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– universality,	  LHC	  signals	  
– Dark	  Ma1er	  	  

•  summary	  
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Higgs	  mass	  (LHC	  combined)	
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Figure 4: Summary of likelihood scans in the 2D plane of signal strength µ versus Higgs boson
mass mH for the ATLAS and CMS experiments. The 68% CL confidence regions of the individ-
ual measurements are shown by the dashed curves and of the overall combination by the solid
curve. The markers indicate the respective best-fit values.
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Gauge	  Hierarchy	  Problem	

•  Fine-‐tuning	  of	  Higgs	  mass	  
–  mH=126GeV	  <<	  MGUT,	  MPlanck	  
–  triplet-‐doublet	  splipng	  in	  GUTs	  @tree	  level	  
–  quadra>cally	  divergent	  Higgs	  mass^2	  @loop	  level	  

•  solu>ons	  
–  Higgs	  compositeness	  

•  	  Technicolor,	  top-‐condensa>on	  
•  composite	  Higgs	  

–  scale	  invariance	  +	  dim.	  transmuta>on	  
•  Coleman-‐Weinberg	  
•  QCD-‐Landau-‐pole	  

–  “naturalness”	  (`t	  Hoow)	  ⇆new	  symmetry	  
•  supersymmetry	  
•  li1le	  Higgs	  (pseud	  Nambu-‐Goldstone	  Boson)	  
•  Gauge-‐Higgs	  Unifica>on[gauge	  symmetry]	  
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Gauge-‐Higgs	  unifica>on	  (GHU)	
•  Higgs	  as	  a	  extra-‐dimensional	  component	  of	  a	  gauge	  field	  

	  (Fairlie	  ‘78,	  Manton	  ‘79)	  
	  
	  

•  Gauge	  symmetry	  is	  broken	  by	  VEV	  of	  Wilson-‐loop	  :	  
	  “Hosotani	  Mechanism”	  (Hosotani,	  ‘83)	  
	  

•  Solu>on	  to	  the	  Gauge	  Hierarchy	  Problem	  (HH-‐Inami-‐Lim,	  ‘98)	  

–  Compact	  Extra	  Dimension	  :	  TeV	  scale	  
–  Higgs	  poten>al	  and	  masses:	  	  

•  no	  poten>al	  terms	  @	  tree	  level	  (5D)	  
	  
	  

•  finite	  mass	  @	  quantum	  level	  
•  finite	  Higgs	  mass	  is	  guaranteed	  by	  the	  higher-‐dimensional	  gauge	  
symmetry	  
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SO(5)×U(1)	  GHU	  with	  126GeV	  Higgs	
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SO(5)xU(1)	  GHU	  model	  -‐	  overview	

•  Space-‐>me	  :	  
	  Randall-‐Sundrum	  warped	  5D	  space>me	  

•  Symmetry	  :	  
	  SO(5)xU(1)	  gauge	  symmetry	  in	  the	  5D	  bulk	  

•  Fields:	  	  
–  SO(5)xU(1)	  gauge	  fields	  in	  the	  bulk	  (⊃gauge,	  Higgs)	  
–  SO(5)-‐vector	  fermions	  in	  the	  bulk	  (⊃quarks,	  leptons)	  
–  SU(2)R	  doublet	  right-‐handed	  brane	  fermions	  
–  SU(2)R	  doublet	  brane	  scalar	  
–  SO(5)-‐spinor	  fermions	  (dark	  fermions)	  

Kobe	  University	
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Space-‐>me	
Randall-‐Sundrum	  Space>me	  
–  slice	  of	  a	  5D	  an>-‐de	  Si1er	  space	  (AdS5)	  
– metric	  
	  
	  
or	  
	  
	  
k	  :	  AdS5	  curvature,	  L	  :	  distance	  of	  branes	  

–  orbifold	  S1/Z2	  topology	  :	  break	  symmetries	  by	  b.c.s	  
– Hierarchy	  

•  fundamental	  scales	  :	  k,	  L,	  
•  KK	  scales	  :	  mKK	  
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Fields	
•  SO(5)×U(1)X	  gauge	  fields	  in	  the	  AdS5	  bulk	  

	  
	  

•  Bulk	  fermions	  in	  SO(5)-‐vector	  
　(4	  bulk	  fermions/genera>on)	  
　	  
	  
	  

•  SU(2)R-‐doublet	  scalar	  on	  the	  UV	  brane	  
	  

•  three	  SU(2)R-‐doublet	  right-‐handed	  fermions/genera>on	  	  
(on	  the	  UV	  brane)	  
	  
	  

•  nF	  bulk	  fermions	  F	  in	  SO(5)	  spinor-‐representa>on	  
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and	  3	  more	  for	  leptons…	



Ac>on	

•  Ac>on	  
	  

•  5D	  bulk	  :	  	  
	  
	  
	  
	  
	  

•  UV	  brane	  ac>on	  :	  	  
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	  Symmetry	  Breakings	  (1)	
•  SO(5)→SO(4)=SU(2)LxSU(2)R	  

–  	  by	  orbifold	  boundary	  condi>ons	  
	  
	  
	  
	  
	  

–  gauge	  zero	  modes	  
	  
	  
Ay

(0)	  :	  SO(4)-‐vector	  →	  “Higgs”	  
	  

–  fermion	  zero	  modes	  
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	  Symmetry	  Breakings	  (2)	
•  SO(4)×U(1)X	  →	  SU(2)L	  ×	  U(1)Y	  by	  VEV	  of	  UV	  brane	  scalar	  
•  EWSB:	  by	  Hosotani	  mechanism	  

–  θH:	  Wilson-‐line	  (Aharonov-‐Bohm	  phase)parameter	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

–  fermions	  obtain	  mass	  terms	  by	  	
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Wilson	  line	  (Aharonov-‐Bohm	  phase)	
•  b.c.	  of	  a	  charged	  field	  
	  
–  KK	  expansion	  
	  

–  VEV	  of	  Ay	  and	  Wilson-‐loop	  
	  
	  

•  twisted	  gauge	  
	  
	  
–  twisted	  b.c.	  
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Non-‐Abelian	  Wilson-‐line	  phase	

•  symmetry	  breaking	  
	  
	  

•  example	  :	  SU(3)	
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Gauge	  Transforma>on	

•  gauge	  VEV	  

•  twisted	  gauge	  
	  
	  
– boundary	  condi>ons	  	
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4D	  effec>ve	  theory	

•  almost	  SM-‐like	  for	  @	  low	  energy	  (<<mKK)	  
•  W±,	  Z,	  photon(γ)	  and	  their	  KK	  excita>ons	  
•  heavy	  WR

±,	  ZR	  A4^vector	  bosons	  (no	  zero	  modes)	  
	  

•  one	  physical	  Higgs	  (other	  Ay
(0)	  are	  goldstones)	  

•  SM	  quarks	  and	  leptons	  	  
(and	  their	  KK	  excita>ons)	  

•  exo>c	  fermions	  t5/3,	  T,	  B,	  b-‐3/4	  (no	  zero	  modes)	  
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bulk	  wave	  func>ons	

•  bosons:	  C,	  S	  
	  
	  

•  fermions:	  CL,R,	  SL,R	  	
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Explicit	  form	  of	  bulk	  func>ons	  
	  
	  
	  
	  
	  
	  
	  	  	  	  
boundary	  condi>ons	  at	  z=1	  are	  affected	  by	  	  
	  

1. Wilson-‐line	  phase	  (Aharonov-‐Bohm	  effect)	  
2. UB-‐boundary	  interac>ons	  
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Kaluza-‐Klein	  Mass	  Spectra	
•  W	  tower	  

	  
	  
	  
or,	  using	  asympto>c	  form	  of	  Bessel	  func>on,	  one	  has	  
	  	  
	  

•  Z	  tower	  
	  
	  
	  

•  top	  tower	  
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Effec>ve	  Poten>al	  (1)	

June	  17,	  2015	 Kobe	  University	 21	

When	  a	  Kaluza-‐Klein	  tower	  is	  given	  by	  
	  
	  
	  
then	  the	  ffec>ve	  Poten>al	  is	  given	  by	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	



Effec>ve	  Poten>al	  (2)	
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dominating over the gauge field contribution. The fermion ΨF shifts the minima toward

θH = 0. The minimum at 0 < |θH | < 1
2π gives desired phenomenology. The number of the

fermion multiplets ΨF , nF , affects the shape of Veff significantly. It will be shown below

that the resulting physics, however, is almost independent of nF . The mass of the Higgs

boson, mH , is given by

m2
H =

1

f 2
H

d2Veff

dθ2H

∣

∣

∣

∣

min

, fH =
2

gw

√

k

L(z2L − 1)
(2)

where the second derivative of Veff is evaluated at the minimum of Veff , and gw is the 4D

weak SU(2)L coupling. The experimental data dictate mH ∼ 126GeV.

The parameters of the model are specified in the following manner. Pick values for nF

and zL. The parameters, k, two gauge coupling constants associated with SO(5)× U(1),

ct, rt, and cF are self-consistently determined such that at the minimum θH of Veff , mZ ,

sin2 θW , α(mZ), mt, mb and mH = 126GeV are reproduced. We note that all of k, ct,

rt and cF implicitly depend on θH as well. The KK mass scale is given by mKK = πkz−1
L .

Hence mKK and θH , for instance, are determined as functions of nF and zL. Veff(θH) for

nF = 3 and zL = 107 is displayed in Fig. 1.
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Figure 1: Veff(θH) for nF = 3, cF = 0.353, zL = 107 and ξ = 1. U = (4π)2(kz−1
L )−4Veff is

plotted. The minimum is located at θH = ±0.082 π = ±0.258. (a): −π ≤ θH ≤ π, (b):
0 ≤ θH ≤ 0.13 π.

The AB phase θH is the key parameter in gauge-Higgs unification, which controls the

couplings of the Higgs boson to other fields. In Table 1 the values for zL, θH , mKK, k, ct,

cF , mF (1) and mZ(1) are summarized for nF = 3, where mF (1) is the mass of the lowest mode

in the KK tower of ΨF and mZ(1) is the mass of the first KK Z boson. As zL is decreased,

θH becomes smaller whereas mKK becomes larger. There appears a critical value for zL

below which mH = 126GeV cannot be realized.

4

Effec>ve	  Poten>al	  and	  Higgs	  mass	
•  Higgs	  (AB	  phase)	  poten>al	  is	  induced	  @	  loop	  level	  a	  la	  

Coleman-‐Weinberg	  
	  
	  
	  

•  Old	  model	  (nF=0)	  
–  θH=π/2	  is	  selected	  (H-‐parity)	  

•  HVV	  and	  Yukawa	  coupling	  vanish	  
•  Higgs	  is	  stable	  (H-‐parity	  odd)	  
→Higgs	  as	  DM	  [Hosotani-‐Ko-‐Tanaka]	  	  
	  

•  New	  model(nF>0)	  
–  θH<π/2	  
–  Higgs	  can	  decay	  
–  Higgs	  mass	  
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whereas contributions of fermions are given by1

Veffð!HÞfermion ’ %12
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ð"‘
3Þ2

ð ~"‘Þ2 : (4.4)

In Vfermion
eff each integral I sensitively depends on the value

of the bulk mass parameter cq or c‘. Contributions from
fermion multiplets with c > 0:6 are negligible compared
with Vgauge

eff . The relevant contribution comes solely from
the multiplet containing a top quark. The top quark con-
tribution dominates over Vgauge

eff in the Randall-Sundrum
warped space, yielding the minima of Veff at !H ¼ & 1

2#.
In Fig. 1, Veffð!HÞ is displayed for zL ¼ 105 and 1015.
Contributions from light quarks and leptons are suppressed
by a factor of '106. The top quark dominates over gauge
fields for zL ¼ 1015 more than for zL ¼ 105.

We observe that

Veffð!H þ #Þ ¼ Veffð!HÞ ¼ Veffð%!HÞ: (4.5)

It is important in the first equality that all bulk fermions are
introduced in the vector representation of SOð5Þ. If there

were a bulk fermion, say, in the spinor representation of
SOð5Þ, the !H dependence in I in (4.4) would contain
sin2 1

2!H instead of sin2!H. If all bulk fermions were in
the spinor representation, the minimum of Veff would be
located at either ! ¼ 0 or # so that the EW symmetry
would be unbroken.
We also remark that the scale of the depth of the effec-

tive potential is given by mKK=ð2#3=2Þ. As the Universe
expands and cools down, the electroweak symmetry break-
ing is expected to take place at a temperature of the
electroweak scale. To determine the precise value, one
needs to evaluate the effective potential at finite
temperature.
The mass of the 4D neutral Higgs boson is determined

from the curvature of the effective potential at the mini-
mum. Making use of (2.8), one finds

m2
H ¼ 1

f2H

d2Veff

d!2H

''''''''!H¼ð1=2Þ#
: (4.9)

It follows from (4.4) that
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FIG. 1 (color online). The effective potential Veffð!HÞ in the model. The plot is for Uð!H=#Þ ¼ ð4#Þ2ðkz%1
L Þ%4Veff at zL ¼ 105 (left)

and zL ¼ 1015 (right). Green, blue, and red curves represent Vgauge
eff , Vfermion

eff , and Veff , respectively. The global minima are located at
!H ¼ 1

2# and 3
2#, where the EW symmetry dynamically breaks down to Uð1ÞEM.

1The color factor 3 was missing for the contributions of quarks
in Ref. [26]. The authors thank T. Ohnuma and Y. Sakamura for
pointing out this error.
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Higgs	  decays	  to	  γγ, Zγ	



Higgs	  produc>on	  & decay	

•  produc>on	  
– Vector-‐boson-‐fusion	  
– gluon	  fusion	  
– associate	  produc>on	  

•  decay	  
– b-‐bbar,	  tau-‐taubar	  
– WW,	  ZZ	  (off-‐shell	  decays)	
–  two	  photons	  (2γ)	  
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Higgs	  signal	  strength	
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 0.49± = 0.93 µ       
 bb tagged→H 

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

Figure 17. CMS measurement of the signal
strength µ [21].
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Figure 18. ATLAS measurement of
the signal strength µ [24].

in Fig. 18. The ATLAS results for all channels agree with the SM expectation within about
1� [24].

3.4. Coupling strength

Figure 19. ATLAS measurement of V versus F [25].

parameter value
0 0.5 1 1.5 2 2.5

BSMBR

γκ

gκ

lqλ

duλ

WZλ

fκ

Vκ

68% CL
95% CL

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

Figure 20. CMS measurement of
coupling strength parameters [21].

The coupling strength factors i are a leading-order-inspired parametrisation of the Higgs
boson coupling to a particle or particle class i with respect to the SM expectation. �jk is used
to denote the ratio of two values j and k. The measurements are typically a result of a global
fit of a large subset of the Higgs boson analyses and due to the large number of free parameters,
some assumptions have to be made to obtain sensible results with the data of the LHC run



Higgs	  Decay	  in	  GHU	  @	  tree	  level	

•  HWW,	  HZZ, and	  Yukawa	  couplings	  are	  
suppressed	  by	  cosθH	  
	  
	  
	  

•  →Produc>on	  cross-‐sec>ons	  and	  decay	  rates	  
are	  suppressed	  by	  (cosθH)2	  	  

	

June	  17,	  2015	 Kobe	  University	 27	

H
H

f̄

f

Wµ, Zµ

Wν, Zν

yf gHWW,HZZ · gµν



Higgs	  couplings	  in	  GHU	

•  mass	  structure	  	  
	  
	  

•  →	  effec>ve	  couplings	
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θH	  →	  π/2	  :	  anomalous	  coupling	  	



Higgs	  to	  2γ	  decay	

•  Decay	  rate	

Kobe	  University	

contributes. The decay rate is given by [32, 33, 34]

Γ(H → γγ) =
α2g2w
1024π3

m3
H

m2
W

∣

∣

∣
FW +

4

3
Ftop +

(

2(Q(F )
X )2 + 1

2

)

nFFF

∣

∣

∣

2

,

FW =
∞
∑

n=0

gHW (n)W (n)

gw mW

m2
W

m2
W (n)

F1(τW (n)) ,

Ftop =
∞
∑

n=0

yt(n)

ySMt

mt

mt(n)

F1/2(τt(n)) ,

FF =
∞
∑

n=1

yF (n)

ySMt

mt

mF (n)

F1/2(τF (n)) , (4)

where W (0) = W , t(0) = t, τa = 4m2
a/m

2
H and the functions F1(τ) and F1/2(τ) are defined

in Ref. [34]. Q(F )
X is the U(1)X charge of ΨF . ySMt denotes the top Yukawa coupling

in the SM. Note that F1(τ) → 7 and F1/2(τ) → −4
3 for τ → ∞. The extra fermion

multiplet ΨF contains particles with electric charges (Q(F )
X ± 1

2)e. It will be seen below

that the contribution FF is small for θH < 0.5. The HW (n)W (n)† coupling gHW (n)W (n) and

the Yukawa couplings yt(n) and yF (n) are unambiguously determined in the gauge-Higgs

unification. The infinite sums in (4) turn out finite. The expression for FW corresponds

to the amplitude in the unitary gauge. It has been shown in Ref. [35] that the correct

amplitude is reproduced in the unitary gauge in the SM.

In the gauge-Higgs unification the HW (n)W (n)† and Yukawa couplings result from the

trFµ5F µ5 term and ΨΓ5A5Ψ terms in the action, where the vector potential A5 contains

the 4D Higgs field. To good approximation gHWW ∼ gSMHWW cos θH = gwmW cos θH and

yt ∼ ySMt cos θH .

One finds that

IW (n) =
gHW (n)W (n)

gwmW (n) cos θH
= −

√

kL(z2L − 1)
sin θH
NW (n)

C(1;λW (n))

S(1;λW (n))
,

NW (n) =

∫ zL

1

dz

z

{

(1 + cos2 θH)C(z;λW (n))2 + sin2 θH Ŝ(z;λW (n))2
}

,

C(z;λ) =
π

2
λzzLF1,0(λz,λzL) ,

S(z;λ) = −
π

2
λzF1,1(λz,λzL) , Ŝ(z;λ) =

C(1;λ)

S(1;λ)
S(z;λ) . (5)

We note that S(1;λW (n)) = 0 at θH = 0. The values IW (n) are plotted in Fig. 4 for nF = 3

and θH = 0.360 (zL = 108). One sees that the sign of IW (n) alternates as n increases, and

7

W-‐loop	

top	  loop	

New	  fermions’	  loop	
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Higgs	  to	  2γ	  (2)	
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FW =

X

n

IW (n)
mW

mW (n)
cos ✓HF1(⌧W (n)),

Ft =

X

n

It(n)
mt

mt(n)
cos ✓HF1/2(⌧t(n)),

FF =

X

n

IF (n)
mt

mF
sin

✓H
2

F1/2(⌧F (n)),

its magnitude is almost constant; IW (n) ∼ (−1)n{0.14 + 0.0025 lnn+ 0.0011(lnn)2} in the

range 50 < n < 200. Note that |gHW (n)W (n)| itself increases with mW (n) , in sharp contrast

to the behavior in the UED models.[8]

Similar behavior is observed for the Yukawa couplings of the top tower. One finds that

It(n) =
yt(n)

ySMt cos θH
= −

gw
2ySMt

√

kL(z2L − 1)
sin θH
Nt(n)

CL(1;λt(n), ct)

SL(1;λt(n), ct)
,

Nt(n) =

∫ zL

1

dz
{

(1 + cos2 θH + 2rt)CL(z;λt(n) , ct)
2 + sin2 θH ŜL(z;λt(n) , ct)

2
}

,

CL(z;λ, c) =
π

2
λ
√
zzLFc+(1/2),c−(1/2)(λz,λzL) ,

ŜL(z;λ, c) =
CL(1;λ, c)

SL(1;λ, c)
SL(z;λ, c) . (6)

The values It(n) are plotted in Fig. 4. The value of It(n) alternates in sign as n increases,

and the magnitude of yt(n) are almost constant for large n.
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Figure 4: The ratios IW (n) = gHW (n)W (n)/gwmW (n) cos θH in (5), It(n) = yt(n)/ySMt cos θH in
(6) and IF (n) = yF (n)/ySMt sin 1

2θH in (7) are plotted for nF = 3 and θH = 0.360 (zL = 108)
in the range 1 ≤ n ≤ 100. (✷: the top quark tower, ✸: the W tower, ⃝: the ΨF tower)
IW (0) = 1.004 and It(0) = 1.012. The sign of gHW (n)W (n), yt(n) and yF (n) alternates as n
increases. IW (1) , It(1) , IF (1) < 0.

The behavior of the yF (n) of the extra fermion is slightly different. In contrast to quarks

and leptons, the lowest mode F (1) in the KK tower of ΨF is massive at θH = 0; its mass is

approximately given by mF (1)(θH) ∝ cos 1
2θH . Its Yukawa coupling is, therefore, expected

to be yF (1) ∝ sin 1
2θH , becoming small for small θH . Indeed one finds

IF (n) =
yF (n)

ySMt sin 1
2θH

= −
gw

4ySMt

√

kL(z2L − 1)
cos 1

2θH
NF (n)

CR(1;λF (n), cF )

SR(1;λF (n), cF )
,

8

log(1 + x) =

X

n=1

�(�1)

n
x

n

n

log-‐type	  convergence:	  (Falkowski	  2008,	  Maru-‐Okada	  2008)	
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Higgs	  to	  2γ	  (3)	

�(H � ⇥⇥) =
�2g2

w

1024⇤3

m3

H

m2

W

���F
total

���
2

F
total

= FW +
4

3
Ft +

1

2
nFFF

✓H

F
total

F
total

/(FW (0) + Ft(0))

Ft/Ft(0)

FF /Ft(0)

Ft(0)

FW (0)

FW /FW (0)

0.3600.117

8.330

0.9996

�1.372

0.998

�0.0034

6.508

1.001 1.011

6.199

7.873

0.998

�1.305

0.990

�0.033

16

H ! ��

Kobe	  University	

Hosotani@Tohoku	  2013	
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H	  to	  2γ(4)	  :	  signal	  strength	  	

•  Signal	  strength	  :	  	  
	  

Kobe	  University	

�H�prod ·Br(H ! ��)
�H�prod
GHU

�H�prod
SM

' cos

2 ✓H

Br(H ! ��)GHU

Br(H ! ��)SM
' 1 * BrGHU =

�(H ! ��)

�total
' �(H ! ��)SM cos

2 ✓H
�SM,total cos

2 ✓H
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H→Zγ	  decay	
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In	  a	  naïve	  model	  [Maru-‐Okada,	  2012],	  decay	  rate	  of	  this	  mode	  
vanishes.	  
	  
In	  our	  model,	  Unlike	  the	  γγ	  decay,	  
•  KK	  non-‐converving	  ZW(n)W(m),	  Zt(m)t(n),	  (m≠n)	  couplings	  
•  ZWWR,	  ZWRWR	  couplings,	  
•  ZtB	  couplings	  
are	  allowed	  
	  
Summing	  up	  all	  KK	  modes,	  the	  amplitude	  is	  found	  to	  be	  finite.	  
(HH,	  Hosotani,	  Funatsu,	  to	  appear	  soon)	  
	  
	  



Universality	  and	  Collider	  Signature	

Kobe	  University	

PRD89,095019	  [arXiv:1402.2748]	
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Universality	
•  #	  free	  parameters	  
•  KK	  scale,	  	  

Z(1)	  mass	  
	  
	  

•  Higgs	  self	  couplings	  
	  
	  
	  

•  masses	  and	  couplings	  of	  SM	  fields	  are	  
governed	  by	  one	  parameter	  :	  θH	

Kobe	  University	

m
Z

(1)
R

∼
1038GeV

(sin θH)0.784
,

mZ(1) ∼
1044GeV

(sin θH)0.808
,

mγ(1) ∼
1056GeV

(sin θH)0.804
. (3.5)

The relation between θH and mZ(1) is plotted in Fig. 1 for nF = 0, 1, 3, 6. One can see that

the curve is universal, independent of nF . (The case of nF = 0 corresponds to θH = 1
2π

and the stable Higgs boson.)
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Figure 1: θH vs mZ(1) for mH = 126GeV with nF degenerate dark fermions.

Similarly the Higgs cubic and quartic self-couplings, λ3 and λ4 are plotted against θH

for nF = 0, 1, 3, 9 in Fig. 2. The fitting curves are given by

λ3/GeV = 26.7 cos θH + 1.42(1 + cos 2θH) ,

λ4 = −0.0106 + 0.0304 cos 2θH + 0.00159 cos 4θH . (3.6)

These numbers should be compared with λSM
3 = 31.5GeV and λSM

4 = 0.0320 in the SM.

We note that the effective potential Veff(θH) is bounded from below so that the negative

λ4 for θH > 0.6 does not cause the instability. In the gauge-Higgs unification there is no

instability problem in the Higgs couplings.

It should be noted that no universality is found in the mass spectrum of the dark

fermions. The mass mF (1) is plotted in Fig. 3 for various nF .
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Figure 2: θH vs λH
3 and λH

4 for mH = 126GeV with nF degenerate dark fermions. In the
SM λSM

3 = 31.5GeV and λSM
4 = 0.0320. The fitting curves are given by (3.6).
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Figure 3: θH vs mF for mH = 126GeV with nF degenerate dark fermions.

The universality relations are determined with the fixed Higgs boson mass mH . If mH

were smaller or larger than the observed value, the universality relations would slightly

change. The KK mass scale mKK increases as mH . The fitting curve is parmetrized as

mKK = α/| sin θH |β with given mH . The values of α and β for various mH are tabulated

in Table 3. We plotted mKK(θH) for mH = 110, 126, 140GeV in Fig. 4.

We stress that the universality leads to powerful predictions. Once the value of θH is

determined from, say, mZ(1), many other quantities are predicted for experimental confir-

mation. The gauge-Higgs unification scenario is very predictive.

13
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Vector	  boson-‐fermion	  coupling	
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Large	  right-‐handed	  couplings	  to	  1st	  KK	  bosons	  in	  the	  RS	  space	  

Gherghe1a-‐Pomarol	  (2000):	  
do1ed	  :	  g(1)/g	

localiza>on:	  
←IR	  brane,	  UV	  brane→	

y0 y1

fermion	  wave-‐func>ons	  (in	  the	  flat	  orbifold)	

T. Gherghetta, A. Pomarol / Nuclear Physics B 586 (2000) 141–162 153

∫
d4x

∫
dy

√−g g5Ψ̄ (x, y)iγ µAµ(x, y)Ψ (x, y), (51)

where g5 is the five-dimensional gauge coupling. Using the expression for the zero-mode
fermion (49), the gauge coupling of a gauge boson Kaluza–Klein mode n to the zero-mode
fermions is

g(n) = g

(
1− 2c

e(1−2c)πkR − 1

)
k

Nn

πR∫

0

dy e(1−2c)σ

×
[
J1

(
mn

k
eσ

)
+ b1(mn)Y1

(
mn

k
eσ

)]
, (52)

where g = g5/
√
2πR is the four-dimensional gauge coupling, and c is defined in Eq. (8).

In Fig. 1, we show the ratio g(n)/g, for n = 1,2,3, as a function of c. When c is large and
negative, the fermion is localized near the TeV-brane and the ratio g(1)/g approaches the
asymptotic limit g(1)/g ≃

√
2πkR ≃ 8.4, which corresponds to a TeV-brane fermion [5,6].

In this region the first excited Kaluza–Klein mode of the gauge boson couples strongly to
the fermion zero-mode, leading to a restrictive lower bound on the first excited Kaluza–
Klein mass scale m1 ! 20 TeV [5]. At c = 0, we recover the massless fermion case
considered in Ref. [8]. As the value c of the bulk fermion mass increases, we find that
the bound considerably weakens, because the fermion zero mode couples less strongly. At
the conformal limit c = 1/2, the coupling completely vanishes due to the fact that the five-
momentum is conserved in this limit. For c > 1/2, the coupling quickly becomes universal
for all fermion masses. This is because the fermions are now localized near the Planck-
brane, where the wavefunction of the Kaluza–Klein gauge bosons is constant. In this region
the asymptotic limit g(1)/g ≃ −0.2, agrees with the case of a Planck-brane fermion [6].
If all fermions have equal five-dimensional masses, the bound from electroweak precision
experiments on the first excited Kaluza–Klein mass is

Fig. 1. The ratio of the gauge couplings, g(n)/g, for n = 1 (dotted line), n = 2 (solid line) and n = 3
(dashed-dotted line), as a function of the dimensionless fermion mass parameter c.



Z’	  search	

•  1st	  KK	  SM	  par>cles	  and	  WR
(1),	  ZR(1)	  bosons:	  

nearly	  degenerated	  
•  In	  GHU	  in	  warped	  space,	  1st	  KK	  gauge	  bosons	  
have	  large	  right-‐handed	  couplings	  to	  the	  SM	  
fermions	  

•  Z’	  states	  with	  broad	  resonances	  in	  pp→l+l-‐	  
processes	  

•  SM	  couplings	  are	  “universal”	  –	  depend	  only	  on	  
θH(or	  zL),	  irrespec>ve	  to	  the	  number	  of	  spinor.	  
rep.	  fermions.	  

Kobe	  University	
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2. ct and rt are determined from (C.4) and (C.7) such that the observed masses of the

top and bottom quarks are reproduced.

3. Now Veff(θH) in (3.3) is evaluated with cF being a parameter. cF is determined by

the condition
dVeff

dθH

∣

∣

∣

∣

θ1

= 0 , (3.4)

which assures that the minimum of Veff(θH) is located at θ1.

4. With these parameters the Higgs boson mass mH is evaluated from (3.2). This gives

mH(θ1), which, in general, differs from the observed value mH = 126GeV.

5. We vary the value θ1 and repeat the procedure from step 1 until we get mH(θ1) =

126GeV.

In this manner the value θH = θ1 at the minimum is determined as θH(zL, nF ). All other

quantities such as the mass specta of all KK towers, gauge couplings of all particles, and

Yukawa couplings of all fermions are determined as functions of zL, nF . Determined values

for θH , mKK, mZ(1) , etc. are tabulated in Table 1 in the case of nF = 5.

Smaller ct and cF correspond to heavier masses of the top quark and dark fermions

F+(1) and F 0(1) and give larger contributions to Veff(θH). As nF gets larger, cF (mF (1))

becomes larger (smaller) with fixed mH , as the contribution from each dark fermion to Veff

becomes small. Given nF , only a limited region for zL is allowed. For nF = 1, 2, 3 one

cannot reproduce the Higgs mass 126GeV when zL becomes too small. When nF ≥ 4, one

cannot reproduce the top quark mass for zL < 104.

Table 1: Parameters and masses in the case of degenerate dark fermions with nF = 5. All
masses and k are given in units of TeV.

zL θH mKK k ct cF mF (1) m
Z

(1)
R

mZ(1) mγ(1)

109 0.473 2.50 7.97× 108 0.376 0.459 0.353 1.92 1.97 1.98
108 0.351 3.13 9.97× 107 0.357 0.445 0.502 2.40 2.48 2.48
107 0.251 4.06 1.29× 107 0.330 0.430 0.735 3.11 3.24 3.24
106 0.172 5.45 1.74× 106 0.292 0.410 1.11 4.17 4.37 4.38
105 0.114 7.49 2.38× 105 0.227 0.382 1.75 5.73 6.07 6.08
104 0.0730 10.5 3.33× 104 0.0366 0.333 2.91 8.00 8.61 8.61

Dark fermions may not be degenerate. Suppose that nh
F multiplets have the bulk mass

cFi
= chF , and nl

F multiplets have cFi
= clF . Small difference between chF and clF can yield a

10

LHC(8TeV)	  

LHC(14TeV)	  

629 GeV. The masses of Z ′ bosons are heavier than the plot range of Fig. 5. However the

decay widths of Z ′ bosons are very wide and the deviation from the SM is large. Therefore

the θH = 0.251 case is excluded by the 8 TeV LHC experiments.
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Figure 5: The differential cross section multiplied by an integrated luminosity of 20.6 fb−1

for pp → µ+µ−X at the 8 TeV LHC for θH = 0.114 (red solid curve) and for θH = 0.251
(blue dashed curve). The black dashed line represents the SM background.

On the other hand, at 14 TeV LHC experiments, we expect the signals. Figure 6 shows

the differential cross section dσ/dMµµ in the range 3TeV < Mµµ < 9TeV for θH = 0.114

and 0.073. The contributions from Z(2) boson and higher KK modes are negligible because

the couplings are very small and the widths are very narrow (see Table 4). One sees a very

large deviation from the SM, which can be detected at the upgraded LHC.

5 CONCLUSIONS

In the present paper we have explored LHC signals of the SO(5) × U(1) gauge-Higgs

unification, particularly dilepton events associated with the production and decay of the Z ′

bosons at 14TeV LHC. In the SO(5)×U(1) gauge-Higgs unification the four-dimensional

Higgs boson appears as a part of the extra-dimensional component of the SO(5) gauge

fields, and the quark or lepton multiplets are introduced in the vector representation of

SO(5). In addition, dark fermions are introduced in the spinor representation of SO(5),

which are vital to realize the observed unstable Higgs boson.

The four-dimensional Higgs boson is the fluctuation mode of the Aharonov-Bohm phase

θH in the fifth dimension. The phase θH , determined by the location of the global minimum
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Figure 6: The differential cross section for pp → µ+µ−X at the 14 TeV LHC for θH =
0.114 (red solid curve) and for θH = 0.073 (blue dashed curve) . The nearly straight line
represents the SM background.

of the effective potential Veff(θH), plays an important role in determining the couplings

among gauge boson, quarks and leptons, and the Higgs boson. It has been known that the

value θH < 0.2 is consistent with the data at low energies.

The shape of Veff(θH), and therefore the location of global minimum θH , sensitively

depends on the details of the dark fermion sector, which could spoil the predictabil-

ity of the gauge-Higgs unification scenario. On the contrary, we have shown that there

holds the universality in the relations among mKK, mZ(1), mγ(1) , m
Z

(1)
R

, λ3, λ4 and

θH , irrespective of the details of the dark fermion sector. For instance, one finds that

mZ(1)(θH) ∼ 1044GeV/(sin θH)0.804. The universality implies that once the value of, say,

mZ(1) is determined from experiments, then other quantities such as λ3 and λ4 are predicted

to be tested.

In the SO(5)×U(1) gauge-Higgs unification the three gauge bosons, Z(1)
R , Z(1), and γ(1),

appear as Z ′ bosons in dilepton events at LHC. It is interesting that the masses of these

bosons turn out around 6 (8TeV) for θH = 0.114 (0.073), which is exactly in the region

explored at the 14TeV LHC. As right-handed quarks and leptons have large couplings to

those Z ′ bosons, the widths of those bosons become large; the decay widths of Z(1)
R , Z(1)

and γ(1) are 482, 342 and 886GeV (553, 494GeV and 1.04TeV) for θH = 0.114 (0.073).

Notice the relatively large ratio of width/mass = 0.06 ∼ 0.15 in contrast to that of the Z

boson. As the difference in masses of Z(1) and γ(1) is small, there should appear two peaks

in dilepton events. Due to the large widths the excess of events over those expected in
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SO(5)-‐spinor	  fermion	  as	  Dark	  Fermion	
•  SO(5)-‐spinor	  fermions	  :	  no	  mixing	  with	  SO(5)	  vector	  
fermion	  
–  conserving	  fermion	  number	  
–  lightest	  and	  neutral	  one	  :	  DM	  candidate	  
“Dark	  Fermion”	  

•  DF	  does	  not	  have	  zero	  mode	  
	  
	  
–  F(1)	  can	  be	  around	  a	  half	  of	  1st	  KK	  boson	  masses	  
–  small	  Yukawa	  coupling	  	  
[YF	  is	  suppressed	  by	  sin(θH/2)]	  

•  F	  is	  the	  mixture	  of	  SU(2)L	  and	  SU(2)R	  doublets	  
	  
	  
– WFF,ZFF	  couplings	  :	  suppressed	  by	  	  sin2(θH/2)	

Kobe	  University	
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WIMP	  DM	  relic	  abundance	
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DM	  complementarity	
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DM

DM

SM

SM

1.Relic	  Density	  →	  DM	  annihila>on	

2.	  Direct	  Detec>on	  →	  DM-‐nucleon	  sca1ering	
3.	  LHC	  signal	  →	  DM	  pair	  crea>on	

V

Not	  only	  structure	  of	  interac>on	  operator	  
	  
	  
kinema>cal	  suppressions/enhancements	  are	  also	  important	
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•  Suitable	  annihila>on	  cross	  sec>on	  of	  mul>	  TeV	  dark	  
ma1er	  
	  
can	  be	  obtained	  :	  	  
1.  Enhancement	  due	  to	  Breit-‐Wigner	  resonances	  when	  

mF	  ≈	  mV/2	  
2.  Large	  right-‐handed	  couplings	  to	  1st	  KK	  bosons	  in	  the	  

RS	  space-‐>me	  also	  enhance	  the	  annula>on	  cross	  
sec>on	  

•  Annihila>on	  of	  DFs	  are	  dominated	  by	  following	  processes:	  
	  
	  
	  

•  small	  ZFF,	  HFF	  coupling	  save	  from	  constraints	  by	  DM	  
direct	  detec>on	  

fSM

f̄SM

Z ′ = Z
(1)
R , γ(1)

F

F̄
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•  F+,	  F0	  :	  degenerate	  @	  tree	  level	  
•  degeneracy	  is	  liwed	  @	  1-‐loop	  level	  
	  
	  

•  F+	  becomes	  heavier	  than	  F0	  by	  a	  few	  GeV	  
•  awer	  the	  freeze-‐out,	  F+	  decays	  to	  F0	  (beta-‐
decay	  like)	
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�(n)

F+ F+(m) F+

Figure 1: Diagrams contributing to the fermion mass di↵erence �mF = �mF+ � �mF 0 .

F± and F 0, �mF± � �mF 0 , can be evaluated in an analogous way as in the universal extra

dimension [72], and in the case of the warped extra dimension it is estimated by

�mF± � �mF 0 ⇠ mF
↵EM

4⇡
· K, (3.5)

where ↵EM is the electromagnetic fine-structure constant. In UED K = ln(⇤2/µ2) where

⇤ and µ is the cut-o↵ scale and a renormalization scale, respectively, and ⇤/µ ⇠ O(10).

In the RS space-time only the first few KK excited states of each fields enter the quantum

corrections. In particular the coupling of right-handed F±(1) to �(1) is several times as

large as the electromagnetic coupling. It follows that K ⇠ O(10). Similarly, quantum

corrections due to higher-KK modes to the gauge couplings also become small, and a large

cut-o↵ scale is allowed.[73]

A charged dark fermion decays to a neutral dark fermion and a charged vector bosons,

hence to charged leptons and neutrinos, or light down-type quarks and up-type antiquarks.

(See Fig. 2)

F�
F̄ 0

`�

⌫̄

V �

Figure 2: Charged dark fermion decay. `� and ⌫̄ can be replaced with down-type quarks
and up-type anti-quarks, respectively.

In the SO(5)⇥U(1) GHU model, we have three charged vector bosons at low energies:

W , the 1st KK excited state of W , and the lowest KK mode of the WR boson. A charged

dark fermion F+ decays to F 0 mainly by emitting a W boson, because W (1) is heavy and

interacts with F+ and F 0 very weakly, and W (1)
R cannot decay to the SM fermions. If the
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dimension [72], and in the case of the warped extra dimension it is estimated by
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↵EM
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· K, (3.5)

where ↵EM is the electromagnetic fine-structure constant. In UED K = ln(⇤2/µ2) where

⇤ and µ is the cut-o↵ scale and a renormalization scale, respectively, and ⇤/µ ⇠ O(10).

In the RS space-time only the first few KK excited states of each fields enter the quantum

corrections. In particular the coupling of right-handed F±(1) to �(1) is several times as

large as the electromagnetic coupling. It follows that K ⇠ O(10). Similarly, quantum

corrections due to higher-KK modes to the gauge couplings also become small, and a large

cut-o↵ scale is allowed.[73]

A charged dark fermion decays to a neutral dark fermion and a charged vector bosons,

hence to charged leptons and neutrinos, or light down-type quarks and up-type antiquarks.

(See Fig. 2)
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and up-type anti-quarks, respectively.

In the SO(5)⇥U(1) GHU model, we have three charged vector bosons at low energies:

W , the 1st KK excited state of W , and the lowest KK mode of the WR boson. A charged

dark fermion F+ decays to F 0 mainly by emitting a W boson, because W (1) is heavy and

interacts with F+ and F 0 very weakly, and W (1)
R cannot decay to the SM fermions. If the
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•  In	  nF=3	  case,	  2mF	  is	  very	  close	  to	  mZ(1),	  BW	  enhancement	  occures	  
•  nF>=4,	  relic	  densi>es	  are	  bigger	  than	  the	  experimental	  bounds	  for	  

zL<10^5　	
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Figure 5: Relic density of neutral dark fermions in the case of nf degenerate dark fermion
multiplets (nF = 3, 4, 5, 6). Data points are, from right to left, zL = 104 (2 ⇥ 104) to 105

with a step of 104, 106, 107 and 108 for nF = 4, 5, 6 (nF = 3). The current observed limit of
⌦DMh2 and the lower bound of the over-closure of the universe are indicated as horizontal
lines.

We remark that for nF = 3 the relic density becomes very small at zL ⇠ 3 ⇥ 104 due

to the fact that the masses of the 1st KK vector bosons are very close to twice the mass

of dark fermions, and the enhancement due to the Breit-Wigner resonance happens. A

similar mechanism occurs in some of the universal extra-dimension models[38, 39, 41, 42].

3.4 Current mixing

So far it has been supposed that nF multiplets of SO(5)-spinor fermions  Fi
are degenerate.

There is an intriguing scenario that some of them are heavier than others, only the lightest

F 0(1)
i ’s becoming the dark matter. A typical mass of F 0(1)

i is 1 ⇠ 3TeV. We show that the

mass di↵erence of O(200)GeV and small mixing could fulfill this job.

Let us denote the lightest particles of heavy and light SO(5)-spinor fermions by (F+
h , F 0

h )

and (F+
l , F 0

l ), respectively. Charged F+
l and F+

h are heavier than the corresponding neutral

ones, and are supposed to decay su�ciently fast. F 0
h also needs to decay su�ciently fast

in order for the scenario to work. F 0
h can decay either as ! F 0

l + Z or as ! F+
l + W� !

F 0
l + W+ + W� as shown in Fig. 6. For this process the o↵-diagonal neutral or charged

current is necessary. We examine in this subsection how the o↵-diagonal currents are

generated.

18
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non-‐degenerate	  DF	
•  Degenerate	  cases	  

–  nF =	  3,	  too	  few	  DM	  
–  nF>=4,	  too	  much	  DM	  

•  For	  nF >=4,	  to	  reduc	  DM	  density,	  we	  consider	  non-‐
degenerate	  cases	  
–  nF	  DFs	  →	  light	  DFs	  light	  and	  heavy	  DFs	  
	  

–  Relic	  densi>es	  are	  reduced	  to	  nF
light/nF of	  degenerate	  one	  

•  bulk	  mass	  parameters	  (cF
light,heavy)	  are	  tuned	  so	  that	  mH=126GeV	  and	  

θH	  unchanged	  
→new	  tunable	  parameter	  :	  ΔcF

•  mixings	  between	  Fh	  and	  Fl	  comes	  from	  mixing	  mass	  terms	  in	  bulk	  or	  
on	  branes	  
→Fh	  obey	  opposite	  b.c.	  (ηF= -1)	  

•  in	  heavy	  dark	  fermions,	  SU(2)L	  components	  dominate	  	  
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mass	

F+heavy	

F0heavy	

F+light	
F0light	

few	  GeV	

few	  GeV	

O(100)GeV	

•  heavy	  fermions’	  number	  density	  is	  suppressed	  by	  Boltzman	  factor:	  
	  
	  
	  

•  If	  eta	  is	  sufficiently	  large,	  at	  the	  freeze-‐out,	  number	  density	  of	  heavy	  fermions	  
becomes	  negligible.	  
→	  relic	  density	  is	  reduced	  
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Figure 8: Relic density of the dark fermion versus mDM = mFl
for nF = 4 (nlight

F =
1, nheavy

F = 3). Thick-solid and thick-dotted lines are �cF ⌘ cFl
� cFh

= 0.06 and 0.04,
respectively. Data points are, from right to left, zL = 104 to 105 with an interval 104,
3⇥ 105 and 106. Horizontal lines around ⌦DMh2 ⇠ 0.12 show the observed 68% confidence
level (CL) limit of the relic density of the cold dark matter.
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DM	  direct	  detec>on	

•  dominant	  sca1ering	  processes:	

Kobe	  University	

F 0 F 0

q q

Z

F 0 F 0

q q

Z
(1)
R

F 0 F 0

H

q q

Figure 10: Dominant and subdominant processes of the F 0-nucleus scattering

Subdominant are the processes of Z(1)
R and Higgs exchange. Contributions from other

processes are negligible.

In the scattering of F 0 on nuclei with large mass number A, scalar and vector interac-

tions dominate for the spin-independent cross section. Therefore the e↵ective Lagrangian

at low energies is given by

Lint '
X

q

(

�
✓

g2
wvq

m2
Z cos ✓2W

VF +
g2
wv

(Z
(1)
R )

q

m2

Z
(1)
R

V
(Z

(1)
R )

F

◆

q̄�0q F̄ 0�0F
0 +

yqYF

m2
H

q̄qF̄ 0F 0

)

. (4.1)

To evaluate the scattering amplitude by the Higgs exchange, we need estimate the

nucleon matrix element

hN |mq q̄q|Ni = mNf (N)
Tq , (4.2)

where N = p, n. For heavy quarks (Q = c, b, t) one has

f (N)
TQ =

2

27

✓

1�
X

q=u,d,s

f (N)
Tq

◆

. (4.3)

In the GHU model, quark couplings satisfy vq|GHU ' vq|SM and

yq|GHU ' yq|SM cos ✓H =
gw

2mW

mq cos ✓H , (4.4)

to good accuracy.[21] Therefore, by dropping the small momentum dependence of the form

factor, the spin-independent cross section of the F 0-nucleus elastic scattering becomes

�0 ⌘
Z 4M2

r v
2

0

d�

d|q|2
�

�

�

�

|q|=0

d|q|2

=
M2

r

⇡

n

Z (bp + fp) + (A � Z) (bn + fn)
o2

, (4.5)

where Mr is the F 0-nucleus reduced mass and Z (A) is the atomic (mass) number of the

nucleus. |q| is the momentum transfer and

bp = 2bu + bd , bn = bu + 2bd ,

26

suppression	  factors	
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DM-‐nucleon	  cross	  sec>on	
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Figure 11: The spin-independent cross section of the F 0-nucleon elastic scattering for
104  zL  105. The orange diamonds and light blue stars represent the nF = 4 and
nF = 5 cases of degenerate dark fermions with a step of 104 in zL, respectively. Red circles
and blue squares represent the cases of non-degenerate dark fermions (nlight

F , nheavy
F ) = (1, 3)

with �cF = 0.04 and 0.06, respectively. The black solid line and green dashed line are the
90% confidence limits set by the 85.3 live-days result of the LUX experiment[64] and the
225 live-days result of the XENON100 experiment[63], respectively. For reference we have
added the expected limit by the 300 live-days result of the LUX experiment. The XENON
1T experiment is expected to give a limit one order of magnitude smaller than that of
the LUX 300 live-days experiment in the cross-section. The purple and light purple bands
represent the regions allowed by the limit of the relic density of DM at the 68 % CL depicted
in Fig. 9 and by twice of that. The model with dark fermions of 2.3TeV < mFl

< 3.1TeV
(4⇥ 104 > zL > 104) gives a consistent scenario.

5 Conclusion and discussions

In the present paper we have given a detailed analysis of DM in GHU. In the SO(5)⇥U(1)

GHU, the observed unstable Higg boson is realized by introducing SO(5)-spinor fermions.

Spinor fermions do not directly interact with SO(5)-vector fermions which contain the

SM quarks and leptons. Therefore the total spinor-fermion number is conserved and the

lightest one can remain as dark matter in the current universe. Such fermions are referred

to as “dark fermions”.

In Sec. 3 we have evaluated the relic density of the dark fermions. Although charged

and neutral dark fermions are degenerate at tree level, charged fermions become heavier
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Summary	
•  	  Gauge-‐Higgs	  Unifica>on	  model	  which	  yields	  126GeV	  Higgs	  mass	  is	  

constructed	  
•  H→γγ	  is	  finite,	  and	  small	  devia>on	  from	  SM	  value	  for	  small	  θH	  
•  SM	  part	  of	  this	  model	  is	  approximately	  described	  by	  one	  free	  

parameter	  (universality)	  
–  Higgs	  triple	  and	  quar>c	  couplings	  depend	  on	  θH.	  In	  par>cular	  quar>c	  

coupling	  deviates	  significantly	  from	  the	  SM.	  
•  Z’	  signals	  in	  LHC8,	  LHC14	  are	  studied.	  

–  LHC8	  has	  constrained	  zL	  <	  105	  	  
•  Neutral	  Spinorial	  Fermions	  are	  possible	  DM	  candidate.	  

–  Degenerate	  cases:	  too	  li1le	  DM	  for	  nF=3	  and	  too	  much	  for	  nF>=4	  
–  Non-‐degenrate	  cases:	  1-‐light	  and	  3-‐heavy	  DF	  with	  zL	  <=4*10^4	  is	  

possible	  solu>on	  	  
→	  to	  be	  checked	  future	  direct	  detec>on	  experiments	
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BACK	  UP	  SLIDES	
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Plan	

•  SO(5)×U(1)	  GHU	  with	  126GeV	  Higgs	  
• Higgs	  produc>on/decay	  (H→γγ,gg)	  
•  LHC	  signals	  
•  Dark	  Ma1er	  	  
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toward	  a	  realis>c	  GHU	  model	
•  S1	  →	  S1/Z2	  
–  chiral	  structure	  of	  fermions	  
–  SU(2)	  fund.	  repl.	  Higgs	  

•  Warped	  geometry	  (Randall-‐Sundrum,	  etc.)	  
–  small	  Kaluza-‐Klein	  scale	  
–  top	  quark	  heavier	  than	  W	  boson	  

•  Extending	  unified	  group	  GEWU	  (⊃SU(2)LxU(1)Y)	  
–  to	  accommodate	  custodial	  SO(4)	  symmetry	  
–  tune	  Weinberg	  angle	  :	  extra	  U(1)	  

•  →	  SO(5)xU(1)	  GHU	  model	  :	  a	  minimal	  model	  of	  
realis>c	  GHU	  	
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SO(5)-‐spinorial	  fermions	  as	  DM	

•  spinorial-‐representa>on	  fermions	  do	  not	  decay	  
quarks/leptons	  
→	  the	  lightest	  states	  are	  stable	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  “dark	  fermions”	  

•  Choosing	  U(1)X	  charge	  QX=1/2	  
→	  one	  of	  the	  fermion	  in	  SU(2)	  doublet	  is	  neutral	  
→	  possible	  dark-‐ma1er	  candidate	  

•  Features	  
– DM	  sca1ering	  cross	  sec>on	  is	  small	  due	  to	  suppressed	  
Higgs-‐Yukawa	  and	  Z-‐boson	  couplings	  

–  rich	  structure	  of	  annihila>on	  cross	  sec>on	  
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and	  Ψ3	  ,	  Ψ4	  for	  leptons…	

Vector	  bosons	  AM,BM	  decomposes	  	

Two	  SO(5)-‐vector	  bulk	  fermions	  decomposes	

SO(5)-‐spinor	  fermion	

•  F	  has	  no	  mixing	  with	  SM	  fermions	  
→lightest	  mode	  F(1)	  is	  stable	  

•  QX=±1/2	  	  
→	  one	  of	  F	  is	  neutral	  	  

F	  can	  be	  WIMP	  DM	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  “Dark	  Fermion”	
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mass	  spectra	

•  SM	  par>cles	  and	  their	  KK	  
excited	  states	  
	  (zero	  and	  KK	  modes)	  

•  exo>c	  par>cles	  (KK	  modes)	  
	  
	  

•  extra	  fermion	  doublets	  F	  
–  electric	  charge	  
–  lightest	  non-‐SM	  par>cles	  

Kobe	  University	
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lower	  bound	  of	  zL	

Kobe	  University	
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For	  zL	  <	  10^4,	  no	  solu>on	  of	  ctop	  with	  which	  mt=173GeV	  is	  sa>sfied	
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couplings	

•  once	  KK	  spectra	  of	  the	  fields,	  one	  can	  obtain	  
the	  couplings	  between	  fields,	  in	  terms	  of	  the	  
overlap	  of	  the	  wave-‐func>ons	  in	  the	  extra	  
dimension	  

•  We	  have	  summarized	  the	  couplings	  between	  
SM	  fermion	  [spinorial	  fermions]	  and	  vector	  
bosons/Higgs	  boson	  in	  Appendices	  of	  our	  
recent	  papers	  
	  (1404.2748	  and	  1407.3574)	  
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Dark	  Fermion	  -‐	  couplings	

ηF＝＋１	 ηF＝ー１	

WFF,	  ZFF	 suppressed	 unsuppressed	

W(1)FF,	  Z(1)FF	 suppressed	 unsuppressed	

ZRFF	 unsuppressed,	  large	  RH-‐couplings	

WRFF	 unsuppressed,	  large	  RH-‐couplings	  
(no	  couplings	  with	  quarks/leptons)	

HFF	  (Yukawa)	 suppressed	

γFF	 unsuppressed	

γ(1)FF	 unsuppressed,	  large	  RH-‐couplings	
	

HFF	  (Yukawa)	 suppressed	

Kobe	  University	

F	  is	  a	  mixture	  of	  SU(2)L	  and	  SU(2)R	  doublets	  
→	  couplings	  can	  be	  suppressed	  by	  the	  mixing:	  	
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S-‐parameter	

•  Both	  Fl	  and	  Fh	  couples	  to	  the	  Z-‐boson	  in	  
almost	  vector-‐like	  way.	  

Kobe	  University	

Z Z Z γ γ γ
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couplings	  to	  Higgs	

•  Effec>ve	  Lagrangian	  
	  
	  
	  

•  SM	  par>cles	  

•  New	  fermions	  
•  other	  exo>c	  KK	  states	
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L = mW (✓̂)2W 2
µ +mZ(✓̂)

2Z2
µ +mt(✓̂)t̄t+ · · · ,

mW , mZ , mt / mKK sin ✓H

! gHWW , gHZZ , gHt̄t / cos ✓H

mF / mKK cos(✓H/2)

! gHFF / sin(✓H/2)

mX / mKK ⇥ const.

! gHXX = 0
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Higgs	  Produc>on	  &	  Decay	
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Introduc>on	
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Fermion	  mass	  hierarchy	  in	  GHU	

•  Example	  :	  flat	  extra	  dimension	
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 L(y) / exp[�my]
 R(y) / exp[+my]

y0 y1

/ m

sinh[⇡mR]
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