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Introduction

Naturalness and hierarchy problem: New physics?

Higgs mechanism: Not seen yet.

Electro-Weak Symmetry Breaking

φ

V

Dark Matter

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

WIMP?

Stable Higgs in gauge-Higgs unification

A possible solution: Dark Higgs scenario

Y. Hosotani, P. Ko, MT(PLB680,179,2009)
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How do we confirm it?
Collider phenomenology based on H parity

definite H parity for each 4d particle

Higgs pair production

Nontrivial signals

H-even KK Z production

etc.
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Model

4

in 5D warped space-time.

EWSB by Hosotani mechanism.

SO(5)× U(1)

A new dynamical parity, H-parity,

H(x)→ −H(x) .

Hosotani, Oda, Ohnuma, Sakamura, PRD78,096002(2008).

4D Higgs field:  Wilson line phase,

θ̂H(x) = θH +
H(x)
fH

.
fH � 246 GeV

KK modes: H-even towers and H-odd towers
Y. Hosotani, MT, N. Uekusa, PRD82, 115024(2010).
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zL mH

zL = ekL sin2 θW 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,
αw = 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 effective potential at finite temperature.

The mass of the 4D neutral Higgs boson is determined from the curvature of the effective

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

m2
H =

1

f 2
H

d2Veff

dθ2H

∣

∣

∣

∣

θH=
1
2π

. (4.6)

It follows from (4.4) that

m2
H "

g2wkLm
2
KK

64π4

{

− 4G[12Q̄0(q,
1
2)]− 2G

[ 1

2 cos2 θW
Q̄0(q,

1
2)
]

− 3G[Q̄0(q,
1
2)]

+12
∑

quarks

(

G
[ 1

2(1 + rq)
Q̄0(q, cq)

]

+G
[ rq
2(1 + rq)

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
2π) . (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

EW parameters: k, gA, gB , zL = ekL

EW inputs: mZ , α, sin2 θW

Model parameters

Table 6: χ2 fit for AFB and Z decay. In Z decay only branching fractions of various modes
are taken into account. SM stands for the standard model.

# data zL = 1015 1010 105 SM
sin2 θW 0.2309 0.2303 0.2284 0.2312

χ2 [AFB] 6 6.30441 6.43451 7.12513 10.8335
χ2 [Z decay] 8 16.5153 37.6908 184.468 13.6264

χ2 [sum] 14 22.8197 44.1253 191.593 24.4599

Table 7: The forward-backward asymmetry on the Z resonance, Af
FB.

Exp. zL = 1015 zL = 1010 zL = 105 SM
e 0.0145 ± 0.0025 0.01559 0.0156763 0.0158694 0.01633 ± 0.00021
µ 0.0169 ± 0.0013 0.0156167 0.0157262 0.0159901
τ 0.0188 ± 0.0017 0.0156319 0.0157578 0.0160835
s 0.0976 ± 0.0114 0.1011 0.101366 0.101938 0.1035 ± 0.0007
c 0.0707 ± 0.0035 0.0719574 0.0721352 0.0724898 0.0739 ± 0.0005
b 0.0992 ± 0.0016 0.101122 0.101416 0.10214 0.1034 ± 0.0007

Here the couplings g(Z)
fL and g(Z)

fR are given in Tables 3, 4 and 5. For quarks the formula

should be multiplied by a factor 3(1 + αs/π).

For zL = 1015, 1010, 105, the total width and the branching fraction are shown in Table 8.

The experimental values are quoted from Ref. [53]. The tree level prediction for branching

fractions reproduces the pattern of the experimental value well for zL = 1015. α(mZ) for

zL = 1015, 1010 is determined to fit Γtot.

5 Production of Higgs bosons at colliders line 1563

The mass of the Higgs boson is in the range 70 GeV - 140 GeV, depending on the warp

factor zL. Higgs bosons can be easily produced at colliders at high energies. At θH = 1
2π,

however, there emerges the H parity conservation so that Higgs bosons can be produced

only in pairs, provided no other KK modes of PH odd fields are produced. Furthermore, the

Higgs boson becomes stable at θH = 1
2π so that conventional ways of detecting the Higgs

boson, namely of finding decay products of the Higgs boson, turns out fruitless. In the

current scheme the produced Higgs boson appears as missing energy and momentum. At

colliders there appear at least two particles of missing energy and momentum, which makes

detection hard. There is large background with neutrinos, ν and ν̄. Collider signatures

16
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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.

total cross section for
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mH = 72, 108, 135 GeV

√
s (GeV)
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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
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Ideal case: e
+
Le
−
R → ZLHH , ZLνν̄

is applied.| cos θ| < 0.6

σsignal � 0.12, 0.056, 0.024 fb
σBG � 0.42, 0.39, 0.36 fb

Significance: S ≡ Nsignal�
Nsignal + NBG

A few (or more)         is required!ab−1

S = (1.4, 0.73, 0.34)
�

L/100 fb−1

S = 1.1
�

L/100 fb−1 for
√

s = 750GeV, mH = 135GeV
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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 < |ηl| < 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 → lν events with pT (ν) > 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(β − α) or
cos2(β − α) 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, |ηj | < 5.0,

(1)|ηj1 − ηj2| > 4.4, ηj1 · ηj2 < 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, φjj (measured in radians) is

relatively small,

(4)φjj < 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

φjj < 2.6 for the two tagging jets of the QCD jjj

background, in order to avoid the soft singularities

present near φjj = π . 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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σBG � 167 fb
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H-even KK Spectra

KK gluon

The significance S of σL turns out much larger than σT . The former is maximized with

the | cos θ| cut being ∼ 0.6. Choosing the | cos θ| 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 5σ. 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 5σ 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

Σd and Σs. 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.

19
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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 difference 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.
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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 τL eR µR τR
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 eνe µνµ τντ νe νµ ντ

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



Minoru TANAKA

Decay width and BR

13

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
τ (%) 12.3591 11.9693 10.6941

νe + νµ + ντ (%) 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 η > 2.5. From Figures 6-7,
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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

10% theoretical uncertainty included.

zL 105 1010 1015

S 7.3 3.3 0.85
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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
√

s = 7TeV
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mee

pp→ Z(1)X → e−e+X

X-sect = 1.239E+01(pb)   AVG = 5.826E+02   RMS = 1.746E+02
Tot # Evts =   10000  Entries =    9999  Undersc =     0  Over

zL = 105

σ = 12pb

mZ(1) = 652GeV
ΓZ(1) = 95.1 GeV
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mee

pp→ Z(1)X → e−e+X

X-sect = 6.116E+00(pb)   AVG = 6.824E+02   RMS = 3.212E+02
Tot # Evts =   10000  Entries =    9964  Undersc =     0  Over

zL = 1010

σ = 6.1 pb

mZ(1) = 922GeV
ΓZ(1) = 218GeV
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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

zL 105 1010 1015

L = 10pb−1 6.3 4.3 2.9
L = 100 pb−1 8.2 6.5 4.9
L = 1000 pb−1 8.5 7.0 5.4

10% theoretical uncertainty included.
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Summary

The first KK Z production at Tevatron suggests
a larger warp factor. zL = 105 unlikely

Dark Higgs seems difficult at the present model.

formH = 108(135) GeV zL = 1010(15)

zL = 1015
The first KK Z production may be discovered 
at LHC with              even for                . 100 pb−1


