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Introduction

Naturalness and hierarchy problem: New physics?

Higgs mechanism: Not seen yet.

Electro-Weak Symmetry Breaking

φ

V

Stable Higgs in gauge-Higgs unification

A possible solution: Dark Higgs scenario

Dark Matter

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

WIMP?

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

Higgs is STABLE!
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Dark Higgs
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Relic Abundance
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mH ∼ 70 GeV

Y. Hosotani, P. Ko, MT (PLB680,179)
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Collider signals
Effective interactions

Integrating out KK modes,

Lint = −m2
W

f2
H

H2W+µW−
µ − m2

Z

2f2
H

H2ZµZµ

+
∑

f
mf

2f2
H

H2f̄f + · · · .

No odd powers of H .

Two missing Higgs bosons
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Linear Collider
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Signal:
Z

e−

e+

H

H

Z

e+e− → ZHH

H’s are missing.

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

.

ZL violates the unitarity

unless s/m2
KK ! 1

√
s = 500GeV

in the following.

mKK ∼ 1TeV
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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

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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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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g2/2 g2v/2

dσHH

dm2
HH

=
β̄f

32π2v2
σh|m2

h=m2
HH

σHH ∼ 1.5 fb

S ∼ 1.2
√

L/100 fb−1

σBG ! 167 fb
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mH ∼ 70 GeV is predicted.

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.

Summary

Signals in KK mode production should be studied.
mKK

<∼ 1TeV
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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
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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%.
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