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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.

 Introduction 

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
L

o
c
a

l 
p

-1110

-10
10

-9
10

-8
10

-710

-6
10

-510

-410

-3
10

-210

-110

1

Obs. 

Exp. 

!1 ±
-1Ldt = 5.8-5.9 fb" = 8 TeV:  s

-1Ldt = 4.6-4.8 fb" = 7 TeV:  s

ATLAS 2011 - 2012

!0
!1
!2

!3

!4

!5

!6

Figure 9: The observed (solid) local p0 as a function of mH in the

low mass range. The dashed curve shows the expected local p0 under

the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding

to significances of 1 to 6σ.

9.3. Characterising the excess

The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for

H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-

lowed to vary independently in the two channels, al-

though the result is essentially unchanged when re-

stricted to the SM hypothesis µ = 1. The leading

sources of systematic uncertainty come from the elec-

tron and photon energy scales and resolutions. The re-

sulting estimate for the mass of the observed particle is

126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to

µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent

with the SM Higgs boson hypothesis µ = 1. A sum-

mary of the individual and combined best-fit values of

the strength parameter for a SM Higgs boson mass hy-

pothesis of 126GeV is shown in Fig. 10, while more

information about the three main channels is provided

in Table 7.

In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-

tent with the data, the profile likelihood ratio λ(µ,mH) is

used. In the presence of a strong signal, it will produce

closed contours around the best-fit point (µ̂, m̂H), while

in the absence of a signal the contours will be upper

limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-

dom. The resulting 68% and 95% CL contours for the

H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
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Figure 10: Measurements of the signal strength parameter µ for

mH=126GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been

validated with ensembles of pseudo-experiments. Sim-

ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate

confidence intervals due to the smaller number of can-

didates in this channel. These contours in the (µ,mH)

plane take into account uncertainties in the energy scale

and resolution.

The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to

vary independently, is about 20%.

The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of

the production cross sections predicted in the Standard

Model. A new signal strength parameterµi is introduced

for each production mode, defined by µi = σi/σi,SM. In

order to determine the values of (µi, µ j) that are simul-

taneously consistent with the data, the profile likelihood

ratio λ(µi, µ j) is used with the measured mass treated as

a nuisance parameter.

Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some

µi to be fixed, or multiple µi to be related in some way.

Here, µggF and µtt̄H have been grouped together as they

scale with the tt̄H coupling in the SM, and are denoted

by the common parameter µggF+tt̄H . Similarly, µVBF and

µVH have been grouped together as they scale with the

WWH/ZZH coupling in the SM, and are denoted by the

common parameter µVBF+VH . Since the distribution of

signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the
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• LHC found a new particle around 125 GeV!
• 2 photon signal is larger than the SM Higgs prediction
• Are there any new physics?  (or statistics...)



 How to enhance di-photon signal? 

• h → γ γ is loop induced process

• Does W’ help enhancing this signal?

• new particle modify the amplitude of this process
• new particle’s spin = 0, 1/2, 1........... which is better?
• naively, if new particle coupling to the higgs is the same sign as the 
SM case, gauge boson loop enhance the amplitude

γ

γ

h

t

γ

γ

h

W

γ

γ

h

W ′

• Let us extend gauge sector and see what happen!
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SU(2)0 × SU(2)1 × U(1)2

H1 = (2, 2)0 !
(
h1, π

1
1 , π

2
1 , π3

1

)

H2 = (1, 2)1/2 !
(
h2, π

1
2 , π2

2 , π
3
2

)

Model : gauge sector

• electroweak gauge symmetry

• two Higgs fields for electroweak symmetry breaking

• All π’s are eaten by the gauge bosons
• mass eigenstates are given as linear combinations

W±, Z, γ, W ′±, Z ′

h, H
spin 1:
spin 0:

h = cosα h1 − sinα h2

H = sinα h1 + cosα h2



Model : fermion sector
• vector like fermions as well as chiral fermions

space with r = O(1) . Hence, with the VEV condition (2.8), and given the ratio r and

the lighter Higgs mass Mh ! 125GeV [3, 4], we only have two free parameters in the Higgs

sector, which can be expressed as the Higgs mixing angle α and the heavier Higgs mass MH .

Three gauge couplings (g0, g1, g2) in the gauge sector are completely fixed by inputting the

precision data for the fine-structure constant αem = e2/4π via (2.11) together with the light

W/Z masses (mW , mZ) via (2.6a)-(2.6b).

In the following sections, we will perform the LHC analyses based on the two input

parameters (α, MH). We will first identify the proper parameter range of the Higgs mixing

angle α which gives rise to the observed γγ signals of the light Higgs boson h around 125GeV,

and then we further predict the new signals for the heavier Higgs boson H via WW and ZZ

channels over the wide mass-ranges of MH = 200− 600GeV.

2.3 Fermion Sector of the Model

The fermion sector contains the left-handed Weyl fermions Ψ0L, the right-handed Weyl

fermions Ψ2R = (Ψu
2R,Ψ

d
2R), and the vector-like fermions Ψ1 = (Ψ1L,Ψ1R). Same as the

3-site model [7], these vector-like fermions Ψ1 are necessary for the ideal delocalization con-

dition and providing compatible results for the precision electroweak measurement [12]. In

addition, the vector-like fermions Ψ1 can naturally have gauge-invariant renormalizable mass-

term. The representations for fermions are summarized in Table 1.

With these, we can write down the Higgs Yukawa interactions and fermion mass-terms

in this model,

LY = −
∑

i,j

[

y1ijΨ
i
0LΦ1Ψ

j
1R +Ψ

i
1LΦ2y2ijΨ

j
2R +Ψ

i
1LMijΨ

j
1R + h.c.

]

, (2.18)

where i, j = 1, 2, 3 are the generational indices. Mij represents a Dirac mass matrix, and

y2ij = diag
(

yu2 , y
d
2

)

ij
. In general, y1ij and Mij are not flavor-blind. For consistency with

Table 1. Assignments for fermions under the gauge group of the present model. In the fourth and fifth
columns, the U(1)2 charges and SU(3)c representations are shown for the quarks (without parentheses)
and leptons (in parentheses), respectively.

Fermions SU(2)0 SU(2)1 U(1)2 SU(3)c

Ψ0L 2 1 1
6

(

−1
2

)

3 (1)

Ψ1L 1 2 1
6

(

−1
2

)

3 (1)

Ψ1R 1 2 1
6

(

−1
2

)

3 (1)

Ψu
2R 1 1 2

3 (0) 3 (1)

Ψd
2R 1 1 −1

3 (−1) 3 (1)

– 9 –

←    chiral

←    vector like

←    chiral
←    chiral

• reasons why we introduce vector like fermions:  
1. they are mixed with chiral fermions, and relax 

★ S parameter constraint 

★ mw’ constraint
2. they can enhance σ(gg→h)



gW ′ff ! −g1

(
1 + r2

r2

m2
W

m2
W ′
− sin2 θf

)

Model: W’ff coupling and mw’

• gW’ff ~ 0 is possible by tuning parameter (ideal delocalization)

fermion mixing 
angle

• Then
★ S parameter is OK with light mW’

★ direct detection bounds through Drell-Yan process can be ignored

• Hereafter we set gW’ff = 0
★ fermion sector depend on mw/mw’

αS ! −4 sin2 θW
MW

MW ′

gW ′ff

gWff

r =
〈H2〉
〈H1〉



gWWh =
2m2

W

v

(
r3

(1 + r2)3/2
cosα− 1

(1 + r2)3/2
sinα +O

(
m2

W

m2
W ′

))
≤ gSM

WWh

Model : Higgs couplings (1) 
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• smaller than SM
• Br( h → γγ, WW, ZZ) highly depend on “r” and “α”



gW ′W ′h =
2m2

W ′

v

(
r

(1 + r2)3/2
cosα− r2

(1 + r2)3/2
sinα +O

(
m2

W

m2
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Model : Higgs couplings (2) 
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W ′±, Z ′ —–

—– t
W±, Z —– —– h

—– H

W ′ Z ′

Extra particles
(

u′ c′ t′

d′ s′ b′

) (
ν′

e ν′
µ ν′

τ

e′ µ′ τ ′

)

Mass(GeV)

≈

380
(wwz coupling)

170
91
80

SM particles
(

u c t
d s b

)(
νe νµ ντ

e µ τ

)

γ W Z g

h H

Higgs bosons
125

u′, d′, c′, s′, t′, b′

e′, µ′, τ ′, ν′
e, ν

′
µ, ν′

τ——–
a few TeV
(T parameter)

O(1)TeV

Model : summary of matter contens
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Figure 6. Classification of the parameter space in the (α, r) plane, according to the ratio of gluon-
fusion cross sections Rggh with the Higgs mass Mh = 125GeV. Different colors are used to represent:
Rggh > 1 (red), 1 > Rggh > 0.1 (yellow), and Rggh < 0.1 (blue). We have input MW ′ = 400GeV
(left panel) and MW ′ = 600GeV (right panel). The heavy fermion mass is set as, MF = 2.5TeV
for both panels. The maximal enhancement factor is Rggh ! 1.6 (left panel) and Rggh ! 1.2 (right
panel).
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Figure 7. The ratio Rggh of the production cross section via gluon fusion process as a function of
Higgs mixing angle α. We take the Higgs mass Mh = 125GeV and input f1 = f2. The heavy masses
are taken to be, MF = 2.5TeV and MW ′ = 400GeV (blue curve) or MW ′ = 600GeV (red curve).
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σ(gg → h)/σ(gg → h)SM

 r =1 

• highly depending on mixing angle, α.
• depending on mW’.

• bigger than SM due to the heavy fermion loops.



σ(gg→h) x BR / SM

• depending on α and mW’
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• In r =1 case

★ γ γ signal can be enhanced!
★ WW and ZZ signals are suppressed



σ(gg→h) x BR / SM

• In r ≠ 1 case
★ γ γ signal can be enhanced!
★ WW and ZZ signals are compareble with the SM case
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W

W

W ∗/Z∗ W/Z

h

σ(pp→ hqq′)
σ(pp→ hqq′)SM

=
σ(pp→ hW )

σ(pp→ hW )SM
=

(
gWWh

gSM
WWh

)2

"
(

r3

(1 + r2)3/2
cosα− 1

(1 + r2)3/2
sinα

)2

≤ 1

σ(VBF/Wh/Zh)
• other production processes

• W’ does not propagate because gw’ff = 0 in our set up
• difference from the SM is gwwh coupling

• These production xsec is always smaller than SM



mW ′ = 400GeV, r = 1

σ(VBF/Wh/Zh) x BR(h→ff) / SM
!a"
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• suppressed
• to improve the result, for example, 
we need to

★ change parameter space
★ give up ideal delocalization
★ change fermion sector itself
★ ....
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Summary
• LHC found a new particle around 125 GeV

• γγ signal is larger than the SM Higgs boson case

•  We consider SU(2)xSU(2)xU(1) model

★ σ(gg→h→γγ)/σSM > 1 is possible

★ σ(gg→h→WW/ZZ) /σSM ≤ 1

• these are compatible with the current LHC data

• other production process is suppressed, for example

★ σ(VBF) Br(h→ττbar) < SM

• These results highly depend on parameter choice and 

structure of fermion sector. It is worthwhile to study 

more general analysis in this gauge symmetry.
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BACKUP SLIDES



−
(

Ψu
0L Ψu

1L

) (
1
2y1f1 0
M 1

2y2uf2

) (
Ψu

1R
Ψu

2R

)
−

(
Ψd

0L Ψd
1L

) (
1
2y1f1 0
M 1

2y2df2

) (
Ψd

1R
Ψd

2R

)
+ (h.c.)

mu !
1
4

y1y2uf1f2

M

mu′ !
√

M2 +
1
4
y2
1f

2
1 +

1
4
y2
2uf2

2 ! M

Model : fermion mass terms
• mass terms

• mass 

• We assume M >> y1f1 , y2f2 
• y2x determine the SM fermion masses
• y2x ≃ 0 except top sector

〈H1〉 = f1/2, 〈H2〉 = f2/2



Model : why gWWh/SM < 1 ?
• perturbative unitarity of longitudinal gauge boson scattering 

★ In the SM, Higgs cancels the E2 behavior

W h



Model : why gWWh/SM < 1 ?
• perturbative unitarity of longitudinal gauge boson scattering 

★ In the SM, Higgs cancels the E2 behavior

★ In our model, W’ and heavy Higgs as well as light Higgs

★ both “spin 1” and “spin 0” particles contribute
★ WWh coupling is smaller than the SM one           

W h

W ′ HhW



4gWWWW M2
W = 3g2

WWW M2
W + 3g2

WWW ′M2
W ′ + g2

WWh + g2
WWH

Model : perturbative unitarity (2)
• unitarity sum rules for couplings (here W stands for both W± and Z)

★ to cancel O(E4) terms

★ to cancel O(E2) terms

gWWWW = g2
WWW + g2

WWW ′

• gWWW ≃ gWWWSM by precision measurement

(gWWh)2 ≤
(
gSM

WWh

)2

• now we see the following realtion



c =
MW

MZ
∆κZ = ∆gZ

1 =
1

2c2

M2
W

M2
W ′

+O
(

M4
W

M4
W ′

)

∆gZ
1 < 0.028 (95%C.L.)

K.Hagiwara, R.D.Peccei, D.Zeppenfeld, and K.Hikasa,
 Nucl.Phys. B282,253(1987)

MW ′ ≥ 380GeV

R.S.Chivukula et.al  
Phys.Rev.D74:075011 (2006) 

L = −igSM
WWZ (1 + ∆κZ)W+

µ W−
ν Zµν

−igSM
WWZ

(
1 + ∆gZ

1

) (
W+

µνW−µ −W−
µνW+µ

)
Zν

Model : lower bound on Mw’

• This model prediction

• triple gauge boson coupling

• constraint from LEP-II



h = cosα h1 − sinα h2

H = sinα h1 + cosα h2

r = f2/f1

√
2GF "

1
f2
1

+
1
f2
2

≡ 1
v2

〈H1〉 = f1/2, 〈H2〉 = f2/2

Model : parameters in Higgs sector
• Higgs VEVs

• mixing angle between two Higgses “α”

★ They are related to the Fermi constant

★ we introduce the VEV ratio “r”

★ we use GF (or v) and r = f2/f1 instead of f1 and f2

• two input parameters in Higgs sector:  α and r
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• depending on α and mW’

• In r =1 case
★ γ γ signal can be enhanced!
★ WW and ZZ signals are suppressed
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gffh !
mf

v

(
r√

1 + r2
cosα− 1√

1 + r2
sinα

)
≤ gSM

ffh

0.0 0.5 1.0 1.5 2.0
!1.0

!0.5
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1.0

Α!Π

g f
fh
!g ffhSM

Model : Higgs couplings (3)

• gffh is smaller than SM

r!1
r!2
r!1!2



gFFh !
mF

v

(√
1 + r2

r

m2
W

m2
W ′

cosα−
m2

f

m2
F

m2
W ′

m2
W

r2

(1 + r2)3/2
sinα

)
! 0.1
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Model : Higgs couplings (4)
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gFFh !
mF

v

(√
1 + r2

r

m2
W

m2
W ′

cosα−
m2

f

m2
F

m2
W ′

m2
W
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Model : Higgs couplings (4)

r!1
r!2
r!1!2

suppression factors

• gFFh is much suppressed, because F is almost vector like fermion



Comment on the heavy higgs
• constraint on heavy Higgs mass from LHC

!c"
3site: Α"0.25Π

3site: Α"0.6Π

3site: Α"0.8Π

CMS7$8 TeV H%ZZ%4!
ATLAS7$8 TeV H%ZZ%4!

200 300 400 500 60010&3

10&2

10&1

1

10

MH !GeV"

!Σ(B
r" 3site

#!Σ(
B
r" SM

!d"
3site: Α"0.25Π

3site: Α"0.6Π

3site: Α"0.8Π

CMS7$8 TeV H%WW%2!2Ν
ATLAS7TeV H%WW%2!2Ν

200 300 400 500 60010'3
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!Σ)B
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#!Σ)

B
r" SM

• mW’ = 400 GeV, r =1 case
• mH < 600 GeV is allowed because gWWH < gWWHSM

• very loose constraint on α ＝ 0.8π
• ( α ＝ 0.8π is prefered for h→γγ enhancement)

Text

H → ZZ → 4 leptons H → WW → 2 leptons + MET



Model : constraint from S parameter
• S parameter at tree level

• two ways to reduce S parameter

(i) Heavy W’ mass

• ... but light W’ seems good for changing Br(h → γ γ)
• we do not consider this case here

f : SM fermion

(ii) small gW’ff couplings

• gW’ff = 0 by tuning the mixing angle (ideal delocalization)
• we consider this case in this talk

αS ! −4 sin2 θW
MW

MW ′

gW ′ff

gWff
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W’ decay mode

• yellow reasion is consistent with 
ATLAS and CMS within 1σ

• W’ → WZ is dominant
• W’ → hW is subdominant
• other channels are negligible
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mW ′ = 400GeV, r = 1



σ(gg → h)
σ(gg → h)SM
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u′, d′, s′, c′, b′t, t′

m1 =
y1f1

2M

gW ′ff ∼ g1
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σ(gg → h)/σ(gg → h)SM

• contributions from top and extra fermions 

• first two terms :  sum of the top and heavy top contritutions
• last term          :  contributions from u’, d’, s’, c’, and b’. 

• m12/(M2 + m12)  : mixing angle in fermion sector.
• assume ideal delocalization in the second line



Γ(h→ f f̄)
Γ(h→ f f̄)SM
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Γ(h→WW )
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partial decay width / SM
• partial decay width (tree processes)

• Γ(h → ff) and Γ(h → WW) is smaller than the SM



Γ(h→ gg)
Γ(h→ gg)SM
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Γ(h→ γγ)
Γ(h→ γγ)SM
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• partial decay width (loop induced processes)

• first two terms:   t, t’ ( and W,  W’) contributions
• last terms:           others

partial decay width / SM
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yij
1 = y1δ

ij , M ij = Mδij

Model : Yukawa interaction
• Yukawa

• To avoid FCNC, we assume Minimal Flavor Violation

 i and j : generation indices

• Flavor structure is determind by y2u and y2d 

• y1 is constrained by S parameter or gW’ff coupling



Model: W’ff coupling and mw’

• gW’ff ~ 0 is possible by tuning parameter (ideal delocalization)

• S parameter is OK with light mW’ 
• A Bonus: direct detection bound is also OK

★ we often see the lower bound on mW’ ~ 2TeV
★ this is derived with the following assumptions:

✴ gW’ff  = gWff 
✴ W’ is produced via Drell-Yan process

★ therefore constraint is changed if gW’ff  < gWff 

gW ′ff ∼ g1
1 + r2

r2

(
−M2

W

M2
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+
y2
1v

2

4M2

)



BR / SM

• example:   mh = 125 GeV, mw’ = 400 GeV,  M = 2500 GeV, and r = 1
• γγ can be ehnahced.
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