
b

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by KU ScholarWorks
PhysicsLettersB 609 (2005) 20–34

www.elsevier.com/locate/physlet

Search for radions at LEP2

OPAL Collaboration

G. Abbiendib, C. Ainsleye, P.F. Åkessonc,1, G. Alexanderu, J.Allison o, P. Amaralh,
G. Anagnostoua, K.J. Andersonh, S. Asaiv,w, D. Axenaa, I. Baileyz, E. Barberiog,2,

T. Barillari af, R.J. Barlowo, R.J. Batleye, P. Bechtley, T. Behnkey, K.W. Bell s,
P.J.Bell a, G. Bellau, A. Bellerivef, G. Benellid, S. Bethkeaf, O. Biebelae, O. Boeriui,

P.Bockj, M. Boutemeurae, S. Braibantb, R.M. Browns, H.J.Burckhartg, S. Campanad,
P.Capiluppib, R.K. Carnegief, A.A. Carterl, J.R. Cartere, C.Y. Changp,

D.G. Charltona, C. Cioccab, A. Csillingac, M. Cuffianib, S. Dadot, A. De Roeckg,
E.A. DeWolf g,3, K. Deschy, B. Dienesad, M. Donkersf, J.Dubbertae, E.Duchovnix,

G. Duckeckae, I.P.Duerdotho, E. Etzionu, F. Fabbrib, P.Ferrarig, F. Fiedlerae, I. Flecki,
M. Fordo, A. Freyg, P.Gagnonk, J.W. Garyd, C. Geich-Gimbelc, G. Giacomellib,
P.Giacomellib, M. Giuntad, J.Goldbergt, E. Grossx, J.Grunhausu, M. Gruwég,
P.O.Güntherc, A. Guptah, C. Hajduac, M. Hamanny, G.G.Hansond, A. Harelt,
M. Hauschildg, C.M. Hawkesa, R. Hawkingsg, R.J. Hemingwayf, G. Herteni,

R.D. Heuery, J.C. Hille, K. Hoffmanh, D. Horváthac,4, P. Igo-Kemenesj, K. Ishii v,w,
H. Jeremieq, P. Jovanovica, T.R. Junkf,5, J. Kanzakiv,w,6, D. Karlenz, K. Kawagoev,w,

T. Kawamotov,w, R.K. Keelerz, R.G. Kelloggp, B.W. Kennedys, S.Kluth af,
T. Kobayashiv,w, M. Kobelc, S.Komamiyav,w, T. Krämery, P. Kriegerf,7, J.vonKroghj,

T. Kuhl y, M. Kupperx, G.D. Laffertyo, H. Landsmant, D. Lanskem, D. Lellouchx,
J. Lettsah, L. Levinsonx, J.Lillich i, S.L. Lloydl, F.K. Loebingero, J. Luaa,8,

A. Ludwig c, J. Ludwigi, W. Maderc,9, S. Marcellinib, A.J. Martinl, G. Masettib,
T. Mashimov,w, P.Mättigai, J. McKennaaa, R.A. McPhersonz, F. Meijersg,

W. Mengesy, F.S. Merritth, H. Mesf,10, N. Meyery, A. Michelini b, S. Miharav,w,
G. Mikenbergx, D.J.Miller n, W. Mohri, T. Mori v,w, A. Mutteri, K. Nagail,

I. Nakamurav,w,11, H. Nanjov,w, H.A. Nealag, R. Nisiusaf, S.W.O’Nealea,�, A. Ohg,
M.J. Oregliah, S.Orito v,w,�, C. Pahlaf, G. Pásztord,12, J.R.Patero, J.E. Pilcherh,

J. Pinfoldab, D.E. Planeg, O. Poothm, M. Przybyciéng,13, A. Quadtc, K. Rabbertzg,14,
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Abstract

A new scalar resonance, calledthe radion, with couplings to fermions and bosons similarto thoseof the Higgs boson, is
predictedin theframework of Randall–Sundrum models, proposed solutions to the hierarchy problem with oneextradimension.
An important distinction between the radion and theHiggsboson is that the radionwould couple directly to gluon pairs, an
in particular its decay productswould includea significantfraction of gluon jets.The radion hasthesame quantum numbe
as the Standard Model (SM)Higgs boson, andthereforethey can mix, with the resultingmasseigenstates having properti
different fromthoseof theSM Higgs boson. Existingsearchesfor theHiggs bosons aresensitiveto the possible production an
decay of radions andHiggsbosons in thesemodels.For the first time, searches fortheSM Higgs boson and flavour-independe
and decay-mode independent searches for a neutralHiggsboson are usedin combinationto exploretheparameterspaceof the
Randall–Sundrum model. In the dataset recorded by theOPAL experimentat LEP, noevidencefor radion or Higgs particle
productionwasobservedin any of those searches at centre-of-mass energies upto 209 GeV. The results are usedto setlimits on
the radion and Higgs boson masses.Forall parameters of theRandall–Sundrummodel, the dataexcludemasses below 58 GeV
for themass eigenstate which becomestheHiggs boson in the no-mixing limit.
 2005 Elsevier B.V.

1. Introduction

In [1], a modelwas proposedto solve the problem of the hierarchy between the electroweak mass
ΛW = O(TeV), and thePlanck massMPl = O(1015 TeV) at which gravity becomes strong. In this mod
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the hierarchy is generated by extending four-dimensional space–time with compact extra dimensions. I
sulting effective four-dimensional theory,MPl appears enlarged with respect to the hypothesised fundam
value M̃Pl, due to the hidden volumeVn of the n extra dimensions:M2

Pl = M̃2+n
Pl Vn. To generate the observe

value MPl = 1015 TeV from a hypothesised fundamental value close to the electroweak scale,M̃Pl � 1 TeV,
many additional dimensions are necessary or each additional dimension must be extraordinarily large
generally conflicts with constraints from electroweak precision measurements. The constraints do not
apply if the electroweak and strong forces and the particles of the Standard Model (SM) are confin
four-dimensional subspace (brane), and only gravity is allowed to propagate into the whole space. M
ments of the gravitational force limit the size of extra dimensions to 200 µm[2]. Model dependent constrain
can be obtained from electroweak precision observables, which can be affected in a sizable way b
ity [3].

In the Randall–Sundrum (RS) model[4], one compact extra dimension is introduced. As in previous m
els, the extra dimension is hidden to the forces and particles of the SM by confining them to one brane,
brane. Only gravity is allowed to propagate into the extra dimension. In this model the hierarchy is not ge
by the extra volume, but by a specifically chosen “warped” geometry. As a direct consequence of the
try, gravity is mainly located close to a second brane, the Planck brane, which is located at a distancer0 away
from the SM brane, and its propagation in the extra dimension is exponentially damped. Thus, there is
small overlap between gravity and SM particles and forces, explaining the weakness of gravity with res
the electroweak interaction, i.e., the observed mass hierarchy. The constraints on the size of the extra di
do not apply in this case, because the gravitational force is only weakly modified due to the localisation o
ity.

The model is considered to be a low-energy approximation of a more fundamental theory and does no
the mechanism that traps the SM fields on the brane or the mechanism which gives rise to the geome
possible to derive models with such a geometry from M-theory[5].

The spectrum of the additional particles in the RS model has been investigated in[6] and[7]. There are massles
and massive spin-two excitations. The massless excitations couple with gravitational strength and can be
with gravitons. The masses and couplings of the massive spin-two excitations are set by the weak scale. Th
have not been observed, but if they exist, they should be observable at experiments using the next gen
colliders. In addition, there is a spinless excitation, called theradion. The radion corresponds to a local fluctuat
of the inter-brane distance:r0 → r0 + �r(x). To prevent the branes from drifting apart faster than allowed
cosmological models, a stabilisation mechanism is needed[8]. As a consequence, the radion acquires a mass[7].
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 b
mix. This possibility was investigated first in[6] and was pursued in[7], where calculations are carried out
higher order. The present study is based on the Lagrangian of[7]. The physical scalars of the model are deriv
therein. The couplings to matter are investigated in[6], where the calculations are based on a Lagrangian of a lo
order approximation. The ideas of[6] are transferred to the Lagrangian of[7] leading to the results summaris
in Section2. The derivation of the physical scalars and the couplings to matter are detailed inAppendices 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 cros
of the Higgsstrahlung process obtained from searches for the SM Higgs boson, flavour independent sea
hadronically decaying Higgs bosons and decay-mode independent searches for Higgs bosons are used
the parameter space of the Randall–Sundrum model as explained in Section3.

Constraints of the RS model parameters have also been derived from the electroweak-precision obs
e.g.,[9], the measurement of anomalous magnetic moment of the muon[10], and direct searches for Kaluza–Kle
excitations, e.g.,[11].
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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 mamr
andmh, are free parameters. Further free parameters23 are:ΛW, which sets the mass scale on the SM brane an
expected to beO(1 TeV), andξ which controls the kinematic mixing between the radion and the Higgs boso

The radion couples to the trace of the energy momentum tensor. Thus, to first order the radion couples to
particles with couplings proportional to the particle mass, and the Lorentz structure of the couplings is id
to that of the Higgs boson. However, the coupling strength of the radion is generally reduced byv/

√
6ΛW w.r.t.

the couplings of the SM Higgs boson, wherev denotes the vacuum expectation value of the Higgs field. Un
the Higgs boson, which only couples to gluons via a top loop, the radion couples directly to gluon pairs
the anomaly of the trace of the energy–momentum tensor. As a consequence, the radion decays mostly i
pairs.

Due to the kinematic mixing of the radion and the Higgs boson, both physical scalars, the Higgs-like
radion-like state h and r, may have cross sections and branching ratios different from those of the SM Higg
Here, the radion-like and the Higgs-like states, r(ξ) and h(ξ), are defined such that the Higgs-like state beco
the SM Higgs boson in the limitξ → 0, and the mapping between the fundamental mass parameters (the
parameter of the Higgs mechanism,m̃h, and the mass parameter assigned to the radion excitation,m̃r) to the mass
eigenvalues is a continuous function ofξ (seeFig. 1(a) andAppendix A.1for details).

For non-zero mixing (ξ �= 0) some combinations of the massesmr andmh of the radion-like and the Higgs-lik
state will lead to unphysical particles (ghosts or tachyons). The allowed minimum and maximum mixing is
by requiring the particles to be physical. The limits depend on the masses,mr andmh, and the mass scaleΛW. For
fixed masses, the bounds increase withΛW. The physical regions are displayed inFig. 1(b) as a function of the
mixing parameterξ , andmr for oneΛW andmh.

(a) (b)

Fig. 1. (a) Massesmr/h of the heavy and light mass eigenstates for fundamental Higgs boson and radion mass parameters,m̃h and m̃r, of
90 GeV and 120 GeV. The fundamental radion is chosen to be heavier (lighter) than the Higgs boson, indicated by the solid (dashed
x-axis extends over the allowedξ -range. (b) Allowed parameter space in themr andξ plane for a Higgs boson massmh = 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 beΛW = 300 GeV.

23 The quartic couplings, for example, ZZrr, are controlled by a parameter calledη in [9]. Since in this work the radion- and Higgsstrahlu
processes are searched for, the quartic couplings should have a negligible impact and are not considered.
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Fig. 2. (a) and (b) the cross sections for the processes e+e− → Zr or Zh of the radion-like and the Higgs-like state, r and h, relative to
corresponding cross section for a SM Higgs boson for two different values ofmr andmh. (c) and (d) the branching ratios of r and h into glu
pairs and b̄b. The parameterΛW was chosen to be 300 GeV. The cross sections and branching ratios of the Higgs-like state h are ide
those of a SM Higgs boson forξ = 0.

Both particles, the radion and the Higgs boson, are predominantly produced in “Higgsstrahlung” in e+e− col-
lisions for masses in the range accessible by the LEP experiments. The production of the radion-like
Higgs-like states are complementary as seen inFig. 2(a) and (b). The branching ratio of the Higgs-like state i
heavy quarks and leptons may be reduced depending on the mixing parameterξ while the branching ratio into
gluon pairs is enhanced, which can be seen inFig. 2(c) and (d). Therefore, searches for the SM Higgs boson
sumingmHSM � 2mW) which are sensitive only to the decay mode h→ bb̄, may lose their sensitivity, in contra
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
boson or neutral Higgs bosons of more general models, searches for a neutral Higgs boson also con
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30 GeV
parameter space of the Randall–Sundrum (RS) model. The following searches for the Higgsstrahlung
e+e− → Zϕ, are exploited, whereϕ is a scalar:

(1) The search for the SM Higgs boson[12], ϕ = HSM, which exploits the properties of the dominant decay m
of the SM Higgs boson, HSM → bb̄ (assumingmHSM � 2mW). The decay HSM → τ+τ− is not considered
here. The search uses 593 pb−1 and 170 pb−1 of data collected with the OPAL detector at

√
s= 189–209 GeV

and
√

s = 91 GeV, respectively. All possible decay modes of the Z boson are considered: Z→ qq̄, e+e−,
µ+µ−, τ+τ− andνν̄.

(2) A flavour independent search for hadronically decaying Higgs bosons,ϕ = h, sensitive to the h→ qq̄ and
h→ gg modes, using the same dataset as above[13].

(3) A search[14], independent of the decay mode of the scalar particle, using events in which the Z boson
into muon or electron pairs. There are no assumptions on the scalar particle decay. Although this sea
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 Standa
processes, and limits on the cross section of the Higgsstrahlung process times the branching ratio of t
particle decay have been derived at the 95% confidence level. The limits are expressed in terms of a scal
k95
ϕx , which relates the maximally allowed cross-section times branching ratio,σ 95

ϕZ(mϕ) × Br(ϕ → xx̄), of a scalar

particleϕ to the expectation for Higgs boson productionσSM
HZ (mϕ) from the SM:

(1)k95
ϕx(mϕ) = σ 95

ϕZ(mϕ)

σSM
HZ (mϕ)

× Br(ϕ → xx̄).

A valuek95
ϕx(mϕx) = 1 means that at the 95% confidence level, a cross-section could be excluded which is e

the cross section of the Higgsstrahlung process, e+e− → HSMZ, for a SM Higgs boson HSM having the massmϕ .
The observed and expected limits are depicted inFig. 3. The first search is sensitive only toϕ → bb̄, the second to
ϕ → qq̄, ϕ → 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
boson. The couplings to fermions f or vector bosons V only differ by factors

√
kf or

√
kV which depend on the

masses of the radion-like and the Higgs-like states,mr andmh, the mixing parameterξ , and the mass scaleΛW
(seeAppendix A.2). Thus, the limitsk95

ϕx apply to the processes predicted in the RS model, e+e− → Zϕ, whereϕ

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-sect

branching ratio for either the radion-like or the Higgs-like state exceeds the limit obtained from one of the
boson searches. At each scan point, the search is chosen which yields the most restrictive expected
example, inFig. 4(a)–(d), the cross-sections times branching ratio of the radion-like and Higgs-like state are
together with the limit obtained from the flavour independent and the SM Higgs boson search. For the mod
of Fig. 4(a) and (b), a small region in the parameter space just before the inaccessible region remains
Neither the SM nor the flavour independent Higgs boson search is able to exclude this region. For the pa
shown inFig. 4(c), the SM search is not capable of excluding the model points for the parametersξ = 0.25,
ΛW = 300 GeV,mh = 120 GeV, and for masses of the radion-like statemr � 67 GeV. The flavour independe
Higgs boson search excludes all model points up to the inaccessible region (Fig. 4(d)).

To find the lowest masses compatible with the observations, scans over the parameter space of the R
are performed.Fig. 5(a) and (b) show the lowest mass of the Higgs-like state allowed at the 95% confidenc
in the plane spanned by the mixing parameterξ and the scale parameterΛW. In theξ -direction an equidistant gri
is chosen using 200 points between the minimum and maximum value of the allowed region. In theΛW-direction,
160 scan points are chosen equally spaced on a logarithmic scale from 246 GeV to 10 TeV. At each scanmr
is scanned initially in coarse steps in the range from 1 MeV to 1 TeV, where the step sizes are 1–3 GeV and
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Fig. 3. The observed and expected limits on the scale factor k as a function of the Higgs boson mass obtained by the SM Higgs bos
the flavour independent and the decay-mode independent Higgs boson search. The scale factor k relates the cross-section times br
to the cross section of SM Higgsstrahlung. The limits equally apply to the radion-like and the Higgs-like state of the Randall–Sundru
each with the massmh.

below and above 400 GeV, respectively. For eachmr value,mh is scanned in the range from 1 MeV to 120 GeV
steps of 1 GeV. The scan stops if the predicted cross-section times branching ratio of both the radion-like
Higgs-like states drops below the limit of the most sensitive Higgs boson search. Finally, the massmh at which the
cross-section drops below the limit is found to within 250 MeV by an iterative procedure.

For zero mixing (ξ = 0), the mass limit of the SM Higgs boson search is obtained. For non-zero mixin
mass limit of the Higgs-like state is generally lower and decreasing with decreasing scale parameterΛW. The
lowest mass limits are generally obtained for maximum or minimum values ofξ and values of the radion ma
much larger than the limit onmh. In Fig. 6 the lowest mass limits of the Higgs-like states are shown for aξ

allowed by the theory. At largeΛW, the maximally allowed|ξ | is beyondO(1). For all ξ , mr andΛW, the Higgs
mass has to be larger than 58 GeV at the 95% confidence level, where a limit of 54 GeV is expected. In
which either the observed limit or the expected limit is obtained just before the inaccessible region, the dif
between the observed and expected limit may become large, if one of them is beyond and the other just b
inaccessible region. If for example inFig. 4(b), the cross section was slightly higher such that it was just abov
observed cross-section limit and it crossed the expected limit at 90 GeV, the expected limit onmh would have been
at 90 GeV and the observed limit would have been beyond the inaccessible region which would yield a lim
than 100 GeV. This leads to the large steps inFig. 6.

The same procedure was performed to find the lowest allowed mass of the radion-like state,mr. The result of the
scan in theξ–ΛW plane is shown inFig. 5(c) and (d). The cross section of the radion-like state vanishes forξ very
close to the negative bound of the inaccessible region (see, for example,Fig. 2(a)), thus a limit onmr independen
of ξ cannot be derived. The resolution ofFig. 5(c) and (d) is not sufficient to show this behaviour in the scan o
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statemh and the mass of the radion-like statemr. The dotted lines in (a) and (c) indicate the cross-section times Br(r or h→ bb̄) in units of the
SM cross section and in (b) and (d) the cross-section times Br(r or h→ hadrons). The shaded region is inaccessible by the theory. Model po
are excluded if the predicted cross-section times branching ratio exceeds the limit.

all mr andmh. The cross section decreases rapidly with increasingΛW, since the couplings of the radion to S
particles are proportional to the inverse ofΛW. The analyses lose their sensitivity forΛW � 0.8 TeV.

4. Summary

Limits on the Higgsstrahlung cross-section obtained from data recorded with the OPAL detector have be
to restrict the parameter space of the Randall–Sundrum model. The data exclude masses for the Higgs
below 58 GeV for all scalesΛW � 246 GeV, independent of the mixing between the radion and the Higgs b
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Fig. 5. Expected and observed lower limits on the mass of the Higgs-like and the radion-like state,mh (a) and (b) andmr (c) and (d), as a
function of the mixing parameterξ and the scale parameterΛW. (a) and (c) show the expected limit, and (b) and (d) the observed limit. In
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
and lower left corner are inaccessible by the theory.

Fig. 6. The lowest expected and observed limit on the Higgs boson mass as a function of the scale parameterΛW for all allowedξ and for
masses of the radion-like statemr in the range from 1 MeV to 1 TeV. The analyses often lose their sensitivity close to the inaccessible re
the region up to the inaccessible region is covered, the next allowed mass will be several GeV further away. This causes the step like
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and of the radion mass. The analyses are sensitive to the radion for scalesΛW � 0.8 TeV. No universal limit,
independent ofΛW, ξ andmh, on the mass of the radion-like state can be extracted.
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Appendix A

A.1. Physical scalars in the RS-model

In [7], the effective 4D Lagrangian is derived, which describes the kinetic terms of the radion and the
boson and their couplings to SM particles. Starting from the effective Lagrangian, the physical states a
masses are computed as shown in[7], and the radion-like and Higgs-like states are defined.

The following kinetic terms for the radioñr and the Higgs bosoñh have been found:

(A.1)Lscalar�
(

h̃

r̃

)T (−1
2� − 1

2m̃2
h 3ξγ�

3ξγ� −1
2(1+ 6ξγ2)� − 1

2m̃2
r

)(
h̃

r̃

)
,

whereξ is a free parameter ofO(1), leading to the kinetic mixing between the radion and the Higgs boson
normalisation of the radion field depends onγ = v/

√
6ΛW, wherev is the vacuum expectation value of the Hig

field andΛW the mass scale on the SM brane. The valuesm̃r and m̃h are fundamental mass parameters of
radion and the Higgs fields.

The physical states are obtained by diagonalisation of the matrix in Eq.(A.1) [7]. First the kinetic mixing is
resolved by the choicẽh = h′ + 6ξγ r′/Z andr̃ = r ′/Z, with:

(A.2)Z =
√

1+ 6ξγ2(1− 6ξ).
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The fields,h′ andr ′, are real, i.e., physical scalars only if:

(A.3)
1

12

(
1−

√
1+ 4

γ 2

)
< ξ <

1

12

(
1+

√
1+ 4

γ 2

)
.

The choice ofh′ andr ′ removes the kinetic mixing, but introduces a mixing of the mass terms for non zerom̃r and
m̃h. The matrix of the mass terms is diagonalised by rotating by the angleθ :

(A.4)tan 2θ= 12ξγZ
m̃2

h

m̃2
r − m̃2

h(Z
2 − 36ξ2γ 2)

.

The canonically normalised kinetic terms of the fieldsh′ andr ′ are invariant under rotations. The full transformati
yields the following relations between the gauge eigenstates,h̃ andr̃ , and the mass eigenstates,ĥ andr̂:

(A.5)h̃ =
(

cosθ − 6ξγ

Z
sinθ

)
ĥ+

(
sinθ + 6ξγ

Z
cosθ

)
r̂, r̃ = −sinθ

ĥ

Z
+ cosθ

r̂

Z
.

The corresponding masses are given bym±, wherem− � m+ (m− = m+ for ξ = 0 andm̃r = m̃h):

(A.6)m2± = 1

2Z2

(
m̃2

r + (
1+ 6ξγ2)m̃2

h ±
√(

m̃2
r − m̃2

h

(
1+ 6ξγ2

))2 + 144γ2ξ2m̃2
r m̃

2
h

)
.

For ξ = 0, m+ is the mass of the mass eigenstateĥ if m̃h > m̃r (otherwise this is the mass of the eigenstater̂). The
assignment ofm± to the eigenstateŝr andĥ changes at the poles,ξ0, of (A.4): m̃r = m̃h(Z

2 − 36ξ2
0γ 2). Here, the

rotation angleθ flips by π/2. For |ξ | > |ξ0|, ĥ becomes eigenstates with massm− if m̃h > m̃r (otherwise of the
eigenstatêr).

In the following, the radion-like and Higgs-like state, r and h, are defined such that forξ = 0 the fundamenta
radion r̃ and the mass eigenstate r coincide, and furthermore, the massmr and the couplings (seeAppendix A.2)
are continuous functions ofξ . The definition of r is:

(A.7)r =




r̂ if
(
m̃r > m̃h andξ2 < m̃hZ

2−m̃r
36γ2m̃h

)
,

or
(
m̃r � m̃h andξ2 � m̃hZ

2−m̃r
36γ2m̃h

)
,

ĥ otherwise.

The corresponding mass ismr = m− if m̃r � m̃h andmr = m+ if m̃r > m̃h. The Higgs-like state and its mass a
defined accordingly. The masses are shown inFig. 1(a) as a function ofξ for fundamental radion and Higgs bos
mass parameters̃mr andm̃h of 90 GeV and 120 GeV.

Eq.(A.6) can be solved for̃mr andm̃h:

m̃2
r = Z2

2

((
m2+ + m2−

) ±
√(

m2+ − m2−
)2 − 144ξ2γ 2

Z2
m2+m2−

)
,

(A.8)m̃2
h = Z2

2(1+ 6ξγ2)

((
m2+ + m2−

) ∓
√(

m2+ − m2−
)2 − 144ξ2γ 2

Z2
m2+m2−

)
.

The signs have to be chosen such thatmr(ξ = 0)= m̃r andmh(ξ = 0)= m̃h. The computed masses̃mr andm̃h are
real only if:

(A.9)
m2+
m2−

� 1

Z2

(
1+ 6ξγ2(1+ 6ξ)+ 12γ

√
ξ2

(
6ξγ2 + 1

))
.

This condition, together with(A.3), limits the possible physical parameters as illustrated inFig. 1(b).
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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 inAppendix A.1, are extracted
applying the methods of[6]. In contrast to[6], the physical states are derived from the effective Lagrangian o[7],
which is a higher order approximation.

The radion couples to the trace of the energy–momentum tensorT
µ
µ [6]; therefore, the couplings to matter a

similar to those of the SM Higgs boson at lowest order since:

(A.10)T µ
µ = −(

mij ψ̄iψj − mVVµVµ
) + · · · ,

whereψi and Vµ denote fermions and bosons,mij andmV their masses. The contribution of terms with derivati
of fields or more than two fields is negligible here. The combined interaction term of the radion and the Higg
is:

(A.11)Lradion/Higgs inter� −1

v

(
mij ψ̄iψj − mVVµVµ

)[h̃ − γ r̃],
wherev denotes the vacuum expectation value of the Higgs field. The couplings of the radion to the fermio
bosons are generally reduced by the factorγ = v/

√
6ΛW compared to the corresponding couplings of the Hi

boson.
The couplings of the radion-like and the Higgs-like state r and h are obtained by inserting(A.5) according

to (A.7) into (A.11) and comparing the resulting terms with the Higgs interaction terms of the SM Lagran
This yields for the radion-like state, expressed in terms of the partial decay width relative to the one of
Higgs boson:24

(A.12)kf = kV = Γ (r → f̄f )

Γ (HSM → f̄f)
= Γ (r → VV)

Γ (HSM → VV)
= (a1,r + a2,r)

2,

where

(A.13)ai,r =




ai,r̂ if
(
m̃r > m̃h andξ2 < m̃hZ

2−m̃r
36γ2m̃h

)
,

or
(
m̃r � m̃h andξ2 � m̃hZ

2−m̃r
36γ2m̃h

)
,

a
i,ĥ otherwise.

The relative decay width of the Higgs-like state is given by(A.12) replacingai,r by ai,h, whereai,h is defined
accordingly. The following relations forai,r̂ anda

i,ĥ are obtained:

a1,r̂ = sinθ + 6ξγ

Z
cosθ, a2,r̂ = γ

cosθ

Z
,

(A.14)a1,ĥ = cosθ − 6ξγ

Z
sinθ, a2,ĥ = γ

sinθ

Z
.

Expression(A.12) 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,mt, direct decays into top quarks a

kinematically forbidden, but due to the large mass of the top quark, decays into gluons via top loops are g
not negligible. The matrix element of a SM Higgs boson decay into gluons is:

(A.15)ME(HSM → gg)= 1

2
· αs

8π
· 1

v
HSM(x)F 1

2

(
4m2

t

m2
HSM

)
Gαµν(x)Gµν

α (x).

24 For a given massmr (mh) the expression has to be evaluated using a massmHSM = mr (mHSM = mh).
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The strong coupling constant is denoted byαs , the Higgs boson mass bymHSM and the gluon fields by Gαµν . The
functionF 1

2
is the form factor of the top loop, which is defined by[6]:

(A.16)F 1
2
(τ ) = −2τ

[
1+ (1− τ)f (τ)

]
,

where

(A.17)f (τ) =



arcsin2 1√
τ
, if τ � 0,

−1
4

[
ln 1+√

1−τ

1−√
1−τ

− iπ
]2

, if τ < 0.

A similar matrix element is obtained for the radion, however it has the opposite sign and the coupling is r
by γ . Since the radion couples to the trace of the energy–momentum tensor, the anomaly of the trace co
to the decay width into gluons and photons in addition to the loop contribution. The anomalous terms ap
the trace of the renormalised energy–momentum tensor in addition to the unrenormalised traceT̃

µ
µ . This has been

shown, for example, in[15]. The complete traceT µ
µ reads:

(A.18)T µ
µ = T̃ µ

µ + β

2gR
N

[
FαλρF λρ

α

]
,

wheregR denotes the renormalised coupling constant,β the renormalisation group coefficient,F
µν
α the field

strength tensor of strong, electromagnetic and weak interaction andN [· · ·] normal ordering. Thus, the radio
couples directly to gluon and photon pairs due to the trace anomaly. The additional coupling to the massiv
bosons is negligible. To fully describe the coupling of the radion to gluon pairs, the matrix element ME(r → gg)
equivalent of(A.15) has to be extended with the term:

(A.19)MEanomaly(r → gg) = β · (αs/8π)γ r(x)Gαµν(x)Gµν
α (x).

For the SU(3) group of QCD, the renormalisation group coefficientβ = 7. In total, the partial decay width of th
radion-like state becomes[6]:

(A.20)kg = Γ (r → gg)

Γ (HSM → gg)
=

|2 · β · a2,r − (a1,r + a2,r)F 1
2
(4m2

t /m2
r )|2

|F 1
2
(4m2

t /m2
r )|2

.

The factorsai,r are those of(A.13). The partial decay width of the Higgs-like state,Γ (h → gg) is given by(A.20)
replacingai,r by ai,h, andmr by mh.

Except for the additional coupling to gluon pairs and scaled coupling strength, the couplings of the rad
and the Higgs-like states are the same as those of the SM Higgs boson. Thus in e+e− collisions at centre-of-mas
energies achieved at LEP, the mass eigenstates,ϕ = r or h, are dominantly produced in the Higgsstrahlung proc
e+e− → Z∗ → Zϕ. The total decay width of the mass eigenstates is smaller than 100 MeV for masses of
(mϕ � 115 GeV). Thus only decays, Z∗ → Zϕ, into on-shell Higgs bosons or radions have to be considered
cross-section relative to Higgsstrahlung in the SM is derived from(A.12) and given by:

(A.21)
σ(e+e− → Zϕ)

σ(e+e− → ZHSM; mHSM = mϕ)
= Γ (ϕ → VV)

Γ (HSM → VV)
.

In Fig. 2, the cross section and branching ratios of the two mass eigenstates are displayed as a functi
mixing parameterξ . Due to the contribution from the trace anomaly, the radion decays predominantly into
of gluons.
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