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Abstract

A new scalar resonance, called the radion, with couplings to fermions and bosons
similar to those of the Higgs boson, is predicted in the framework of Randall-Sundrum
models, proposed solutions to the hierarchy problem with one extra dimension. An impor-
tant distinction between the radion and the Higgs boson is that the radion would couple
directly to gluon pairs, and in particular its decay products would include a significant
fraction of gluon jets. The radion has the same quantum numbers as the Standard Model
(SM) Higgs boson, and therefore they can mix, with the resulting mass eigenstates having
properties different from those of the SM Higgs boson. Existing searches for the Higgs
bosons are sensitive to the possible production and decay of radions and Higgs bosons in
these models. For the first time, searches for the SM Higgs boson and flavour-independent
and decay-mode independent searches for a neutral Higgs boson are used in combination
to explore the parameter space of the Randall-Sundrum model. In the dataset recorded
by the OPAL experiment at LEP, no evidence for radion or Higgs particle production was
observed in any of those searches. The results are used to set limits on the radion and
Higgs boson masses.
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1 Introduction

In [?], a model was proposed to solve the problem of the hierarchy between the electroweak
mass scale, Ay = O(TeV), and the Planck mass Mp = O(10% TeV) at which gravity
becomes strong. In this model, the hierarchy is generated by extending four-dimensional
space time with compact extra dimensions. In the resulting effective four-dimensional
theory, Mp appears enlarged with respect to the hypothesised fundamental value Mp,
due to the hidden volume V;, of the n extra dimensions: M3, = M3 "V,. To generate
the observed value Mp, = 10 TeV from a hypothesised fundamental value close to the
electroweak scale, Mp; ~ 1TeV, many additional dimensions are necessary or each addi-
tional dimension must be extraordinarily large, which generally conflicts with constraints
from electroweak precision measurements. The constraints do not directly apply if the
electroweak and strong forces and the particles of the Standard Model (SM) are confined
to a four-dimensional subspace (brane), and only gravity is allowed to propagate into the
whole space. Measurements of the gravitational force limit the size of extra dimensions
to 200 um [?]. Model dependent constraints can be obtained from electroweak precision
observables, which can be affected in a sizable way by gravity [?].

In the Randall-Sundrum (RS) model [?], one compact extra dimension is introduced.
As in previous models, the extra dimension is hidden to the forces and particles of the SM
by confining them to one brane, the SM brane. Only gravity is allowed to propagate into
the extra dimension. In this model the hierarchy is not generated by the extra volume,
but by a specifically chosen “warped” geometry. As a direct consequence of the geometry,
gravity is mainly located close to a second brane, the Planck brane, which is located at a
distance rq away from the SM brane, and its propagation in the extra dimension is expo-
nentially damped. Thus, there is only a small overlap between gravity and SM particles
and forces, explaining the weakness of gravity with respect to the electroweak interaction,
i.e. the observed mass hierarchy. The constraints on the size of the extra dimensions do
not apply in this case, because the gravitational force is only weakly modified due to the
localisation of gravity.

The model is considered to be a low-energy approximation of a more fundamental
theory and does not explain the mechanism that traps the SM fields on the brane or the
mechanism which gives rise to the geometry. It is possible to derive models with such a
geometry from M-theory [?].

The spectrum of the additional particles in the RS model has been investigated in [?]
and [?|. There are massless and massive spin-two excitations. The massless excitations
couple with gravitational strength and can be identified with gravitons. The masses and
couplings of the massive spin-two excitations are set by the weak scale. These states have
not been observed, but if they exist, they should be observable at experiments using the
next generation of colliders. In addition, there is a spinless excitation, called the radion.
The radion corresponds to a local fluctuation of the inter-brane distance: ro — ro+Ar(z).
To prevent the branes from drifting apart faster than allowed by cosmological models, a
stabilisation mechanism is needed |?]. As a consequence, the radion acquires a mass [?].
To introduce no further hierarchies, the mass should be well below 1 TeV.

The radion carries the same quantum numbers as the Higgs boson; thus the radion and



the Higgs boson can mix. This possibility was investigated first in [?] and was pursued in
[?], where calculations are carried out to higher order. The present study is based on the
Lagrangian of [?]. The physical scalars of the model are derived therein. The couplings
to matter are investigated in [?]|, where the calculations are based on a Lagrangian of
a lower order approximation. The ideas of |?] are transferred to the Lagrangian of |?]
leading to the results summarised in Section 2. The derivation of the physical scalars and
the couplings to matter are detailed in the Appendices A.1 and A.2.

Like the SM Higgs boson, both scalars are mainly produced in the “Higgsstrahlung”
process, e"e” — Zr or Zh, at LEP2, where r and h are the two scalar mass eigenstates of
the model. The limits on the cross-section of the Higgsstrahlung process obtained from
searches for the SM Higgs boson, flavour independent searches for hadronically decaying
Higgs bosons and decay-mode independent searches for Higgs bosons are used to restrict
the parameter space of the Randall-Sundrum model as explained in Section 3.

2 The Scalars of the Randall-Sundrum Model

In the Randall-Sundrum model there are two scalar particles, the radion and the Higgs
boson. Their masses, m, and my,, are free parameters. Further free parameters are: Ay,
which sets the mass scale on the SM brane and is expected to be O(1TeV), and & which
controls the kinematic mixing between the radion and the Higgs boson.

The radion couples to the trace of the energy momentum tensor. Thus, to first order
the radion couples to massive particles with couplings proportional to the particle mass,
and the Lorentz structure of the couplings is identical to that of the Higgs boson. However,
the coupling strength of the radion is generally reduced by v/v/6Aw w.r.t. the couplings
of the SM Higgs boson, where v denotes the vacuum expectation value of the Higgs field.
Unlike the Higgs boson, which only couples to gluons via a top loop, the radion couples
directly to gluon pairs due to the anomaly of the trace of the energy momentum tensor.
As a consequence, the radion decays mostly into gluon pairs.

Due to the kinematic mixing of the radion and the Higgs boson, both physical scalars,
the Higgs-like and the radion-like state h and r, may have properties different from those
of the SM Higgs boson. Here, the radion-like and the Higgs-like states, r(£) and h(), are
defined such that the Higgs-like state becomes the SM Higgs boson in the limit £ — 0,
and the mapping between the fundamental mass parameters (the mass parameter of the
Higgs mechanism, my,, and the mass parameter assigned to the radion excitation, m,) to
the mass eigenvalues is a continuous function of ¢ (see Figure la and Appendix A.1 for
details).

For non-zero mixing (§ # 0) some combinations of the masses m, and my of the
radion-like and the Higgs-like state will lead to unphysical particles (ghosts or tachyons).
The allowed minimum and maximum mixing is limited by requiring the particles to be
physical. The limits depend on the masses, m, and my,, and the mass scale Aw. For fixed
masses, the bounds increase with Ay. The physical regions are displayed in Figure 1b as
a function of the mixing parameter &, and m, for one Ay and my,.



Both particles, the radion and the Higgs boson, are predominantly produced in “Hig-
gsstrahlung” in eTe™ collisions for masses in the range accessible by the LEP experiments.
The production of the radion-like and the Higgs-like states are complementary as seen
in Figure 2a and b. The branching ratio of the Higgs-like state into heavy quarks and
leptons may be reduced depending on the mixing parameter £ while the branching ratio
into gluon pairs is enhanced, which can be seen in Figure 2c and d. Therefore, searches
for the SM Higgs boson (assuming mpg,, < 2mw) which are sensitive only to the decay
mode h — bb, may lose their sensitivity, in contrast to flavour independent searches which
are sensitive to h — gg.

3 Experimental Constraints on the Randall-Sundrum
Model

Since the signatures of the radion-like and the Higgs-like states are similar to the signatures
of the SM Higgs boson or neutral Higgs bosons of more general models, searches for a
neutral Higgs boson also constrain the parameter space of the Randall-Sundrum (RS)
model. The following searches for the Higgsstrahlung process, ete™ — Z¢, are exploited,
where ¢ is a scalar:

1. The search for the SM Higgs boson [?], ¢ = Hgy, which exploits the properties of
the dominant decay mode of the SM Higgs boson, Hgy — bb (assuming my,,, <
2 x my). The decay Hgyy — 7777 is not considered here. The search uses 593 pb!
and 170 pb ™! of data collected with the OPAL detector at /s = 189 — 209 GeV and
Vs = 91 GeV, respectively. All possible decay modes of the Z boson are considered:
Z—qq, ete, ptu, 777 and vi.

2. A flavour independent search for hadronically decaying Higgs bosons, ¢ = h, sensi-
tive to the h — qq and h — gg modes, using the same dataset as above |[?].

3. A search [?], independent of the decay mode of the scalar particle, using events in
which the Z boson decays into muon or electron pairs. There are no assumptions
on the scalar particle decay. Although this search gives weaker limits than the two
above, it is the only search to cover the mass region from 1 MeV to 12 GeV.

These searches have not revealed any significant excess of data over the background from
Standard Model processes, and limits on the cross-section of the Higgsstrahlung process
times the branching ratio of the scalar particle decay have been derived at the 95%
confidence level. The limits are expressed in terms of a scaling factor k?fm, which relates
the maximally allowed cross-section times branching ratio, o, (m,) x Br(¢ — 27), of a
scalar particle ¢ to the expectation for Higgs boson productionoy (m,,) from the SM:

K () = % « Br(p — 27) )

A value kfm(mw) = 1 means that at the 95% confidence level, a cross-section could be
excluded which is equal to the cross-section of the Higgsstrahlung process, ete™ — Hg\Z,
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for a SM Higgs boson Hgy having the mass m,. The observed and expected limits are
depicted in Figure 3. The first search is sensitive only to ¢ — bb, the second to ¢ — qq,
¢ — ¢gg, and the third analysis covers all possible decays.

In the RS model, the radion-like and the Higgs-like states have the same coupling
structure as a SM Higgs boson. The couplings to fermions f or vector bosons V' only differ
by factors \//?f or v/ky which depend on the masses of the radion-like and the Higgs-like
states, m, and my,, the mixing parameter £, and the mass scale Ay (see Appendix A.2).
Thus, the limits £, apply to the processes predicted in the RS model, e*e™ — Zy, where
@ is the radion-like state r or the Higgs-like state h.

Points in the parameter space of the RS model are considered excluded if the predicted
cross-section times branching ratio for either the radion-like or the Higgs-like state exceeds
the limit obtained from one of the Higgs boson searches. At each scan point, the search
is chosen which yields the most restrictive expected limit. For example in Figures 4a-d,
the cross-sections times branching ratio of the radion-like and Higgs-like state are shown
together with the limit obtained from the flavour independent and the SM Higgs boson
search. For the model points of Figures 4a and b, a small region in the parameter space just
before the inaccessible region remains allowed. Neither the SM nor the flavour independent
Higgs boson search is able to exclude this region. For the parameters shown in Figure 4c,
the SM search is not capable of excluding the model points for the parameters £ = 0.25,
Aw = 300 GeV, my, = 120 GeV, and for masses of the radion-like state m, < 67 GeV. The
flavour independent Higgs boson search excludes all model points up to the inaccessible
region (Figure 4d).

To find the lowest masses compatible with the observations, scans over the parameter
space of the RS model are performed. Figures 5a and b show the lowest mass of the
Higgs-like state allowed at the 95% confidence level in the plane spanned by the mixing
parameter £ and the scale parameter Aw. In the £-direction an equidistant grid is chosen
using 200 points between the minimum and maximum value of the allowed region. In
the Ay-direction, 160 scan points are chosen equally spaced on a logarithmic scale from
246 GeV to 10TeV. At each scan point, m, is scanned initially in coarse steps in the
range from 1 MeV to 1TeV, where the step sizes are 1 — 3 GeV and 30 GeV below and
above 400 GeV, respectively. For each m, value, my, is scanned in the range from 1 MeV to
120 GeV in steps of 1 GeV. The scan stops if the predicted cross-section times branching
ratio of both the radion-like and the Higgs-like states drops below the limit of the most
sensitive Higgs boson search. Finally, the mass my, at which the cross-section drops below
the limit is found to within 250 MeV by an iterative procedure.

For zero mixing (£ = 0), the mass limit of the SM Higgs boson search is obtained. For
non-zero mixing, the mass limit of the Higgs-like state is generally lower and decreasing
with decreasing scale parameter Ayw. The lowest mass limits are generally obtained for
maximum or minimum values of £ and values of the radion mass much larger than the
limit on my. In Figure 6 the lowest mass limits of the Higgs-like states are shown for all
¢ allowed by the theory. At large Aw, the maximally allowed |¢| is beyond O(1). For all
&, m, and A, the Higgs mass has to be larger than 58 GeV at the 95% confidence level,
where a limit of 54 GeV is expected. In cases in which either the observed limit or the
expected limit is obtained just before the inaccessible region, the difference between the
observed and expected limit may become large, if one of them is beyond and the other
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just before the inaccessible region. If for example in Figure 4b, the cross-section was
slightly higher such that it was just above the observed cross-section limit and it crossed
the expected limit at 90 GeV, the expected limit on m;, would have been at 90 GeV and
the observed limit would have been beyond the inaccessible region which would yield a
limit larger than 100 GeV. This leads to the large steps in Figure 6.

The same procedure was performed to find the lowest allowed mass of the radion-like
state, m,. The result of the scan in the £ — Ay plane is shown in Figures 5c¢ and d.
The cross-section of the radion-like state vanishes for large negative mixing and decreases
rapidly with increasing Aw, since the couplings of the radion to SM particles is propor-
tional to the inverse of Ayw. The analyses lose their sensitivity for Aw = 0.8 TeV and for
maximal negative mixing; therefore, a mass limit independent of the mixing parameter £
cannot be extracted.

4 Summary

Limits on the Higgsstrahlung cross-section obtained from data recorded with the OPAL
detector have been used to restrict the parameter space of the Randall-Sundrum model.
The data exclude masses for the Higgs-like state below 58 GeV for all scales Ay > 246 GeV,
independent of the mixing between the radion and the Higgs boson, and of the radion
mass. The analyses are sensitive to the radion for scales Ay < 0.8 TeV. No universal
limit, independent of Ay, £ and my,, on the mass of the radion-like state can be extracted.
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A Appendix

A.1 Physical Scalars in the RS-Model

In [?], the effective 4D Lagrangian is derived, which describes the kinetic terms of the
radion and the Higgs boson and their couplings to SM particles. Starting from the effective
Lagrangian, the physical states and their masses are computed as shown in [?], and the
radion-like and Higgs-like states are defined.

The following kinetic terms for the radion 7 and the Higgs boson h have been found:

~ T ~
h D —1m? 3¢~ h

Escalar = ( ~ ) ( i 1 572 1~9 ) < - ) ) (2)
T 3§7D —5 (14+6&6y%) 0 — 5m; T

where ¢ is a free parameter of O(1), leading to the kinetic mixing between the radion and
the Higgs boson. The normalisation of the radion field depends on v = v/v/6Aw, where
v is the vacuum expectation value of the Higgs field and Aw the mass scale on the SM

brane. The values m, and my, are fundamental mass parameters of the radion and the
Higgs fields.

The physical states are obtained by diagonalisation of the matrix in Equation (2) [?].
First the kinetic mixing is resolved by the choice h = h' + 6{yr’/Z and 7 = 1’/ Z, with:

Z =/1+6£72(1 - 6¢). (3)

The fields, 4’ and 1/, are real i.e. physical scalars only if:

1_12(1_\/@)<5<%(1+@). (4)

The choice of h' and 7’ removes the kinetic mixing, but introduces a mixing of the mass
terms for non zero m, and my. The matrix of the mass terms is diagonalised by rotating
by the angle 6:
~9
m
2 _ 2 2h 2,2\ (5)
—my (22 — 366°7?)

r

tan 20 = 126y 7 —
m

The canonically normalised kinetic terms of the fields 4’ and 7’ are invariant under ro-
tations. The full transformation yields the following relations between the fundamental
states, h and 7, and the mass eigenstates, h and f:

h = (cosf— 6577 sin 0)h + (sin 6 + 6577 cos )t (6)
ﬁ A
To= —sin@E—l—cosG%.
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The corresponding masses are given by m., where m_ < m, (m_ = m, for £ = 0 and

my = Mmy):

1 ~ ~ ~ o~
mi = 272 (ffzf + (1 + 6&y*)mj, + \/(m% — m2(1+ 6692)) + 14472§2m§m}21) . (7

For £ = 0, m, is the mass of the mass eigenstate h if > (otherwise this is the
mass of the eigenstate 1). The assignment of my to the eigenstates T and h changes at
the poles, &, of (5): m, = my,(Z% — 36£29?). Here, the rotation angle ¢ flips by /2. For
€] > |&|, h becomes eigenstates with mass m_ if my, > i, (otherwise of the eigenstate

T).

In the following, the radion-like and Higgs-like state, r and h, are defined such that for
¢ = 0 the fundamental radion 7 and the mass eigenstate r coincide, and furthermore, the
mass m, and the couplings (see Section A.2) are continuous functions of £. The definition
of r is:

if (i > i, and €2 < L)

r= or (i, < 7y, and 2 > MLt ) (8)

=

h otherwise
The corresponding mass is m, = m_ if m, < my, and m, = m, if m, > my. The Higgs-
like state and its mass are defined accordingly. The masses are shown in Figure la as
a function of ¢ for fundamental radion and Higgs boson mass parameters m, and my, of
90 GeV and 120 GeV.

Equations (7) can be solved for m, and my:

_ 72 144£2~2
m? = > ((m%r +m?) & \/(mfL — m2_)2 — 2527 mim%)

N 72 144£2~2
= WQ”‘“”‘”W e w2 2 mimz)' 9

The signs have to be chosen such that m.(§ = 0) = m, and m,(§ = 0) = my. The
computed masses m, and my, are real only if:

‘5
| D4+ N

> % (1 + 6672 (1 4 6€) + 129/€2(66~2 + 1)) . (10)

This condition, together with (4), limits the possible physical parameters as illustrated in
Figure 1b.

A.2 Couplings of the Higgs Boson and Radion to SM Particles

The couplings of the radion-like and the Higgs-like states, which are defined in the Ap-
pendix A.1, are extracted applying the methods of [?]. In contrast to [?], the physical
states are derived from the effective Lagrangian of [?] , which is a higher order approxi-
mation.

10



The radion couples to the trace of the energy-momentum tensor 7,/ [?]; therefore, the
couplings to matter are similar to those of the SM Higgs boson at lowest order since:

TH = —(m,j@EZ@DJ - mVVMV“) + ... s (11)

I

where 9; and V, denote fermions and bosons, m;; and my their masses. The contribution
of terms with derivatives of fields or more than two fields is negligible here. The combined
interaction term of the radion and the Higgs boson is:

1 _ ~
. . . ~ alyaly. — H — A
g .
‘Cradlon/Hl gs inter. — U(mljwld)j mvvuv ) [h ’)/T’i| ) (12)

where v denotes the vacuum expectation value of the Higgs field. The couplings of the
radion to the fermions and bosons are generally reduced by the factor v = v/ V6 Ay
compared to the corresponding couplings of the Higgs boson.

The couplings of the radion-like and the Higgs-like state r and h are obtained by
inserting (6) according to (8) into (12) and comparing the resulting terms with the Higgs
interaction terms of the SM Lagrangian. This yields for the radion-like state, expressed
in terms of the partial decay width relative to the one of the SM Higgs boson!:

I(r — ff) I'(r —VV) 9
ke = by = I — (ay, )2 13
= S Ty 1) (Hay = V) (T 02) (13)
where
. ~ ~ iy 22—y
0 if (mr>mh and £2<~3}16;w)
_ 7 ~ ~ 2~ 22—,
iy = or (1, <y, and & > TRZ—me ) (14)
a; i otherwise

The relative decay width of the Higgs-like state is given by (13) replacing a;, by a;n,
where a;, is defined accordingly. The following relations for a;; and q, ; are obtained:

aj; = sinf+ 6577 cos 0 ags = 7@;0 )
P= — 8y g L= sin @
a,p = cos —>Ising ayp = o

Expression (13) is valid for all fermions f and massive vector bosons V at lowest order.

In case the Higgs boson or radion is lighter than two times the top mass, m;, direct
decays into top quarks are kinematically forbidden, but due to the large mass of the top
quark, decays into gluons via top loops are generally not negligible. The matrix element
of a SM Higgs boson decay into gluons is:

1 a, 1 9, 9 v
ME(Hsy — g9) = 5+ 5=+~ Haui(o) Fy (42 /i) Gy () G2/ (@), (16)
The strong coupling constant is denoted by «,, the Higgs boson mass by myg,, and the
gluon fields by G,,,. The function F’ 1 is the form factor of the top loop, which is defined
by [7]:
Fy(r) = =27 [1+ (1= 1) f()], (17)

!For a given mass m, (my,) the expression has to be evaluated using a mass mug,, = M, (Mugy, = Mn).
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where

- arcsin® %, ifr>0 a18)
f(r) = 2 18
—i 1n}j—ﬁv}j—m] , if 7 <0.

A similar matrix element is obtained for the radion, however it has the opposite sign
and the coupling is reduced by 7. Since the radion couples to the trace of the energy
momentum tensor, the anomaly of the trace contributes to the decay width into gluons
and photons in addition to the loop contribution. The anomalous terms appear in the
trace of the renormalised energy momentum tensor in addition to the unrenormalised
trace Tﬁj This has been shown for example in [?]. The complete trace T reads:

TH =T + - N[Fa,F.¥), (19)

where gr denotes the renormalised coupling constant, 3 the renormalisation group co-
efficient, F/* the field strength tensor of strong, electromagnetic and weak interaction
and NJ|...] normal ordering. Thus, the radion couples directly to gluon and photon pairs
due to the trace anomaly. The additional coupling to the massive vector bosons is neg-
ligible. To fully describe the coupling of the radion to gluon pairs, the matrix element
ME(r — gg) equivalent of (16) has to be extended with the term:

MEanomaty (r = g9) = 3 - (as/87)yr(x) G ()G (). (20)

For the SU(3) group of QCD, the renormalisation group coefficient 5=7. In total, the
partial decay width of the radion-like state becomes [?]:

2

. . _ 2 2
b — F(r — gg) _ ’2 ﬁ gy (al,r + QQ,T)F% (4mt /mr) . (21)
J F(HSM - 99) ’Fl (4m§/m2) 2
2 I8

The factors a;, are those of (14). The partial decay width of the Higgs-like state, I'(h —
gg) is given by (21) replacing a;, by a; 1, and m, by my,.

Except for the additional coupling to gluon pairs and scaled coupling strength, the
couplings of the radion-like and the Higgs-like states are the same as those of the SM
Higgs boson. Thus in ete™ collisions at centre-of-mass energies achieved at LEP, the
mass eigenstates, ¢ = r or h, are dominantly produced in the Higgsstrahlung process,
ete” — Z* — Zyp. The total decay width of the mass eigenstates is smaller than 100 MeV
for masses of interest (m,, < 115GeV). Thus only decays, Z* — Z¢p, into on-shell Higgs
bosons or radions have to be considered. The cross-section relative to Higgsstrahlung in
the SM is derived from (13) and given by:

oete™ — Zyp) I(p — VV)

= . 22
a(e*e* — ZHSM; mHSM = mg,) F(HSM — VV) ( )

In Figure 2, the cross-section and branching ratios of the two mass eigenstates are dis-
played as a function of the mixing parameter £&. Due to the contribution from the trace
anomaly, the radion decays predominantly into a pair of gluons.
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Figure 1: a) Masses m,, of the heavy and light mass eigenstates for fundamental Higgs
boson and radion mass parameters, my, and m,, of 90 GeV and 120 GeV. The fundamental
radion is chosen to be heavier (lighter) than the Higgs boson, indicated by the solid
(dashed) lines. The z-axis extends over the allowed &-range. b) Allowed parameter space
in the m, and ¢ plane for a Higgs boson mass m;, = 120 GeV. Outside the permitted
region the Higgs and radion-like states are unphysical (ghost-like). In both figures the
weak scale was chosen to be Ayw = 300 GeV.
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Figure 2: a) and b) the cross-sections for the processes ete™ — Zr or Zh of the radion-
like and the Higgs-like state, r and h, relative to the corresponding cross-section for a
SM Higgs boson for two different values of m, and my. ¢) and d) the branching ratios
of r and h into gluon pairs and bb. The parameter Ay was chosen to be 300 GeV. The
cross-sections and branching ratios of the Higgs-like state h are identical to those of a SM
Higgs boson for £ = 0.
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Figure 3: The observed and expected limits on the scale factor k as a function of the Higgs
boson mass obtained by the SM Higgs boson search, the flavour independent and the
decay-mode independent Higgs boson search. The scale factor k relates the cross-section
times branching ratio to the cross-section of SM Higgsstrahlung. The limits equally apply
to the radion-like and the Higgs-like state of the Randall-Sundrum model each with the
mass my,.
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Figure 4: The cross-section times branching ratio of the Higgs-like (Figure a and b)
and radion-like state (Figure c and d) relative to the cross-section of SM Higgsstrahlung
together with the observed and expected limits (solid and dashed lines) obtained from the
SM (Figure a and c¢) and the flavour independent (Figure b and d) Higgs boson searches
at one point in the Randall-Sundrum parameter space as a function of the mass of the
Higgs-like state my;, and the mass of the radion-like state m,. The dotted lines in Figures a
and c indicate the cross-section times Br(r or h — bb) and in Figures b and d the cross-
section times Br(r or h — hadrons). The shaded region is inaccessible by the theory.
Model points are excluded if the predicted cross-section times branching ratio exceeds the
limit.
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Figure 5: Expected and observed lower limits on the mass of the Higgs-like and the radion-
like state, my (a and b) and m, (c and d), as a function of the mixing parameter ¢ and
the scale parameter Ayw. The Figures a) and c) show the expected limit, and Figures b)
and d) the observed limit. Inside each shaded region, the obtained lower mass limit is
equal or larger than the value indicated by the code on the right. The regions in the
upper and lower left corner are inaccessible by the theory.
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Figure 6: The lowest expected and observed limit on the Higgs boson mass as a function
of the scale parameter Ay for all allowed ¢ and for masses of the radion-like state m,
in the range from 1 MeV to 1TeV. The analyses often lose their sensitivity close to the
inaccessible region. If the region up to the inaccessible region is covered, the next allowed
mass will be several GeV further away. This causes the step like structure.
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