on 4 July 2012, CERN]

(Part of) gauge & Yukawa 
couplings were measured.
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SM

A 125GeV scalar was discovered,
which looks SM-like.

the curvature at the bottom = Higgs mass

[“5σ confirmation” on 4 July 2012, CERN]

(Part of) gauge & Yukawa 
couplings were measured.

But, we know only few on
Higgs potential yet!

Full structure
should be declared!

the SM was “confirmed!”, BUT...
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Figure 1. Prototype diagrams for the leading order production of double Higgs via gluon fusion.
Other diagrams are generated by permuting the external legs appropriately.
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Figure 2. Triangle (TR) and box (BX) ampli-
tudes contributions to the hadronic cross sec-
tions at various collider center-of-mass energies
in the standard model.
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Figure 3. Fractional contribution of the cross
section due to the interference term at various
collider center-of-mass energies in the standard
model.

boson pair is greater than the Higgs mass, therefore, the intermediate Higgs boson in the

triangle diagram is always off-shell. We expect that due to the propagator suppression in

the triangle amplitude, the interference effect falls at higher energies, see figure 3.

Higgs pair production has also been a subject of discussion in the context of various new

physics models [33–36] including the minimal supersymmetric standard model (MSSM) [37]

and the Little Higgs [38, 39]. Total Higgs pair production cross section including higher

order corrections has been discussed in [40–44]. It is known that in the large fermion mass

limit the amplitude does not vanish. This non-decoupling behaviour makes the process

sensitive to the existence of heavier quarks in new physics models [45]. The process is

also important from the point of view of measuring the trilinear self-coupling of the Higgs

boson [46] which is present in the triangle diagram of figure 1. The precise measurement of

the trilinear self-coupling of the Higgs boson is required to confirm the form of the scalar

potential responsible for the electroweak symmetry breaking. However, the collider center-

of-mass energy and the luminosity required to observe this channel at the LHC has not

been reached yet.

3 The top-Higgs anomalous coupling

It is well known that the absolute sign of the standard model Yukawa coupling is arbitrary.

Nevertheless, its relative sign with respect to the mass term is completely determined. Any

– 3 –

How to address c3 (in the SM) → di-Higgs production 

off-shell
Higgs

[Baglio et al., arXiv:1212.5581]

 Cross section is not so large.

 A featured decay branch is HH→bbγγ
   (Br[HH→bbγγ] ~ 3 * 10-3)
   ← suppressed

Lots of data would be required...

�
cSM3 = �SMv, cSM2 = 2�SMv2

� v = 246GeV
�SM ⇠ 0.1

di-Higgs production @ LHC
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self–coupling at different c.m. energies. The left panels display the total cross
sections, the right panels display the ratio between the cross sections at a given κ =
λHHH/λSM

HHH and the cross sections at κ = 1.

boson decaying into a photon pair, 6.12% for the Higgs boson decaying into a τ pair and
21.50% for the Higgs boson decaying into off–shell W ∗ bosons.

At the time of the analysis, no generator existed for the signal process, but the matrix

22
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sections, the right panels display the ratio between the cross sections at a given κ =
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Figure 3. Fractional contribution of the cross
section due to the interference term at various
collider center-of-mass energies in the standard
model.

boson pair is greater than the Higgs mass, therefore, the intermediate Higgs boson in the

triangle diagram is always off-shell. We expect that due to the propagator suppression in

the triangle amplitude, the interference effect falls at higher energies, see figure 3.

Higgs pair production has also been a subject of discussion in the context of various new

physics models [33–36] including the minimal supersymmetric standard model (MSSM) [37]

and the Little Higgs [38, 39]. Total Higgs pair production cross section including higher

order corrections has been discussed in [40–44]. It is known that in the large fermion mass

limit the amplitude does not vanish. This non-decoupling behaviour makes the process

sensitive to the existence of heavier quarks in new physics models [45]. The process is

also important from the point of view of measuring the trilinear self-coupling of the Higgs

boson [46] which is present in the triangle diagram of figure 1. The precise measurement of

the trilinear self-coupling of the Higgs boson is required to confirm the form of the scalar

potential responsible for the electroweak symmetry breaking. However, the collider center-

of-mass energy and the luminosity required to observe this channel at the LHC has not

been reached yet.

3 The top-Higgs anomalous coupling

It is well known that the absolute sign of the standard model Yukawa coupling is arbitrary.

Nevertheless, its relative sign with respect to the mass term is completely determined. Any

– 3 –

How to address c3 in the SM → di-Higgs production 

off-shell
Higgs

[Baglio et al., arXiv:1212.5581]

 Cross section is not so large.

 A featured decay branch is HH→bbγγ
   (Br[HH→bbγγ] ~ 3 * 10-3)
   ← suppressed

Lots of data would be required...

�
cSM3 = �SMv, cSM2 = 2�SMv2

� v = 246GeV
�SM ⇠ 0.1

Situation can be drastically
changed if another scalar exists!

di-Higgs production @ LHC



di-Higgs production @ LHC
Significant enhancement happens: SU(2)L singlet s coupling 

to (new) colored sector
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[motivation for new colored particle] [motivation for singlet scalar]

 Addressing flavor anomaly (leptoquark)  1st order electroweak transition 
e.g. e.g.
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I. INTRODUCTION

Excess of observables in B̄ ! D(⇤)⌧ ⌫̄ reported by the BaBar and Belle collaborations in Refs. [1,

2, 3, 4, 5] has been interesting for an indirect evidence of new physics, even though the full data

sample was not yet used in the Belle results [3, 4, 5]. The observables, defined as

R(D(⇤)) ⌘ B(B̄ ! D(⇤)⌧�⌫̄⌧ )
B(B̄ ! D(⇤)`�⌫̄`)

, (1)

are introduced for these processes in order to reduce theoretical uncertainties and separate an issue

for a determination of |Vcb| from new physics study. The standard model (SM) predicts precise

values of R(D(⇤)) with the help of the heavy quark e↵ective theory [6, 7]. In May 2015, the

latest results from the BaBar [1, 2], Belle [8] and LHCb [9] collaborations have finally appeared all

together. As a result, comparing the combined experimental results with the SM predictions, we

can see the significant deviation as shown in Fig. 1.

Out[369]=

deviation HsL

FIG. 1: A standard deviation between the SM prediction and the combined experimental result from

Refs. [1, 8, 9]. The red and white dots indicate the central values of the SM prediction and the combined

experimental result, respectively. Both the theoretical and experimental uncertainties are taken into account

when calculating the deviation contours.

In recent years, several new physics scenarios have been investigated in terms of this excess. In

particular, as the two-Higgs-doublet model (2HDM) can give a large contribution to the tauonic B

meson decays [10, 11, 12, 13, 14], it is studied in Refs. [15, 16, 17, 18, 19, 20] to explain the large

deviation in B̄ ! D(⇤)⌧ ⌫̄. Their results imply that it is hard to accommodate the excess both

in R(D) and R(D⇤) for the type-I, II, X, and Y 2HDMs, whereas there is still allowed parameter

space for the general 2HDM. The R-parity violating minimal supersymmetric standard model is

considered in Refs. [15, 21, 22, 23]. It turns out that this scenario is not likely to explain the excess

at the same time with satisfying the constraint from B̄ ! Xs⌫⌫̄. The W 0 model is also studied in

the context of B̄ ! D(⇤)⌧ ⌫̄ in reaction to the recent update [24].

2
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 A nice benchmark is:

Di-Higgs
尾田欣也（大阪） 

with 

中村浩二（KEK, CERN） & 山本康裕（大阪）

動機 現象

模型 結果
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Physics motivation of HL-LHC 

21th June, 2016 Seminar @ Osaka 57 

 gg->HH  σ [fb-1] 
@ 14TeV 

λHHH/λSM
HHH=1  34 fb-1 

λHHH/λSM
HHH=0 71 fb-1 

λHHH/λSM
HHH=2 16 fb-1 

• Really need 3003000fb-1 upgrade? 
– New Physics searches 
– Higgs searches and measurement 

• Coupling measurement, search for rare decay 
• Search for the Higgs self coupling via di-Higgs 

events. 

Amount of self coupling changes 
 interference of triangle and box diagram 

ggHHbbγγ only 
 1.3 σ (@ SM HH) 
 Exclude λHHH=0 
 improvement 
 3σ with combination 

Most sensitive : ggHHbbγγ 
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 Summary of Run2 results
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hh→bbWW→bb2l2!: 2015 data 
(2.3/fb) at √s=13 TeV

•2 mass regions, optimised for 
mH=400 and mH=650

hh→bbbb: 2015 data (2.3/fb) at 
√s=13 TeV

•Boosted regime not shown

hh→bb"": 2016 data (12.9/fb) at 
√s=13 TeV

•Boosted category to improve 
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Figure 4: Observed diphoton invariant mass spectrum in the search for the non-resonant di-Higgs production, to-
gether with the corresponding signal-plus-background fit in the (a) 0-tag and (b) 2-tag regions. The individual
contributions from single-Higgs production, di-Higgs production and continuum background are shown, together
with their sum. The expected rates for single-Higgs and di-Higgs are small and therefore their contributions are
barely visible. The bottom insert plots show the di↵erence in number of events between the observed data and the
signal-plus-background fit.
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7 Conclusions

Searches for both resonant and non-resonant production of pairs of Higgs bosons are performed in the
bb̄�� final state using 3.2 fb�1 of pp collision data collected at 13 TeV and recorded with the ATLAS
detector at the LHC. SM branching fractions for the light Higgs decays are assumed throughout. No
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hh→bbγγ Analysis in Run II
• Event Selection: 

• Following h→γγ analysis selection 
• Events with 105 < mγγ [GeV] < 160 
• 2 b-jets (pT > 55/35 GeV) 
• Events with 95 < mbb [GeV] < 135 

• 2 b-tag category - signal region 
• 0 b-tag category - control region 

• Non-Resonant Analysis: 
• Simultaneous S+B fit to mγγ in both SR and CR 

• mγγ background fitted with exponential in CR 
• Single Higgs background and di-Higgs signal taken from MC 

• Resonant Analysis: 
• Counting Approach 

• 2σ window cut on mγγ 
• Count in 95% efficiency mbbγγ window 

• CR used to determine background efficiency
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Limits on non-resonant hh production
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Figure 6: Using the CLS method, (a) 95% CL expected (dashed line) and observed (solid line) limits on the pro-
duction cross-section times X!hh branching fraction in the search for a narrow resonance with a mass mX and (b)
the corresponding 95% CL limits in terms of the expected and observed number of events after the full selection.
The green (yellow) band represents the 1� (2�) intervals on the expected limit.

excess was found with respect to the background-only hypothesis. An upper limit of 3.9 pb on the cross-
section for non-resonant production is extracted at the 95% confidence level, while the expected limit is
5.4 pb. In the search for a narrow X!hh resonance, the observed limit ranges between 7.0 pb and 4.0 pb
for resonances with masses in the range 275–400 GeV. The expected limit varies between 7.5 pb and
4.4 pb, again depending on the mass of the resonance under consideration.
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Figure 2: The e↵ect of the mh /mbb̄ scaling on the mbb̄�� mass resolution is shown (a) for the resonant signal
samples and (b) for data in the 0-tag control region. The mean and standard deviation of the distribution with mh

constraint are 356 ± 7 and 107 ± 5. And the corresponding properties of the distribution without mh constraint are
341 ± 6 and 103 ± 5. The uncertainties are statistical only. In (c) the 95% e�cient mass windows as a function of
the mass of the resonance are presented.

4.1 Non-resonant production237

In the search for non-resonant diHiggs production, a fit to the m�� distribution is performed simultan-238

eously in the 0-tag and 2-tag regions. The shapes of the m�� distributions for simulated diHiggs and239

single-Higgs events are parametrised using double sided Crystal Ball functions. The shape of the con-240

tinuum diphoton background is extracted from an exponential fit to the sidebands of the m�� distribution,241

where the sidebands are defined as the region 105 GeV < m�� < 160 GeV but excluding the window242

of mh ± 2�m�� . The same exponential decay constant is used in both the 0-tag and 2-tag regions. The243

normalisation is defined by the number of observed events in the 0-tag and 2-tag regions, respectively.244

The choice of the fit function and the uncertainties associated with this choice are described in Sec. 5.245

4.2 Resonant production246

In the search for the resonant diHiggs production, a counting approach is adopted in order to estimate247

the number of signal and background events. The final signal region in the 2-tag category is defined248

with a tighter cut on m�� , and by using additional mbb̄�� requirements that depend on the resonance249

mass hypothesis. The total number of continuum background events in the signal region (SR), NB
SR , is250

estimated using:251

NB
SR = NSB

"m��

1 � "m��

"mbb̄��
, (1)

where NSB is the number of observed events in the m�� sidebands, "m�� is the e�ciency to pass the m��252

window cuts and "mbb̄��
is the e�ciency to pass the mbb̄�� mass window cuts. The denominator of the253

m�� extrapolation factor (1 � "mbb̄��
) compensates for the fact that NSB represents the number of events254

in the m�� sidebands, whereas "m�� is derived with respect to the full m�� spectrum.255

The calculation of "m�� is performed by fitting an exponential to the m�� distribution in the data in the256

0-tag region, and then calculating integrals in the full mass range and in the m�� mass window. It yields257

0.126 ± 0.001 and the corresponding extrapolation factor "m��/(1 � "m�� ) is 0.144 ± 0.001. Only the258
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spectrum
while N contains only those events in the sidebands.
Before reconstructing the four-object mass, m
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,
a scaling factor of m
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is applied to the four-
momentum of the bb̄ system, where m
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is set to the value
of 125 GeV used in simulation. This improves the m

��bb

resolution by 30–60% depending on the mass hypothe-
sis, without biasing or significantly altering the shape
of the background. Requirements are then made on
m

��bb

to select the smallest window containing 95% of
the previously-selected events, simulated for the narrow
resonant signal hypotheses. These requirements vary lin-
early with the mass, m

X

, of the resonance considered.
The width of the signal window varies from 17 GeV at
m

X

= 260 GeV to 60 GeV at m
X

= 500 GeV. The ac-
ceptance for the continuum background to pass this re-
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m��bb
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. It is measured
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is integrated in the signal window to obtain ✏

m��bb
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combined acceptance and selection e�ciency for a reso-
nance signal to pass all requirements varies from 3.8% at
m

X

= 260 GeV to 8.2% at m
X

= 500 GeV.
The total background from sources without Higgs bo-

son decays in the resonance analysis NB is given by:

NB = N
✏
m��
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✏
m��bb

, (2)

where N is the number of events in the m
��

sidebands,
and NB and ✏

m��bb
are functions of m

X

. Uncertainties
on this extrapolation are described below.
Because they are not accounted for by the above

m
��

sideband techniques, contributions from single Higgs
bosons produced in association with jets (particularly
with cc̄ or bb̄ pairs) are estimated using simulation. In
the resonance analysis, the yield from the non-resonant
SM hh processes is similarly included. SM cross sections
and branching fractions are assumed in all cases [29].
Most systematic uncertainties are small when com-

pared to statistical uncertainties, in particular for the
resonance search.
The evaluation of experimental uncertainties on pho-

ton identification (2.4%) and isolation e�ciencies (2%)
follow the methods used in the inclusive ATLAS h ! ��
analyses [3, 29, 38]. The theoretical uncertainties on the
single Higgs boson backgrounds are similarly adopted.
Because there are no heavy flavor quarks at lowest order
associated with ggF or VBF production, additional un-
certainties are evaluated for these higher-order processes.
These uncertainties are derived from a comparison of sim-
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Table 6: The number of expected and observed events for the four-lepton final states in a range of m4` > 200 GeV,
for 3.2 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed
4µ 22.1 ± 2.2 0.05 ± 0.02 0.23 ± 0.01 22.4 ± 2.2 20

2e2µ 16.9 ± 1.6 0.05 ± 0.02 0.21 ± 0.01 17.2 ± 1.6 17
2µ2e 18.1 ± 2.6 0.06 ± 0.02 0.19 ± 0.01 18.3 ± 2.6 13

4e 13.9 ± 2.1 0.06 ± 0.02 0.18 ± 0.01 14.1 ± 2.1 12
Total 71 ± 8 0.23 ± 0.04 0.81 ± 0.04 72 ± 8 62
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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mixing limit θ → 0. The mass eigenvalues are





m2
h

m2
σ





=

λS

3!
f2 + λv2 ∓

√(
λS

3!
f2

)2

+ (λv2)2 −
(
λλS

3
− κ2

)
(fv)2

=
λS

3!
f2 + λv2 ∓

√(
λS

3!
f2 − λv2

)2

+ κ2 (fv)2

=
λS

3!
f2 + λv2 ∓

√(
λS

3!
f2 + λv2

)2

−
(
2λλS

3
− κ2

)
(fv)2, (11)

where mh $ 125GeV and mσ ∼ 300GeV. We may rewrite

λS

3!
f2 + λv2 =

m2
σ +m2

h

2
$ (230GeV)2 , (12)

(
2λλS

3
− κ2

)
(fv)2 = m2

σm
2
h $ (190GeV)4 . (13)

In the small mixing limit θ → 0, we get m2
h → 2λv2 and m2

σ → λS
3 f2.

The effective coupling is given by

µ = v sin θ
(
−2κ+ 6λ+ 3 (κ− 2λ) sin2 θ

)
+ f cos θ

(
κ+ (−3κ+ λS) sin

2 θ
)
.

(14)

Note that µ → fκ in the small mixing limit θ → 0.
To give S the effective coupling to gauge bosons, we introduce a colored

SU(2)L-singlet field. There are following options.

field T B T̃ B̃ N Ñ

spin 1
2

1
2 0 0 1

2 0

SU(3)C 3 3 3 3 6, 8, . . . 6, 8, . . .

Y 2
3 −1

3
2
3 −1

3 0 0

The SU(3)C representation of N may be 3, 6, 8, etc.
When the vector-like mass of T is given as

MT = mT + yT 〈S〉 , (15)

the effective coupling after integrating out T can be obtained as follows. For
SU(3), the running coupling at low energy is

1

g2s(µ)
=

1

g2s(Λ)
− 2 (bSM +∆b)

(4π)2
ln

mt′

Λ
− 2bSM

(4π)2
ln

mt

mt′
− 2 (bSM − bt)

(4π)2
ln

µ

mt
,

(16)
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8 Results

8.1 Compatibility with the background-only hypothesis

Figure 3 shows the diphoton invariant mass distribution together with the background-only fit, for events
selected in the 2015 and in 2016 datasets.
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Figure 3: Invariant-mass distribution of the selected diphoton candidates, with the background-only fit overlaid, for
(a) 2015 data and (b) 2016 data. The di↵erence between the data and this fit is shown in the bottom panel. The
arrow shown in the lower panel indicates a values outside the range with more than one standard deviation. There
is no data event with m�� > 2500 GeV.

The 2015 data have been reanalyzed with improved photon reconstruction algorithms. The significance
of the largest excess above the background-only hypothesis decreased from 3.9 standard deviations of
Ref. [1] to 3.4 standard deviations. The corresponding signal mass and width also changed, from a mass
of 750 GeV and a relative width of 6% to a mass of 730 GeV and a relative width of 8%. These di↵erences
are mainly due to two events being a↵ected by the new reconstruction algorithms used for the reprocessing
of the 2015 data. In one event selected both by this analysis and the one of Ref. [1], one of the two photon
candidates is at |⌘| = 1.53, where the improved calibration of photon candidates near the transition region
of the electromagnetic calorimeter leads to a decrease of the diphoton invariant mass from 757 GeV to
722 GeV. In a second event that passed the selection in Ref. [1], one track previously associated to one of
the two selected photon candidates, reconstructed as a converted photon, is not considered as originating
from the photon conversion. The photon candidate thus fails the piso

T < 0.05 requirement and the event
does not pass the selection.

In the 2016 data set, no significant deviation from the background-only hypothesis is observed at the
value of the mass corresponding to the most significant excess in 2015 data. The compatibility between
the 2016 data and the best fit signal associated to the largest excess in the 2015 data is investigated by
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of the electromagnetic calorimeter leads to a decrease of the diphoton invariant mass from 757 GeV to
722 GeV. In a second event that passed the selection in Ref. [1], one track previously associated to one of
the two selected photon candidates, reconstructed as a converted photon, is not considered as originating
from the photon conversion. The photon candidate thus fails the piso

T < 0.05 requirement and the event
does not pass the selection.

In the 2016 data set, no significant deviation from the background-only hypothesis is observed at the
value of the mass corresponding to the most significant excess in 2015 data. The compatibility between
the 2016 data and the best fit signal associated to the largest excess in the 2015 data is investigated by
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at one-loop level, where bSM = −7, bt = 2/3, and ∆b = 2/3 for 3. We can
rewrite

1

g2s(µ)
=

1

g2s(Λ)
− 2 (bSM −∆b)

(4π)2
ln

µ

Λ
− 2∆b

(4π)2
ln

mtmt′

Λ2

=
1

g2s(Λ)
− 2 (bSM −∆b)

(4π)2
ln

µ

Λ
− 2∆b

(4π)2
ln

yt
〈
H0

〉
(mT + yT 〈S〉)
Λ2

,

(17)

where we used

mtmt′ = yt
〈
H0

〉
(mT + yT 〈S〉) , (18)

which is derived from the mass matrix

Mt =





ytv√
2

y′v√
2

0 mT + yT f



 . (19)

The dilaton model corresponds to mT = 0.
From

Leff = − 1

4g2s
Ga

µνG
aµν , (20)

we get the effective coupling by the replacement
〈
H0

〉
→ H0 and 〈S〉 → S:

Lhgg
eff =

g2s
4

2∆b

(4π)2

(
h

v
cos θ − yTh

M
NT sin θ

)
Ga

µνG
aµν , (21)

Lσgg
eff =

g2s
4

2∆b

(4π)2

(yTσ
M

NT cos θ +
σ

v
sin θ

)
Ga

µνG
aµν , (22)

Lhγγ
eff =

e2

4

1

(4π)2

(
ASM

h

v
cos θ − 4NcQ2

t

3

yTh

M
NT sin θ

)
FµνF

µν , (23)

Lσγγ
eff =

e2

4

1

(4π)2

(
4NcQ2

t

3

yTσ

M
NT cos θ +ASM

σ

v
sin θ

)
FµνF

µν , (24)

where Nc = 3, Qt = 2/3, and ASM % −6.5. That is,

Lhgg
eff =

αs

4π

∆b

2v
(cos θ − η sin θ)hGa

µνG
aµν , (25)

Lσgg
eff =

αs

4π

∆b

2v
(η cos θ + sin θ)σGa

µνG
aµν , (26)

Lhγγ
eff =

α

16πv

(
ASM cos θ − 4NcQ2

t

3
η sin θ

)
hFµνF

µν , (27)

Lσγγ
eff =

α

16πv

(
4NcQ2

t

3
η cos θ +ASM sin θ

)
σFµνF

µν , (28)

4

mixing limit θ → 0. The mass eigenvalues are





m2
h

m2
σ





=

λS

3!
f2 + λv2 ∓

√(
λS

3!
f2

)2

+ (λv2)2 −
(
λλS

3
− κ2

)
(fv)2

=
λS

3!
f2 + λv2 ∓

√(
λS

3!
f2 − λv2

)2

+ κ2 (fv)2

=
λS

3!
f2 + λv2 ∓

√(
λS

3!
f2 + λv2

)2

−
(
2λλS

3
− κ2

)
(fv)2, (11)

where mh $ 125GeV and mσ ∼ 300GeV. We may rewrite

λS

3!
f2 + λv2 =

m2
σ +m2

h

2
$ (230GeV)2 , (12)

(
2λλS

3
− κ2

)
(fv)2 = m2

σm
2
h $ (190GeV)4 . (13)

In the small mixing limit θ → 0, we get m2
h → 2λv2 and m2

σ → λS
3 f2.

The effective coupling is given by

µ = v sin θ
(
−2κ+ 6λ+ 3 (κ− 2λ) sin2 θ

)
+ f cos θ

(
κ+ (−3κ+ λS) sin

2 θ
)
.

(14)

Note that µ → fκ in the small mixing limit θ → 0.
To give S the effective coupling to gauge bosons, we introduce a colored

SU(2)L-singlet field. There are following options.

field T B T̃ B̃ N Ñ

spin 1
2

1
2 0 0 1

2 0

SU(3)C 3 3 3 3 6, 8, . . . 6, 8, . . .

Y 2
3 −1

3
2
3 −1

3 0 0

The SU(3)C representation of N may be 3, 6, 8, etc.
When the vector-like mass of T is given as

MT = mT + yT 〈S〉 , (15)

the effective coupling after integrating out T can be obtained as follows. For
SU(3), the running coupling at low energy is

1

g2s(µ)
=

1

g2s(Λ)
− 2 (bSM +∆b)

(4π)2
ln

mt′

Λ
− 2bSM

(4π)2
ln

mt

mt′
− 2 (bSM − bt)

(4π)2
ln

µ

mt
,

(16)

3

where η = yTNT v/MT .
From an effective operator

Leff = −αbγ
4πv

σFµνF
µν − αsbg

4πv
σGa

µνG
aµν , (29)

the decay width is obtained as

Γ(σ → γγ) =

(
αbγ
4πv

)2 2m3
σ

π
, Γ(σ → gg) =

(
αsbg
4πv

)2 2m3
σ

π
. (30)

The narrow width approximation gives

σ̂(gg → σ) =
π2

8mσ
Γ(σ → gg) δ

(
ŝ−m2

σ

)
= σσ

0m
2
σδ
(
ŝ−m2

σ

)
, (31)

where

σσ
0 :=

π2

8m3
σ
Γ(σ → gg) =

(
αsbg
4πv

)2 π

4
= 36.5 fb×

[
bg
1/3

]2 [ αs

0.1

]2
. (32)

Therefore

σ(pp → σ) = σσ
0m

2
σ

∫ 1

0
dx1

∫ 1

0
dx2 g(x1, µF ) g(x2, µF ) δ

(
x1x2s−m2

σ

)

= σσ
0m

2
σ

∫ 1

m2
σ/s

dx1 g(x1, µF ) g

(
m2

σ

x1s
, µF

)
1

x1s

= σσ
0 τσ

dLgg

dτσ
, (33)

where τ := m2
σ/s and

dLgg

dτ
=

∫ 1

τ

dx

x
g(x, µF ) g(τ/x, µF ) , (34)

in which the factorization scale µF is taken to be µF =
√
τs. Perhaps it is

more convenient to rewite

dLgg

dτ
=

∫ ln 1√
τ

ln
√
τ

dy g
(√

τey,
√
τs

)
g
(√

τe−y,
√
τs

)
, (35)

where x =
√
τey.

Using CTEQ5L with mσ = 300GeV, we get τσ
dLgg

dτσ
% 11.0, 41.6, and

3.72× 103 for s = 8TeV, 13TeV, and 100TeV, respectively. For s = 8TeV

σ(pp → σ) = 402 fb×
[
bg
1/3

]2 [ αs

0.1

]2
. (36)

In our case,

bg =
η cos θ + sin θ

3
, (37)

where η = yTNT v/MT .
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Figure 1: Di-Higgs, mediated by σ. Di-Higgs figure

where σ and h are the heavier and lighter mass-eigenstates, respectively, and
the VEVs are written as

〈H〉 = v√
2
$ 174GeV, 〈S〉 = f. (5)

Vacuum condition:



λ κ

2

κ
2

λS
3!








v2

f2



 =




−m2

H

−m2
S



 , (6)

where mass-squared is negative so that the right hand side is positive. Using
this condition, we can replace the mass-squared by the VEVs. The mixing
angle:

tan 2θ =
κfv

λS
3! f

2 − λv2
. (7)

Recall that for a suitable range of θ,

cos2 θ =
1

2

(
1 +

1√
1 + tan2 2θ

)
=

1

1 + tan2 θ
, (8)

sin2 θ =
1

2

(
1− 1√

1 + tan2 2θ

)
=

tan2 θ

1 + tan2 θ
, (9)

and

tan 2θ =
2 tan θ

1− tan2 θ
, tan θ =

√
1 + tan2 2θ − 1

tan 2θ
. (10)

Note that we have set λv2 < λS
3! f

2 to recover the ordinary Higgs in the small

2

式は詳細の説明用なので 
気にしないでいいです。

(Figure from ATLAS)
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A resonant bump was reported in
HH→bbγγ (5 events) around 300GeV.

[ATLAS, arXiv:1406.5053]

 σSM(pp→HH)|8TeV = 9.2fb,

 expected events:
- non-H BG: 1.3±0.5,
- single-H: 0.17±0.04,
- SM HH: 0.04,
→ 3.5 events would be from NP.

 3.5/0.04 → 87.5-time larger,
σ(pp→HH) = 800fb.

2.4σ excess

 

Figure 10: In each panel, the line corresponds to the preferred contour to explain the 2.4� ex-
cess atms = 300GeV, and the shaded region is excluded at the 95% C.L. by �(ZZ ! 4l)13TeV.
The K-factor is set to be K = 1.6. The region 10�4 . ✓2 ⌧ 1 is assumed. Note that the
plotted region of ⌘ in horizontal axis di↵ers panel by panel.

That is,

�(pp ! s)ms=300GeV '


bg
�1/3

�2 h ↵s

0.1

i2  K

1.6

�
⇥

8
>>>><

>>>>:

1.0 pb (
p
s = 8TeV),

3.2 (3.8) pb (
p
s = 13 (14)TeV),

15 (18) pb (
p
s = 28 (33)TeV),

130 (83) pb (
p
s = 100 (75)TeV).

(34)

In Fig. 10, we plot the preferred contour to explain the 2.4� excess at ms = 300GeV,
where the shaded region is excluded at the 95% C.L. by the �(pp ! s ! ZZ ! 4l)13TeV
constraint that has been discussed in Sec. 4.2. We have assumed the K-factor K = 1.6.

We see that at the benchmark point ✓ ' 0, the lowest and highest possible values of µe↵

and ⌘ are, respectively,

µe↵ & 800GeV, ⌘ .

8
>>>><

>>>>:

0.66 top/bottom partner,

2.6 leptoquark,

0.53 diquark,

0.44 coloron,

(35)

in order to account for the cross section (32). The ratio of the upper bound on ⌘ is given by
the scaling / (�bg)

2.

5.2 Constraints

Whenms = 300GeV, the 95% C.L. upper bound at
p
s = 13TeV is �(s(ggF) ! ZZ ! 4l)13TeV .

0.8 fb [104]; see also Fig. 6. The corresponding excluded region is plotted in Fig. 10.
Currently, the strongest direct constraint on the di-Higgs resonance at ms = 300GeV

comes from the
p
s = 8TeV data in the bb̄�� final state at CMS [112] and in bb̄⌧⌧ at AT-

LAS [113]:

�(pp ! s ! hh)8TeV <

(
1.1 pb (bb̄�� at CMS),

1.7 pb (bb̄⌧⌧ at ATLAS),
(36)
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5 Summary and discussion
summary section

We have studied a class of models in which the di-Higgs production is enhanced by the s-
channel resonance of the neutral scalar that couples to a pair of gluons by the loop of heavy
colored fermion or scalar. The colored fermion can be the top/bottom partner where the
neutral scalar may be identified as the dilaton in the quasi-conformal sector. The colored
scalar can be the color triplet (leptoquark), sextet (diquark), and octet (coloron).

We have presented the future prospect for the enhanced di-Higgs production in the HL-
LHC and FCC. We also show a possible explanation of the 2.4� excess of the di-Higgs signal
in the bb̄�� final state, reported by the ATLAS experiment.

We have examined the constraints from the direct searches for the di-Higgs signal and for
a heavy colored particle, as well as the Higgs signal strengths in various production and decay
channels. Typically the limit of no-mixing ✓ ! 0 is always allowed. For the top/bottom part-
ner T,B, the required value to explain the 2.4� excess for the Yukawa coupling is rather large
yT,B & 2.2/NT,B, where NT,B is the number of T,B introduced. For the colored scalar �, re-
quired value of the VEV of new neutral scalar f = hSi is f & 5–13TeV/�N�, 106TeV/�N�,
and 54TeV/�N� for the color-triplet leptoquark, sextet diquark, and the octet coloron, re-
spectively, depending on its decay channel, where � and N� are the quartic coupling between
the colored and neutral scalars and the number of colored scalar introduced, respectively.

A full collider simulation of this model for HL-LHC and for LCC would be worth studying.
A theoretical background of this type of neutral scalar assisted by the colored fermion/scalar
is worth pushing, such as the dilaton model and the leptoquark model with spontaneous B�L
symmetry breaking.
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Appendix

A General singlet extension
general model

We write down the most general renormalizable potential including the SM Higgs H and the
singlet S:

V = VS + VH + VSH , (48)

where

VS =
m2

S

2
S2 +

µS

3!
S3 +

�S

4!
S4, (49)

VH = m2
H |H|2 + �H |H|4 , (50)

VSH = µS |H|2 + 

2
S2 |H|2 , (51)

where m2
S and m2

H are (potentially negative) mass-squared parameters; �S , , �H are dimen-
sionless constants; µS and µH are parameters of mass dimension unity; and the tadpole term
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[the most generic potential]

mixing of the neutral component of the SU(2)L-doublet H and a real singlet S that couples
to the extra colored particles:

H0 =
v + h cos ✓ + s sin ✓p

2
, (6) H0 written

S = f � h sin ✓ + s cos ✓, (7) S written

where ✓ is the mixing angle and v and f denote the vacuum expectation values (VEVs):

hHi = vp
2
' 174GeV, hSi = f. (8) VEVs

We may in general write the e↵ective shh interaction as

�L = �µe↵ sin ✓

2
sh2, (9) shh coupling

where µe↵ is a parameter of mass dimension unity, which in general has a ✓-dependence when
written in terms of the Lagrangian parameters but always becomes independent of ✓ in the
small mixing limit ✓2 ⌧ 1; see Appendix

general modelgeneral model
A for its derivation from the general Lagrangian,

though it is not necessary for the phenomenological discussion in the main text. In Sec.
constraintconstraint
4, it

will indeed turn out that only the small mixing region is allowed in order to account for the
Higgs data from LHC.

The extra colored particle that runs in the loop, which has been generically represented
by the blob in Fig.

Di-Higgs figureDi-Higgs figure
1, can be anything that couples to S as long as it is su�ciently heavy

to evade the LHC direct search and it can decay into SM particles in order not to a↵ect the
cosmological evolution. In this paper, we consider the following two possibilities: a Dirac
fermion that mixes with either top or bottom quark and a scalar that decays via a new
Yukawa interaction with the SM fermions, assuming for simplicity in both cases that the new
colored particle is singlet under SU(2)L.

In Table
table of fieldstable of fields
1, we list the colored particles of our consideration. The higher rank repre-

sentations of SU(3)C for the colored scalar are terminated at 8 in order not to have too
higher dimensional Yukawa operators. �3 is nothing but the leptoquark. It is worth noting
that the leptoquark with Y = �1/3 may account for RD(⇤) , RK , and (g � 2)µ anomalies
simultaneously

Bauer:2015knc
[85].

2.1 Tree-level decay

The scalar s may dominantly decay into di-Higgs at the tree level due to the coupling (
shh couplingshh coupling
9):

�(s ! hh) =
µ2
e↵

32⇡ms

s

1� 4m2
h

m2
s

sin2 ✓. (10) s_to_hh

For ms > 2mZ , the partial decay rate into the pair of vector bosons s ! V V with V = W,Z
are

�(s ! V V ) =
m3

s

32⇡v2
�V

p
1� 4xV

�
1� 4xV + 12x2V

�
sin2 ✓, (11)

4

[mixing angle]

[SU(2)L doublet]

[SU(2)L singlet]

125GeV ≥250GeV

Setup: SM + real singlet scalar + colored particle(s)

[effective interactions to 2g & 2γ]

Given the kinetic term of gluon that is non-canonically normalized,

Le↵ = � 1

4g2s
Ga

µ⌫G
aµ⌫ , (14)

the e↵ective coupling after integrating out the top and T can be obtained by the replacement
hSi ! S and

⌦
H0

↵ ! H0 in the running coupling; see e.g. Refs.
Carena:2012xa,Abe:2012eu
[88, 87]:

1

g2s
�! 1

g2s
� 2

(4⇡)2

✓
btopg

h cos ✓ + s sin ✓

v
+�bg yT

�h sin ✓ + s cos ✓

MT

◆
, (15) replacement

where btopg and �bg are the contributions of top and T to the beta function, respectively. For
a Dirac spinor in fundamental representation, btopg = �bg = 1

2⇥ 4
3 = 2

3 . The resultant e↵ective
interactions for the canonically normalized gauge fields are

Lhgg
e↵ =

↵s

8⇡v

�
btopg cos ✓ ��bg⌘ sin ✓

�
hGa

µ⌫G
aµ⌫ , (16) hgg effective

Lsgg
e↵ =

↵s

8⇡v

�
�bg⌘ cos ✓ + btopg sin ✓

�
sGa

µ⌫G
aµ⌫ , (17)

Lh��
e↵ =

↵

8⇡v
(ASM cos ✓ ��b� ⌘ sin ✓)hFµ⌫F

µ⌫ , (18)

Ls��
e↵ =

↵

8⇡v
(�b� ⌘ cos ✓ +ASM sin ✓) sFµ⌫F

µ⌫ , (19) s gam gam eff

where Fµ⌫ being the (canonically normalized) field strength tensor of the photon, ↵s and
↵ denoting the chromodynamic and electromegnetic fine structure constants, respectively,
Nc = 3, ASM ' �6.5 and

⌘ = yTNT
v

MT
, (20)

with NT being the number of T introduced. The values �bg = 1
2 ⇥ 4

3 = 2
3 and �b� =

NcQ
2
T ⇥ 4

3 = 16
9 are listed in Table

table of fieldstable of fields
1.

For the bottom-partner B, the e↵ective interactions are again given by Eqs. (
hgg effectivehgg effective
16)–(

s gam gam effs gam gam eff
19),

with the trivial replacements of all the subscripts T ! B. The corresponding value of
�bg = 1

2 ⇥ 4
3 = 2

3 and �b� = NcQ
2
B ⇥ 4

3 = 4
9 are again shown in Fig.

table of fieldstable of fields
1.

For the colored scalar �, its diagonal mass is given as

M2
� = m2

� +
�
2

hSi2 , (21)

where we have assumed the Z2 symmetry S ! �S for simplicity; m� is the original diagonal
mass in the Lagrangian; and � is the quartic coupling between S and �. The possible values
of the hypercharges of � are Y = �1/3 and �4/3 for the leptoquark �3; Y = 1/3, �2/3,
and 4/3 for the color-sextet �6; and Y = 0 and �1 for the color-octet �8; see Appendix

colored scalar sectioncolored scalar section
B.

Correspondingly the values of �bg are 1
2 ⇥ 1

3 = 1
6 ,

�
Nc
2 + 1

� ⇥ 1
3 = 5

6 , and Nc ⇥ 1
3 = 1, and

�b� are Y 2, 2Y 2, and 8
3Y

2. Again the e↵ective interactions are obtained as in Eqs. (
hgg effectivehgg effective
16)–(

s gam gam effs gam gam eff
19)

from the replacement (
replacementreplacement
15) with the substitution yT /MT ! �f/M

2
�, where f has been the

VEV of S; see Eq. (
VEVsVEVs
8). Note that the expression for ⌘ is now ⌘ = �N�fv/M

2
�, where N� is

the number of � introduced. We list all these parameters in Table
table of fieldstable of fields
1.
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5 Summary and discussion
summary section

We have studied a class of models in which the di-Higgs production is enhanced by the s-
channel resonance of the neutral scalar that couples to a pair of gluons by the loop of heavy
colored fermion or scalar. The colored fermion can be the top/bottom partner where the
neutral scalar may be identified as the dilaton in the quasi-conformal sector. The colored
scalar can be the color triplet (leptoquark), sextet (diquark), and octet (coloron).

We have presented the future prospect for the enhanced di-Higgs production in the HL-
LHC and FCC. We also show a possible explanation of the 2.4� excess of the di-Higgs signal
in the bb̄�� final state, reported by the ATLAS experiment.

We have examined the constraints from the direct searches for the di-Higgs signal and for
a heavy colored particle, as well as the Higgs signal strengths in various production and decay
channels. Typically the limit of no-mixing ✓ ! 0 is always allowed. For the top/bottom part-
ner T,B, the required value to explain the 2.4� excess for the Yukawa coupling is rather large
yT,B & 2.2/NT,B, where NT,B is the number of T,B introduced. For the colored scalar �, re-
quired value of the VEV of new neutral scalar f = hSi is f & 5–13TeV/�N�, 106TeV/�N�,
and 54TeV/�N� for the color-triplet leptoquark, sextet diquark, and the octet coloron, re-
spectively, depending on its decay channel, where � and N� are the quartic coupling between
the colored and neutral scalars and the number of colored scalar introduced, respectively.

A full collider simulation of this model for HL-LHC and for LCC would be worth studying.
A theoretical background of this type of neutral scalar assisted by the colored fermion/scalar
is worth pushing, such as the dilaton model and the leptoquark model with spontaneous B�L
symmetry breaking.
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H0 =
v + h cos ✓ + s sin ✓p

2
, (6) H0 written

S = f � h sin ✓ + s cos ✓, (7) S written

where ✓ is the mixing angle and v and f denote the vacuum expectation values (VEVs):

hHi = vp
2
' 174GeV, hSi = f. (8) VEVs

We may in general write the e↵ective shh interaction as

�L = �µe↵ sin ✓
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sh2, (9) shh coupling

where µe↵ is a parameter of mass dimension unity, which in general has a ✓-dependence when
written in terms of the Lagrangian parameters but always becomes independent of ✓ in the
small mixing limit ✓2 ⌧ 1; see Appendix

general modelgeneral model
A for its derivation from the general Lagrangian,

though it is not necessary for the phenomenological discussion in the main text. In Sec.
constraintconstraint
4, it

will indeed turn out that only the small mixing region is allowed in order to account for the
Higgs data from LHC.

The extra colored particle that runs in the loop, which has been generically represented
by the blob in Fig.

Di-Higgs figureDi-Higgs figure
1, can be anything that couples to S as long as it is su�ciently heavy

to evade the LHC direct search and it can decay into SM particles in order not to a↵ect the
cosmological evolution. In this paper, we consider the following two possibilities: a Dirac
fermion that mixes with either top or bottom quark and a scalar that decays via a new
Yukawa interaction with the SM fermions, assuming for simplicity in both cases that the new
colored particle is singlet under SU(2)L.

In Table
table of fieldstable of fields
1, we list the colored particles of our consideration. The higher rank repre-

sentations of SU(3)C for the colored scalar are terminated at 8 in order not to have too
higher dimensional Yukawa operators. �3 is nothing but the leptoquark. It is worth noting
that the leptoquark with Y = �1/3 may account for RD(⇤) , RK , and (g � 2)µ anomalies
simultaneously

Bauer:2015knc
[85].

2.1 Tree-level decay

The scalar s may dominantly decay into di-Higgs at the tree level due to the coupling (
shh couplingshh coupling
9):

�(s ! hh) =
µ2
e↵

32⇡ms

s

1� 4m2
h

m2
s

sin2 ✓. (10) s_to_hh

For ms > 2mZ , the partial decay rate into the pair of vector bosons s ! V V with V = W,Z
are

�(s ! V V ) =
m3

s

32⇡v2
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1� 4xV

�
1� 4xV + 12x2V

�
sin2 ✓, (11)
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Given the kinetic term of gluon that is non-canonically normalized,

Le↵ = � 1

4g2s
Ga

µ⌫G
aµ⌫ , (14)

the e↵ective coupling after integrating out the top and T can be obtained by the replacement
hSi ! S and

⌦
H0

↵ ! H0 in the running coupling; see e.g. Refs.
Carena:2012xa,Abe:2012eu
[88, 87]:
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where btopg and �bg are the contributions of top and T to the beta function, respectively. For
a Dirac spinor in fundamental representation, btopg = �bg = 1
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3 = 2

3 . The resultant e↵ective
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where Fµ⌫ being the (canonically normalized) field strength tensor of the photon, ↵s and
↵ denoting the chromodynamic and electromegnetic fine structure constants, respectively,
Nc = 3, ASM ' �6.5 and

⌘ = yTNT
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MT
, (20)

with NT being the number of T introduced. The values �bg = 1
2 ⇥ 4

3 = 2
3 and �b� =

NcQ
2
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3 = 16
9 are listed in Table

table of fieldstable of fields
1.
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9 are again shown in Fig.
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For the colored scalar �, its diagonal mass is given as
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where we have assumed the Z2 symmetry S ! �S for simplicity; m� is the original diagonal
mass in the Lagrangian; and � is the quartic coupling between S and �. The possible values
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and 4/3 for the color-sextet �6; and Y = 0 and �1 for the color-octet �8; see Appendix
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2. Again the e↵ective interactions are obtained as in Eqs. (
hgg effectivehgg effective
16)–(

s gam gam effs gam gam eff
19)
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Results

Figure 3: Production cross section �(pp ! s) for |bg| = �bg
2

v
ms

with �bg = 2
3 (top/bottom

partner). The result for other parameter can be obtained just by a simple scaling �(pp ! s) /
(�bg)

2; see Eq. (22) with Eq. (19) and Table 1. The K-factor is not included in this plot.

is the luminosity function, in which the factorization scale µF is taken to be µF =
p
⌧s.5

Using the leading order CTEQ6L [99] PDF, we plot in Fig. 3 the production cross section

�(pp ! s) as a function of ms for a phenomenological benchmark setting |bg| = �bg
2

v
ms

with

�bg = 2
3 (top/bottom partner). Other particles just scale as �(pp ! s) / (�bg)

2. The valuep
s = 14TeV is motivated by the High-Luminosity LHC; 28TeV and 33TeV by the High-

Energy LHC (HE-LHC); and 75TeV, and 100TeV by the Future Circular Collider (FCC) [100,
101, 102]. Several comments are in order:

• Our setting corresponds to putting MT = yTNTms in Eq. (15) in order to reflect the
naive scaling of ⌘ ⇠ v/f with f ⇠ ms; recall that we needMT & ms to justify integrating
out the top partner to write down the e↵ective interactions (11)–(14).

• Here we have used the leading order parton distribution function. The higher order
corrections may be approximated by multiplying an overall factor K, the so-called K-
factor, which takes valueK ' 1.6 for the SM Higgs production at LHC; see e.g. Ref. [95].

• The SM cross section for pp ! hh without the tree-level hhh coupling, which is dom-
inated by the box contribution, is roughly 20 fb at

p
s = 8TeV [12]. Therefore, the

destructive interference with the box diagram is negligible for our setup.

4 The colored particles running in the blob in Fig. 1 might also have a direct coupling with the quarks in
the proton, and possibly change the production cross section of s if it is extremely large. In this paper we
assume that this is not the case.

5 Notational abuse of s for the singlet scalar field and for the Mandelstam variable of pp scattering should
be understood.
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Figure 8: The 2�-excluded regions from the signal strength of 125GeV Higgs in the case of
top-partner T are presented as an illustration of the contribution from each channel. each

The branching ratio for s ! �� is5

BR(s ! ��) ⇠ 2.3⇥ 10�3


↵

1/129

�2 h µe↵

800GeV

i
�2


b�

�8/9

�2 h ms

300GeV

i4 sin ✓
0.01

�
�2

. (37)

We see that the loop suppressed decay into diphoton is negligible compared to the tree-level
decay via the interaction (

shh couplingshh coupling
9). For ms = 300GeV, the cross section at

p
s = 13TeV is

�(pp ! s ! ��)13TeV ⇠ 7.4 fb


bg

�1/3

�2  b�
�8/9

�2 h ↵s

0.1

i2  ↵

1/129

�2 h µe↵

800GeV

i
�2


sin ✓

0.01

�
�2

.

(38)

We see that typically the region sin ✓ . 10�2 is excluded by the bound from the diphoton
search: �(pp ! s ! ��)13TeV . 10 fb

ATLAS-CONF-2016-059
[93].

We first review the mass bound on the extra colored particles. For the SU(2)L singlet T
and B

Aad:2015kqa,ATLAS-CONF-2016-101
[94, 95],

MT ,MB & 800GeV. (39)

The mass bound for the leptoquark �3, diquark �6, and coloron �8 are given in Refs.
Aaboud:2016qeg,Khachatryan:2016jqo
[96, 97],

Chivukula:2015zma
[98], and

Sirunyan:2016iap
[99] as

m�3 & 0.7–1.1TeV, m�6 & 7TeV. m�8 & 5.5TeV. (40)

respectively, depending on the possible decay channels.

5 The power of ms dependence is valid in the limit ms � 2mh.
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2.3 Loop-level decay

No direct contact to the gauge bosons are allowed for the singlet scalar S, and the tree-level
decay of s into a pair of gauge bosons is only via the mixing with the SM Higgs boson.
Therefore the decay of s to gg and �� are only radiatively generated. Given the e↵ective
operators from the loop of heavy colored particle

Le↵ = �↵sbg
4⇡v

sGa
µ⌫G

aµ⌫ � ↵b�
4⇡v

sFµ⌫F
µ⌫ , (17)

the partial decay widths are

�(s ! gg) =

✓
↵sbg
4⇡v

◆2 2m3
s

⇡
, �(s ! ��) =

✓
↵b�
4⇡v

◆2 m3
s

4⇡
, (18)

where the factor 8 di↵erence comes from the number of degrees of freedom of gluons in the
final state. Concretely,

bg = �1

2

�
�bg ⌘ cos ✓ + btopg sin ✓

�
, (19)

b� = �1

2

�
�b� ⌘ cos ✓ + bSM� sin ✓

�
. (20)

If we go beyond the scope of this paper and allow the particles in the loop to be charged under
SU(2)L, then the loop contribution to the decay channels to Z�, ZZ and W+W� might also
become significant; see e.g. Ref. [98].

3 Production of singlet scalar at hadron colliders

We calculate the production cross section of s via the gluon fusion with the narrow width
approximation:4

�̂(gg ! s) =
⇡2

8ms
�(s ! gg) �

�
�̂ �m2

s

�
= �sm

2
s�
�
�̂ �m2

s

�
, (21)

where

�s :=
⇡2

8m3
s

�(s ! gg) =

✓
↵sbg
4⇡v

◆2 ⇡

4
= 36.5 fb⇥


bg

�1/3

�2 h ↵s

0.1

i2
. (22)

Therefore, we reach the expression with the gluon parton distribution function (PDF) for the
proton g(x, µF ):

�(pp ! s) = �sm
2
s

Z 1

0
dx1

Z 1

0
dx2 g(x1, µF ) g(x2, µF ) �

�
x1x2s�m2

s

�
= �s⌧

dLgg

d⌧
, (23)

where ⌧ := m2
s/s and

dLgg

d⌧
=

Z 1

⌧

dx

x
g(x, µF ) g(⌧/x, µF ) =

Z ln 1
p

⌧

ln
p

⌧
dy g

�p
⌧ey,

p
⌧s

�
g
�p

⌧e�y,
p
⌧s

�
, (24)
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corresponds to an e↵ective dilaton model.2

Given the kinetic term of gluon that is non-canonically normalized,

Le↵ = � 1

4g2s
Ga

µ⌫G
aµ⌫ , (9)

the e↵ective coupling after integrating out the top and T can be obtained by the replacement
hSi ! S and

⌦
H0

↵ ! H0 in the running coupling; see e.g. Refs. [97, 96]:

1

g2s
�! 1

g2s
� 2

(4⇡)2

✓
btopg

h cos ✓ + s sin ✓

v
+�bg yT

�h sin ✓ + s cos ✓

MT

◆
, (10)

where btopg and �bg are the contributions of top and T to the beta function, respectively. To
use this formula, we need to assume the new colored particles are slightly heavier than the
neutral scalar. For a Dirac spinor in the fundamental representation, btopg = �bg = 1

2 ⇥ 4
3 = 2

3 .
The resultant e↵ective interactions for the canonically normalized gauge fields are

Lhgg
e↵ =

↵s

8⇡v

�
btopg cos ✓ ��bg⌘ sin ✓

�
hGa

µ⌫G
aµ⌫ , (11)

Lsgg
e↵ =

↵s

8⇡v

�
�bg⌘ cos ✓ + btopg sin ✓

�
sGa

µ⌫G
aµ⌫ , (12)

Lh��
e↵ =

↵

8⇡v

�
bSM� cos ✓ ��b� ⌘ sin ✓

�
hFµ⌫F

µ⌫ , (13)

Ls��
e↵ =

↵

8⇡v

�
�b� ⌘ cos ✓ + bSM� sin ✓

�
sFµ⌫F

µ⌫ , (14)

where Fµ⌫ being the (canonically normalized) field strength tensor of the photon, ↵s and
↵ denoting the chromodynamic and electromagnetic fine structure constants, respectively,
Nc = 3, bSM� ' �6.5 and

⌘ = yTNT
v

MT
, (15)

with NT being the number of T introduced. The values �bg = 1
2 ⇥ 4

3 = 2
3 and �b� =

NcQ
2
T ⇥ 4

3 = 16
9 are listed in Table 1.

The bottom partner B can be treated exactly the same way. According to Table 1, �b�
becomes one fourth compared to the above.

For the colored scalar �, its diagonal mass is given as

M2
� = m2

� +
�
2

hSi2 , (16)

where we have assumed the Z2 symmetry S ! �S for simplicity; m� is the original diagonal
mass in the Lagrangian; and � is the quartic coupling between S and �.3 The possible values
of the electromagnetic of � are Q = �1/3 and �4/3 for the leptoquark �3; Q = 1/3, �2/3,
and 4/3 for the color-sextet �6; and Q = 0 and �1 for the color-octet �8; see Appendix C.
Correspondingly the values of �bg are 1

2 ⇥ 1
3 = 1

6 ,
�
Nc
2 + 1

� ⇥ 1
3 = 5

6 , and Nc ⇥ 1
3 = 1, and

�b� are Q2, 2Q2, and 8
3Q

2. Again the e↵ective interactions are obtained as in Eqs. (11)–(14)
from the replacement (10) with the substitution yT /MT ! �f/M

2
�, where f has been the

VEV of S; see Eq. (3). Note that the expression for ⌘ is now ⌘ = �N�fv/M
2
�, where N� is

the number of � introduced. We list all these parameters in Table 1.
2 The particular dilaton model in Ref. [96] corresponds to the identification of the lighter 125GeV scalar

to be an S-like one, contrary to this paper.
3 The three point interaction between the neutral and the colored scalar can be introduced. If the sign of

the three and the four point couplings are opposite, ⌘ can be enhanced in some parameter region.
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 coupling to gluons scaled as like in vector-like quark for illustration

Figure 10: In each panel, the line corresponds to the preferred contour to explain the 2.4� ex-
cess atms = 300GeV, and the shaded region is excluded at the 95% C.L. by �(ZZ ! 4l)13TeV.
The K-factor is set to be K = 1.6. The region 10�4 . ✓2 ⌧ 1 is assumed. Note that the
plotted region of ⌘ in horizontal axis di↵ers panel by panel.

That is,

�(pp ! s)ms=300GeV '


bg
�1/3

�2 h ↵s

0.1

i2  K

1.6

�
⇥

8
>>>><

>>>>:

1.0 pb (
p
s = 8TeV),

3.2 (3.8) pb (
p
s = 13 (14)TeV),

15 (18) pb (
p
s = 28 (33)TeV),

130 (83) pb (
p
s = 100 (75)TeV).

(34)

In Fig. 10, we plot the preferred contour to explain the 2.4� excess at ms = 300GeV,
where the shaded region is excluded at the 95% C.L. by the �(pp ! s ! ZZ ! 4l)13TeV
constraint that has been discussed in Sec. 4.2. We have assumed the K-factor K = 1.6.

We see that at the benchmark point ✓ ' 0, the lowest and highest possible values of µe↵

and ⌘ are, respectively,

µe↵ & 800GeV, ⌘ .

8
>>>><

>>>>:

0.66 top/bottom partner,

2.6 leptoquark,

0.53 diquark,

0.44 coloron,

(35)

in order to account for the cross section (32). The ratio of the upper bound on ⌘ is given by
the scaling / (�bg)

2.

5.2 Constraints

Whenms = 300GeV, the 95% C.L. upper bound at
p
s = 13TeV is �(s(ggF) ! ZZ ! 4l)13TeV .

0.8 fb [104]; see also Fig. 6. The corresponding excluded region is plotted in Fig. 10.
Currently, the strongest direct constraint on the di-Higgs resonance at ms = 300GeV

comes from the
p
s = 8TeV data in the bb̄�� final state at CMS [112] and in bb̄⌧⌧ at AT-

LAS [113]:

�(pp ! s ! hh)8TeV <

(
1.1 pb (bb̄�� at CMS),

1.7 pb (bb̄⌧⌧ at ATLAS),
(36)
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Figure 3: Production cross section �(pp ! s) for |bg| = �bg
2

v
ms

with �bg = 2
3 (top/bottom

partner). The result for other parameter can be obtained just by a simple scaling �(pp ! s) /
(�bg)

2; see Eq. (22) with Eq. (19) and Table 1. The K-factor is not included in this plot.

is the luminosity function, in which the factorization scale µF is taken to be µF =
p
⌧s.5

Using the leading order CTEQ6L [99] PDF, we plot in Fig. 3 the production cross section

�(pp ! s) as a function of ms for a phenomenological benchmark setting |bg| = �bg
2

v
ms

with

�bg = 2
3 (top/bottom partner). Other particles just scale as �(pp ! s) / (�bg)

2. The valuep
s = 14TeV is motivated by the High-Luminosity LHC; 28TeV and 33TeV by the High-

Energy LHC (HE-LHC); and 75TeV, and 100TeV by the Future Circular Collider (FCC) [100,
101, 102]. Several comments are in order:

• Our setting corresponds to putting MT = yTNTms in Eq. (15) in order to reflect the
naive scaling of ⌘ ⇠ v/f with f ⇠ ms; recall that we needMT & ms to justify integrating
out the top partner to write down the e↵ective interactions (11)–(14).

• Here we have used the leading order parton distribution function. The higher order
corrections may be approximated by multiplying an overall factor K, the so-called K-
factor, which takes valueK ' 1.6 for the SM Higgs production at LHC; see e.g. Ref. [95].

• The SM cross section for pp ! hh without the tree-level hhh coupling, which is dom-
inated by the box contribution, is roughly 20 fb at

p
s = 8TeV [12]. Therefore, the

destructive interference with the box diagram is negligible for our setup.

4 The colored particles running in the blob in Fig. 1 might also have a direct coupling with the quarks in
the proton, and possibly change the production cross section of s if it is extremely large. In this paper we
assume that this is not the case.

5 Notational abuse of s for the singlet scalar field and for the Mandelstam variable of pp scattering should
be understood.
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Figure 10: In each panel, the line corresponds to the preferred contour to explain the 2.4� ex-
cess atms = 300GeV, and the shaded region is excluded at the 95% C.L. by �(ZZ ! 4l)13TeV.
The K-factor is set to be K = 1.6. The region 10�4 . ✓2 ⌧ 1 is assumed. Note that the
plotted region of ⌘ in horizontal axis di↵ers panel by panel.
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In Fig. 10, we plot the preferred contour to explain the 2.4� excess at ms = 300GeV,
where the shaded region is excluded at the 95% C.L. by the �(pp ! s ! ZZ ! 4l)13TeV
constraint that has been discussed in Sec. 4.2. We have assumed the K-factor K = 1.6.

We see that at the benchmark point ✓ ' 0, the lowest and highest possible values of µe↵

and ⌘ are, respectively,

µe↵ & 800GeV, ⌘ .

8
>>>><

>>>>:

0.66 top/bottom partner,

2.6 leptoquark,

0.53 diquark,

0.44 coloron,

(35)

in order to account for the cross section (32). The ratio of the upper bound on ⌘ is given by
the scaling / (�bg)

2.

5.2 Constraints

Whenms = 300GeV, the 95% C.L. upper bound at
p
s = 13TeV is �(s(ggF) ! ZZ ! 4l)13TeV .

0.8 fb [104]; see also Fig. 6. The corresponding excluded region is plotted in Fig. 10.
Currently, the strongest direct constraint on the di-Higgs resonance at ms = 300GeV

comes from the
p
s = 8TeV data in the bb̄�� final state at CMS [112] and in bb̄⌧⌧ at AT-

LAS [113]:

�(pp ! s ! hh)8TeV <

(
1.1 pb (bb̄�� at CMS),

1.7 pb (bb̄⌧⌧ at ATLAS),
(36)
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Figure 8: The 2�-excluded regions from the signal strength of 125GeV Higgs in the case of
top-partner T are presented as an illustration of the contribution from each channel. each

The branching ratio for s ! �� is5

BR(s ! ��) ⇠ 2.3⇥ 10�3


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i
�2


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�2 h ms
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i4 sin ✓
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We see that the loop suppressed decay into diphoton is negligible compared to the tree-level
decay via the interaction (

shh couplingshh coupling
9). For ms = 300GeV, the cross section at

p
s = 13TeV is

�(pp ! s ! ��)13TeV ⇠ 7.4 fb


bg

�1/3

�2  b�
�8/9

�2 h ↵s

0.1

i2  ↵

1/129

�2 h µe↵

800GeV

i
�2


sin ✓

0.01

�
�2

.

(38)

We see that typically the region sin ✓ . 10�2 is excluded by the bound from the diphoton
search: �(pp ! s ! ��)13TeV . 10 fb

ATLAS-CONF-2016-059
[93].

We first review the mass bound on the extra colored particles. For the SU(2)L singlet T
and B

Aad:2015kqa,ATLAS-CONF-2016-101
[94, 95],

MT ,MB & 800GeV. (39)

The mass bound for the leptoquark �3, diquark �6, and coloron �8 are given in Refs.
Aaboud:2016qeg,Khachatryan:2016jqo
[96, 97],

Chivukula:2015zma
[98], and

Sirunyan:2016iap
[99] as

m�3 & 0.7–1.1TeV, m�6 & 7TeV. m�8 & 5.5TeV. (40)

respectively, depending on the possible decay channels.

5 The power of ms dependence is valid in the limit ms � 2mh.

13

larger
Br(s→hh)

larger
σ(pp→s)

⌘LQ = LQNLQ
fv

M2
LQ

 
mLQ ≤ 0.7~1.1TeV

(13TeV LHC bound)

LQfNLQ & 5 ⇠ 13TeV

[ATLAS, arXiv:1605.06035]



Figure 4: 2�-excluded regions from the signal strength of 125GeV Higgs are shaded. The
color represents the contribution from each channel; see Fig. 5 for details.
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Figure 3: Production cross section �(pp ! s) for |bg| = �bg
2

v
ms

with �bg = 2
3 (top/bottom

partner). The result for other parameter can be obtained just by a simple scaling �(pp ! s) /
(�bg)

2; see Eq. (22) with Eq. (19) and Table 1. The K-factor is not included in this plot.

is the luminosity function, in which the factorization scale µF is taken to be µF =
p
⌧s.5

Using the leading order CTEQ6L [99] PDF, we plot in Fig. 3 the production cross section

�(pp ! s) as a function of ms for a phenomenological benchmark setting |bg| = �bg
2

v
ms

with

�bg = 2
3 (top/bottom partner). Other particles just scale as �(pp ! s) / (�bg)

2. The valuep
s = 14TeV is motivated by the High-Luminosity LHC; 28TeV and 33TeV by the High-

Energy LHC (HE-LHC); and 75TeV, and 100TeV by the Future Circular Collider (FCC) [100,
101, 102]. Several comments are in order:

• Our setting corresponds to putting MT = yTNTms in Eq. (15) in order to reflect the
naive scaling of ⌘ ⇠ v/f with f ⇠ ms; recall that we needMT & ms to justify integrating
out the top partner to write down the e↵ective interactions (11)–(14).

• Here we have used the leading order parton distribution function. The higher order
corrections may be approximated by multiplying an overall factor K, the so-called K-
factor, which takes valueK ' 1.6 for the SM Higgs production at LHC; see e.g. Ref. [95].

• The SM cross section for pp ! hh without the tree-level hhh coupling, which is dom-
inated by the box contribution, is roughly 20 fb at

p
s = 8TeV [12]. Therefore, the

destructive interference with the box diagram is negligible for our setup.

4 The colored particles running in the blob in Fig. 1 might also have a direct coupling with the quarks in
the proton, and possibly change the production cross section of s if it is extremely large. In this paper we
assume that this is not the case.

5 Notational abuse of s for the singlet scalar field and for the Mandelstam variable of pp scattering should
be understood.
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Figure 10: In each panel, the line corresponds to the preferred contour to explain the 2.4� ex-
cess atms = 300GeV, and the shaded region is excluded at the 95% C.L. by �(ZZ ! 4l)13TeV.
The K-factor is set to be K = 1.6. The region 10�4 . ✓2 ⌧ 1 is assumed. Note that the
plotted region of ⌘ in horizontal axis di↵ers panel by panel.
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In Fig. 10, we plot the preferred contour to explain the 2.4� excess at ms = 300GeV,
where the shaded region is excluded at the 95% C.L. by the �(pp ! s ! ZZ ! 4l)13TeV
constraint that has been discussed in Sec. 4.2. We have assumed the K-factor K = 1.6.

We see that at the benchmark point ✓ ' 0, the lowest and highest possible values of µe↵

and ⌘ are, respectively,

µe↵ & 800GeV, ⌘ .

8
>>>><

>>>>:

0.66 top/bottom partner,

2.6 leptoquark,

0.53 diquark,

0.44 coloron,

(35)

in order to account for the cross section (32). The ratio of the upper bound on ⌘ is given by
the scaling / (�bg)

2.

5.2 Constraints

Whenms = 300GeV, the 95% C.L. upper bound at
p
s = 13TeV is �(s(ggF) ! ZZ ! 4l)13TeV .

0.8 fb [104]; see also Fig. 6. The corresponding excluded region is plotted in Fig. 10.
Currently, the strongest direct constraint on the di-Higgs resonance at ms = 300GeV

comes from the
p
s = 8TeV data in the bb̄�� final state at CMS [112] and in bb̄⌧⌧ at AT-

LAS [113]:

�(pp ! s ! hh)8TeV <

(
1.1 pb (bb̄�� at CMS),

1.7 pb (bb̄⌧⌧ at ATLAS),
(36)
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consistent with current data Figure 8: The 2�-excluded regions from the signal strength of 125GeV Higgs in the case of
top-partner T are presented as an illustration of the contribution from each channel. each

The branching ratio for s ! �� is5
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We see that the loop suppressed decay into diphoton is negligible compared to the tree-level
decay via the interaction (

shh couplingshh coupling
9). For ms = 300GeV, the cross section at

p
s = 13TeV is

�(pp ! s ! ��)13TeV ⇠ 7.4 fb
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(38)

We see that typically the region sin ✓ . 10�2 is excluded by the bound from the diphoton
search: �(pp ! s ! ��)13TeV . 10 fb

ATLAS-CONF-2016-059
[93].

We first review the mass bound on the extra colored particles. For the SU(2)L singlet T
and B

Aad:2015kqa,ATLAS-CONF-2016-101
[94, 95],

MT ,MB & 800GeV. (39)

The mass bound for the leptoquark �3, diquark �6, and coloron �8 are given in Refs.
Aaboud:2016qeg,Khachatryan:2016jqo
[96, 97],

Chivukula:2015zma
[98], and

Sirunyan:2016iap
[99] as

m�3 & 0.7–1.1TeV, m�6 & 7TeV. m�8 & 5.5TeV. (40)

respectively, depending on the possible decay channels.

5 The power of ms dependence is valid in the limit ms � 2mh.
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We see that the loop suppressed decay into diphoton is negligible compared to the tree-level
decay via the interaction (

shh couplingshh coupling
9). For ms = 300GeV, the cross section at

p
s = 13TeV is

�(pp ! s ! ��)13TeV ⇠ 7.4 fb


bg

�1/3

�2  b�
�8/9

�2 h ↵s

0.1

i2  ↵

1/129

�2 h µe↵

800GeV

i
�2


sin ✓

0.01

�
�2

.

(38)

We see that typically the region sin ✓ . 10�2 is excluded by the bound from the diphoton
search: �(pp ! s ! ��)13TeV . 10 fb

ATLAS-CONF-2016-059
[93].

We first review the mass bound on the extra colored particles. For the SU(2)L singlet T
and B

Aad:2015kqa,ATLAS-CONF-2016-101
[94, 95],

MT ,MB & 800GeV. (39)

The mass bound for the leptoquark �3, diquark �6, and coloron �8 are given in Refs.
Aaboud:2016qeg,Khachatryan:2016jqo
[96, 97],

Chivukula:2015zma
[98], and

Sirunyan:2016iap
[99] as

m�3 & 0.7–1.1TeV, m�6 & 7TeV. m�8 & 5.5TeV. (40)

respectively, depending on the possible decay channels.

5 The power of ms dependence is valid in the limit ms � 2mh.

13

|sinθ| ≧ 0.01

(σ(pp→s→γγ)13TeV ≤ 10fb)
[ATLAS,ATLAS-CONF-2016-059]

[ATLAS+CMS, arXiv:1606.02266]

 pp→s→γγ @ 13TeV LHC

 125GeV Higgs signal strengths

excluded

excluded

OK!
excluded



Summary
 1 + 1 >> 2

colored
particle

singlet
scalar

di-Higgs
production

 A nice benchmark is:
A resonant bump was reported in
HH→bbγγ (5 events) around 300GeV.

[ATLAS, arXiv:1406.5053]

 3.5/0.04 → 87.5-time larger,
σ(pp→HH) = 800fb.

 Color-boosted resonant one
will be seen as a nice probe of
the nature of Higgs potential.



Summary
 1 + 1 >> 2
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particle

singlet
scalar

di-Higgs
production

 A nice benchmark is:
A resonant bump was reported in
HH→bbγγ (5 events) around 300GeV.

[ATLAS, arXiv:1406.5053]

 3.5/0.04 → 87.5-time larger,
σ(pp→HH) = 800fb.

 Color-boosted resonant one
will be seen as a nice probe of
the nature of Higgs potential.thank you:-)
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Dirac spinor complex scalar

field T B �3 �6 �8 . . .

SU(3)C 3 3 3 6 8 . . .

Y 2
3 �1

3 �1
3 , �4

3
1
3 , �2

3 ,
4
3 0, �1 . . .

�bg
2
3

2
3

1
6

5
6 1 . . .

�b�
16
9

4
9

1
9 ,

16
9

2
9 ,

8
9 ,

32
9 0, 8

3 . . .

⌘ yTNT
v

MT
yBNB

v
MB

�N�
fv
M2

�

Table 1: Colored particles that may run in the loop represented by the blob in Fig.
Di-Higgs figureDi-Higgs figure
1, and

their possible parameters. The hypercharge Y is fixed to allow a mixing with either top or
bottom quark for the Dirac spinor and a Yukawa coupling with a pair of SM fermions for the
complex scalar; see Appendix

colored scalar sectioncolored scalar section
B. table of fields

where �Z = 1, �W = 2, and xV = m2
V /m

2
s; see e.g. Ref.

Djouadi:2005gi
[86]. Similarly for ms > 2mt, the

partial decay width into a top-quark pair is

�(s ! tt̄) =
Ncmsm

2
t

8⇡v2

✓
1� 4m2

t

m2
s

◆3/2

sin2 ✓. (12)

The total decay width �total is the sum of the above rates.
In Fig.

BR figureBR figure
2, we plot the tree-level branching ratios in the µe↵ vs ms plane. Note that the ✓-

dependence drops out of the tree-level branching ratios when we use µe↵ as a phenomenological
input parameter as in Eq. (

shh couplingshh coupling
9) because then all the decay channels have the same ✓ dependence

/ sin2 ✓. Below, we will see that the loop-suppressed �(s ! ��) becomes the same order as
�(s ! hh) when ✓ . 10�3 and that the region ✓ . 10�2 is excluded by the diphoton search,
for a typical set of parameters that explains the 300GeV excess.

2.2 E↵ective coupling to photons and gluons

We first consider the vector-like top-partner T as the colored particle running in the loop
that is represented as the blob in Fig.

Di-Higgs figureDi-Higgs figure
1. The bottom-partner B can be treated in the same

manner, as well as the colored scalars.
The vector-like mass of T is given as

MT = mT + yT hSi , (13)

where mT and yT are the Dirac mass of T and the Yukawa coupling between T and S,
respectively. The top-partner T mixes with the SM top quark. We note that limit mT ! 0
corresponds to the dilaton model.2

2 The particular dilaton model in Ref.
Abe:2012eu
[87] corresponds to the identification of the lighter 125GeV scalar

to be an S-like one, contrary to this paper.

5

Possible choices of the colored particle(s) [SU(2)L singlets, assumed]: 

latest
bound ≥ 800 GeV ≥ 0.7-1.1 TeV ≥ 7 TeV ≥ 5.5 TeV

[ATLAS, arXiv:1505.04306]
[ATLAS,ATLAS-CONF-2016-101]

[ATLAS, arXiv:1605.06035]
[CMS, arXiv:1612.01190]
[CMS, arXiv:1611.03568]

(note: they can decay into a pair of SM particles through mixings or
          Yukawa-type interactions.)

Setup (Con’d)

top partner

bottom partner

leptoquark
diquark

coloron



Branching ratios of s 

Figure 2: Tree-level branching ratio for the decay of s in the µe↵ vs ms plane. BR figure

6



Constraints via 125GeV Higgs signal strengths

Figure 4: 2�-excluded regions from the signal strength of 125GeV Higgs are shaded. The
color represents the contribution from each channel; see Fig. 5 for details.

10



Figure 5: The 2�-excluded regions from the signal strength of 125GeV Higgs. The top-
partner parameters are chosen as an illustration to present the contribution from each channel.

Figure 6: The 2�-excluded regions from s ! ZZ ! 4l bound in the µe↵ vs ms plane.
The color is changed in increments of 0.1. The weakest bound starts existing from bg = 0.2.
K-factor is set to be K = 1.6.
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Yukawa interactions for decay
Φ3 (leptoquark): 

Even in the small mixing limit, µe↵ can be as large as

µe↵ . 6TeV⇥

�H � 

4⇡

�
. (61)

B Yukawa interaction between colored scalar and SM particles
colored scalar section

For the scalar in fundamental representation �3, possible Yukawa interactions are

(�3)
⇤ (qL)

c · `L, (�3)
⇤ (uR)

ceR, (�3)
⇤ (dR)

ceR, (62)

depending on the hypercharge of �3: �1/3, �1/3, and �4/3, respectively. The superscript c

denotes the charge conjugation.
We note that we can in principle write down the following diquark interactions:

✏abc✏ij (�3)a (qL)
c
bi (qL)cj , ✏abc (�3)a (uR)

c
b (uR)c , ✏abc (�3)a (dR)

c
b (dR)c , ✏abc (�3)a (uR)

c
b (dR)c ,

(63)

depending on the hypercharge of �3: �1/3, �4/3, 2/3 and�1/3, respectively, where a, b, c and
i, j represent the indices of the SU(3)C and SU(2)L fundamental representations, respectively,
and ✏ is the totally antisymmetric tensor. Note that coexistence of the leptoquark and diquark
interactions would lead to rapid proton decay. Since the diquark interactions are strongly
restricted compared with the leptoquark in direct searches in hadron colliders, we focus on
the situation that only the leptoquark interactions are switched on. The diquark interactions
can be forbidden e.g. by the B � L symmetry.

For the symmetric scalar �6, a possible Yukawa is either one of

(uR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (dR)b , ✏ij(qL)
c
ai (�6)

⇤ab (qL)bj ,

(64)

depending on the hypercharge of �6: 4/3, 1/3, �2/3, and 1/3, respectively.
For adjoint scalar, a possible lowest-dimensional Yukawa is either one of

1

⇤
uR

a (�8)a
b (qL)bi ✏

ijHj ,
1

⇤
uR

a (�8)a
b (qL)bi (H

⇤)i , (65)

1

⇤
dR

a
(�8)a

b (qL)bi ✏
ijHj ,

1

⇤
dR

a
(�8)a

b (qL)bi (H
⇤)i , (66)

depending on the hypercharge of �8: 0, �1, �1, and 0, respectively, where we have assigned
YH = +1/2 and ⇤ denotes a UV cuto↵ scale.

C Yamayasu model?

Here might come the Yamayasu model.
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Even in the small mixing limit, µe↵ can be as large as

µe↵ . 6TeV⇥

�H � 

4⇡

�
. (61)

B Yukawa interaction between colored scalar and SM particles
colored scalar section

For the scalar in fundamental representation �3, possible Yukawa interactions are

(�3)
⇤ (qL)

c · `L, (�3)
⇤ (uR)

ceR, (�3)
⇤ (dR)

ceR, (62)

depending on the hypercharge of �3: �1/3, �1/3, and �4/3, respectively. The superscript c

denotes the charge conjugation.
We note that we can in principle write down the following diquark interactions:

✏abc✏ij (�3)a (qL)
c
bi (qL)cj , ✏abc (�3)a (uR)

c
b (uR)c , ✏abc (�3)a (dR)

c
b (dR)c , ✏abc (�3)a (uR)

c
b (dR)c ,

(63)

depending on the hypercharge of �3: �1/3, �4/3, 2/3 and�1/3, respectively, where a, b, c and
i, j represent the indices of the SU(3)C and SU(2)L fundamental representations, respectively,
and ✏ is the totally antisymmetric tensor. Note that coexistence of the leptoquark and diquark
interactions would lead to rapid proton decay. Since the diquark interactions are strongly
restricted compared with the leptoquark in direct searches in hadron colliders, we focus on
the situation that only the leptoquark interactions are switched on. The diquark interactions
can be forbidden e.g. by the B � L symmetry.

For the symmetric scalar �6, a possible Yukawa is either one of

(uR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (dR)b , ✏ij(qL)
c
ai (�6)

⇤ab (qL)bj ,

(64)

depending on the hypercharge of �6: 4/3, 1/3, �2/3, and 1/3, respectively.
For adjoint scalar, a possible lowest-dimensional Yukawa is either one of

1

⇤
uR

a (�8)a
b (qL)bi ✏

ijHj ,
1

⇤
uR

a (�8)a
b (qL)bi (H

⇤)i , (65)

1

⇤
dR

a
(�8)a

b (qL)bi ✏
ijHj ,

1

⇤
dR

a
(�8)a

b (qL)bi (H
⇤)i , (66)

depending on the hypercharge of �8: 0, �1, �1, and 0, respectively, where we have assigned
YH = +1/2 and ⇤ denotes a UV cuto↵ scale.

C Yamayasu model?

Here might come the Yamayasu model.
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Φ6 (di-quark): 

Even in the small mixing limit, µe↵ can be as large as

µe↵ . 6TeV⇥

�H � 

4⇡

�
. (61)

B Yukawa interaction between colored scalar and SM particles
colored scalar section

For the scalar in fundamental representation �3, possible Yukawa interactions are

(�3)
⇤ (qL)

c · `L, (�3)
⇤ (uR)

ceR, (�3)
⇤ (dR)

ceR, (62)

depending on the hypercharge of �3: �1/3, �1/3, and �4/3, respectively. The superscript c

denotes the charge conjugation.
We note that we can in principle write down the following diquark interactions:

✏abc✏ij (�3)a (qL)
c
bi (qL)cj , ✏abc (�3)a (uR)

c
b (uR)c , ✏abc (�3)a (dR)

c
b (dR)c , ✏abc (�3)a (uR)

c
b (dR)c ,

(63)

depending on the hypercharge of �3: �1/3, �4/3, 2/3 and�1/3, respectively, where a, b, c and
i, j represent the indices of the SU(3)C and SU(2)L fundamental representations, respectively,
and ✏ is the totally antisymmetric tensor. Note that coexistence of the leptoquark and diquark
interactions would lead to rapid proton decay. Since the diquark interactions are strongly
restricted compared with the leptoquark in direct searches in hadron colliders, we focus on
the situation that only the leptoquark interactions are switched on. The diquark interactions
can be forbidden e.g. by the B � L symmetry.

For the symmetric scalar �6, a possible Yukawa is either one of

(uR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (dR)b , ✏ij(qL)
c
ai (�6)

⇤ab (qL)bj ,

(64)

depending on the hypercharge of �6: 4/3, 1/3, �2/3, and 1/3, respectively.
For adjoint scalar, a possible lowest-dimensional Yukawa is either one of

1

⇤
uR

a (�8)a
b (qL)bi ✏

ijHj ,
1

⇤
uR

a (�8)a
b (qL)bi (H

⇤)i , (65)

1

⇤
dR

a
(�8)a

b (qL)bi ✏
ijHj ,

1

⇤
dR

a
(�8)a

b (qL)bi (H
⇤)i , (66)

depending on the hypercharge of �8: 0, �1, �1, and 0, respectively, where we have assigned
YH = +1/2 and ⇤ denotes a UV cuto↵ scale.

C Yamayasu model?

Here might come the Yamayasu model.
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Φ8 (coloron): 

Even in the small mixing limit, µe↵ can be as large as

µe↵ . 6TeV⇥

�H � 

4⇡

�
. (61)

B Yukawa interaction between colored scalar and SM particles
colored scalar section

For the scalar in fundamental representation �3, possible Yukawa interactions are

(�3)
⇤ (qL)

c · `L, (�3)
⇤ (uR)

ceR, (�3)
⇤ (dR)

ceR, (62)

depending on the hypercharge of �3: �1/3, �1/3, and �4/3, respectively. The superscript c

denotes the charge conjugation.
We note that we can in principle write down the following diquark interactions:

✏abc✏ij (�3)a (qL)
c
bi (qL)cj , ✏abc (�3)a (uR)

c
b (uR)c , ✏abc (�3)a (dR)

c
b (dR)c , ✏abc (�3)a (uR)

c
b (dR)c ,

(63)

depending on the hypercharge of �3: �1/3, �4/3, 2/3 and�1/3, respectively, where a, b, c and
i, j represent the indices of the SU(3)C and SU(2)L fundamental representations, respectively,
and ✏ is the totally antisymmetric tensor. Note that coexistence of the leptoquark and diquark
interactions would lead to rapid proton decay. Since the diquark interactions are strongly
restricted compared with the leptoquark in direct searches in hadron colliders, we focus on
the situation that only the leptoquark interactions are switched on. The diquark interactions
can be forbidden e.g. by the B � L symmetry.

For the symmetric scalar �6, a possible Yukawa is either one of

(uR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (uR)b , (dR)
c
a (�6)

⇤ab (dR)b , ✏ij(qL)
c
ai (�6)

⇤ab (qL)bj ,

(64)

depending on the hypercharge of �6: 4/3, 1/3, �2/3, and 1/3, respectively.
For adjoint scalar, a possible lowest-dimensional Yukawa is either one of

1

⇤
uR

a (�8)a
b (qL)bi ✏

ijHj ,
1

⇤
uR

a (�8)a
b (qL)bi (H

⇤)i , (65)

1

⇤
dR

a
(�8)a

b (qL)bi ✏
ijHj ,

1

⇤
dR

a
(�8)a

b (qL)bi (H
⇤)i , (66)

depending on the hypercharge of �8: 0, �1, �1, and 0, respectively, where we have assigned
YH = +1/2 and ⇤ denotes a UV cuto↵ scale.

C Yamayasu model?

Here might come the Yamayasu model.
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(QΦ = -1/3) (QΦ = -1/3) (QΦ = -4/3)

(QΦ = -1/3) (QΦ = -4/3) (QΦ = 2/3) (QΦ = -1/3)

(QΦ = 4/3) (QΦ = 1/3) (QΦ = -2/3) (QΦ = 1/3)

(QΦ = 0)

(QΦ = 0)

(QΦ = -1)

(QΦ = -1)


