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The	
  Model	
  

SU(2)	
  doublet	
  and	
  singlet	
  color	
  triplets	
  

TeV scale leptoquarks can mediate a variety of flavor changing processes. We have examined

these constraints and found the neutrino mass generation to be self-consistent. Our findings

include several interesting features: (i) µ → eγ may be suppressed, because of a GIM–like

cancelation, but µ → 3e and µ − e conversion nuclei are within reach of the next generation

of experiments. (ii) There is a new CP violating contribution mediated by leptoquark box

diagrams in Bs−Bs mixing, which can nicely fit the recently reported dimuon anomaly by the DØ

collaboration. (iii) The 2σ discrepancy between theory and experiment in the leptonic decay of

D±
s mesons can be explained in the model, owing to new contributions from the leptoquarks. (iv)

Muon g − 2 receives new positive contributions which can resolve the theoretical anomaly there.

(v) Neutrino oscillation parameters can be probed in the branching ratios of the leptoquarks.

(vi) The leptoquark masses are constrained to be less than a few TeV, which should make them

accessible to the LHC.

This paper is organized as follows. In Section 2 we discuss the model leading to two–loop

neutrino mass generation and obtain the constraints placed on the oscillation parameters. The

constraints from rare processes such as µ− → e−γ and µ− → e+e−e− are presented in Section 3.

In Sec. 4 we discuss the collider signals of leptoquarks, and in Sec. 5 we conclude.

2 Model of two–loop neutrino mass generation

In this section we present our model of two–loop neutrino mass generation, and derive restric-

tions on the model parameters from neutrino oscillation data. Constraints from rare processes,

discussed in Sec. 3, will be used to demonstrate the viability of the model and its predictions for

neutrino oscillations.

2.1 Model

The gauge symmetry of our model is the same as the standard model (SM), SU(3)c ×SU(2)L ×
U(1)Y . In addition to the SM Higgs doubletH(1, 2, 1/2), the scalar sector consists of the following

leptoquark multiplets:

Ω ≡

(

ω2/3

ω−1/3

)

∼ (3, 2, 1/6), χ−1/3 ∼ (3, 1,−1/3). (3)

In general, addition of leptoquarks into the theory can cause baryon number (B) violating in-

teractions, we forbid them by assuming that B is globally conserved. The leptoquarks have the

following Yukawa interactions:

LYukawa = YijL
α
i d

c
jΩ

βεαβ + Fije
c
iu

c
jχ

−1/3 + h.c. (4)

3

K.S.	
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  J.	
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  Nucl.Phys.	
  B841	
  (2010)	
  130-­‐156	
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The	
  part	
  of	
  the	
  Lagrangian	
  for	
  LQs	
  

a single colored scalar object harder to exist at lower mass range if its portal coupling of

|H|2|X|2 type is large. If such couplings are small they will not play any interesting role in

the Higgs phenomenology. On the other hand several colored scalars can lead to interesting

excesses that may be checked with the existing data at the same time satisfying various

Higgs decay channels measurements. Previously, in Ref [12, 36] the new contribution to the

gluon fusion has been taken to be twice larger but the opposite in sign to the SM one so

that different decay channels are not affected. Now this scenario seems to become harder to

sustain.

The model I examine in this paper contains two new multiplets, SU(2)L singlet and dou-

blet scalar leptoquarks Ω ∼ (3, 2, 1/6) and χ ∼ (3, 1,−1/3), which may arise in a composite

models [27–30], as GUT remnants [12, 26] or in a radiative neutrino mass models [32, 33, 35].

The Lagrangian of the model is given as:

L =
�
YijΩiσ2Lid

c
j + Fijχe

c
iu

c
j − µΩ†

Hχ+ h.c
�
−m

2
Ω|Ω|2 −m

2
χ|χ|2

− λω|Ω|2|H|2 − λχ|χ|2|H|2 − κ|Ω†
H|2 (1)

After electroweak symmetry breaking, the lower component of the doublet LQ will mix with

the singlet LQ via the trilinear µ–term which we denote as χ1 and χ2, and the remaining

upper 2/3 charged component as ω. Their physical masses are given by

m
2
ω = m

2
Ω +

λω

2
v
2
, (2)

m
2
χ1,χ2

=
1

2

�
m

2
ω +

κ

2
v
2 +m

2
χ +

λχ

2
v
2 ∓

�
m2 +

κ

2
v2 −m2

χ −
λχ

2
v2 + 2µ2v2

�
, (3)

tan 2ϑ =
2
√
2µv

2m2 + κv2 − 2m2
χ − λχv

2
, (4)

where ϑ and mχ1,χ2 are the mixing angle and masses for he −1/3 charged LQs χ1 and χ2.

mω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by

Babu and Julio as an explanation for the light neutrino masses induced by two–loop effects

of the LQs. Readers interested in are referred to the original paper where exhaustive list of

many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to

4
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many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to
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TeV scale leptoquarks can mediate a variety of flavor changing processes. We have examined

these constraints and found the neutrino mass generation to be self-consistent. Our findings

include several interesting features: (i) µ → eγ may be suppressed, because of a GIM–like

cancelation, but µ → 3e and µ − e conversion nuclei are within reach of the next generation

of experiments. (ii) There is a new CP violating contribution mediated by leptoquark box

diagrams in Bs−Bs mixing, which can nicely fit the recently reported dimuon anomaly by the DØ

collaboration. (iii) The 2σ discrepancy between theory and experiment in the leptonic decay of

D±
s mesons can be explained in the model, owing to new contributions from the leptoquarks. (iv)

Muon g − 2 receives new positive contributions which can resolve the theoretical anomaly there.

(v) Neutrino oscillation parameters can be probed in the branching ratios of the leptoquarks.

(vi) The leptoquark masses are constrained to be less than a few TeV, which should make them

accessible to the LHC.

This paper is organized as follows. In Section 2 we discuss the model leading to two–loop

neutrino mass generation and obtain the constraints placed on the oscillation parameters. The

constraints from rare processes such as µ− → e−γ and µ− → e+e−e− are presented in Section 3.

In Sec. 4 we discuss the collider signals of leptoquarks, and in Sec. 5 we conclude.

2 Model of two–loop neutrino mass generation

In this section we present our model of two–loop neutrino mass generation, and derive restric-

tions on the model parameters from neutrino oscillation data. Constraints from rare processes,

discussed in Sec. 3, will be used to demonstrate the viability of the model and its predictions for

neutrino oscillations.

2.1 Model

The gauge symmetry of our model is the same as the standard model (SM), SU(3)c ×SU(2)L ×
U(1)Y . In addition to the SM Higgs doubletH(1, 2, 1/2), the scalar sector consists of the following

leptoquark multiplets:

Ω ≡

(

ω2/3

ω−1/3

)

∼ (3, 2, 1/6), χ−1/3 ∼ (3, 1,−1/3). (3)

In general, addition of leptoquarks into the theory can cause baryon number (B) violating in-

teractions, we forbid them by assuming that B is globally conserved. The leptoquarks have the

following Yukawa interactions:

LYukawa = YijL
α
i d

c
jΩ

βεαβ + Fije
c
iu

c
jχ

−1/3 + h.c. (4)

3
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a single colored scalar object harder to exist at lower mass range if its portal coupling of

|H|2|X|2 type is large. If such couplings are small they will not play any interesting role in

the Higgs phenomenology. On the other hand several colored scalars can lead to interesting

excesses that may be checked with the existing data at the same time satisfying various

Higgs decay channels measurements. Previously, in Ref [12, 36] the new contribution to the

gluon fusion has been taken to be twice larger but the opposite in sign to the SM one so

that different decay channels are not affected. Now this scenario seems to become harder to

sustain.

The model I examine in this paper contains two new multiplets, SU(2)L singlet and dou-

blet scalar leptoquarks Ω ∼ (3, 2, 1/6) and χ ∼ (3, 1,−1/3), which may arise in a composite

models [27–30], as GUT remnants [12, 26] or in a radiative neutrino mass models [32, 33, 35].

The Lagrangian of the model is given as:

L =
�
YijΩiσ2Lid

c
j + Fijχe

c
iu

c
j − µΩ†

Hχ+ h.c
�
−m

2
Ω|Ω|2 −m

2
χ|χ|2

− λω|Ω|2|H|2 − λχ|χ|2|H|2 − κ|Ω†
H|2 (1)

After electroweak symmetry breaking, the lower component of the doublet LQ will mix with

the singlet LQ via the trilinear µ–term which we denote as χ1 and χ2, and the remaining

upper 2/3 charged component as ω. Their physical masses are given by

m
2
ω = m

2
Ω +

λω

2
v
2
, (2)

m
2
χ1,χ2

=
1

2

�
m

2
ω +

κ

2
v
2 +m

2
χ +

λχ

2
v
2 ∓

�
m2 +

κ

2
v2 −m2

χ −
λχ

2
v2 + 2µ2v2

�
, (3)

tan 2ϑ =
2
√
2µv

2m2 + κv2 − 2m2
χ − λχv

2
, (4)

where ϑ and mχ1,χ2 are the mixing angle and masses for he −1/3 charged LQs χ1 and χ2.

mω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by

Babu and Julio as an explanation for the light neutrino masses induced by two–loop effects

of the LQs. Readers interested in are referred to the original paper where exhaustive list of

many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to
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TeV scale leptoquarks can mediate a variety of flavor changing processes. We have examined

these constraints and found the neutrino mass generation to be self-consistent. Our findings

include several interesting features: (i) µ → eγ may be suppressed, because of a GIM–like

cancelation, but µ → 3e and µ − e conversion nuclei are within reach of the next generation

of experiments. (ii) There is a new CP violating contribution mediated by leptoquark box

diagrams in Bs−Bs mixing, which can nicely fit the recently reported dimuon anomaly by the DØ

collaboration. (iii) The 2σ discrepancy between theory and experiment in the leptonic decay of

D±
s mesons can be explained in the model, owing to new contributions from the leptoquarks. (iv)

Muon g − 2 receives new positive contributions which can resolve the theoretical anomaly there.

(v) Neutrino oscillation parameters can be probed in the branching ratios of the leptoquarks.

(vi) The leptoquark masses are constrained to be less than a few TeV, which should make them

accessible to the LHC.

This paper is organized as follows. In Section 2 we discuss the model leading to two–loop

neutrino mass generation and obtain the constraints placed on the oscillation parameters. The

constraints from rare processes such as µ− → e−γ and µ− → e+e−e− are presented in Section 3.

In Sec. 4 we discuss the collider signals of leptoquarks, and in Sec. 5 we conclude.

2 Model of two–loop neutrino mass generation

In this section we present our model of two–loop neutrino mass generation, and derive restric-

tions on the model parameters from neutrino oscillation data. Constraints from rare processes,

discussed in Sec. 3, will be used to demonstrate the viability of the model and its predictions for

neutrino oscillations.

2.1 Model

The gauge symmetry of our model is the same as the standard model (SM), SU(3)c ×SU(2)L ×
U(1)Y . In addition to the SM Higgs doubletH(1, 2, 1/2), the scalar sector consists of the following

leptoquark multiplets:

Ω ≡

(

ω2/3

ω−1/3

)

∼ (3, 2, 1/6), χ−1/3 ∼ (3, 1,−1/3). (3)

In general, addition of leptoquarks into the theory can cause baryon number (B) violating in-

teractions, we forbid them by assuming that B is globally conserved. The leptoquarks have the

following Yukawa interactions:

LYukawa = YijL
α
i d

c
jΩ

βεαβ + Fije
c
iu

c
jχ

−1/3 + h.c. (4)
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a single colored scalar object harder to exist at lower mass range if its portal coupling of

|H|2|X|2 type is large. If such couplings are small they will not play any interesting role in

the Higgs phenomenology. On the other hand several colored scalars can lead to interesting

excesses that may be checked with the existing data at the same time satisfying various

Higgs decay channels measurements. Previously, in Ref [12, 36] the new contribution to the

gluon fusion has been taken to be twice larger but the opposite in sign to the SM one so

that different decay channels are not affected. Now this scenario seems to become harder to

sustain.

The model I examine in this paper contains two new multiplets, SU(2)L singlet and dou-

blet scalar leptoquarks Ω ∼ (3, 2, 1/6) and χ ∼ (3, 1,−1/3), which may arise in a composite

models [27–30], as GUT remnants [12, 26] or in a radiative neutrino mass models [32, 33, 35].

The Lagrangian of the model is given as:

L =
�
YijΩiσ2Lid

c
j + Fijχe

c
iu

c
j − µΩ†

Hχ+ h.c
�
−m

2
Ω|Ω|2 −m

2
χ|χ|2

− λω|Ω|2|H|2 − λχ|χ|2|H|2 − κ|Ω†
H|2 (1)

After electroweak symmetry breaking, the lower component of the doublet LQ will mix with

the singlet LQ via the trilinear µ–term which we denote as χ1 and χ2, and the remaining

upper 2/3 charged component as ω. Their physical masses are given by

m
2
ω = m

2
Ω +

λω

2
v
2
, (2)

m
2
χ1,χ2

=
1

2

�
m

2
ω +

κ

2
v
2 +m

2
χ +

λχ

2
v
2 ∓

�
m2 +

κ

2
v2 −m2

χ −
λχ

2
v2 + 2µ2v2

�
, (3)

tan 2ϑ =
2
√
2µv

2m2 + κv2 − 2m2
χ − λχv

2
, (4)

where ϑ and mχ1,χ2 are the mixing angle and masses for he −1/3 charged LQs χ1 and χ2.

mω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by

Babu and Julio as an explanation for the light neutrino masses induced by two–loop effects

of the LQs. Readers interested in are referred to the original paper where exhaustive list of

many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to
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a single colored scalar object harder to exist at lower mass range if its portal coupling of

|H|2|X|2 type is large. If such couplings are small they will not play any interesting role in

the Higgs phenomenology. On the other hand several colored scalars can lead to interesting

excesses that may be checked with the existing data at the same time satisfying various

Higgs decay channels measurements. Previously, in Ref [12, 36] the new contribution to the

gluon fusion has been taken to be twice larger but the opposite in sign to the SM one so

that different decay channels are not affected. Now this scenario seems to become harder to

sustain.

The model I examine in this paper contains two new multiplets, SU(2)L singlet and dou-

blet scalar leptoquarks Ω ∼ (3, 2, 1/6) and χ ∼ (3, 1,−1/3), which may arise in a composite

models [27–30], as GUT remnants [12, 26] or in a radiative neutrino mass models [32, 33, 35].

The Lagrangian of the model is given as:

L =
�
YijΩiσ2Lid

c
j + Fijχe

c
iu

c
j − µΩ†

Hχ+ h.c
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−m

2
Ω|Ω|2 −m

2
χ|χ|2

− λω|Ω|2|H|2 − λχ|χ|2|H|2 − κ|Ω†
H|2 (1)

After electroweak symmetry breaking, the lower component of the doublet LQ will mix with

the singlet LQ via the trilinear µ–term which we denote as χ1 and χ2, and the remaining

upper 2/3 charged component as ω. Their physical masses are given by

m
2
ω = m

2
Ω +

λω

2
v
2
, (2)

m
2
χ1,χ2

=
1

2

�
m

2
ω +

κ
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2
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�
, (3)

tan 2ϑ =
2
√
2µv

2m2 + κv2 − 2m2
χ − λχv

2
, (4)

where ϑ and mχ1,χ2 are the mixing angle and masses for he −1/3 charged LQs χ1 and χ2.

mω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by

Babu and Julio as an explanation for the light neutrino masses induced by two–loop effects

of the LQs. Readers interested in are referred to the original paper where exhaustive list of

many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to
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|H|2|X|2 type is large. If such couplings are small they will not play any interesting role in

the Higgs phenomenology. On the other hand several colored scalars can lead to interesting

excesses that may be checked with the existing data at the same time satisfying various

Higgs decay channels measurements. Previously, in Ref [12, 36] the new contribution to the

gluon fusion has been taken to be twice larger but the opposite in sign to the SM one so

that different decay channels are not affected. Now this scenario seems to become harder to

sustain.

The model I examine in this paper contains two new multiplets, SU(2)L singlet and dou-

blet scalar leptoquarks Ω ∼ (3, 2, 1/6) and χ ∼ (3, 1,−1/3), which may arise in a composite

models [27–30], as GUT remnants [12, 26] or in a radiative neutrino mass models [32, 33, 35].

The Lagrangian of the model is given as:
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H|2 (1)

After electroweak symmetry breaking, the lower component of the doublet LQ will mix with

the singlet LQ via the trilinear µ–term which we denote as χ1 and χ2, and the remaining

upper 2/3 charged component as ω. Their physical masses are given by
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where ϑ and mχ1,χ2 are the mixing angle and masses for he −1/3 charged LQs χ1 and χ2.

mω is the mass of 2/3 charged component denoted as ω. This spectrum was proposed by

Babu and Julio as an explanation for the light neutrino masses induced by two–loop effects

of the LQs. Readers interested in are referred to the original paper where exhaustive list of

many flavor implications were discussed. Several scenarios in the model requires these LQs

to be lighter than 500 GeV, which makes them testable at the LHC. I concentrate primarily

on the collider aspect of the model and examine their consequences.

The searches for LQs at LHC have given lower bounds on their masses for several different

LQ decay channels for the data collected at 7 TeV. Assuming 100 % branching fraction to

4

dominant χi decay channel. The experimental bound τ → µγ < 4.4× 10−8 puts constraint

|F23F ∗
33| � 0.2 × (m1/200GeV)2 which allows even a value of order one for either of these

couplings. From the above discussion we see that the signals for the ω pair production are

χiχjW+∗W−∗ → µ+µ−(τ+τ−)t̄tf̄dfuf̄dfu when F23 (F33) is the largest coupling.

III. HIGGS PHENOMENOLOGY WITH LIGHT LEPTOQUARKS

In the last section we have argued that the current limits from the LHC experiments

still allow LQs with light masses down to ∼200 GeV. Given that such a possibility exists in

the current section we study their phenomenological consequences. The possibility that the

Standard Model Higgs could have portal couplings to an unknown sector has been a subject

of many studies due to its possible role in the electroweak symmetry breaking, electroweak

phase transition and as the contact with the dark sector. Recent discovery of the SM Higgs

like resonance has intensified such studies.

The effect we investigate here is the Higgs boson pair production. We take several LQs

and choose large portal couplings to demonstrate the di–Higgs production rate can be dra-

matically increased while the single Higgs production and diphoton rates are affected within

the experimentally measured values. This will happen if the LQs are relatively light below

300 GeV, which makes the model testable, if not in all the mass range, even by the current

data.

From the Lagrangian given in Eq. (1), the LQ and Higgs interactions are easily written

down in the mass eigenstates as follows

VLQ-h =
��

λωc
2
ϑ + κc2ϑ + λχs

2
ϑ

�
|χ1|2 +

�
λωs

2
ϑ + κs2ϑ + λχc

2
ϑ

�
|χ2|2

+ λω|ω|2 + (λω + κ− λχ) sϑcϑ (χ1χ
∗
2 + χ2χ

∗
1)
��

h2

2
+ hv

�

+
�
µ((|χ2|2 − |χ1|2)cϑsϑ + χ∗

1χ2c
2
ϑ − χ∗

2χ1s
2
ϑ) + h.c

� h√
2
, (5)

where sϑ (cϑ) ≡ sinϑ (cosϑ). We choose the physical masses mω,χ(1,2)
, portal couplings λω,

λχ and the mixing angle as the input parameters. Then the remaining parameters µ and κ

are fixed through Eqs. (2–4).

The leading order (LO) partonic amplitude for Higgs productions cross-section and the
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@8TeV	
  20	
  c^-­‐1,	
  2nd	
  gen	
  LQ	
  mLQ>	
  1070	
  (785)	
  GeV	
  for	
  BR=1(0.5)	
  
	
  	
  	
  	
  	
  CMS	
  PAS	
  EXO-­‐12-­‐042	
  

@7TeV	
  5c^-­‐1,	
  3d	
  gen	
  LQ	
  mLQ>	
  525	
  GeV	
  for	
  BR=1(0.6)	
  	
  	
  
	
  	
  	
  	
  CMS	
  Collabora6on	
  Phys.Rev.Le\.	
  110	
  (2013)	
  081801	
  
@7TeV	
  5c^-­‐1,	
  3d	
  gen	
  LQ	
  mLQ>	
  534	
  	
  GeV	
  for	
  BR=1	
  
	
  	
  	
  	
  ATLAS	
  Collabora6on	
  	
  JHEP	
  1306	
  (2013)	
  033	
  

LQ → bτ

LQ → bντ
@7TeV	
  5c^-­‐1,	
  3d	
  gen	
  LQ	
  mLQ>	
  450	
  (200)	
  GeV	
  for	
  BR=1(0.6)	
  
	
  	
  	
  	
  CMS	
  Collabora6on	
  JHEP	
  1212	
  (2012)	
  055	
  	
  

LQ → eq

LQ → µq

@7TeV	
  5	
  c^-­‐1,	
  1st	
  gen	
  LQ	
  mLQ>	
  830	
  (640)	
  GeV	
  for	
  BR=1(0.5)	
  
	
  	
  	
  	
  	
  CMS	
  Collabora6on	
  Phys.Rev.	
  D86	
  (2012)	
  052013	
  	
  

LQ → tτ
No	
  analysis	
  from	
  either	
  of	
  the	
  2	
  collabora6on	
  
There	
  is	
  a	
  constraint	
  from	
  recent	
  pp-­‐>\H	
  result	
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Γω→χW∗ >> Γω→τ b̄

Γχ2→tτ >> Γχ2→τ b̄

To	
  escape	
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  direct	
  search	
  constraints	
  assume:	
  

Γχ1→tτ >> Γχ1→eq̄,µq̄

Events	
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gg → ωω̄ → χiχ̄jW
+∗W−∗

gg → χiχ̄i → tt̄τ+τ−
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FIG. 1: Scanned contour plot in λω–λχ for the ratio Higgs pair productions due LQs and the SM.

Here the mass of the lightest LQ is chosen to be 200 GeV. process.
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The Higgs pair production amplitudes are separated into the two independent initial gluon

polarizations. The contributions from the SM for the process g(pA)g(pB) → h(pC)h(pD) are
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.

In terms of the trilinear Higgs coupling, λ�
HHH

= 3M
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2
Z

[note the change in the normalization], the partonic
cross section at leading order is given by [233]
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with the Mandelstam variables for the parton process given by
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(3.85)

where θ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, β =
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1 − 4M
2
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/Q2.
µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos θ = ±1 and t̂± = − 1
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2 − 2M
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∓ Q
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. The proton cross section is derived by folding

the parton cross section σ̂ (gg → H H) with the gluon luminosity
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dτ
σ̂ (gg → H H ; ŝ = τ s). (3.86)

The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]

MH � 4m Q FT � 2
3
, FB � −2

3
, G B � 0

MH � 4m Q FT � −
m

2
Q

ŝ
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log
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, FB ∼ G B � 0. (3.87)

As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M

2
H

� 4m
2
Q

,
where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ≈ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg → H process.
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where xφ = 4m2
φ/m

2
h for φ = t, si,W and the well known loop functions are listed A(0, 12 ,1)

in

the Appendix. The NLO corrections are substantial leading to an enhancement of K ∼ 2.

Since we are primarily interested in the changes from the additional states we take the ratio

of the new rates compared and that of the SM where the NLO corrections are expected to

largely cancel out. The values of the loop functions for W and top are A1(xW ) = −8.3 and

A1/2 = 1.38.

In the Standard Model contributions from the top quark triangle and box diagrams largely

cancel each other for ∼125 GeV Higgs mass resulting in a few fb production cross section.

It is estimated that with 3000 fb−1 at 14 TeV , a 3σ evidence may be reached. This may be

altered by colored particles. The parton level cross-section is given by
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There are two types of amplitudes, F and G, corresponding to the same and opposite

polarization of the incoming gluons respectively [4]. The same polarization part comes from

triangular and box diagrams while the opposite one does only from box diagrams. The

amplitudes in the SM and additional colored particles are given in the Appendix.

For the masses we take hierarchy mω > mχ2 > mχ1 . In addition I choose ∆m ≡ mω −

mχ2 = 10 and 50 GeV for small and large splitting and a constant value of 10 GeVfor the

mass splitting for the lighter two mχ2 −mχ1 = 10 GeV. I take two different values for the

LQ mixing sinϑ = 0.1 and 1/
√
2 for small and large mixings respectively.

Previous studies have considered an effect of a single colored particles , where one is

forced to have a specific couplings not to upset the Higgs production rate. For example,

the new physics contribution is chosen to be roughly twice larger and opposite in sign to

have unaltered rate. This inevitably affects diphoton channel. In particular among possible

color scalars only octet candidate was a good choice [15]. For these models, stability of

vacuum requires increasingly stronger portal couplings as the mass are increase [58]. This

is because, one needs to keep the new contribution to the Higgs production more or less

constant for higher mass values which is possible only if the corresponding portal coupling

is simultaneously increased. This is not required in our case, since we have several new

contributions which can be kept under control by a judicious choices of the various portal

couplings as far as the Higgs production and diphoton channels are concerned.

We first scan over the λω and λχ parameter space for the Higgs pair production and
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.
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with the Mandelstam variables for the parton process given by
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2, t̂/û = −1
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where θ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, β =
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1 − 4M
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/Q2.
µR is the renormalization scale which, together with the factorization scale, will be identified to ŝ and the integration
limits correspond to cos θ = ±1 and t̂± = − 1
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The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]
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As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M

2
H

� 4m
2
Q

,
where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ≈ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg → H process.
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Fig. 3.39. Feynman diagrams for Higgs pair production in hadronic collisions.
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where θ is the scattering angle in the partonic c.m. system with invariant mass Q and, as usual, β =
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The dependence on the quark masses is contained in the triangle and box functions FT , FB and G B . The
expressions of these form factors with the exact dependence on the quark masses can be found in Refs. [232,233]. In
the limit where the Higgs boson is much lighter or much heavier than the internal quark Q, the coefficients take a very
simple form [233]
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As one might have expected from single Higgs production, the QCD radiative corrections are particularly important
for this production channel and must be included. They have been determined in the heavy quark limit M

2
H

� 4m
2
Q

,
where one can use the low-energy theorem to determine the effective Hgg and H Hgg couplings in the triangle and
box contributions, when the top quark is integrated out. One can then use these effective couplings to calculate the
interaction of the light gluon and quark fields, as discussed previously. The K -factor was found to be K ≈ 1.9 in the
Higgs mass range between 100 and 200 GeV [371]. A K -factor of similar size is generally expected for larger Higgs
masses and even beyond the top quark threshold, as it was the case for the gg → H process.
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where xφ = 4m2
φ/m

2
h for φ = t, si,W and the well known loop functions are listed A(0, 12 ,1)

in

the Appendix. The NLO corrections are substantial leading to an enhancement of K ∼ 2.

Since we are primarily interested in the changes from the additional states we take the ratio

of the new rates compared and that of the SM where the NLO corrections are expected to

largely cancel out. The values of the loop functions for W and top are A1(xW ) = −8.3 and

A1/2 = 1.38.

In the Standard Model contributions from the top quark triangle and box diagrams largely

cancel each other for ∼125 GeV Higgs mass resulting in a few fb production cross section.

It is estimated that with 3000 fb−1 at 14 TeV , a 3σ evidence may be reached. This may be

altered by colored particles. The parton level cross-section is given by

dσ̂gg→hh

dt̂
=

G2
Fα

2
s

256(2π)3

�����
3m2

h

ŝ−m2
h

Ftri + Fbox

����
2

+ |Gbox|2
�

(8)

There are two types of amplitudes, F and G, corresponding to the same and opposite

polarization of the incoming gluons respectively [4]. The same polarization part comes from

triangular and box diagrams while the opposite one does only from box diagrams. The

amplitudes in the SM and additional colored particles are given in the Appendix.

For the masses we take hierarchy mω > mχ2 > mχ1 . In addition I choose ∆m ≡ mω −

mχ2 = 10 and 50 GeV for small and large splitting and a constant value of 10 GeVfor the

mass splitting for the lighter two mχ2 −mχ1 = 10 GeV. I take two different values for the

LQ mixing sinϑ = 0.1 and 1/
√
2 for small and large mixings respectively.

Previous studies have considered an effect of a single colored particles , where one is

forced to have a specific couplings not to upset the Higgs production rate. For example,

the new physics contribution is chosen to be roughly twice larger and opposite in sign to

have unaltered rate. This inevitably affects diphoton channel. In particular among possible

color scalars only octet candidate was a good choice [15]. For these models, stability of

vacuum requires increasingly stronger portal couplings as the mass are increase [58]. This

is because, one needs to keep the new contribution to the Higgs production more or less

constant for higher mass values which is possible only if the corresponding portal coupling

is simultaneously increased. This is not required in our case, since we have several new

contributions which can be kept under control by a judicious choices of the various portal

couplings as far as the Higgs production and diphoton channels are concerned.

We first scan over the λω and λχ parameter space for the Higgs pair production and
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DACB
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Gbox =
m4

t

s(tu−m4
h)

�
(t2 +m4

h − 8tm2
t )

m2
t

(sCAB + (t−m2
h)(CAC + CBD)− stDBAC)

+
(u2

+m4
h − 8um2

t )

m2
t

(sCAB + (u−m2
h)(CBC + CAD)− suDABC)
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t )

m2
t
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t )(tu−m4

h) (DABC +DBAC +DACB)
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(17)

Additional colored scalar particles contribute the following amplitudes:

F S
tri = −λSCsv2

m2
S

(2m2
SCAB + 1), (18)

F S
box = −λSCsv2

m2
S

(2m2
SCAB + 1)− 2Cs(λSv2)2

s

�
m2

S (DABC +DBAC +DACB)
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�
, (19)
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(m2

S (DABC +DBAC +DACB)− CCD (20)

+
1

2(tu−m4
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(st2DBAC + su2DABC (21)

+ s(s− 2m2
h)CAB + s(s− 4m2

h)CCD (22)

− 2t(t−m2
h)CAC − 2u(u−m2

h)CBC)) (23)

Here CAB and DABC etc are Passarino-Veltman 3 and 4–point functions and are given by

CAB ≡
�

d4q

iπ

1

(q2 −m2)((q + pA)2 −m2)((q + pA + pB)2 −m2)
, (24)

DABC ≡
�

d4q

iπ

1

(q2 −m2)((q + pA)2 −m2)((q + pA + pB)2 −m2)

× 1

((q + pA + pB + pC)2 −m2)
. (25)

Here m = mt and mS substitutions should be used for the top quark and colored scalar

contribution respectively.
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FIG. 2. Scalar loop contributions to gg → hh. The three diagrams on left are O(αsκ), while the four diagrams on the right

are O(αsκ
2
), where κ is the Higgs-portal coupling.

contributions only have Pµν gauge structure:

Ptri =

�

i

αsκiCi

4π

�
1 +

3m
2
h

ŝ−m
2
h

�
×

�
2M

2
i C0(p1, p2 : Mi) + 1

�
. (15)

The first term in the parenthesis comes from attaching

the 4-point vertex in the κ interaction to the scalar loop,

while the second term comes from connecting a Higgs

propagator and 3-point vertex to the triple-Higgs self-

interaction.

The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµν , Qµν) Lorentz struc-

tures. We evaluate the scalar contribution to P and Q
(as well as Ptri in Eq. (15)) in terms of the Passarino-

Veltman one-loop functions given in Appendix A. We

obtain:

Pbox =

�

i

αs v
2
κ
2
i Ci

2π
×
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2
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ŝ
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m
2
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, (16)
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i Ci
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4
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�
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Adding the scalar loop P,Q to the top loop contribu-

tions gives us the totalM(gg → hh)µν amplitude. Squar-

ing and adding phase space, color- and spin-averaging

factors, we arrive at the differential partonic cross sec-

tion,

dσ̂(gg → hh)

d cos θ∗
=

βh

1024πŝ

�
|Ptot|2 + |Qtot|2

�
. (18)

Note that the overall factor of 1/2 for creating a pair of

identical particles is canceled by PµνP
µν

= QµνQ
µν

= 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:

a single real, color-octet, electroweak neutral scalar

Sa [12, 47–49],

LS =
1

2
(DµSa)

2 − 1

2
M

2
S (Sa)

2 − κ

2
(Sa)

2
H

†
H

− ω

4
(Sa)

4 − µS d
abc

SaSbSc . (19)

Here we have included one Higgs-portal interaction, with

coupling κ, as well as additional renormalizable self-

interactions among the Sa: a quartic interaction with
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Additional colored scalar particles contribute the following amplitudes:

F S
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Here CAB and DABC etc are Passarino-Veltman 3 and 4–point functions and are given by
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Here m = mt and mS substitutions should be used for the top quark and colored scalar

contribution respectively.
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FIG. 2. Scalar loop contributions to gg → hh. The three diagrams on left are O(αsκ), while the four diagrams on the right

are O(αsκ
2
), where κ is the Higgs-portal coupling.
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The first term in the parenthesis comes from attaching

the 4-point vertex in the κ interaction to the scalar loop,

while the second term comes from connecting a Higgs

propagator and 3-point vertex to the triple-Higgs self-

interaction.

The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµν , Qµν) Lorentz struc-

tures. We evaluate the scalar contribution to P and Q
(as well as Ptri in Eq. (15)) in terms of the Passarino-

Veltman one-loop functions given in Appendix A. We

obtain:
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Adding the scalar loop P,Q to the top loop contribu-

tions gives us the totalM(gg → hh)µν amplitude. Squar-

ing and adding phase space, color- and spin-averaging

factors, we arrive at the differential partonic cross sec-

tion,

dσ̂(gg → hh)

d cos θ∗
=
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|Ptot|2 + |Qtot|2

�
. (18)

Note that the overall factor of 1/2 for creating a pair of

identical particles is canceled by PµνP
µν

= QµνQ
µν

= 2.
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We now specialize our results to our benchmark model:
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4
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Additional colored scalar particles contribute the following amplitudes:
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Here m = mt and mS substitutions should be used for the top quark and colored scalar
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The first term in the parenthesis comes from attaching

the 4-point vertex in the κ interaction to the scalar loop,

while the second term comes from connecting a Higgs

propagator and 3-point vertex to the triple-Higgs self-

interaction.

The box diagrams involving scalars (as well as top

quarks) contribute to both (Pµν , Qµν) Lorentz struc-

tures. We evaluate the scalar contribution to P and Q
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ŝ
C0(p1, k1 : Mi) +

m
2
h − û

ŝ
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û t̂+ 2M
2
i ŝ−m
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Adding the scalar loop P,Q to the top loop contribu-

tions gives us the totalM(gg → hh)µν amplitude. Squar-

ing and adding phase space, color- and spin-averaging

factors, we arrive at the differential partonic cross sec-

tion,

dσ̂(gg → hh)
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=
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1024πŝ
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|Ptot|2 + |Qtot|2
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. (18)

Note that the overall factor of 1/2 for creating a pair of

identical particles is canceled by PµνP
µν

= QµνQ
µν

= 2.

IV. BENCHMARK COLOR OCTET MODEL

We now specialize our results to our benchmark model:

a single real, color-octet, electroweak neutral scalar

Sa [12, 47–49],
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Here we have included one Higgs-portal interaction, with

coupling κ, as well as additional renormalizable self-

interactions among the Sa: a quartic interaction with
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Additional colored scalar particles contribute the following amplitudes:
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Here m = mt and mS substitutions should be used for the top quark and colored scalar

contribution respectively.
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FIG. 2. Scalar loop contributions to gg → hh. The three diagrams on left are O(αsκ), while the four diagrams on the right

are O(αsκ
2
), where κ is the Higgs-portal coupling.
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Therefore, the single Higgs production is same as the one in the SM, but for the pair Higgs

production via longitudinal vector boson fusion the scattering amplitude is modified by the

Ch parameter from the SM. The scattering amplitude of χ+χ− → hh is obtained as

M(χ+χ− → hh) =
m2

h

v2

(
1 + 3Ch +

3(1 + Ch)m2
h

s − m2
h

+
m2

h

t − M2
W

+
m2

h

u − M2
W

)
. (2.17)

Equivalence theorem [26] tells us that this scattering amplitude is same as the longitudinal

WW scattering amplitude up to O(M2
W /s) correction (namely neglecting gauge coupling in

M2
W = g2v2/4). One can easily verify this equivalence by calculating the amplitude in unitary

gauge. However, since the 126 GeV Higgs is not very heavy compared to the gauge boson

masses, we should calculate the amplitudes in unitary gauge without neglecting the gauge

couplings, for the numerical evaluation of cross sections.

The general scalar potential can be also specified to two-Higgs doublet model (2HDM). The

scalar potential in terms of H1 and H2 (whose hypercharges are −1/2 and +1/2, respectively)

is a function of |H1|2, |H2|2 and H1 ·H2(≡ εabHa
1Hb

2) . The cubic Higgs coupling can be written

in general similarly to one-Higgs case. We exhibit the relevant expressions in Appendix.

3 Higgs pair production via gluon fusion at the LHC

The Higgs cubic coupling can be probed by pair production of the Higgs boson. At the LHC,

the dominant contribution of the pair Higgs production is the gluon fusion process. There

are two diagrams for the pair Higgs production via the gluon fusion: (i) gg → h → hh, (ii)

gg → hh via a box diagram. The gg → h and gg → hh couplings are generated by triangle

and quadrangle top quark loop diagrams, respectively. The effective coupling (neglecting the

top quark momentum) can be obtained by [27]

Leff =
αs

12π
(log H)Ga

µνG
aµν =

αs

12π

(
h

v
− h2

2v2
+ · · ·

)
Ga

µνG
aµν . (3.1)

Due to the opposite signs of the effective couplings (in addition to a kinematical reason), the

cross section of the pair Higgs production at the LHC is very small at the order of O(10−3)

compared to the single Higgs production. Inversely speaking, this fact makes the process

sensitive to any additional contributions and a good probe of new physics beyond SM.

The cross section of pp → hh can be obtained by

σ(pp → hh) =

∫ 1

4m2
h/s

dτ
dLgg

dτ
σ̂(gg → hh; ŝ = τs), (3.2)

6

σ(gg → hh) ∼ O(10−3)σ(gg → h)

Es6mate	
  for	
  Higgs	
  pair	
  prod.	
  in	
  the	
  SM	
  

²  Distrac6ve	
  interference	
  which	
  
makes	
  the	
  rate	
  very	
  small	
  

²  Very	
  high	
  luminosity	
  required	
  

F t
eff �

1

3π

�
−1 +

3m2
h
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Therefore, the single Higgs production is same as the one in the SM, but for the pair Higgs

production via longitudinal vector boson fusion the scattering amplitude is modified by the

Ch parameter from the SM. The scattering amplitude of χ+χ− → hh is obtained as

M(χ+χ− → hh) =
m2

h

v2

(
1 + 3Ch +

3(1 + Ch)m2
h

s − m2
h

+
m2

h

t − M2
W

+
m2

h

u − M2
W

)
. (2.17)

Equivalence theorem [26] tells us that this scattering amplitude is same as the longitudinal

WW scattering amplitude up to O(M2
W /s) correction (namely neglecting gauge coupling in
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W = g2v2/4). One can easily verify this equivalence by calculating the amplitude in unitary

gauge. However, since the 126 GeV Higgs is not very heavy compared to the gauge boson

masses, we should calculate the amplitudes in unitary gauge without neglecting the gauge

couplings, for the numerical evaluation of cross sections.

The general scalar potential can be also specified to two-Higgs doublet model (2HDM). The

scalar potential in terms of H1 and H2 (whose hypercharges are −1/2 and +1/2, respectively)

is a function of |H1|2, |H2|2 and H1 ·H2(≡ εabHa
1Hb

2) . The cubic Higgs coupling can be written

in general similarly to one-Higgs case. We exhibit the relevant expressions in Appendix.

3 Higgs pair production via gluon fusion at the LHC

The Higgs cubic coupling can be probed by pair production of the Higgs boson. At the LHC,

the dominant contribution of the pair Higgs production is the gluon fusion process. There

are two diagrams for the pair Higgs production via the gluon fusion: (i) gg → h → hh, (ii)

gg → hh via a box diagram. The gg → h and gg → hh couplings are generated by triangle
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cross section of the pair Higgs production at the LHC is very small at the order of O(10−3)

compared to the single Higgs production. Inversely speaking, this fact makes the process

sensitive to any additional contributions and a good probe of new physics beyond SM.

The cross section of pp → hh can be obtained by
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couplings, for the numerical evaluation of cross sections.

The general scalar potential can be also specified to two-Higgs doublet model (2HDM). The

scalar potential in terms of H1 and H2 (whose hypercharges are −1/2 and +1/2, respectively)

is a function of |H1|2, |H2|2 and H1 ·H2(≡ εabHa
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The Higgs cubic coupling can be probed by pair production of the Higgs boson. At the LHC,

the dominant contribution of the pair Higgs production is the gluon fusion process. There
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Therefore, the single Higgs production is same as the one in the SM, but for the pair Higgs

production via longitudinal vector boson fusion the scattering amplitude is modified by the

Ch parameter from the SM. The scattering amplitude of χ+χ− → hh is obtained as
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Equivalence theorem [26] tells us that this scattering amplitude is same as the longitudinal

WW scattering amplitude up to O(M2
W /s) correction (namely neglecting gauge coupling in

M2
W = g2v2/4). One can easily verify this equivalence by calculating the amplitude in unitary

gauge. However, since the 126 GeV Higgs is not very heavy compared to the gauge boson

masses, we should calculate the amplitudes in unitary gauge without neglecting the gauge

couplings, for the numerical evaluation of cross sections.
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2) . The cubic Higgs coupling can be written

in general similarly to one-Higgs case. We exhibit the relevant expressions in Appendix.
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the dominant contribution of the pair Higgs production is the gluon fusion process. There

are two diagrams for the pair Higgs production via the gluon fusion: (i) gg → h → hh, (ii)
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compared to the single Higgs production. Inversely speaking, this fact makes the process
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The cross section of pp → hh can be obtained by

σ(pp → hh) =

∫ 1

4m2
h/s

dτ
dLgg

dτ
σ̂(gg → hh; ŝ = τs), (3.2)
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ŝ−m2
h

�

40	
  



Parameters	
  

λω, λχ, sinϑ, mχ1 , ∆m ≡ mω −mχ2 , mχ2 −mχ1 = 10 GeV
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Parameters	
  

∆m = (10, 50) GeV

Small	
  &	
  large	
  mass	
  splirng	
  

λω, λχ, sinϑ, mχ1 , ∆m ≡ mω −mχ2 , mχ2 −mχ1 = 10 GeV
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Parameters	
  

∆m = (10, 50) GeV sinϑ = (0.1, 1/
√
2)

Small	
  &	
  large	
  mass	
  splirng	
   Small	
  &	
  large	
  mixing	
  

λω, λχ, sinϑ, mχ1 , ∆m ≡ mω −mχ2 , mχ2 −mχ1 = 10 GeV
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Parameters	
  

∆m = (10, 50) GeV sinϑ = (0.1, 1/
√
2)

Small	
  &	
  large	
  mass	
  splirng	
   Small	
  &	
  large	
  mixing	
  

²  For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  scanning	
  over	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  done	
  	
  
	
  	
  	
  	
  	
  	
  to	
  find	
  regions	
  allowed	
  by	
  Higgs	
  produc6on	
  and	
  decays	
  
²  Several	
  set	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  pair	
  values	
  are	
  chosen	
  for	
  the	
  

single	
  and	
  di	
  Higgs	
  produc6on	
  for	
  higher	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  values	
  
²  LQ	
  contribu6on	
  to	
  di	
  Higgs	
  produc6on	
  is	
  implemented	
  

in	
  Madgraph	
  5.	
  CTEQ6L1	
  pdf	
  set	
  used	
  

(λω, λχ)mχ1 = 200 GeV

(λω, λχ)
mχ1

Procedures	
  

λω, λχ, sinϑ, mχ1 , ∆m ≡ mω −mχ2 , mχ2 −mχ1 = 10 GeV
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Scan	
  over	
  portal	
  couplings:	
  Small	
  mixing	
  	
  

The	
  contours	
  are	
  the	
  rate	
  for	
  Higgs	
  pair	
  produc6on	
  compared	
  to	
  the	
  SM	
  case	
  
The	
  enhancements	
  are	
  shown	
  as	
  labels.	
  The	
  lightest	
  LQ	
  mass	
  is	
  200	
  GeV	
  
The	
  darker	
  	
  with	
  blue(CMS)	
  and	
  ()ATLAS	
  boundaries	
  regions	
  excluded	
  by	
  diphoton	
  
The	
  corresponding	
  h-­‐>ZZ	
  channel	
  regions	
  are	
  drawn	
  in	
  dashed	
  line	
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Scan	
  over	
  portal	
  couplings:	
  Small	
  mixing	
  	
  

The	
  contours	
  are	
  the	
  rate	
  for	
  Higgs	
  pair	
  produc6on	
  compared	
  to	
  the	
  SM	
  case	
  
The	
  enhancements	
  are	
  shown	
  as	
  labels.	
  The	
  lightest	
  LQ	
  mass	
  is	
  200	
  GeV	
  
The	
  darker	
  	
  with	
  blue(CMS)	
  and	
  ()ATLAS	
  boundaries	
  regions	
  excluded	
  by	
  diphoton	
  
The	
  corresponding	
  h-­‐>ZZ	
  channel	
  regions	
  are	
  drawn	
  in	
  dashed	
  line	
  	
  

Similar	
  to	
  single	
  scalar	
  case	
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Scan	
  over	
  portal	
  couplings:	
  Large	
  mixing	
  	
  

The	
  contours	
  are	
  the	
  rate	
  for	
  Higgs	
  pair	
  produc6on	
  compared	
  to	
  the	
  SM	
  case	
  
The	
  enhancements	
  are	
  shown	
  as	
  labels.	
  The	
  lightest	
  LQ	
  mass	
  is	
  200	
  GeV	
  
The	
  darker	
  regions	
  with	
  blue(CMS)	
  and	
  red(ATLAS)	
  boundaries	
  excluded	
  by	
  diphoton	
  	
  	
  
The	
  corresponding	
  h-­‐>ZZ	
  channel	
  regions	
  are	
  drawn	
  in	
  dashed	
  line	
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Scan	
  over	
  portal	
  couplings:	
  Large	
  mixing	
  	
  

The	
  contours	
  are	
  the	
  rate	
  for	
  Higgs	
  pair	
  produc6on	
  compared	
  to	
  the	
  SM	
  case	
  
The	
  enhancements	
  are	
  shown	
  as	
  labels.	
  The	
  lightest	
  LQ	
  mass	
  is	
  200	
  GeV	
  
The	
  darker	
  regions	
  with	
  blue(CMS)	
  and	
  red(ATLAS)	
  boundaries	
  excluded	
  by	
  diphoton	
  	
  	
  
The	
  corresponding	
  h-­‐>ZZ	
  channel	
  regions	
  are	
  drawn	
  in	
  dashed	
  line	
  

Similar	
  to	
  single	
  scalar	
  case	
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Figure 7: The observed and expected 95% CL upper limits on the signal strength parameter

µ = σ/σSM for the combination of lepton + jets, dilepton, tau and γγ channels using the 2012

dataset at 8 TeV and the lepton + jets and dilepton channels using the 2011 dataset at 7 TeV.
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Figure 8: The observed and expected 95% CL upper limits (left) and the best-fit value (right) of

µ = σ/σSM for the lepton + jets, dilepton, tau and γγ channels separately from the 2012 8 TeV

dataset, the combination of the lepton + jets and dilepton channels from the 2011 7 TeV dataset,

and the combination of all of the channels, for mH = 125 GeV.

•  Recent	
  result	
  on	
  gg-­‐>\H	
  with	
  H-­‐>	
  tau	
  tau	
  (hadronic)	
  by	
  CMS	
  
	
  CMS	
  Collabura6on	
  CMS	
  HIG	
  13-­‐019	
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•  Recent	
  result	
  on	
  gg-­‐>\H	
  with	
  H-­‐>	
  tau	
  tau	
  (hadronic)	
  by	
  CMS	
  
	
  CMS	
  Collabura6on	
  CMS	
  HIG	
  13-­‐019	
  

	
  

Higgs	
  produc6on	
  in	
  associa6on	
  with	
  top	
  pair	
  

∼ 13× SM
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•  Recent	
  result	
  on	
  gg-­‐>\H	
  with	
  H-­‐>	
  tau	
  tau	
  (hadronic)	
  by	
  CMS	
  
	
  CMS	
  Collabura6on	
  CMS	
  HIG	
  13-­‐019	
  

	
  

Higgs	
  produc6on	
  in	
  associa6on	
  with	
  top	
  pair	
  

BR(H → ττ) = 6.2%

²  But,	
  for	
  LQ-­‐>	
  t	
  tau,	
  tau	
  may	
  not	
  be	
  energe6c	
  enough	
  to	
  make	
  the	
  cut	
  
	
  for	
  low	
  masses	
  

²  Detailed	
  proper	
  analysis	
  is	
  needed	
  for	
  full	
  implica6on.	
  
²  It	
  is	
  nice	
  these	
  ideas	
  are	
  already	
  facing	
  experiment.	
  

σ(pp → tt̄H) ∼ 102fb

Some	
  mass	
  region	
  may	
  already	
  be	
  ruled	
  out	
  by	
  the	
  data	
  

LQ	
  pair	
  produc6on	
  xsec~	
  10(1)pb	
  for	
  mLQ=180	
  (250)	
  	
  GeV	
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²  The	
  Higgs	
  pair	
  produc6on	
  is	
  studied	
  in	
  the	
  presence	
  of	
  LQs	
  for	
  LHC	
  
8TeV	
  run.	
  	
  

²  As	
  an	
  example	
  a	
  radia6ve	
  neutrino	
  mass	
  model	
  is	
  considered	
  where	
  
	
  	
  	
  	
  	
  	
  at	
  least	
  two	
  LQs	
  are	
  required	
  &	
  the	
  masses	
  are	
  below	
  500	
  GeV.	
  	
  
²  Single	
  Higgs	
  produc6on	
  constraint	
  on	
  the	
  	
  LQ-­‐Higgs	
  portal	
  couplings	
  

have	
  been	
  studied	
  by	
  scanning	
  over	
  portal	
  couplings.	
  	
  
²  From	
  this,	
  several	
  set	
  of	
  portal	
  couplings	
  are	
  chosen	
  which	
  are	
  

consistent	
  with	
  the	
  current	
  data.	
  
²  Using	
  these	
  sets	
  Higgs	
  pair	
  produc6ons	
  are	
  calculated	
  	
  
²  They	
  have	
  been	
  found	
  to	
  be	
  substan6ally	
  enhanced	
  even	
  the	
  single	
  

Higgs	
  produc6on	
  receives	
  moderate	
  correc6on.	
  
² Many	
  other	
  models	
  with	
  mul6ple	
  colored	
  par6cles	
  can	
  have	
  similar	
  

results	
  which	
  are	
  testable	
  at	
  the	
  LHC	
  
²  This	
  par6cular	
  model	
  already	
  facing	
  the	
  LHC	
  experiments	
  

	
  

Conclusion	
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