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c ψ̄LHψR → c ψ̄L(H + v)ψR cv ψ̄LψR

mass term

We cannot write a mass term

m ψ̄LψR

Breaks SU(2)L

Gives mass to particles
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How do you see a Higgs boson?

1) You have to produce it

http://indico.cern.ch/conferenceDisplay.py?confId=197461
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How do you see a Higgs boson?

1) You have to produce it

http://indico.cern.ch/conferenceDisplay.py?confId=197461

2) and see its decay products
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LARGER is not always BETTER
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boosted Higgs
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σi(pp → H +X)× BR(H → whatever)

here, tagging the W,Z decays 
and requiring high pT reduces 
QCD background but kills 
highest production mode 
(overall improved signal/BG)
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+ γγ: clean signal
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cross sections and decay 
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Electroweak Fits and the SM Higgs

Electroweak precision measurements are

sensitive to Higgs mass via radiative

corrections.
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And now to new results … Source: Fermilab Wine and Cheese seminar July 2nd

http://theory.fnal.gov/jetp/talks/ejames_jul02_wine_cheese.pdf
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7

the released 7 TeV CMS data [43], and the recently reported Tevatron Higgs search results [44].

This work builds on our previous fits [2, 41]. We only summarize the main details of the fit

procedure and method here. Many subsidiary details of the fit procedure can be found in these

reference works.

We fit to the available Higgs signal strength data,

µi =
[
�

j σj→h × Br(h → i)]observed

[
�

j σj→h × Br(h → i)]SM
, (9)

for the production of a Higgs that decays into the visible channels i = 1 · · ·Nch, where Nch denotes

the number of channels. The label j in the cross section, σj→h, is due to the fact that some final

states are defined to only be summed over a subset of Higgs production processes j. The reported

best fit value of a signal strength we denote by µ̂i
4
.

The global χ2
we construct is defined via

χ2(µi) =
Nch�

i=1

(µi − µ̂i)2

σ2
i

. (10)

The covariance matrix has been taken to be diagonal with the square of the 1 σ theory and ex-

perimental errors added in quadrature for each observable, giving the error σi in the equation

above. Correlation coefficients are neglected as they are not supplied by the experimental col-

laborations. For the experimental errors we use ± symmetric 1σ errors on the reported µ̂i. For

theory predictions of the σj→h and related errors, we use the numbers given on the webpage of

the LHC Higgs Cross Section Working Group [45].
5

The minimum (χ2
min) is determined, and

the 68.2% (1 σ), 95% (2 σ), 99% (3 σ) best fit regions are plotted as χ2 = χ2
min + ∆χ2

, with the

appropriate cumulative distribution function (CDF) defining ∆χ2
.

We assume, as in Ref. [2, 13], that the signal strength µi in a given channel i follows a Gaussian

distribution with the probability density function (pdf) given by

pdfi(µi, µ̂i, σi) ≈ e−(µi−µ̂i)2/(2σ2
i ), (11)

with one-sigma error σi, and best fit value µ̂i. This is the case as long as the number of events is

large, >∼ O(10) events, [13]. We normalize these pdf’s to 1 in the interval (0,∞).

4
In a simple counting experiment one has µ̂i = (nobs,i−nbackg,i)/nSM

s,i , in terms of the observed numbers of events

(nobs,i), the number of background events (nbackg,i) and the expected number of SM signal events (nSM
s,i ).

5
These values have recently been updated for 7, 8 TeV and we use the updated numbers. Also note that BR(s s̄) is

set to zero on this page but we use the latest version of HDECAY [46] to add in BR(s s̄) to the quoted results. This

has a negligible impact on the reported numbers through the modification of the total width.

Let’s see the Higgs signal strength data
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mentally supplied number we find agreement within the estimated accuracy of our procedure. For

the b b̄ CMS signal strength we note that the 7TeV signal strength recently reported in Ref. [66]

differs from the previously public 7TeV signal strength.
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FIG. 7: Pictorial presentation of the data used in the fits to sub-channels. Blue: reported data at 7 TeV.

Red: reported 8TeV data, or reconstructed 8TeV data.
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FIG. 7: Pictorial presentation of the data used in the fits to sub-channels. Blue: reported data at 7 TeV.

Red: reported 8TeV data, or reconstructed 8TeV data.
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How well this data agrees with the SM expectations?
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Best fit 95% CL allowed range

fW = fB (TeV−2) -0.8 [−13, 20]

fWW = fBB (TeV−2) -0.4, (1.8) [−0.8,−0.1] and [1.5, 2.2]

fg (TeV−2) 3.7, 19 [−0.3, 7.3] and [15, 23]

BRano
γγ /BRSM

γγ 2.9 [1.4, 5.4]

BRano
WW /BRSM

WW 1.1 [0.8, 1.3]

BRano
ZZ /BRSM

ZZ 1.1 [0.7, 1.3]

σano
gg /σSM

gg 0.4 [0.1, 1.1]

σano
V BF /σ

SM
V BF 1.0 [0.8, 1.5]

σano
V H/σSM

V H 1.1 [0.6, 2.1]

Table V: Best fit values and 95% CL allowed ranges for the combination of all available data. For fg we show the two degenerate

best fit values. For fWW = fBB together with the best fit we show in parenthesis the value at the second minimum.

when we use only parts of the available data.
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             would be the perfect 
  channel to find new physics
H → γγ

+ +  ...
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What sort of new physics would be needed
to accomodate such a signal?



The Higgs boson

PAN MachadoLNGS Sep-13-2012

What sort of new physics would be needed
to accomodate such a signal?

I am *not* interested in
the standard model only
scenario 
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• The BR is Γprocess/Γtotal

• Hence, changing an individual Γprocess changes Γtotal

• But H to γγ is < 1% of Γtotal, so we do not need
to worry
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These are loop functions, 
τx = (mH/2mx)2, see 
1207.5254 for details
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What about this coupling?

This will be positive and 
O(top contribution)
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1207.5254 for details
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Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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Eigenvalues of M†M
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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Eigenvalues of M†M
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

We want this coupling
to be negative
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Eigenvalues of M†M
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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Eigenvalues of M†M

• The LHC puts severe bounds on a chiral 4th family

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

We need mixing!

CMS collaboration, PAS EXO-11-098
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• 2 vector fermions which mix among themselves 
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Eigenvalues of M†M
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• 2 vector fermions which mix among themselves 

• Renormalizable Higgs coupling: 2–1 and 3–2
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Eigenvalues of M†M

• The LHC puts severe bounds on a chiral 4th family

• Mixing with the SM can lead to dangerous FCNC

• 2 vector fermions which mix among themselves 

• Renormalizable Higgs coupling: 2–1 and 3–2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

We need mixing!

CMS collaboration, PAS EXO-11-098

• Assume that these will be the dominant contribution
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3 New Fermion States

The existence of a chiral 4th generation that couples to the Higgs boson is excluded by data,

since heavy quarks would contribute to the Higgs production cross section, increasing its

rate by a factor ∼ 9, and would exclude the Higgs up to 600 GeV [31]. To avoid this problem

our fermions will be vector-like. We will also assume that our fermions will have some new

quantum number that forbids mixing with the usual SM fermions. In this case, we need

to introduce at least two extra fermion fields in order to be able to build a renormalizable

coupling term with the SM Higgs field and to have mixing. We will examine here the

two smallest representations, see Tab. 1. Let us stress that the triplet-doublet case with

y = 1/2 corresponds to the supersymmetric Wino-Higgsino case.

SU(2)L

Field doublet-singlet triplet-doublet U(1)Y

χL,R 2 3 ŷ = y − 1

2

ψL,R 1 2 y

Table 1. Representations of the new fermions and their corresponding hypercharges for the two

cases we consider in this work.

3.1 Doublet-singlet model

The lagrangian describing the new fermion masses and couplings with the Higgs is

−L2+1

H
= cψR HχL + c H̃ χRPLψL + m1χRPLχL + m2ψRPLψL + h.c., (3.1)

where H̃ = iτ2H
∗
, c is the Yukawa coupling to the Higgs, PL,R =

1

2
(1 ± γ5), m1,2 are the

vector-like χ,ψ masses.

After electroweak symmetry breaking, the Higgs acquires a vacuum expectation value

(vev) v endowing an extra mass contribution to the new fermions. The new fermions mass

matrix takes the form

M2+1 = (ψ̄R χ̄u
R χ̄d

R)




m2 cv 0

cv m1 0

0 0 m1








ψL

χu
L

χd
L



 , (3.2)

where we explicitly write the vector doublet as

χ =

�
χu

χd

�
(3.3)

To diagonalize M2+1 we introduce the following transformations

ωL,R ≡
�

ω1

L,R

ω2

L,R

�
= U

†
L,R

�
ψL,R

χu
L,R

�
(3.4)

where UL,R are unitary matrices, so defining the three mass eigenstates: ω1
, ω2

and χd

with masses

– 5 –
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2) χ̄dγµχd
A

µ + (−ŷg
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χL,R 2 3 ŷ = y − 1

2

ψL,R 1 2 y

Table 1. Representations of the new fermions and their corresponding hypercharges for the two

cases we consider in this work.

3.1 Doublet-singlet model

The lagrangian describing the new fermion masses and couplings with the Higgs is

−L2+1

H
= cψR HχL + c H̃ χRPLψL + m1χRPLχL + m2ψRPLψL + h.c., (3.1)

where H̃ = iτ2H
∗
, c is the Yukawa coupling to the Higgs, PL,R =

1

2
(1 ± γ5), m1,2 are the

vector-like χ,ψ masses.

After electroweak symmetry breaking, the Higgs acquires a vacuum expectation value

(vev) v endowing an extra mass contribution to the new fermions. The new fermions mass

matrix takes the form

M2+1 = (ψ̄R χ̄u
R χ̄d

R)




m2 cv 0

cv m1 0

0 0 m1








ψL

χu
L

χd
L



 , (3.2)

where we explicitly write the vector doublet as

χ =

�
χu

χd

�
(3.3)

To diagonalize M2+1 we introduce the following transformations

ωL,R ≡
�

ω1

L,R

ω2

L,R

�
= U

†
L,R

�
ψL,R

χu
L,R

�
(3.4)

where UL,R are unitary matrices, so defining the three mass eigenstates: ω1
, ω2

and χd

with masses

– 5 –

Mω1,ω2 =
1
2

�
(m1 + m2)∓

�
(m2 −m1)2 + 4c2v2

�
and Mχ = m1, (3.5)

Mω1 < Mχ < Mω2 , in most of the parameter space.
The gauge interactions with the SM fields are described by the usual coupling with

the SM fields are introduced via covariant derivatives

L2+1
I = iψγµ

�
∂µ − ig

�
y Bµ

�
ψ + iχ̄γµ

�
∂µ − ig W

a
µT

a − ig
�
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�
sW

�
ULPL + (L→ R)

�
γµω Z

µ

+ e (ŷ + 1
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ŷ Bµ

�
χ, (3.6)

where g
� = e/cW , g = e/sW are the SM couplings. One can show that the neutral current

lagrangian will be

L2+1
NC = e(ŷ − 1
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�
sW − 1

2 g cW ) χ̄dγµχd
Z

µ

+ ω̄

�
U

†
L

�
−(ŷ + 1

2)g� sW 0
0 g

2cW − ŷg
�
sW

�
ULPL + (L→ R)

�
γµω Z

µ

+ e (ŷ + 1
2) ω̄γµω A

µ
, (3.7)

and the charged current one

L2+1
CC =

g√
2
ω̄γµ

�
U

†
LPL + U

†
RPR

�
�W+T

µ χd + h.c., (3.8)

where we define �W+
µ ≡ (0 W

+
µ ).

3.2 Triplet-doublet model

We will consider the following mass lagrangian for the new states

−L3+2
mass = c

�
ψR χLH + ψL χRH

�
+ m1 χLχR + m2 ψLψR + h.c. , (3.9)

where c is their coupling to the SM Higgs field and m1 and m2 their vector-like masses.
This gives rise, after electroweak symmetry breaking, to the following mass matrix

M3+2 = (ψ̄u
R χ̄a

R ψ̄d
R χ̄b

R χ̄c
R)





m2 cv 0 0 0
cv m1 0 0 0
0 0 m2 −c

v√
2

0
0 0 −c

v√
2

m1 0
0 0 0 0 m1









ψu
L

χa
L

ψd
L

χb
L

χc
L




, (3.10)

where the doublet and triplet read

ψ =

�
ψu

ψd

�
, χ =

�
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√

2
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χc χb
√

2

�
. (3.11)

To diagonalize M3+2 we introduce the following transformations

ωL,R ≡
�
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L,R

ω2
L,R

�
= U

†
L,R

�
ψu

L,R

χa
L,R

�
ξL,R ≡

�
ξ1
L,R

ξ2
L,R

�
= V

†
L,R

�
ψd

L,R

χb
L,R

�
(3.12)
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where UL,R, VL,R are unitary matrices, so defining the five mass eigenstates: ω1
, ω2

, ξ1
, ξ2

and χ = χc
with masses

Mω1,ω2 =
1

2

�
(m1 + m2)∓

�
(m2 −m1)

2 + 4c2v2
�

Mξ1,ξ2 =
1

2

�
(m1 + m2)∓

�
(m2 −m1)

2 + 2c2v2
�

Mχ = m1 (3.13)

Mω1 < Mξ1 < Mχ < Mω2 < Mξ2 , in most of the parameter space.

The gauge interactions with the SM fields are described again in the usual way by

L3+2
I = iψγµ

�
∂µ − ig W

a
µT

a − ig
�
y Bµ

�
ψ + iχ̄γµ

�
∂µ − igW

a
µT

a − ig
�
ŷ Bµ

�
χ, (3.14)

giving rise to the neutral current lagrangian

L3+2
NC = e(ŷ − 1) χ̄γµχA

µ
+ (−g

�
ŷ sW − g cW ) χ̄γµχZ

µ

+ ω̄

�
U

†
L

�
g
2 cW − yg

�
sW 0

0 g cW − ŷg
�
sW

�
ULPL + (L→ R)

�
γµω Z

µ

+ (ŷ + 1) e ω̄γµ ωA
µ

+ ξ̄

�
V

†
L

�
−g

2 cW − yg
�
sW 0

0 −ŷ g
�
sW

�
VLPL + (L→ R)

�
γµξ Z

µ

+ ŷ e ξ̄γµξ A
µ
, (3.15)

and to the charged current lagrangian

L3+2
CC = g

�
ω̄ ξ̄ χ̄

�
γµ








02×2 W

+
µ U

†
LV

�
L 02×1

W
−
µ V

�†
L UL 02×2 V

†
L
�W+T

µ

01×2
�W−

µ VL 0



 PL + (L→ R)








ω

ξ

χ



 ,(3.16)

where 0n×m is a n×m zero matrix, �W−
µ ≡ (0 W

−
µ ), �W+

µ ≡ (0 W
+
µ ) and

V
�
L =

1√
2

�
V11L V12L√
2 V21L

√
2 V22L

�
. (3.17)

4 H → γγ Width

We have studied the Higgs to diphoton width in the doublet-singlet model and in the

triplet-doublet model. In both models the ratio

Rγγ =
Γ(H → γγ)

ΓSM(H → γγ)
, (4.1)

between the width of H → γγ with extra states and the width of H → γγ in the SM

have the feature that fixing the lightest new fermion mass the largest enhancement will be

– 7 –
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Yes, more mixing means 
larger enhancement! 
Let’s focus on m1 = m2
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y = 1 y = 2

y = 3

charges are
 y, y, y-1

mass of lightest particle
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What about the EW precision parameters STU?

• S: neutral current at different energy scales

• T: difference between charged and neutral current

• S+U: charged current at different energy scales

Let’s see the y = 1 case as an example
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α(M2
Z) SNP

=
4s2

W
c2
W

M2
Z

�
ΠNP

ZZ(M2
Z)−ΠNP

ZZ(0)−ΠNP
γγ (M2

Z)− c2
W
− s2

W

cW sW

ΠNP
γZ (M2

Z)

�

α(M2
Z) TNP

=
ΠNP

WW
(0)

M2
W

− ΠNP
ZZ

(0)

M2
Z

α(M2
Z) UNP

= 4s2
W

�
ΠNP

WW
(M2

W
)−ΠNP

WW
(0)

M2
W

− c2
W

�
ΠNP

ZZ
(M2

Z
)−ΠNP

ZZ
(0)

M2
Z

�

−2sW cW

ΠNP
γZ

(M2
Z
)

M2
Z

− s2
W

ΠNP
γγ (M2

Z
)

M2
Z

�
, (2.4)

where s2
W

= sin
2 θW = 1 − c2

W
≡ 1 − M2

W
/M2

Z
, MZ and MW are, respectively, the Z

boson and W boson masses. By comparing the measurable electroweak observables with

the theory prediction one finds the fitted values [29]

∆S = S − SSM = 0.04± 0.10

∆T = T − TSM = 0.05± 0.11

∆U = U − USM = 0.08± 0.11 (2.5)

for the reference Higgs and top masses MH,ref = 120 GeV and mt,ref = 173 GeV, with the

associated correlation matrix

V =




1 +0.89 −0.45

+0.89 1 −0.69

−0.45 −0.69 1



 . (2.6)

We will include these constraints in our models by minimizing the χ2
function defined

as

χ2
=

�

i,j

(XNP
i −Xi)(σ

2
)
−1
ij

(XNP
j −Xj), (2.7)

where Xi = ∆S, ∆T,∆U , are the fitted values of the oblique parameters with their cor-

responding uncertainties σi defined in Eq.(2.5), XNP
i

= SNP, TNP, UNP
are the contribu-

tions from the extra states that we will be introduced in each model investigated and

σ2
i,j
≡ σiVijσj . We will allow the values of the parameters of our models to vary such that

∆χ2
= (3.53, 7.81, 11.3), which correspond to (68%, 95%, 99%) CL in a three-parameter

fit. Since the difference between MH,ref and the actual Higgs mass MH = 125 GeV is rather

small and the uncertainties in the fitted parameters large, we will not correct for the exact

result of the Higgs contribution to the oblique parameters.

Finally, since the new fermions couple to Z and γ they can be pair-produced at the

LHC. We will examine, in each case, the production cross-section and comment on possible

existing limits and perspectives. In order to calculate the production cross sections we have

implemented our models in CalcHEP [30].
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   lightest mass 
above 100 GeV
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~ 25% enhancement is feasible
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3 New Fermion States

The existence of a chiral 4th generation that couples to the Higgs boson is excluded by data,

since heavy quarks would contribute to the Higgs production cross section, increasing its

rate by a factor ∼ 9, and would exclude the Higgs up to 600 GeV [31]. To avoid this problem

our fermions will be vector-like. We will also assume that our fermions will have some new

quantum number that forbids mixing with the usual SM fermions. In this case, we need

to introduce at least two extra fermion fields in order to be able to build a renormalizable

coupling term with the SM Higgs field and to have mixing. We will examine here the

two smallest representations, see Tab. 1. Let us stress that the triplet-doublet case with

y = 1/2 corresponds to the supersymmetric Wino-Higgsino case.

SU(2)L

Field doublet-singlet triplet-doublet U(1)Y

χL,R 2 3 ŷ = y − 1

2

ψL,R 1 2 y

Table 1. Representations of the new fermions and their corresponding hypercharges for the two

cases we consider in this work.

3.1 Doublet-singlet model

The lagrangian describing the new fermion masses and couplings with the Higgs is

−L2+1

H
= cψR HχL + c H̃ χRPLψL + m1χRPLχL + m2ψRPLψL + h.c., (3.1)

where H̃ = iτ2H
∗
, c is the Yukawa coupling to the Higgs, PL,R =

1

2
(1 ± γ5), m1,2 are the

vector-like χ,ψ masses.

After electroweak symmetry breaking, the Higgs acquires a vacuum expectation value

(vev) v endowing an extra mass contribution to the new fermions. The new fermions mass

matrix takes the form

M2+1 = (ψ̄R χ̄u
R χ̄d

R)




m2 cv 0

cv m1 0

0 0 m1








ψL

χu
L

χd
L



 , (3.2)

where we explicitly write the vector doublet as

χ =

�
χu

χd

�
(3.3)

To diagonalize M2+1 we introduce the following transformations

ωL,R ≡
�

ω1

L,R

ω2

L,R

�
= U

†
L,R

�
ψL,R

χu
L,R

�
(3.4)

where UL,R are unitary matrices, so defining the three mass eigenstates: ω1
, ω2

and χd

with masses

– 5 –
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Write most general Lagrangean and the mass matrix is

Again, m1 = m2 leads to largest mixing

Mω1,ω2 =
1
2

�
(m1 + m2)∓

�
(m2 −m1)2 + 4c2v2

�
and Mχ = m1, (3.5)

Mω1 < Mχ < Mω2 , in most of the parameter space.
The gauge interactions with the SM fields are described by the usual coupling with

the SM fields are introduced via covariant derivatives

L2+1
I = iψγµ

�
∂µ − ig

�
y Bµ

�
ψ + iχ̄γµ

�
∂µ − ig W

a
µT

a − ig
�
ŷ Bµ

�
χ, (3.6)

where g
� = e/cW , g = e/sW are the SM couplings. One can show that the neutral current

lagrangian will be

L2+1
NC = e(ŷ − 1

2) χ̄dγµχd
A

µ + (−ŷg
�
sW − 1

2 g cW ) χ̄dγµχd
Z

µ

+ ω̄

�
U

†
L

�
−(ŷ + 1

2)g� sW 0
0 g

2cW − ŷg
�
sW

�
ULPL + (L→ R)

�
γµω Z

µ

+ e (ŷ + 1
2) ω̄γµω A

µ
, (3.7)

and the charged current one

L2+1
CC =

g√
2
ω̄γµ

�
U

†
LPL + U

†
RPR

�
�W+T

µ χd + h.c., (3.8)

where we define �W+
µ ≡ (0 W

+
µ ).

3.2 Triplet-doublet model

We will consider the following mass lagrangian for the new states

−L3+2
mass = c

�
ψR χLH + ψL χRH

�
+ m1 χLχR + m2 ψLψR + h.c. , (3.9)

where c is their coupling to the SM Higgs field and m1 and m2 their vector-like masses.
This gives rise, after electroweak symmetry breaking, to the following mass matrix

M3+2 = (ψ̄u
R χ̄a

R ψ̄d
R χ̄b

R χ̄c
R)





m2 cv 0 0 0
cv m1 0 0 0
0 0 m2 −c

v√
2

0
0 0 −c

v√
2

m1 0
0 0 0 0 m1









ψu
L

χa
L

ψd
L

χb
L

χc
L




, (3.10)

where the doublet and triplet read

ψ =

�
ψu

ψd

�
, χ =

�
χb
√

2
χa

χc χb
√

2

�
. (3.11)

To diagonalize M3+2 we introduce the following transformations

ωL,R ≡
�

ω1
L,R

ω2
L,R

�
= U

†
L,R

�
ψu

L,R

χa
L,R

�
ξL,R ≡

�
ξ1
L,R

ξ2
L,R

�
= V

†
L,R

�
ψd

L,R

χb
L,R

�
(3.12)
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where UL,R, VL,R are unitary matrices, so defining the five mass eigenstates: ω1
, ω2

, ξ1
, ξ2

and χ = χc
with masses

Mω1,ω2 =
1

2

�
(m1 + m2)∓

�
(m2 −m1)

2 + 4c2v2
�

Mξ1,ξ2 =
1

2

�
(m1 + m2)∓

�
(m2 −m1)

2 + 2c2v2
�

Mχ = m1 (3.13)

Mω1 < Mξ1 < Mχ < Mω2 < Mξ2 , in most of the parameter space.

The gauge interactions with the SM fields are described again in the usual way by

L3+2
I = iψγµ

�
∂µ − ig W

a
µT

a − ig
�
y Bµ

�
ψ + iχ̄γµ

�
∂µ − igW

a
µT

a − ig
�
ŷ Bµ

�
χ, (3.14)

giving rise to the neutral current lagrangian

L3+2
NC = e(ŷ − 1) χ̄γµχA

µ
+ (−g

�
ŷ sW − g cW ) χ̄γµχZ

µ

+ ω̄

�
U

†
L

�
g
2 cW − yg

�
sW 0

0 g cW − ŷg
�
sW

�
ULPL + (L→ R)

�
γµω Z

µ

+ (ŷ + 1) e ω̄γµ ωA
µ

+ ξ̄

�
V

†
L

�
−g

2 cW − yg
�
sW 0

0 −ŷ g
�
sW

�
VLPL + (L→ R)

�
γµξ Z

µ

+ ŷ e ξ̄γµξ A
µ
, (3.15)

and to the charged current lagrangian

L3+2
CC = g

�
ω̄ ξ̄ χ̄

�
γµ








02×2 W

+
µ U

†
LV

�
L 02×1

W
−
µ V

�†
L UL 02×2 V

†
L
�W+T

µ

01×2
�W−

µ VL 0



 PL + (L→ R)








ω

ξ

χ



 ,(3.16)

where 0n×m is a n×m zero matrix, �W−
µ ≡ (0 W

−
µ ), �W+

µ ≡ (0 W
+
µ ) and

V
�
L =

1√
2

�
V11L V12L√
2 V21L

√
2 V22L

�
. (3.17)

4 H → γγ Width

We have studied the Higgs to diphoton width in the doublet-singlet model and in the

triplet-doublet model. In both models the ratio

Rγγ =
Γ(H → γγ)

ΓSM(H → γγ)
, (4.1)

between the width of H → γγ with extra states and the width of H → γγ in the SM

have the feature that fixing the lightest new fermion mass the largest enhancement will be

– 7 –
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unless there are many copies of these fermions (e.g. colors)

• STU play an important role

• The enhancement does not need to be due to fermions
Spin-0: the loop contribution has the same sign as the W, but is 
smaller than the top (many copies? mixing with the Higgs? higher 
multiplets? see Primulando@Fermilab Theory seminar 2012)
Spin-2: new strongly interacting sector provide charged spin-2 
particle of O(100) GeV (Urbano 1208.5782)
Spin-1?

• In a “natural” scenario, a large enhancement of  H to γγ 
confront vacuum stability issues (instable below 10 TeV) 

see Arkani-Hamed Blum Agnolo Fan 1207.4482
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• H to γγ is correlated to H to Zγ (same particles in the loop)

Carena Low Wagner 1206.1082

where T (!)
3 and T (r)

3 are the weak isospin of the left-handed and right-handed fermions,

respectively, and the electric chargeQ is in unit of |e|. Notice that our definition of A1(τw,λw)

differs from that in Ref. [30] by a factor of cot θw. The modification in the partial decay

width of the Higgs in the Zγ channel is then expressed in terms of

RZγ =

∣

∣

∣

∣

1 +
A

(v/2)(ASM/sw)

∣

∣

∣

∣

2

. (48)

When the mass eigenstates are admixtures of particles with different isospin quantum num-

bers, there are diagrams that contain two different mass eigenstates in the loop. However,

Eqs. (45) and (46) describe only the contributions from loop diagrams containing the same

mass eigenstate. We will argue later that, in the region of parameter space we are interested,

the contribution from mixed diagrams where different mass eigenstates run in the loop is in

general suppressed compared to the diagram containing only the lightest mass eigenstate.

It is worth pointing out that, unlike in the γγ channel where only the electric charge of

the loop particle enters, the amplitude in the Zγ channel now involves the coupling of the

loop particle to the SM Z boson, which in turn depends on the SU(2)L × U(1)Y quantum

number. Therefore, simultaneous measurements of the decay widths in the γγ and Zγ

channels would probe the weak isospin charge and the electric charge of the new particles

running in the loop.

Below we will consider the modifications in the Zγ channel first assuming there is only

a single new particle inducing the enhancement in the diphoton channel, and then proceed

to analyze the possibilities of mass mixing among new particles.

A. No Mass Mixing

For the W ′ scenario, we assume that the W ′ is the T 3 = ±1 component of an electroweak

triplet and therefore the gZW ′W ′ coupling is fixed to be the same as gZWW due to the gauge

invariance,

gZW ′W ′ = gZWW = cot θw . (49)

The scalar and fermion cases, instead, depend on the specific electroweak quantum numbers.

We consider two benchmarks where the scalars/fermions are SU(2)L singlets and doublets,

21
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How to fit the Higgs couplings?

Dimension-6 operators invariant under SM gauge groups
These will lead to anomalous Higgs couplings

2

the gluons [20, 21]. For the sake of simplicity we assume that the Higgs has the same interaction with fermions as in
the SM, nevertheless this hypothesis still has to be tested further1. This scenario can be falsified by the discovery of
new states or by the non–observation of its predictions to the triple electroweak–gauge–boson vertices.

The effective operators describing the Higgs anomalous interactions modify both the Higgs production mechanisms
and its decay patterns, therefore we combine several channels to unravel the contribution of the different operators. In
our analyses we use the most recent data from the Tevatron [22] and LHC at 7 TeV [23, 24] and at 8 TeV [7, 8, 25–27].
Anomalous interactions also enhance the Higgs decay into Zγ as well as its production in association with a photon.
Nevertheless, the available statistics is not enough to make these channels visible.

This article is organized as follows. In Section II we introduce the dimension–six effective operators and the different
scenarios studied in this work. Details of our analyses are presented in Section III and Section IV contains their results.
Finally we discuss the main conclusions in Section V.

II. HIGGS ANOMALOUS INTERACTIONS

In this work we assume that even if there is new physics associated with the electroweak symmetry breaking sector,
the Higgs boson observed at LHC is still part of a SU(2)L doublet, the SM gauge invariance holds and no additional
light states, relevant to the Higgs observables, are present in the spectrum. Under these assumptions the new effects
can be parametrized in a model independent way by extending the SM with the addition of higher dimension operators
that are invariant under linear SU(3)c ⊗ SU(2)L ⊗ U(1)Y transformations.

In this framework the first corrections to the Higgs couplings to gauge bosons are expressed as dimension–six
operators that can be written as

Leff =
∑

n

fn
Λ2

On , (1)

where the operators On involve vector–boson and/or Higgs–boson fields with couplings fn and where Λ is a charac-
teristic scale. Requiring the operators On to be P and C even, there are only seven dimension–six operators that
modify the Higgs–boson couplings to electroweak vector bosons and one to gluons [20, 21]:

OGG = Φ†Φ Ga
µνG

aµν , OWW = Φ†ŴµνŴµνΦ , OBB = Φ†B̂µνB̂µνΦ ,

OBW = Φ†B̂µνŴµνΦ , OW = (DµΦ)†Ŵµν(DνΦ) , OB = (DµΦ)†B̂µν(DνΦ) ,

OΦ,1 = (DµΦ)
† Φ†Φ (DµΦ) , OΦ,2 = 1

2∂
µ
(

Φ†Φ
)

∂µ
(

Φ†Φ
)

,

(2)

where Φ stands for the Higgs doublet, Dµ is the covariant derivative, B̂µν = i(g′/2)Bµν and Ŵµν = i(g/2)σaW a
µν ,

with Bµν , W a
µν , and Ga

µν being respectively the U(1)Y , SU(2)L and SU(3)c field strength tensors. We denote the
SU(2)L (U(1)Y ) gauge coupling as g (g′) and the Pauli matrices as σa.

The effective operators in Eq. (2) give rise to anomalous Hgg, Hγγ, HZγ, HZZ, and HW+W− couplings, which
in the unitary gauge are given by

LHVV
eff = gHgg HGa

µνG
aµν + gHγγ HAµνA

µν + g(1)HZγ AµνZ
µ∂νH + g(2)HZγ HAµνZ

µν

+ g(1)HZZ ZµνZ
µ∂νH + g(2)HZZ HZµνZ

µν + g(3)HZZ HZµZ
µ (3)

+ g(1)HWW

(

W+
µνW

− µ∂νH + h.c.
)

+ g(2)HWW HW+
µνW

−µν + g(3)HWW HW+
µ W−µ ,

where Vµν = ∂µVν − ∂νVµ with V = A, Z and W . The effective couplings gHgg, gHγγ , g
(1,2)
HZγ , g

(1,2,3)
HWW and g(1,2,3)HZZ are

1 The preliminary CMS [8] results indicate that the SM values for the Higgs couplings to fermions are within the 90–95% CL allowed
region.
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Φ†Φ
)

∂µ
(

Φ†Φ
)

,

(2)

where Φ stands for the Higgs doublet, Dµ is the covariant derivative, B̂µν = i(g′/2)Bµν and Ŵµν = i(g/2)σaW a
µν ,

with Bµν , W a
µν , and Ga

µν being respectively the U(1)Y , SU(2)L and SU(3)c field strength tensors. We denote the
SU(2)L (U(1)Y ) gauge coupling as g (g′) and the Pauli matrices as σa.

The effective operators in Eq. (2) give rise to anomalous Hgg, Hγγ, HZγ, HZZ, and HW+W− couplings, which
in the unitary gauge are given by

LHVV
eff = gHgg HGa

µνG
aµν + gHγγ HAµνA

µν + g(1)HZγ AµνZ
µ∂νH + g(2)HZγ HAµνZ

µν

+ g(1)HZZ ZµνZ
µ∂νH + g(2)HZZ HZµνZ

µν + g(3)HZZ HZµZ
µ (3)

+ g(1)HWW

(

W+
µνW

− µ∂νH + h.c.
)

+ g(2)HWW HW+
µνW

−µν + g(3)HWW HW+
µ W−µ ,

where Vµν = ∂µVν − ∂νVµ with V = A, Z and W . The effective couplings gHgg, gHγγ , g
(1,2)
HZγ , g

(1,2,3)
HWW and g(1,2,3)HZZ are

1 The preliminary CMS [8] results indicate that the SM values for the Higgs couplings to fermions are within the 90–95% CL allowed
region.
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the gluons [20, 21]. For the sake of simplicity we assume that the Higgs has the same interaction with fermions as in
the SM, nevertheless this hypothesis still has to be tested further1. This scenario can be falsified by the discovery of
new states or by the non–observation of its predictions to the triple electroweak–gauge–boson vertices.

The effective operators describing the Higgs anomalous interactions modify both the Higgs production mechanisms
and its decay patterns, therefore we combine several channels to unravel the contribution of the different operators. In
our analyses we use the most recent data from the Tevatron [22] and LHC at 7 TeV [23, 24] and at 8 TeV [7, 8, 25–27].
Anomalous interactions also enhance the Higgs decay into Zγ as well as its production in association with a photon.
Nevertheless, the available statistics is not enough to make these channels visible.

This article is organized as follows. In Section II we introduce the dimension–six effective operators and the different
scenarios studied in this work. Details of our analyses are presented in Section III and Section IV contains their results.
Finally we discuss the main conclusions in Section V.

II. HIGGS ANOMALOUS INTERACTIONS

In this work we assume that even if there is new physics associated with the electroweak symmetry breaking sector,
the Higgs boson observed at LHC is still part of a SU(2)L doublet, the SM gauge invariance holds and no additional
light states, relevant to the Higgs observables, are present in the spectrum. Under these assumptions the new effects
can be parametrized in a model independent way by extending the SM with the addition of higher dimension operators
that are invariant under linear SU(3)c ⊗ SU(2)L ⊗ U(1)Y transformations.

In this framework the first corrections to the Higgs couplings to gauge bosons are expressed as dimension–six
operators that can be written as

Leff =
∑

n

fn
Λ2

On , (1)

where the operators On involve vector–boson and/or Higgs–boson fields with couplings fn and where Λ is a charac-
teristic scale. Requiring the operators On to be P and C even, there are only seven dimension–six operators that
modify the Higgs–boson couplings to electroweak vector bosons and one to gluons [20, 21]:

OGG = Φ†Φ Ga
µνG

aµν , OWW = Φ†ŴµνŴµνΦ , OBB = Φ†B̂µνB̂µνΦ ,

OBW = Φ†B̂µνŴµνΦ , OW = (DµΦ)†Ŵµν(DνΦ) , OB = (DµΦ)†B̂µν(DνΦ) ,

OΦ,1 = (DµΦ)
† Φ†Φ (DµΦ) , OΦ,2 = 1

2∂
µ
(

Φ†Φ
)

∂µ
(

Φ†Φ
)

,

(2)

where Φ stands for the Higgs doublet, Dµ is the covariant derivative, B̂µν = i(g′/2)Bµν and Ŵµν = i(g/2)σaW a
µν ,

with Bµν , W a
µν , and Ga

µν being respectively the U(1)Y , SU(2)L and SU(3)c field strength tensors. We denote the
SU(2)L (U(1)Y ) gauge coupling as g (g′) and the Pauli matrices as σa.

The effective operators in Eq. (2) give rise to anomalous Hgg, Hγγ, HZγ, HZZ, and HW+W− couplings, which
in the unitary gauge are given by

LHVV
eff = gHgg HGa

µνG
aµν + gHγγ HAµνA

µν + g(1)HZγ AµνZ
µ∂νH + g(2)HZγ HAµνZ

µν

+ g(1)HZZ ZµνZ
µ∂νH + g(2)HZZ HZµνZ

µν + g(3)HZZ HZµZ
µ (3)

+ g(1)HWW

(

W+
µνW

− µ∂νH + h.c.
)

+ g(2)HWW HW+
µνW

−µν + g(3)HWW HW+
µ W−µ ,

where Vµν = ∂µVν − ∂νVµ with V = A, Z and W . The effective couplings gHgg, gHγγ , g
(1,2)
HZγ , g

(1,2,3)
HWW and g(1,2,3)HZZ are

1 The preliminary CMS [8] results indicate that the SM values for the Higgs couplings to fermions are within the 90–95% CL allowed
region.

These effective couplings are combination of the previous

3

related to the coefficients of the operators appearing in (1) through,

gHgg =
fGGv

Λ2
≡ −

αs

8π

fgv

Λ2
,

gHγγ = −

(

gMW

Λ2

)

s2(fBB + fWW − fBW )

2
,

g(1)HZγ =

(

gMW

Λ2

)

s(fW − fB)

2c
,

g(2)HZγ =

(

gMW

Λ2

)

s[2s2fBB − 2c2fWW + (c2 − s2)fBW ]

2c
,

g(1)HZZ =

(

gMW

Λ2

)

c2fW + s2fB
2c2

,

g(2)HZZ = −

(

gMW

Λ2

)

s4fBB + c4fWW + c2s2fBW

2c2
, (4)

g(3)HZZ =

(

gMW v2

Λ2

)

fΦ,1 − fΦ,2

4c2
,

g(1)HWW =

(

gMW

Λ2

)

fW
2

,

g(2)HWW = −

(

gMW

Λ2

)

fWW ,

g(3)HWW = −

(

gMW v2

Λ2

)

fΦ,1 + 2fΦ,2

4
,

where s and c stand for the sine and cosine of the weak mixing angle respectively. We notice that we have rescaled the
coefficient fGG of the gluon-gluon operator in terms of a coupling fg also including a loop suppression factor. In this
way an anomalous gluon-gluon coupling fg ∼ O(1− 10) gives a contribution comparable to the SM top loop. For the
operators involving electroweak gauge bosons we have kept the normalization commonly used in the pre-LHC studies,

for example, in Refs. [28–32]. The couplings g(3)HZZ and g(3)HWW include the effects arising from the contribution of the
operators OΦ,1 and OΦ,2 to the renormalization of the weak boson masses and the Higgs field wave function.

For the sake of concreteness in this work we focus our attention on modifications of the Higgs couplings to gauge
bosons associated with the five operators OGG, OBB, OWW , OB , and OW . The operator OBW contributes at tree
level to the W 3–B mixing and is therefore very strongly constrained by the electroweak precision data [28, 29, 33, 34].
Similarly OΦ,1 contributes to the Z mass but not to the W mass and it is severely constrained by the ρ parameter.
Moreover the operators OΦ,1 and OΦ,2 lead to a multiplicative contribution to the SM Higgs couplings to ZZ and
WW . Thus in the present analysis we do not consider effects associated with OBW , OΦ,1 and OΦ,2 as their coefficients
are already very constrained or their possible effect on the measured Higgs observables is degenerated with that of
the five operators considered. Their impact on the Higgs phenomenology can be seen in Refs. [8, 35–40].

Notice also that one expects the contribution of new physics to the five operators considered to take place at loop
level [41]. Therefore, we expect that the largest effect of these effective interactions should appear in the couplings of
the Higgs to photon–photon and gluon–gluon since these couplings take place through loop effects in the SM.

One important property of the operators OB and OW is that they also modify the triple gauge–boson couplings
γW+W− and ZW+W−. Consequently they can be directly probed in additional channels not directly involving the
Higgs boson [31, 42, 43]. The triple gauge–boson effective interaction can be rewritten in the standard parametrization
of the C and P even interactions [44]:

LWWV = −igWWV

{

gV1

(

W+
µνW

−µV ν −W+
µ VνW

−µν
)

+ κV W
+
µ W−

ν V µν +
λV

m2
W

W+
µνW

− νρV µ
ρ

}

, (5)

where gWWγ = e and gWWZ = e/(s c). In general these vertices involve six dimensionless couplings gV1 , κV , and λV

(V = γ or Z). Notwithstanding the electromagnetic gauge invariance requires that gγ1 = 1, while the remaining five
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This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Conselho Nacional
de Desenvolvimento Cientfico e Tecnolgico (CNPq), by the European Commission under the contract PITN-GA-2009-
237920 and by the Agence National de la Recherche under contract ANR 2010 BLANC 0413 01. We thank O.J.P.
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APPENDIX: DEFINITIONS OF SOME FUNCTIONS USED IN THIS WORK

Here we for completeness we define the loop functions used to compute Γ(H → γγ).

A1(τ) = −[2τ2 + 3τ + 3(2τ − 1)g(τ)]/τ2 (27)
A1/2(τ) = 2[τ + (τ − 1)g(τ)]/τ2 (28)

A0(τ) = −[τ − g(τ)]/τ2 (29)

where g(τ) = arcsin2√τ , for τ ≤ 1.
For the fermion gauge boson interaction lagrangian that can be generically written as

LV fifj = f̄i(gij
LV PL + g

ij
RV PR)γµfjV

µ

we define the two point functions that enter in the oblique parameters calculation in terms of the generic couplings
and of the universal functions ΠV±A as [19, 37]

ΠV1V2(s) = (gij
LV1

g
ij
LV2

+ g
ij
RV1

g
ij
RV2

) ΠV +A(s,mi,mj) + (gij
LV1

g
ij
RV2

+ g
ij
LV2

g
ij
RV1

) ΠV−A(s,mi,mj), (30)

where a sum is implicit over all fermions involved, V1, V2 = W,Z, γ, mi and mj are the masses of the fermions fi and
fj in the loop and

ΠV +A(s,mi,mj) =
Nc

24π2

�
m

2
i lnm

2
i

�
1−

(m2
i −m

2
j )

2s

�
+ m

2
j lnm

2
j

�
1−

(m2
j −m

2
i )

2s

�
− s

3
+

(m2
i −m

2
j )2

2s

+

�
s−

(m2
i + m

2
j )

2
−

(m2
i −m

2
j )2

2s

�
�
B̄0(s,mi,mj)− ln(mimj)

�
+ ∆div

�
, (31)

and

ΠV−A(s,mi,mj) =
Nc

8π2
mimj

�
B̄0(s,mi,mj)− ln(mimj) + ∆�

�
, (32)

here Nc are the number of colors, the divergent part ∆div ≡ ∆�(s− 3
2 (m2

i + m
2
j )) with ∆� = 2

� − γ + ln 4π + lnµ
2.

We have used the finite part of the B0 function

B̄0(s,mi,mj) = 1−
m

2
i + m

2
j

m
2
i −m

2
j

ln(
mi

mj
) + F (s,mi,mj), (33)

with

F (s,mi,mj) = −1 +
m

2
i + m

2
j

m
2
i −m

2
j

ln(
mi

mj
)−

� 1

0
dx ln

�
x

2 − x(s + m
2
i −m

2
j ) + m

2
i − i�

mimj

�
. (34)

as defined in Ref. [37]. Note that F (0,mi,mj) = 0 so that B̄0(0,m, m) = 0.
For s = 0, the finite part of the previous expressions reads

ΠV +A(0,mi,mj) =
Nc

24π2

2m
4
i (1− 4 ln mi)− 2m

4
j (1− 4 ln mj)

m
2
i −m

2
j

(35)
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II. GENERAL FRAMEWORK

We assume the new 125 GeV particle observed at the LHC is in fact a SM-like Higgs boson, responsible for the
electroweak symmetry breaking. It is a fundamental scalar transforming as part of the SU(2)L doublet

H =
�

h
+

h
0

�
, (1)

with the SM Higgs charge assignments and hyperchage Y=1/2.
The new particles will not mix with the SM fermions, they will only couple to the Higgs and the gauge sector

respecting the SM symmetry group. This is feasible in a concrete model by introducing a new quantum number
in connection to an unbroken or nearly unbroken symmetry, exclusive to the new sector. We will consider colorless
fermion states in their lowest allowed SU(2)L × U(1)Y representions, i.e. singlets, doublets and triplets. Once the
representation is chosen, their couplings with the SM gauge boson will be basically fixed. The only free parameters
will be their couplings to the Higgs, their charges and their masses. We do not study here particles with SU(3)C
quantum numbers, for simplicity and because we are not interested in this work to change the Higgs production cross
section.

We will examine the allowed regions of these parameters in order for these new particles to significantly contribute
to the Higgs diphoton width. We will do this by imposing 1.4 < Γ(H → γγ)/ΓSM(H → γγ) < 5.4 at 95% CL [3].

The Higgs to diphoton decay can be written in terms of the couplings to the particles in the loop as

Γ(H → γγ) =
α2

m
3
H

1024π3

����
2
v
A1(τW ) +

8
3v

A1/2(τt) +
2g

Hff̄

mf

Nc,fq
2
f
A1/2(τf ) +

gHSS

m
2
S

Nc,Sq
2
S
A0(τS)

����
2

, (2)

where τa ≡ (mH/2ma)2, a = W, t, f, S, mH is the Higgs mass, f (S) is a generic new fermion (scalar) with electric
charge qf (qS), in units of the electric charge e, number of colors Nc,f (Nc,S) and mass mf (mS), coupling to the
Higgs with strength g

Hff̄
(gHSS). The loop functions A1, A1/2 and A0 are defined in the Appendix.

The first and second contributions are the dominant SM ones, while the others are possible contributions from extra
fermions and scalars. Since for the W boson contribution A1(τW )→ −8.3 and for the top quark A1/2(τt)→ +1.8, to
increase H → γγ we need to include a new negative contribution, comparable to the top one.

It was shown in Ref.[23], where the leading contributions from new particles to the diphoton decay width was
derived from the QED beta functions, that for fermions carrying the same electric charge and described by the mass
matrix Mf

2g
Hfif̄i

mfi

=
∂

∂v
log λ2

fi
(v), (3)

where λ2
fi

(v) is an eigenvalue of M
†
f
Mf . Clearly if fermions cannot mix they will all contribute to the loop with the

same sign of the top contribution and decrease the Higgs to diphoton width. So a required condition to enhance
the diphoton coupling to the Higgs is to have mixture. In this case the off-diagonal elements can enter with a term
carrying the same sign of the W contribution, cancelling the top and increasing the width.

However, any physics beyond the SM must face its tremendous success: fulfill the electroweak precision tests and
evade direct detection bounds.

New states will inevitably contribute to the vacuum polarization amplitudes of the electroweak gauge bosons
Πµν

ab
(q2) = −ig

µνΠab(q2) + q
µ
q

ν terms [27, 28]. These new physics effects can be parametrized by the so-called
quantum oblique parameters S, T and U defined as [28]

α(M2
Z
) S
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4s
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2
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2
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ΠNP

ZZ
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2
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− s
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cW sW
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(M2
Z
)
�
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Z
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ΠNP
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2
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ZZ
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2
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α(M2
Z
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W
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ΠNP
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(M2

W
)−ΠNP

WW
(0)

M
2
W

− c
2
W

�
ΠNP

ZZ
(M2

Z
)−ΠNP

ZZ
(0)

M
2
Z

�

−2sW cW

ΠNP
γZ

(M2
Z
)

M
2
Z

− s
2
W

ΠNP
γγ (M2

Z
)

M
2
Z

�
, (4)
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)
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− s2
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ΠNP
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)
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�
, (2.4)

where s2
W

= sin
2 θW = 1 − c2

W
≡ 1 − M2

W
/M2

Z
, MZ and MW are, respectively, the Z

boson and W boson masses. By comparing the measurable electroweak observables with

the theory prediction one finds the fitted values [29]

∆S = S − SSM = 0.04± 0.10

∆T = T − TSM = 0.05± 0.11

∆U = U − USM = 0.08± 0.11 (2.5)

for the reference Higgs and top masses MH,ref = 120 GeV and mt,ref = 173 GeV, with the

associated correlation matrix

V =




1 +0.89 −0.45

+0.89 1 −0.69

−0.45 −0.69 1



 . (2.6)

We will include these constraints in our models by minimizing the χ2
function defined

as

χ2
=

�

i,j

(XNP
i −Xi)(σ

2
)
−1
ij

(XNP
j −Xj), (2.7)

where Xi = ∆S, ∆T,∆U , are the fitted values of the oblique parameters with their cor-

responding uncertainties σi defined in Eq.(2.5), XNP
i

= SNP, TNP, UNP
are the contribu-

tions from the extra states that we will be introduced in each model investigated and

σ2
i,j
≡ σiVijσj . We will allow the values of the parameters of our models to vary such that

∆χ2
= (3.53, 7.81, 11.3), which correspond to (68%, 95%, 99%) CL in a three-parameter

fit. Since the difference between MH,ref and the actual Higgs mass MH = 125 GeV is rather

small and the uncertainties in the fitted parameters large, we will not correct for the exact

result of the Higgs contribution to the oblique parameters.

Finally, since the new fermions couple to Z and γ they can be pair-produced at the

LHC. We will examine, in each case, the production cross-section and comment on possible

existing limits and perspectives. In order to calculate the production cross sections we have

implemented our models in CalcHEP [30].
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