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Introduction
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Two big issues in particle physics
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Electro-Weak Symmetry Breaking

Higgs mechanism:

Not seen yet.

φ

V

Naturalness and the hierarchy problem:

vs Mweak ∼ 103 GeVΛ ∼MPl ∼ 1018 GeV
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Radiative corrections to Higgs mass

m2
0

+
t

∝ Λ2

∼ O((1018 GeV)2)−O((1018 GeV)2) ∼ O((103 GeV)2)

A possible solution: Supersymmetry
t

+ ∼ log Λ
t̃

scalar top

An alternative solution:

Gauge-Higgs unification
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Dark Matter

cluster gas, gravitational lensing, 
colliding clusters

Other evidences:

Rotation curves of galaxies: DM in galactic halo.

http://www.hep.shef.ac.uk/

http://www.hep.shef.ac.uk
http://www.hep.shef.ac.uk
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Cosmic microwave background:

WMAP ΩCDMh2 = 0.1131± 0.0034

http://map.gsfc.nasa.gov/

How particle physics explains the dark matter?

Supersymmetry Neutralino

Gauge-Higgs unification ?

http://map.gsfc.nasa.gov
http://map.gsfc.nasa.gov
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Questions on the dark Higgs scenario

How is it realized?

Does it explain the relic abundance? 

How do we confirm it?

a gauge-Higgs unification model

a constraint on Higgs mass

collider phenomenology

Stable Higgs as Dark Matter (Dark Higgs scenario)
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Gauge-Higgs Unification

8



Minoru TANAKA

Gauge field in higher dimensions
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Five-dimensional space-time:
xµ = (x0, x1, x2, x3)

xM = (xµ, y)

AM = ( Aµ , Ay )Gauge field:

4D vector 4D scalar ∋ Higgs

5D gauge inv. Massless AM

A potential solution to the naturalness problem!
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Dynamical symmetry breaking
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4D Higgs field:  Wilson line (AB) phase

θ̂H(x) ∼ g

� 2πR

0
Ay dy

M4 × S1 (multiply connected)

y = 0
y = 2πR

at quantum level.

Nontrivial               at 1-loop.

�θ̂H� �= 0

Veff(θ̂H)

Hosotani mechanism, 1983

Gauge symmetry is dynamically broken.
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Randall-SundrumM4
! (S1/Z2)

ds2 = dxµdxµ + dy2

y

! < 0

ds2 = e!2k|y|dxµdxµ + dy2

MKK !

1

R

mW ! 0.1 MKK

mH !
"

! mW

!k e
!!kR

?

?

Y. Hosotani, Quantum Physics, Feb. 2005 - 25

identification

AdS

Y. Hosotani

Flat space and warped space

11

Two fixed points: Two branes.y = 0, y = πR

RS warped space Realistic spectrum

warp factor
e−kπR ∼ 10−15
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An SO(5)xU(1) model on RS warped space

12

Agashe,Contino,Pomarol, 2005. Hosotani, Sakamura, 2006.
Medina, Shah, Wagner, 2007. Hosotani, Oda, Ohnuma, Sakamura, 2008.

Randall-Sundrum warped space

Planck brane TeV brane
AdS Λ = −6 k2

�
Aµ

Ay

�
(x, −y) = P0

�
Aµ

−Ay

�
(x, y)P †

0

�
Aµ

Ay

�
(x, πR − y) = P1

�
Aµ

−Ay

�
(x, πR + y)P †

1

Orbifold BC :  P0 , P1

SO(5) × U(1)

Agashe, Contino, Pomarol  2005
Hosotani, Sakamura 2006

Medina, Shah, Wagner 2007

Y. Hosotani,  ICFP2009,  25 September 2009 - 5

y = 0 y = ! R
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P0 = P1 =





−1
−1

−1
−1

+1





SO(5) → SO(4) � SU(2)L × SU(2)R

Aµ ∼









W Z γ

Origin of the Higgs doublet

φ1

φ2

φ3

φ4

Ay ∼








Φ =

�
φ1 + iφ2

φ4 − iφ3

�

Higgs

Y. Hosotani,  ICFP2009,  25 September 2009 - 6

Ay(xµ, y) ∼ θ̂H(xµ)h0(y)T̂ 4 + · · ·
h0(y) = h0(−y)
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SO(5)xU(1) Model on RS

Planck brane TeV braneSO(5) × U(1)X

AM BM





U
D
X
Y
b�




−

1
3





T
B
t
b
t�




2
3

�
T̂R

B̂R

�

�
ÛR

D̂R

�

�
X̂R

ŶR

�

At low energies γ , W , Z
H

�
tL

bL

�
t�
R b�

R · · ·

YH, Oda, Ohnuma, Sakamura 2008
(YH, Noda, Uekusa 2009)

Y. Hosotani,  物理学会,  12 September 2009 - 2

SU(2)L × U(1)Y SU(2)L × SU(2)× U(1)
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Discrete symmetries
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EWSB by Hosotani mechanism

Bulk fermions: vectors (and/or tensors) of SO(5),
no spinors.

4D Higgs field:  Wilson line (AB) phase, θ̂H(x)

Mirror reflection symmetry
y → −y , Ay → −Ay , Ψ→ γ5Ψ

Periodicity: L(θ̂H) = L(θ̂H + 2π)

Reduction of period: L(θ̂H) = L(θ̂H + π)

Parity: L(θ̂H) = L(−θ̂H)
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Effective Lagrangian at the Weak Scale
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Symmetry implications:

Veff(θ̂H + π) = Veff(θ̂H) = Veff(−θ̂H) ,

m2
W,Z

(θ̂H + π) = m2
W,Z

(θ̂H) = m2
W,Z

(−θ̂H) ,

mf (θ̂H + π) = −mf (θ̂H) = mf (−θ̂H) .

Leff = −Veff(θ̂H)−
�

f
mf (θ̂H)f̄f

+m2
W

(θ̂H)W+µW−
µ

+
1
2
m2

Z
(θ̂H)ZµZµ
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A new dynamical parity, H-parity,

Vacuum:  Minimize Veff(θH)

Physical Higgs:

θ̂H(x) =
π

2
+

H(x)
fH

.

fH = 246GeV (⇐ mW = gfH/2)

H(x)→ −H(x) .

π

2
+

H

fH

−π

2
− H

fH

π

2
− H

fHθ̂ → −θ̂ θ̂ → θ̂ + π

EWSB

θH = π/2 .0.5 1.0 1.5 2.0

2
U

2-

4-

6-

H!  /"

gauge

total

fermions

0.5 1.0 1.5 2.0

0.5

U

0.5-

01.-

1.5-

2.0-

2.5-

H!  /"

gauge

total

fermions

Figure 1: The e!ective potential Ve!(!H) in the model. The plot is for U(!H/") =
(4")2(kz!1

L )!4 Ve! at zL = 105 (left) and zL = 1015 (right). Green, blue, and red curves
represent V gauge

e! , V fermion
e! , and Ve! , respectively. The global minima are located at !H = 1

2"
and 3

2", where the EW symmetry dynamically breaks down to U(1)EM.

! "12
!

quarks

"

I
# 1

2(1 + rq)
Q0(q; cq, !H)

$

+ I
# rq
2(1 + rq)

Q0(q; cq, !H)
$

%

"4
!

leptons

"

I
# 1

2(1 + r!)
Q0(q; c!, !H)

$

+ I
# r!
2(1 + r!)

Q0(q; c!, !H)
$

%

,

rq =
(µ̃q)2

(µq
2)2

, r! =
(µ!

3)
2

(µ̃!)2
. (4.4)

In V fermion
e! 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 V gauge
e! .

The relevant contribution comes solely from the multiplet containing a top quark. The top

quark contribution dominates over V gauge
e! in the RS warped space, yielding the minima of

Ve! at !H = ±1
2". In fig. 1, Ve!(!H) is displayed for zL = 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 = 1015 more than for zL = 105.

We observe that

Ve!(!H + ") = Ve!(!H) = Ve!("!H) . (4.5)

It is important in the first equality that all bulk fermions are introduced in the vector

representation of SO(5). If there were a bulk fermion, say, in the spinor representation

of SO(5), 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 Ve! would be located

either at ! = 0 or " so that the EW symmetry would be unbroken.

We also remark that the scale of the depth of the e!ective potential is given by

mKK/(2"3/2). As the universe expands and cools down, the electroweak symmetry break-

10
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Effective Interactions
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Higgs is STABLE!
A good candidate for WIMP DM.

No odd powers of H .

Integrating out KK modes,

energies are invariant under H(x) ! "H(x) with all other fields kept intact at !H = ±1
2".

We call it the H-parity. Among low energy fields only the Higgs field is H-parity odd. The

Higgs boson becomes stable, protected by the H-parity conservation. We stress that the

H-parity has emerged dynamically, unlike in the models of refs. [18, 19] where an additional

Higgs doublet with odd parity is introduced by hand.

The mass functions are evaluated in the RS space. It is found in refs. [10, 11, 12] that,

to a good approximation,

mW (!̂H) # cos !W mZ(!̂H) #
1

2
gfH sin !̂H ,

mF
a (!̂H) # #a sin !̂H , (6)

where !W is the weak mixing angle and the fermion mass matrix has been approximated

by a diagonal one mF
ab = mF

a $ab. If a fermion belongs to spinor representation of SO(5),

one would obtain mF
a # #a sin 1

2 !̂H . As !H = 1
2", one finds that mW # 1

2gfH and mF
a # #a.

The value of fH is given by fH # 246 GeV. We note that this di!ers from the vev of the

Higgs field fH!H .

Inserting (6) into (1), one finds the various Higgs couplings;

Le! # "
!

m2
W W †

µW µ +
1

2
m2

ZZµZ
µ
"

cos2 H

fH
"

#

a

ma%
"

a%a cos
H

fH
. (7)

The WWHH coupling is given by 1
4g

2W †
µW µH2, which is ("1) times the coupling in the

standard model.1 This coupling includes contributions coming from tree diagrams contain-

ing KK excited states Wn of W in the intermediate states with two vertices WWnH .[13] The

%
"

%H2 coupling is given by (ma/2f 2
H)%

"
a%aH2. It is generated by two vertices %%nH where

%n is the n-th KK excited state of %. One comment is in order. The approximate formula

for the fermion mass function in (6) may need corrections, depending on the details of the

model. The symmetry property leads, in general, to m(!̂H) =
$!

n=0 b2n+1 sin[(2n + 1)!̂H ].

Accordingly the %̄%H2 coupling constant may be altered.

Gauge-Higgs unification models under consideration are characterized with two param-

eters fH and mH at low energies. In a minimal model in the RS warped space, fH is fixed

around 246 GeV by mW # 1
2gfH . The value of mH , on the other hand, depends on the

details of the matter content in the models. In the following numerical analysis, we fix

fH = 246 GeV, whereas mH is treated as a free parameter.

1We use diag.(" + ++) as 4D Minkowski metric.

6

Lint = −m
2
W

f
2
H

H
2
W

+µ
W
−
µ
− m

2
Z

2f
2
H

H
2
Z

µ
Zµ

+
�

f

mf

2f
2
H

H
2
f̄f + · · · .
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Dark Higgs

19
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Relic Abundance
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Annihilation processes:

H

H

f̄

f

H

H

W
(∗)

, Z
(∗)

W
(∗)

, Z
(∗)

H

H

g

g

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 

find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 

The current entropy density is so N 4000 cmm3, and the critical density today is 

pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 

present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 

inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 

actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 

0 .01  

0 .001  

0.0001 

10-b 

,h 
10-s 

-; 10-7 

c 
aJ 10-a 
a 

2 

10-Q 

p lo-‘9 

$ lo-” 

z 10-m 

F! lo-‘3 

10 100 

x=m/T (time +) 

Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 

the solid curve is the equilibrium abundance. From [31]. 

Kolb and Turner, 1989
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10−27cm3/s bb̄ W (∗)W (∗) Z(∗)Z(∗)

σv|v→0 7.3 11 1.5

Relic Abundance

Higgs Mass (GeV)
20 30 40 50 60 70 80 90 100

Higgs mass (GeV)

0

0.1

0.2

!
H

h
2

semi-analytic

micrOMEGAs
WMAP

20 30 40 50 60 70 80 90 100
Higgs mass (GeV)

10
-44

10
-43

10
-42

10
-41

!
S

I 
(c

m
2
)

fN = 0.1

fN = 0.3

XENON10
CDMS II

Ω
H

h
2

Tf ∼ 3 GeV

favored.
mH ∼ 70 GeV
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Direct Detection
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HN → HN

t, b, cg

H

g

H

u, d, s

H

u, d, s

H

Leff �
H

2

2f
2
H




�

q=u,d,s

mq q̄q −
αs

4π
G

a

µν
G

a µν





LHN � 2 + 7fN

9
mN

2f
2
H

H
2
N̄N

fN =
�

q=u,d,s

�N |mq q̄q|N�/mN � 0.1 ∼ 0.3
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FIG. 4: 90% C.L. upper limits on the WIMP-nucleon spin-

independent cross section as a function of WIMP mass. The

red (upper) solid line shows the limit obtained from the ex-

posure analyzed in this work. The solid black line shows

the combined limit for the full data set recorded at Soudan.

The dotted line indicates the expected sensitivity for this ex-

posure based on our estimated background combined with

the observed sensitivity of past Soudan data. Prior results

from CDMS [11], EDELWEISS II [12], XENON10 [13], and

ZEPLIN III [14] are shown for comparison. The shaded re-

gions indicate allowed parameter space calculated from cer-

tain Minimal Supersymmetric Models [20, 21] (Color online.)

a doubling of previously analyzed exposure, the observa-
tion of two events leaves the combined limit, shown in
Fig. 4, nearly unchanged below 60 GeV/c2 and allows
for a modest strengthening in the limit above this mass.

We have also analyzed our data under the hypothesis
of WIMP inelastic scattering [23], which has been pro-
posed to explain the DAMA/LIBRA data [24] . We com-
puted DAMA/LIBRA regions allowed at the 90% C.L.
following the χ2 goodness-of-fit technique described in
[25], without including channeling effects [26]. Limits
from our data and that of XENON10 [27] were com-
puted using the Optimum Interval Method [22]. Re-
gions excluded by CDMS and XENON10 were defined
by demanding the 90% C. L. upper limit to completely
rule out the DAMA/LIBRA allowed cross section in-
tervals for allowed WIMP masses and mass splittings.
The results are shown in Fig. 5. The CDMS data dis-
favor all but a narrow region of the parameter space al-
lowed by DAMA/LIBRA that resides at a WIMP mass
of ∼100 GeV/c2 and mass splittings of 80–140 keV.

The data presented in this work constitute the final
data runs of the CDMS II experiment and double the
analyzed exposure of CDMS II. We observed two can-
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FIG. 5: The shaded green region represents WIMP masses

and mass splittings for which there exists a cross section com-

patible with the DAMA/LIBRA [24] modulation spectrum

at 90% C. L. under the inelastic dark matter interpretation

[23]. Excluded regions for CDMS II (solid-black hatched) and

XENON10 [27] (red-dashed hatched) were calculated in this

work using the Optimum Interval Method. (Color online.)

didate events. These data, combined with our previous
results, produce the strongest limit on spin-independent
WIMP-induced nuclear scattering for WIMP masses
above 42GeV/c2 ruling out new parameter space.
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assumed in exps.
ρ0 = 0.3 GeV/cm3

Local DM density

Dark Higgs
Prediction: σSI � (1.2− 2.7)× 10−43 cm2

mH = 70GeVFor

Exp. bound:
σSI � 3.8× 10−44 cm2

90% CL



Minoru TANAKA

Collider Signals
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Higgs pair production at Linear Collider
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Signal:
Z

e
−

e
+

H

H

Z

e
+
e
− → ZHH

H’s are missing.

ZL violates the unitarity

unless s/m2
KK � 1 .

mKK ∼ 1.5 TeV
√

s = 500GeV
in the following.

mH = 70GeV

√
s (GeV)

total cross section for

fb σ ∼ 0.1 fb

300 400 500 600 700 800 900 1000
0.00

0.05

0.10

0.15

ZL

ZT

ZT + ZL
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LC background
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e+e− → Zνν̄
Diagrams by MadGraph
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BG cross section with

σBG � 311 fb
Mmiss ≥ 120 GeV

Need polarizations!

beams and Z
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LC with polarizations

27

Ideal case: e
+
Le
−
R → ZLHH , ZLνν̄

σsignal � 0.12 fb σBG � 0.42 fbvs

is applied.| cos θ| < 0.6

Significance: S ≡ Nsignal�
Nsignal + NBG

S = 1.4
�

L/100 fb−1

A few (or more)         is required!ab−1
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Higgs pair production at LHC
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Signal:  Weak boson fusion

W,Z

W,Z

q2

q1

q4

H

H

q3 a (forward) jet

a (backward) jet

/PT

no color flow between 2 jets

Background:  Wjj, Zjj, jjj

Similar as invisible Higgs search
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Signal cross section at LHC
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W,Z

W,Z

q2

q1

q4

h

q3

W,Z

W,Z

q2

q1

q4

H

H

q3

in the SM

Éboli, Zeppenfeld

O.J.P. Éboli, D. Zeppenfeld / Physics Letters B 495 (2000) 147–154 149

Table 1

Survival probabilities for the signal and background for a veto of

central jets with pT > 20 GeV. From Ref. [18]

Signal Hjj QCD Zjj and Wjj EW Zjj andWjj

Psurv 0.87 0.28 0.82

pT (l) > 5,10,20 GeV, respectively, can be vetoed,

while any charged leptons below these thresholds will

be misidentified and counted in the pT balance only.

In the forward regions, 2.5 < |!l| < 5, a lepton veto

is taken to be impossible. Here, muons are assumed

to give no pT deposit in the calorimeters, in contrast

to electrons and taus whose entire energy is recorded.

Note that the resulting Wjj background, within jet

cuts given below, is about half the event rate of all

Wjj,W ! l" events with pT (") > 100 GeV, i.e., we

are certain not to seriously underestimate the Wjj
background.

An important feature of the WBF signal is the

absence of color exchange between the final state

quarks, which leads to a depletion of gluon emis-

sion in the region between the two tagging jets. We

can enhance the signal to background ratio by ve-

toing additional soft jet activity in the central re-

gion [17]. A central jet veto is ineffective against the

EW Wjj and Zjj backgrounds which possess the

same color structure as the signal. For the QCD back-

grounds, however, there is color exchange in the t-

channel and consequently a more abundant produc-

tion of soft jets, with pT > 20 GeV, in the central

region [14]. The probability of an event to survive

such a central jet veto has been analyzed for vari-

ous processes in Ref. [18], from which we take the

veto survival probabilities of Table 1 which are ap-

propriate for the hard tagging jet cuts to be used be-

low.

The cross section for Higgs boson production via

WBF is well known within the framework of the SM.

We should keep in mind that this production cross sec-

tion might be diluted in extensions of the SM. For

instance, it is suppressed by factors sin2(# " $) or
cos2(# " $) in supersymmetric models. Any suppres-

sion in the production cross section has the same ef-

fect, for our study, as a branching ratio of invisible

Higgs decays below unity, and we will not separate

these effects in the following.

3. Signal and background properties

The main features of the production of an invisible

Higgs boson via WBF are the presence of two very

energetic forward jets as well as a large missing

transverse momentum. Therefore, we initially impose

the following jet tagging cuts and missing momentum

cut

p
j
T > 40 GeV, |!j | < 5.0,

(1)|!j1 " !j2| > 4.4, !j1 · !j2 < 0,

(2)/pT > 100 GeV.

A further reduction of the backgrounds, with good

signal efficiency, is achieved by requiring a large

invariant mass,Mjj , of the two tagging jets,

(3)Mjj > 1200 GeV,

and by selecting events where the azimuthal angle

between the tagging jets, %jj (measured in radians) is

relatively small,

(4)%jj < 1.

In order to motivate our choice of the /pT cut, we

display, in Fig. 1, the /pT spectrum after the cuts (1)

and (3), but without a central jet veto. The signal

exhibits a peak around /pT # 100 GeV and it is much

smaller than the backgrounds at small /pT . The shape

of the /pT distribution is quite independent of the Higgs

boson mass. Missing pT generated by the QCD jjj

background falls rapidly and this background becomes

negligible above /pT = 100 GeV. Note that we require

%jj < 2.6 for the two tagging jets of the QCD jjj

background, in order to avoid the soft singularities

present near %jj = & . Well above /pT # 100 GeV,

the missing pT spectra of the signal and the Zjj

backgrounds have the same slope. Hence, a tightening

of the /pT cut soon becomes useless.

The QCD backgrounds involve initial and final state

gluons which tend to be softer than the quarks in WBF.

In Fig. 2, this is reflected by the steeper fall off of the

QCD backgrounds as Mjj , the dijet invariant mass, is

increased. TheMjj > 1200 GeV requirement reduces

these backgrounds sufficiently. Note that no central jet

veto is included in Fig. 2. A further improvement of

the signal to background ratio is possible by tightening

the Mjj cut, but this will not be pursued in the

following.
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SU(2)L SU(2)R

SO(5)/SO(4)

SO(5) algebra

where !µ! = diag(!1, 1, 1, 1), "(y) = "(y + 2L) = "(!y), and "(y) = k|y| for |y| " L.

The Planck and TeV branes are located at y = 0 and y = L, respectively. The bulk region

0 < y < L is anti-de Sitter (AdS) spacetime with a cosmological constant ! = !6k2.

The warp factor zL # ekL $ 1 plays an important role in subsequent discussions. The

Kaluza-Klein (KK) mass scale is given by

mKK =
#k

zL ! 1
% #kz!1

L . (2.2)

The model consists of SO(5)& U(1)X gauge fields (AM , BM), bulk fermions "a, brane

fermions $̂"R, and brane scalar #. The action integral consists of the bulk and brane

parts; S = Sbulk + Sbrane. The bulk part is given by

Sbulk =

!

d5x
'
!G

"

! tr
#1

4
F (A)MNF (A)

MN +
1

2%
(f (A)

gf )2 + L(A)
gh

$

!
#1

4
F (B)MNF (B)

MN +
1

2%
(f (B)

gf )2 + L(B)
gh

$

+
%

a

i"̄aD(ca)"a

&

,

D(ca) = $AeA
M
'

&M +
1

8
'MBC [$

B,$C ]! igAAM ! igBQXaBM

(

! ca"
"(y) . (2.3)

The gauge fixing and ghost terms are denoted as functionals with subscripts gf and gh,

respectively. F (A)
MN = &MAN ! &NAM ! igA[AM , AN ] and F (B)

MN = &MBN ! &NBM . The

SO(5) gauge fields AM are decomposed as

AM =
10
%

I=1

AI
MT I =

3
%

aL=1

AaL
M T aL +

3
%

aR=1

AaR
M T aR +

4
%

â=1

Aâ
MT â , (2.4)

where T aL,aR (aL, aR = 1, 2, 3) and T â (â = 1, 2, 3, 4) are the generators of SO(4) (
SU(2)L & SU(2)R and SO(5)/SO(4), respectively.

In the fermion part "̄ = i"†$0 and $µ matrices are given by

$µ =

)

"µ

"̄µ

*

, $5 =

)

1
!1

*

, "µ = (1,("), "̄µ = (!1,("). (2.5)

All of the bulk fermions are introduced in the vector (5) representation of SO(5). The ca

term in Eq. (2.3) gives a bulk kink mass, where ""(y) = k)(y) is a periodic step function

with a magnitude k. The dimensionless parameter ca plays an important role controlling

profiles of fermion wave functions.

The orbifold boundary conditions at y0 = 0 and y1 = L are given by
)

Aµ

Ay

*

(x, yj ! y) = Pj

)

Aµ

!Ay

*

(x, yj + y)P!1
j ,

4

At this stage we recall the algebra of the generators {T !} of SO(5);

[T aL , T bL] = i!abcT cL , [T aR , T bR] = i!abcT cR , [T aL , T bR] = 0 ,

[T â, T b̂] =
i

2
!abc(T cL + T cR) ,

[T â, T bL] = !
i

2
"abT 4̂ +

i

2
!abcT ĉ , [T â, T bR] = +

i

2
"abT 4̂ +

i

2
!abcT ĉ ,

[T aL , T 4̂] = !
i

2
T â , [T aR , T 4̂] = +

i

2
T â , [T â, T 4̂] =

i

2
(T aL ! T aR) ,

(a, b, c = 1 " 3) . (6.7)

The explicit matrix representations of {T !} are given in ref. [12]. The algebra re-

mains invariant under the substitution of {T !} = {T aL, T aR, T â, T 4̂} by {T !!} =

{T aR, T aL , T â,!T 4̂}. The two sets are related to each other by an O(5) transformation

T !! = !HT !!"1
H where !H = diag (1, 1, 1,!1, 1) in the vectorial representation. !H inter-

changes SU(2)L and SU(2)R and flips the direction of T 4̂.

At #H = 1
2$ (cos #H = 0) additional symmetry arises in the expansions. Look at, for

instance, W (n)
µ and W !(n)

µ terms in (6.1). At #H = 1
2$ the W (n)

µ terms are invariant under

!H , whereas the W
!(n)
µ term flips the sign. Indeed, !HÃM(x, z)!"1

H is the same as ÃM(x, z)

where the signs of the fields

W !(n)
µ , Z !(n)

µ , A4̂(n)
µ , H(n), Da(n)

" (PH odd) (6.8)

are flipped. This defines H parity (PH) for all 4D fields. 4D fields contained in ÃM other

than those in (6.8) are PH even.

The action of the pure gauge fields in the bulk, TrFMNFMN , is invariant under the !H

transformation so that it is invariant under H parity. We show below that the invariance

holds for the entire action including the bulk fermions, brane fermions, and brane scalar.

(ii) Fermions

H parity of fermions is determined in the following manner. Consider the fermion

multiplets containing quarks, namely, "1 and "2 in (2.9) and %̂q
1R, %̂

q
2R, %̂

q
3R, in (2.11).

They are classified in terms of electric charge QE = 5
3 ,

2
3 , !

1
3 , !

4
3 . Recall that components

of "̌ in (2.9) are related to the components "k (k = 1 " 5) in the vectorial representation

by

"̌ =

!

"̌11 "̌12

"̌21 "̌22

"

= !
1#
2

!

"2 + i"1 !"4 ! i"3

"4 ! i"3 "2 ! i"1

"

. (6.9)
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T â , [T aR , T 4̂] = +

i

2
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T â , [T aR , T 4̂] = +

i

2
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[T aL , T 4̂] = !
i

2
T â , [T aR , T 4̂] = +

i

2
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+ · · ·

Typical mode expansion

The number of degrees of freedom on S1/Z2 is halved compared with that on S1. For those

fields which acquire masses by the Hosotani mechanism (!H != 0) two degrees of freedom

combine to form one set of towers as depicted in Fig. 3 with the sum
!d. On flat S1

it corresponds to combining cosine and sine series for !H = 0. It contains a zero mode

at !H = 0. In the Randall-Sundrum warped space there appears a gap in the spectrum

between the two branches (corresponding the cosine and sine series in flat space) even at

!H = 0. The other type of a spectrum is independent of !H , as depicted in Fig. 3 with the

sum
!s. There may or may not be a zero mode. From the viewpoint of the number of

degrees of freedom,
!d counts two KK towers, whereas

!s counts one KK tower.

0.2 0.4 0.6 0.8 1.0

!d H"  /#

mass

0.2 0.4 0.6 0.8 1.0

mass

!s H"  /#

Figure 3: Two types of spectra where the horizontal axis is !H/".

(i) Gauge fields

Following refs. [18] and [31], we expand the gauge fields in the twisted gauge, in which

"Ãy# = 0, as

Ãµ(x, z) =
!
"

n=0

dW (n)
µ

#

NW (#n)
T"L + T"R

2
+ cos !HNW (#n)

T"L $ T"R

2

$
sin !H%

2
DW (#n)T

"̂

$

+ h.c.

+
!
"

n=1

sW
!(n)
µ

#

$ cos !HNW !(#n)
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2
+NW !(#n)

T"L $ T"R

2

$

+ h.c.

+
!
"

n=0

sA!(n)
µ h!(#n)(T

3L + T 3R) +
!
"

n=1

sA4̂(n)
µ hA(#n)T

4̂

+
!
"

n=0

d Z(n)
µ

#

c2"
%

1 + s2"

NZ(#n)
T 3L + T 3R

2
+ cos !H

%

1 + s2"NZ(#n)
T 3L $ T 3R

2

$
sin !H%

2

%

1 + s2"DZ(#n)T
3̂

$
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determined as in Table 2. Counting the number of mass eigenvalue equations in (6.3), one

finds that the 11 degrees of freedom for the original SO(5)!U(1)X gauge fields Ãµ and B̃µ

are decomposed into charged components, 4 W (n)
µ and 2 W !(n)

µ , and neutral components, 2

Z(n)
µ , 1 Z !(n)

µ , 1 A!(n)
µ and 1 A4̂(n)

µ .

Similarly the fifth-dimensional components Az and Bz are expanded as

Ãz(x, z) =
"
!

n=1

s
3

!

a=1

Sa(n)hLR
S (!n)

T aL + T aR

"
2

+
"
!

n=0

sH(n)h#
H(!n)T

4̂

+
"
!

n=1

d
3

!

a=1

Da(n)

"

vn("H ,!n)h
LR
D (!n)

T aL # T aR

"
2

+ wn("H ,!n)h
#
D(!n)T

â

#

,

B̃z(x, z) =
"
!

n=1

sB(n)hB(!n) . (6.4)

Here hLR
S , hLR

D , hB $ C !(z;!) and h#
H , h

#
D $ S !(z;!). H(x) = H(0)(x) is the 4D neutral

Higgs boson. The wave functions of Da(n) are rather involved. The mass spectrum of each

KK tower is given by

Sa(n) : C !(1;!n) = 0 ,

B(n) : C !(1;!n) = 0 ,

Da(n) : S(1;!n)C
!(1;!n) + !n sin

2 "H

= C(1;!n)S
!(1;!n)# !n cos

2 "H = 0 ,

H(n) : S(1;!n) = 0 , (6.5)

The 11 degrees of freedom for the original SO(5) ! U(1) gauge fields Ãz and B̃z are

decomposed into 3 S(n), 6 D(n), 1 H(n) and 1 B(n).

At "H = 1
2# the KK expansion of Ãz takes a simpler form. The modes {Da(n)} split

into two classes;

Ãz(x, z) =
"
!

n=1

s
3

!

a=1

Sa(n)hLR
S (!n)

T aL + T aR

"
2

+
"
!

n=0

sH(n)h#
H(!n)T

4̂

+
"
!

n=1

s
3

!

a=1

Da(n)
$ hLR

D (!n)
T aL # T aR

"
2

+
"
!

n=1

s
3

!

a=1

D̂a(n)h#
D(!n)T

â ,

Da(n)
$ : C(1;!n) = 0 ,

D̂a(n) : S !(1;!n) = 0 . (6.6)
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5D mode func.

4D field

W (n)
µ , Aγ(n)

µ , Sa(n)

W
�(n)
µ , A

4̂(n)
µ , H

(n)

PH even

PH odd

θH = π/2
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EW parameters: k, gA, gB , zL = ekL

zL mH

EW inputs: mZ , α, sin2 θW

zL = ekL sin2 !W k(GeV) mKK(GeV) ctop mH(GeV) mtree
W (GeV)

1015 0.2312 4.666! 1017 1,466 0.432 135 79.82
1010 0.23 3.799! 1012 1,194 0.396 108 79.82
105 0.2285 2.662! 107 836 0.268 72 79.70

Table 2: The Higgs boson mass mH . Relevant input parameters are mZ = 91.1876GeV,
"w = 1/128 and mt = 171.17GeV. The AdS curvature k and W mass at the tree level are
also listed.

ing is expected to take place at a temperature of the electroweak scale. To determine the

precise value one needs to evaluate the e!ective potential at finite temperature.

The mass of the 4D neutral Higgs boson is determined from the curvature of the e!ective

potential at the minimum. Making use of (2.8), one finds

m2
H =

1

f 2
H

d2Ve!

d!2H

!

!

!

!

!H=
1
2"

. (4.6)

It follows from (4.4) that

m2
H "

g2wkLm
2
KK

64#4

"

# 4G[12Q̄0(q,
1
2)]# 2G

# 1

2 cos2 !W
Q̄0(q,

1
2)
$

# 3G[Q̄0(q,
1
2)]

+12
%

quarks

&

G
# 1
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Q̄0(q, cq)

$

+G
# rq
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Q̄0(q, cq)
$

'

+4
%

leptons

&

G
# 1

2(1 + r#)
Q̄0(q, c#)

$

+G
# r#
2(1 + r#)

Q̄0(q, c#)
$

'(

,

G[f(q)] =

) !

0

dq q3
2f(q)

1 + f(q)
, Q̄0(q, c) $ Q0(q; c,

1
2#) . (4.7)

Among fermion multiplets, only the top quark multiplet gives an appreciable contribution.

The result is summarized in Table 2.

Higgs bosons become stable in the model. They can become the dark matter in the

universe. It was shown in ref. [28] that the mass density of the dark matter determined

by the WMAP data is reproduced with mH % 70GeV. This value of mH is obtained with

zL % 105 in the current model.

It is curious to examine whether or not the EW symmetry is broken in the flat spacetime

limit. As shown in ref. [26] the top quark mass mt % 170GeV cannot be realized for

zL < 900. It is possible to consider the flat spacetime limit (k & 0, zL & 1) by taking the

11

Model parameters
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Spectrum

KK gluon

The significance S of !L turns out much larger than !T . The former is maximized with

the | cos "| cut being ! 0.6. Choosing the | cos "| cut to be 0.6, we obtain S = 0.0481
"

L

for Pe! = 0.8, Pe+ = #0.5, and S = 0.0735
"

L for Pe! = 0.9, Pe+ = #0.6, where
"

L is the

integrated luminosity in fb unit. Thus, we need at least ! 5ab!1 for 5!. For an ultimate

set of beam polarizations, Pe! = 0.95, Pe+ = #0.8, we obtain S = 0.113
"

L. It means that

! 2ab!1 is required for 5! even in this case.

6 Spectrum of KK states

6.1 KK gluons

The spectrum of KK gluons is identical to the spectrum of KK photons. They are deter-

mined by the first equation in Eq. (??). The numerical values of the masses for the first

five KK modes are given in Table 14.

Table 14: KK gluon masses mG(n) in unit of GeV.
zL \ n 1 2 3 4 5
1015 1143.4 2597.79 4060.29 5524.61 6989.61
1010 939.287 2123.35 3313.67 4505.36 5697.54
105 676.998 1508.23 2342.77 3177.87 4013.1

6.2 KK W and Z bosons

The masses of KK W bosons are determined by the first equation in Eq. (??). The

numerical values are given in Table 15. In Sec. ??, towers of KK masses are classified into

Table 15: KK W boson masses mW (n) in unit of GeV.
zL \ n 1 2 3 4 5
1015 1132.69 1799.15 2586.69 3284.74 4049.02
1010 926.031 1468.74 2109.46 2677.61 3299.47
105 657.626 1038.84 1487.22 1885.54 2320.8

!d and !s. From Tables 14 and 15, this property can be seen. The following inequalities

are found: mW (1) < mG(1) < mW (2) , mW (3) < mG(2) < mW (4) , mW (5) < mG(3) , independently

of zL.
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KK Z
Table 16: KK Z boson masses mZ(n) in unit of GeV.

zL \ n 1 2 3 4 5
1015 1129.49 1802.53 2583.37 3288.13 4045.64
1010 922.087 1472.93 2105.3 2681.86 3295.21
105 651.946 1045.02 1480.99 1892.00 2314.27

The masses of KK Z bosons are determined by the first equation in Eq. (??). The

numerical values are given in Table 16. As the mass for n = 0 mode is smaller, the mass

for n = 1 mode is larger, mG(1) > mW (1) > mZ(1) .

6.3 KK quarks and leptons

For mass eigenvalue equations for quarks, the original parameters of the model are the bulk

mass parameters and the ratio µ̃/µ2. They are determined so that the running masses are

given in Table 1. Between the light and heavy quarks, there is a di!erence for their

dependence on zL. Their values are tabulated in Table 17. For the light quarks, the bulk

Table 17: c and µ̃/µ2 for quarks.
zL c(u, d) c(c, s) c(t, b) µ̃/µ2(u, d) µ̃/µ2(c, s) µ̃/µ2(t, b)

1015 0.843397 0.679238 0.431855 2.28346 0.088853 0.0173039
1010 1.0177 0.770452 0.395324 2.28346 0.088853 0.0175145
105 1.54805 1.04929 0.266888 2.28346 0.0888531 0.0181522

mass parameters are shift to large values for small zL. For the t and b quarks, they becomes

smaller values for smaller zL.

For KK modes, the discrete mass eigenvalues are obtained from the same equations.

The masses for KK u and d quarks are tabulated in Table 18.

Table 18: The masses of KK u and d quarks in unit of GeV.
zL 1015 1010 105

u(1) 1361.14 1202.21 1035.16
u(2) 2001.03 1714.64 1380.59
u(3) 2821.96 2395.39 1882.23
u(4) 3501.84 2942.25 2253.71
u(5) 4286.11 3588.26 2721.69

zL 1015 1010 105

d(1) 1361.14 1202.21 1035.16
d(2) 2001.03 1714.64 1380.59
d(3) 2821.96 2395.39 1882.23
d(4) 3501.84 2942.25 2253.71
d(5) 4286.11 3588.26 2721.69

The masses for KK c and s quarks are tabulated in Table 19.

20

Focus on the first KK Z.
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Table 25: The couplings of the first KK Z boson with charged leptons, g(Z1)
fI

!
L/gA.

zL eL µL !L eR µR !R
1015 0.0310237 0.0310238 0.0310529 2.52033 2.42011 2.35629
1010 0.0382222 0.0382224 0.0382616 2.13663 2.03326 1.96297
105 0.0549348 0.0549354 0.0550174 1.62351 1.53169 1.45818

generation. In contrast, for right-handed leptons, the third generation has smaller couplings

compared to the first generation.

The couplings of the first KK Z boson with left-handed quarks are given in Table 26.

For couplings in Table 26, the largest absolute value is for b quark.

Table 26: The couplings of the first KK Z boson with left-handed quarks, g(Z1)
fL

!
L/gA.

zL u c t d s b
1015 "0.0399184 "0.0399209 "0.206095 0.0488131 0.048804 "0.558474
1010 "0.0491807 "0.0491842 "0.256412 0.0601393 0.0601274 "0.672188
105 "0.0706849 "0.0706938 "0.386896 0.0864351 0.0864104 "0.927167

The couplings of the first KK Z boson with right-handed quarks are given in Table 27.

For the couplings in Table 27, the largest absolute value is for u quark.

Table 27: The couplings of the first KK Z boson with right-handed quarks, g(Z1)
fR

!
L/gA.

zL u c t d s b
1015 "1.65847 "1.58714 "1.4692 0.829233 0.793569 0.723936
1010 "1.40259 "1.32685 "1.1796 0.701297 0.663427 0.579202
105 "1.06424 "0.991935 "0.754189 0.532119 0.495967 0.376702

The decay width of the first KK Z boson is tabulated in Table 28. In contrast to the

decay width of Z boson given in Table 8, the decay rate for neutrinos in the first KK Z

boson decay is small.

8 Signals of KK gluons at Tevatron/LHC

The signal processes are pp̄ # G(1) # tt̄, bb̄. The diagrams at quark level are shown in

Figure 2.

The cross sections for the final state bb̄ are shown in Figure 3.
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The decay width of the first KK gluon is tabulated in Table 22. It is found that the

Table 22: First KK gluon decay: the branching fraction and the total width.
zL 1015 1010 105

(u + c)/2 (%) 17.8767 18.3431 19.424
(d + s + b)/3 (%) 16.6932 16.7068 16.7406

c (%) 17.0716 17.2885 17.9637
b (%) 14.3263 13.434 11.3739
t (%) 14.167 13.1935 10.9302

u + d + s + c (%) 71.5067 73.3724 77.6959
total width (GeV) 14402 8133.55 3147.23

decay rate to the light quarks is large.

The coupling of the first KK W boson with quarks are given in Table 23. The quarks

Table 23: The couplings of the first KK W boson with quarks, g(W1)
f,I

!
L/gA.

zL ud, L cs, L tb, L ud,R cs,R tb, R
1015 "0.138009 "0.138 0.492159 1.024 # 10!12 1.084 # 10!8 0.000308652
1010 "0.170013 "0.170001 0.609999 1.688 # 10!12 1.879 # 10!8 0.000597216
105 "0.244187 "0.244164 0.938737 3.675 # 10!12 4.571 # 10!8 0.00205473

of the third generation have large couplings compared to the other quarks. The couplings

of the first KK W boson with leptons are given in Table 24.

Table 24: The couplings of the first KK W boson with leptons, g(W1)
fL

!
L/gA and the

couplings of the first KK Z boson with neutrinos, g(Z1)
fL

!
L/gA.

zL e!e µ!µ "!! !e !µ !!

1015 "0.138009 "0.138008 "0.137939 "0.0577078 "0.0577075 "0.0576242
1010 "0.170013 "0.170012 "0.169923 "0.0710978 "0.0710974 "0.0709898
105 "0.244187 "0.244186 "0.24403 "0.102185 "0.102184 "0.101988

The fermion couplings of the first KK Z boson can be calculated from the equations

given in Sec. 4. The couplings of the first KK Z boson with neutrinos are given in Table 24.

The values of couplings are not sensitive to the generation. For a smaller warp factor, the

absolute value of the couplings become larger.

The couplings of the first KK Z boson with charged leptons are given in Table 25.

For left-handed leptons, the third generation has larger couplings compared to the first

22
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Table 28: First KK Z boson decay: the branching fraction and the total width.
zL 1015 1010 105

e (%) 14.1396 14.18 13.253
µ (%) 13.0376 12.8416 11.798
! (%) 12.3591 11.9693 10.6941

"e + "µ + "! (%) 0.0222139 0.0470403 0.157124
(u + c)/2 (%) 17.6028 17.3854 16.0203

(d + s + b)/3 (%) 3.68474 4.40884 7.27081
c (%) 16.8299 16.4225 14.9003
b (%) 5.58161 7.3338 15.0894
t (%) 14.1818 12.9648 10.2446

u + d + s + c (%) 40.6781 40.6636 38.7638
total width (GeV) 371.761 217.536 95.0912

Figure 2: The first KK gluon signal.

The cross sections for the final state tt̄ are shown in Figure 4.

For Figures 3-4, the cut is taken as pT ! 100GeV for bb̄ and nothing for tt̄.

It is seen that the cross section becomes larger for tt̄ including the first KK gluon and

the distribution is spread in the corresponding region. On the other hand, it should be

noted that the decay width is 3TeV which is large compared to the mass.

9 Signals of KK Z at Tevatron/LHC

The signal processes are pp̄ " Z(1) " e+e!, µ+µ!. The diagrams at quark level are shown

in Figure 5.

The cross sections for the final state e!e+ are shown in Figure 6.

The cross sections for the final state µ!µ+ are shown in Figure 7.

The cross sections are evaluated with a cut as forward and backward leptons cannot be

identified. The cut is taken as lepton pT > 10GeV and lepton # > 2.5. From Figures 6-7,

24
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pp̄→ Z(1)X → e−e+X

pp̄→ e−e+XBackground:

X-sect = 7.297E-01(pb)   AVG = 2.014E+02   RMS = 6.246E+01
Tot # Evts =   10000  Entries =   10000  Undersc =     0  Over

σ � 0.73 pb

mee

mee > 150 GeV
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pp̄→ Z(1)X → e−e+X

zL = 105

mZ(1) = 652GeV
ΓZ(1) = 95.1 GeV

σ = 2.8 pb

X-sect = 2.811E+00(pb)   AVG = 5.210E+02   RMS = 1.865E+02
Tot # Evts =   10000  Entries =   10000  Undersc =     0  Over

mee
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pp̄→ Z(1)X → e−e+X

mZ(1) = 922GeV
ΓZ(1) = 218GeV

X-sect = 1.057E+00(pb)   AVG = 4.236E+02   RMS = 2.792E+02
Tot # Evts =   10000  Entries =   10000  Undersc =     0  Over

mee

σ = 1.1 pb

zL = 1010
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mee

zL = 1015 mZ(1) = 1130GeV
ΓZ(1) = 372GeV

X-sect = 7.979E-01(pb)   AVG = 3.162E+02   RMS = 2.290E+02
Tot # Evts =   10000  Entries =   10000  Undersc =     0  Over

σ = 0.80 pb

pp̄→ Z(1)X → e−e+X
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Significance at Tevatron

disfavored

L = 2.5 fb−1

zL 105 1010 1015

S 121 22 4
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KK Z at LHC:
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pp→ Z(1)X → e−e+X

Background: pp→ e−e+X

X-sect = 1.851E+00(pb)   AVG = 2.061E+02   RMS = 7.679E+01
Tot # Evts =   10000  Entries =   10000  Undersc =     0  Over

mee

σ = 1.8 pb
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mee

pp→ Z(1)X → e−e+X

zL = 1015 mZ(1) = 1130GeV
ΓZ(1) = 372GeV

X-sect = 4.030E+00(pb)   AVG = 6.617E+02   RMS = 4.171E+02
Tot # Evts =   10000  Entries =    9877  Undersc =     0  Over

σ = 4.0 pb
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Significance at LHC
√

s = 7TeV

S = 5.1

�
L

10 pb−1
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mH ∼ 70 GeV is predicted.

ρ0 .

Direct detection is likely.

Exp. limits depend on the local DM density, 
ρ0 � 0.04 ∼ 0.6 GeV/cm3

Stable Higgs in gauge-Higgs unifiction is
a viable candidate of dark matter.

Dark Higgs scenario

We need a few         or more.ab−1

both for LHC and LC.
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The first KK Z production at Tevatron suggests
a larger warp factor. zL ∼ 1015

zL = 1015
The first KK Z production may be discovered 
at LHC with              even for                . 10 pb−1

Dark Higgs seems difficult at the present model.

mH = 135GeV for zL = 1015

Thank you.
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assumed in exps.
ρ0 = 0.3 GeV/cm3

Local DM density

mH = 70GeVFor
Prediction: σSI � (1.2− 2.7)× 10−43 cm2

Exp. bound: σSI � 3.8× 10−44 cm2
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Uncertainties in the direct detection

Local density of CDM (not measured)
ρ0 = 0.3 GeV/cm3

assumed in the experiments.
ρ0 = 0.2 ∼ 0.6 GeV/cm3

reasonable for smooth halo.
ρ0 ∼ 0.04 GeV/cm3

possible for non-smooth halo.

Effective Higgs coupling
may be altered in more general models.

HHf̄f

(Kamionkowski and Koushiappas) 
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Astrophysical Signals
in the Galactic halo.

Eγ = mH(� 70GeV) ,mH −m2
Z
/(4mH)(� 40GeV)

Two (nearly) monochromatic gamma lines.

σγγ(γZ) v|v→0 � 4.3(5.4)× 10−29cm3/s

is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.

PRL 99, 041301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
27 JULY 2007

041301-3

cf. Inert Doublet Model
Gustafsson et al.

HH → γγ, γZ

H

H

γ

γ, Z
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Stable Higgs as Dark Matter (Dark Higgs scenario)

Yomiuri newspaper,
the front page
on Jan. 5, 2010.



Minoru TANAKA 52

where !a = "a/2 and "a are the Gell-Mann matrices. The explicit form for g(Gn)
tI and g(Gn)

bI

are obtained from the photon tower couplings g(!n)
tI and g(!n)

bI with the replacement of the

five-dimensional coupling, g(Gn)
tI = (gC/gA)g(!n)

tI and g(Gn)
bI = (gC/gA)g(!n)

bI .

4.1 Zero mode couplings

The numerical values for the couplings are obtained with the input given in Sec. ??. Here

we give the couplings of W and Z bosons with quarks and leptons. The couplings of W

boson with quarks are tabulated in Tables 2. For these couplings, a clear dependence

Table 2: The couplings of W boson with quarks, g(W )
f,I

!
L/gA.

zL ud, L cs, L tb, L ud,R cs, R tb, R
1015 1.00533 1.00533 0.98161 "4.52 # 10!12 "4.87 # 10!8 "0.000888
1010 1.00792 1.00792 0.97299 "5.95 # 10!12 "6.77 # 10!8 "0.00138
105 1.01535 1.01535 0.94668 "8.65 # 10!12 "1.11 # 10!7 "0.00316

of the values on the generation and the warp factor is found. For the third generation,

the couplings tend to deviate from 1 for left-handed and 0 for right-handed more largely

compared to the other couplings. In addition, as the warp factor is smaller, the deviation

becomes larger. Next, the couplings of Z boson with left-handed quark are tabulated

in Tables 3. For u-type quarks, the values are compared with the tree-level value of the

Table 3: The couplings of Z boson with left-handed quarks, g(Z)
fL

!
L/gA.

zL u c t d s b
1015 0.348452 0.348132 0.32172 "0.425887 "0.425887 "0.42639
1010 0.349467 0.349467 0.307934 "0.427336 "0.427336 "0.428457
105 0.352916 0.352914 0.253315 "0.431553 "0.431553 "0.435986

standard model, 1/2"(2/3) sin2 #W = 0.3458667. For the first and second generations, this

value is reproduced approximately. For d-type quarks, the values are compared with the

tree-level value of the standard model, "1/2 + (1/3) sin2 #W = "0.4229333. This value is

reproduced approximately for all the three generations including b quark. The couplings of

Z boson with right-handed quark are tabulated in Tables 4. For u-type quark, the values are

compared with the tree-level value of the standard model, "(2/3) sin2 #W = "0.1541333.

This value is reproduced approximately only for a large warp factor and the first two
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Table 4: The couplings of Z boson with right-handed quarks, g(Z)
fR

!
L/gA.

zL u c t d s b
1015 "0.15643 "0.156388 "0.183737 0.0782151 0.0781938 0.0781582
1010 "0.15765 "0.157568 "0.200882 0.0788248 0.0787836 0.0786987
105 "0.161498 "0.161279 "0.268141 0.0807492 0.0806393 0.0802678

generations. For d-type quark, the values are compared with (1/3) sin2 !W = 0.07706667.

As a character for left-handed and right-handed quarks, it is found that the coupling of

right-handed quarks for a small warp factor tends to deviate from the standard model

values.

The couplings of W and Z bosons with leptons are in the following. The couplings of

W boson with leptons are tabulated in Table 5. The couplings of W boson with leptons

Table 5: The couplings of W boson with leptons, g(W )
fL

!
L/gA and the couplings of Z boson

with neutrinos, g(Z)
fL

!
L/gA.

zL e"e µ"µ #"! "e "µ "!

1015 1.00533 1.00533 1.00533 0.503492 0.503492 0.503492
1010 1.00792 1.00792 1.00792 0.505205 0.505205 0.505206
105 1.01535 1.01535 1.01534 0.51019 0.51019 0.510191

are close to the couplings of the light quarks in Table 2. The couplings of Z bosons with

neutrinos are tabulated in Table 5. As the warp factor is smaller, the values deviate more

largely from 1/2. The couplings of Z bosons with charged leptons are tabulated in Table 6.

For left-handed leptons, the values are compared with the tree-level value of the standard

Table 6: The couplings of Z bosons with charged leptons, g(Z)
fI

!
L/gA.

zL eL µL #L eR µR #R
1015 "0.270677 "0.270677 "0.270674 0.234664 0.234605 0.234569
1010 "0.271598 "0.271598 "0.271594 0.236509 0.236398 0.236324
105 "0.274278 "0.274278 "0.274267 0.242328 0.242053 0.24183

model, "1/2 + sin2 !W = "0.2688. The values of the couplings for charged leptons are not

so sensitive to the warp factor and the generation. For right-handed leptons, the values

are compared with the tree-level sin2 !W = 0.2312. As a character of the gauge couplings

of leptons, it is found that the values are not so sensitive to the generation.
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Table 4: The couplings of Z boson with right-handed quarks, g(Z)
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