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Introduction 

ATLAS: Status of SM Higgs searches, 4/7/2012 

mγγ spectrum fit, for each category, with 
Crystal Ball + Gaussian for signal plus  
background model optimised (with MC)  
to minimize biases 
Max deviation of background model from  
expected background distribution taken  
as systematic uncertainty 

Total after selections: 59059 events 

Main systematic uncertainties 
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties on the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

A Higgs boson was discovered!!�
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Still unclear, the origin of Higgs ??�



1. EWSB and the Higgs
and along the avenues, many possible streets, paths, corners...

Which scenario chosen by Nature? The LHC supposed to tell!
HPNP2013–Toyama, 04/09/2012 Theory aspecs of Higgs at LHC – A. Djouadi – p.4/22

taken from Grojean’s slides�



In the gauge-Higgs unification,  
 

 1: New structure in the Higgs sector 
 2: Coupling of new particles to Higgs boson 
 

controlled by higher dimensional gauge invariance 

Deviations from the SM predictions &  
Collider signatures specific to GHU  

are expected!! 



A Model of GHU�
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5D SU(3) x U(1)’ model on S1/Z2 
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SU(3) x U(1)’� SU(2) x U(1)Y x U(1)X 

5D SU(3) x U(1)’ model on S1/Z2 
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5D SU(3) x U(1)’ model on S1/Z2 



3 = 2L1/6(Q) + 1L-1/3  
    2R1/6 + 1R-1/3(dR)  
 

6* = 3L-1/3 + 2L1/6(Q) + 1L2/3  
     3R-1/3 + 2R1/6 + 1R2/3(uR) 
 

10 = 4L1/2 + 3L0 + 2L-1/2(L) + 1L-1 
      4R1/2 + 3R0 + 2R-1/2 + 1R-1(eR) 
 

15* = 5L-4/3 + 4L-5/6 + 3L-1/3 + 2L1/6(Q) + 1L2/3 
       5R-4/3 + 4R-5/6 + 3R-1/3 + 2R1/6 + 1R2/3(tR) 

Minimal Fermion matter content�

Down quark 
sector�

Up quark 
sector 

(except for top)�

Charged lepton 
sector�

Unwanted massless exotics (blue reps) & two extra Qs 
must be massive by brane localized mass terms�

Top 
quark�



In the gauge-Higgs unification,  
Yukawa coupling = gauge coupling 

How can we get fermion mass hierarchy??? 

Localizing fermions@different point in 5th direction 
 
 Yukawa � exponentially suppressed  
                overlap integral of wave functions 
                                                                        Arkani-Hamed & Schmaltz (1999) 

Big  
Hurdle 



Zero mode wave functions 
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Small overlap 
4D effective Yukawa coupling 

    

Y = g4 dyfL
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∫ = g4 dy M 2

1− e−2π MR( ) e2π MR −1( )−πR

πR

∫

   ≈ 2π MRg4e
−π MR ≤ g4 π MR1( )⇔ mf ≤ mW

Fermion masses except top is easy to obtain by tuning M 
Top in 15* rep � factor “2” enhancement  
                             Martinelli, Salvatori, Scrucca & Silvestrini (2005) 



N enhancement�

Consider a rank N symmetric tensor of SU(3)�

����

Decompose it into SU(2) reps as 3 = 2 + 1  
                                and make a singlet & a doublet�

singlet� ����1 1 1 1 unique�

doublet� ����1 1 2 1 etc�

N boxes�

N patterns�

Canonical kinetic term � 1/sqrt[N]�

Yukawa = 1R 2L 2H � N x 1/sqrt[N] = sqrt[N]��



Essential Points for calculation 
(Specific form of KK masses in GHU) 

  

mt
+ n( ) = n

R
+ mt     −

mt

v
h

mt
− n( ) = n

R
− mt     +

mt

v
h

  

mW
+ n( ) = n

R
+ mW      + mW mW

+ n( )

v
h

mW
− n( ) = n

R
− mW      − mW mW

− n( )

v
h

Mass splitting & Coupling to Higgs �

KK top� KK W�

Characteristic predictions to  
     “finite” gg � H, H � γγ amplitudes�

MN & Okada (2007), NM(2008)�



gg�H & H��� 
in GHU 



Higgs production 



Decay rate of Higgs boson 
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Higgs Low Energy Theorem�

 
L = − 1

4g2 µ( )Gµν
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Coefficient of dim 5 operater hGa
µνGaµν can be extracted  

from 1-loop RGE of gauge coupling�

Gauge  
kinetic term�

1-loop 
RGE �

Under v � v + h, and extracting O(h) term, we find�
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KK mode contributions: gg � H 

KK top 
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= finite�

Opposite sign to SM � destructive�
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KK mode contributions: H � γγ 
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KK 
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Opposite sign to SM�
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Top�

W�

KK Top�

KK W 

gg�H�
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KK mode contributions: opposite sign!!�
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Diphoton decay data 

σ/σSM = 1.57 ± 0.22(stat)  
              + 0.24 − 0.18(syst)�

Extension is required�



Two extensions�

1:Color Singlet Fermions 
& 

2:Colored Fermions�
Why fermions?? 
 


 KK fermion contributions to  
     (H�γγ)KK fermions/(H�γγ)SM > 0�
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Negative�



Color Singlet 
Fermions�

“Diphoton Decay Excess and 125 GeV Higgs Boson  
in Gauge-Higgs Unification” 
NM and Nobuchika Okada 

PRD87 095019 (2013)�



Simplest extension:  
 

“Extra Leptons” 
 

(colored particles greatly affect gg->H, but discuss later)�

Two examples:  
10, 15 reps. of SU(3) with bulk mass  
& half-periodic BC ψ(y+2πR) = −ψ(y) �

No unwanted massless fermions 
 

1st KK mass = 1/(2R)  
  � Higgs mass enhancement�

Helpful to 
adjust  

125 GeV Higgs�

 �
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Diphoton decay from 10 & 15�

Negative�

Q: U(1)’ charge�
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Higgs mass analysis�



Higgs mass analysis by 4D EFT approach�

Instead of 5D Higgs potential minimization, 
 

solve 1-loop RGE for Higgs quartic coupling λ  
  by imposing BC λ=0@1/R “gauge-Higgs condition” 
                                                Haba, Matsumoto, Okada & Yamashita (2006, 2008) �

Natural realization of GHU in 4D viewpoint: 
 

VH = 0 above 1/R by 5D gauge invariance 
 

Furthermore, NO vacuum instability�

This approach greatly simplifies Higgs mass study 

In GHU, mH likely to be small  
 loop generated�
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� Contributions from  
   1st KK mode with mass 1/(2R)  
   in 10 or 15 rep. 
 

� 2nd term 	 (√2g2)4 dominated 
 

��Negative sign   
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TeV Scale 
Colored Fermions�

“125 GeV Higgs Boson & TeV Scale Colored Fermion 
in Gauge-Higgs Unification” 
NM and Nobuchika Okada 

arXiv: 1310.3348�



Another possibility to realize 125 GeV Higgs mass 
by introducing extra colored fermions 

Colored fermions contribute to gg � H destructively 
 

� LHC Data put a lower bound for KK masses 
 

� It would be interesting  
     if the lower bound is within a detectable range 
     w/o contradicting 125 GeV Higgs mass 

Result: 
MKK=2-3TeV for σ(gg�H)/σSM�0.9-0.95�



Extra colored fermions have half-periodic BC 
 

  � the lightest KK particle (LKP) is stable,  
              but stable colored particle is  
                                      cosmologically disfavor 
 

  � introduce the mixing btw the LKP & SM quarks 
                   on the brane for decay to SM quarks 
 

  � U(1)’ charge fixed to be  
                   -1/3 (2/3) for down(up)-type quarks 
 

  � Q=2/3, 5/3 for 10-plet, Q=1, 2 for 15-plet 
       (Q-1=-1/3, 2/3 for 10, Q-4/3=-1/3 or 2/3)�



Mass eigenvalues & charges of 10 & 15�

10 = 1-1 + 2-1/2  + 30 + 41/2 
 
 
 
 
 
 
 

15 = 1-4/3 + 2-5/6 + 3-1/3 + 41/6 + 52/3�

mn,−1
±( )( )2 = mn+1 2

±( ) ± 3mW( )2 +M 2, mn+1 2
±( ) ±mW( )2 +M 2

mn,0
±( )( )2 = mn+1 2

±( ) ± 2mW( )2 +M 2,mn+1 2
2 +M 2

mn,+1
±( )( )2 = mn+1 2

±( ) ±mW( )2 +M 2, mn,+2
±( )( )2 = mn+1 2

2 +M 2

mn,−4 3
±( )( )2 = mn+1 2

±( ) ± 4mW( )2 +M 2, mn+1 2
±( ) ± 2mW( )2 +M 2,mn+1 2

2 +M 2

mn,−1 3
±( )( )2 = mn+1 2

±( ) ± 3mW( )2 +M 2, mn+1 2
±( ) ±mW( )2 +M 2

mn,2 3
±( )( )2 = mn+1 2

±( ) ± 2mW( )2 +M 2,mn+1 2
2 +M 2

mn,5 3
±( )( )2 = mn+1 2

±( ) ±mW( )2 +M 2, mn,8 3
±( )( )2 = mn+1 2

2 +M 2

U(1) charge of  
SU(2)xU(1)�

“elemag charge”  
of SU(2)xU(1)�



Lower bound on KK scale etc  
from gluon fusion�
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Interactions between KK modes & W, Z �
Ex: 10-plet:�

4(+2,%0mw)%�

4(+1,%+1%mw)%�

4(0,%+2%mw)%�

3(1,%+1%mw)%�

3(0,%+2%mw)%�

3(+1,%+3%mw)%� 4(+1,%+3mw)%�

2(0,%0%mw)%�

2(+1,%+1%mw)%�1(+1,%+1%mw)%�

Color triplet case�



4(+2,%0mw)%�

4(+1,%+1%mw)%�

4(0,%+2%mw)%�

3(1,%+1%mw)%�

3(0,%+2%mw)%�

3(+1,%+3%mw)%� 4(+1,%+3mw)%�

2(0,%0%mw)%�

2(+1,%+1%mw)%�1(+1,%+1%mw)%�

Heavy fermion cascades�
Ex: 10-plet:�



H�Z��
“H to Z Gamma in Gauge-Higgs Unification” 

NM & Nobuchika Okada,  
PRD88 (2013) 037701�



NM & N.Okada, PRD88 037701 (2013)�

KK modes have  
EW charges 

� 
Naturally, a deviation  

of Zγ decay from  
the SM prediction  

expected�

Model dep.  
Correlation btw γγ & Zγ  

is interesting�Our result is very striking!!�

No KK mode contributions to Z� decay@1-loop�

A Comment on H�Z��



Simple reason: in the mass eigenstates, H and γ couples to  
                        KK modes with same mass eigenstates,  
                        but Z does not�

 
Z µγ ν Wµ+

 n( ),Wµ−
 n( )( ) 0 −i

i 0
⎛
⎝⎜

⎞
⎠⎟
W+

±ν n( )

W−
±ν n( )

⎛

⎝
⎜

⎞

⎠
⎟ + 2Zµγ

µ Wν+
 n( ),Wν−

 n( )( ) 0 i
−i 0

⎛
⎝⎜

⎞
⎠⎟
W+

±ν n( )

W−
±ν n( )

⎛

⎝
⎜

⎞

⎠
⎟

 

Zµ Wµν+
 n( ),Wµν−

 n( )( ) 0 i
±i 0

⎛

⎝⎜
⎞

⎠⎟
Wν+

± n( ),Wν−
± n( )( )

Wµ±
n( ) :n R ±mW ,Wµν ≡ ∂µWν − ∂νWµ

ψ 0
n( ),ψ +

n( ),ψ −
n( )( )

2γ µ 3 Wµ
+ Wµ

+

Wµ
− −γ µ 3 −Zµ

Wµ
− −Zµ −γ µ 3

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

γ µ

ψ 0
n( )

ψ +
n( )

ψ −
n( )

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
,ψ 0,±

n( ) : n
R
, n
R
±mf

Fermion 
coupling�

ZWnWn 

coupling�

ZγWnWn 

coupling�

No H-Z-� coupling@1-loop found�



Summary 

●We have calculated KK mode contributions to  
      gg � H & H � γγ @LHC in 5D SU(3)xU(1)’ GHU 
 

●Simplest model cannot explain the data  
 

●Extra fermions can enhance H�γγ as we like 
                                       by adjusting U(1)’ charges 
 

      ex. Color singlet & Colored fermions  
              in 10 & 15 reps. of SU(3) w/ bulk mass  
                                                   & half-periodic BC 
 

●These fermions also help to enhance Higgs mass 



Summary 
● 1-loop RGE analysis of Higgs quartic coupling 
                                   with GH condition λ=0@MKK 
   � No instability 
 

● Extra fermions are (some kind of) Z2 odd  
                      & stable due to the half-periodic BC 
 

 

  (i) Color singlet case � LKP can be DM candidate 
                       in case of vanishing electric charge 
                                         (10: 2TeV, 15: 3TeV) 
 
  (ii) Colored case � TeV scale LKP decay to  
                                 the SM quark by the mixing 


