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The possibility of observing the radion using the ATLAS detector at the LHC is investigated.
Studies on searches for the Standard Model Higgs with the ATLAS detector are re-interpreted to obtain limits on radion decay to
and ZZ () . The observability of radion decays into Higgs pairs, which
subsequently decay into + bb or  + bb is then estimated.
Abstract.
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The hierarchy between the electroweak and Planck scales
is one of the principal puzzles in models of uni cation of
the interactions. The postulate of the existence of compacti ed large extra dimensions allows for a Planck scale
in the TeV range, but transfers the problem to the unnatural size of the extra dimension(s). In the model of Randall
and Sundrum (RS) [1], two 4-d surfaces (branes) bound a
slice of 5-d space-time. The SM elds are assumed to be
located on one of the branes (the TeV brane), while gravity lies in the bulk. The fth dimension is not large, but
the metric is non-factorizable, allowing for a resolution of
the hierarchy problem, given an appropriate warp factor.
The theory admits two types of four-dimensional massless
excitations: the usual graviton and a graviscalar, the modulus or radion (). In order to stabilize the size of the extra
dimension without ne tuning of parameters, Goldberger
and Wise [2] have proposed a mechanism by which the
radion acquires a mass, expected to be smaller than the
J=2 Kaluza-Klein excitations. The presence of the radion
is one of the important phenomenological consequences
of these theories of warped extra dimensions [3{12]. The
study of this scalar therefore constitutes a crucial probe
of the model.
1.1 Radion branching ratios and width

The radion couplings to fermions and bosons are similar
to those of the Standard Model (SM) Higgs [3]; only their
relative strengths change. They are expressed as a function
of three parameters: the physical mass of the radion m ,
the vacuum expectation value of the radion or scale,  ,
and the radion-SM Higgs mixing parameter  [3,13,14].

In the following study, it is assumed that the SM Higgs
has been discovered and that its mass has been measured.
The branching ratios of the radion are calculated using
those of the SM Higgs as calculated in HDECAY [15], and
using the ratio of the radion to Higgs branching ratios
given by [3]. For the mixing scenarios considered here,
( = 0 and  = 1=6), the branching ratios of the light
Higgs are essentially SM-like [14].
Figure 1 shows the principal branching ratios as a function of scalar mass for decays of the SM Higgs (top plots)
and of the radion when mh = 125 GeV and  =1 TeV,
for  = 0 when there is no -h mixing (middle plots),
and for  = 1=6 when  and h are heavily mixed (bottom
plots). These gures present the following features:
{

{
{
{

BR(

! gg ) is greatly enhanced with respect to the
Higgs and is close to unity for m > 500 GeV and
 = 1=6,
the radion decays into two SM Higgs for m  2mh ,
BR( ! ) is enhanced for  = 1=6 and m  600
GeV,
for  = 1=6 an interference is observed, producing a
strong suppression of decays to vector bosons at a particular mass of the radion.

The radion has a very narrow natural width. Figure 2
shows the total width as a function of mass, for the SM
Higgs and for the radion with  = 0 and 1/6, for  =1
TeV. The width is inversely proportional to the square of
 .
The aim of the present study is to investigate the possibility of observing a RS radion with the ATLAS detector
through the following decays:  ! ,  ! ZZ () ! 4`,
 ! hh ! bb and  ! hh ! bb +  . Only the direct production of the radion gg !  is considered since
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For the
(m < 160 GeV) and ZZ () (m > 100 GeV)
decay channels, the radion signal signi cance is determined from the SM Higgs results expected for ATLAS [16],
for 100 fb 1 (one year at high luminosity
1034 cm 2 s 1 ).
p
Evaluating the signal signi cance as S= B , where S and
B are the numbers of signal and background events respectively, the ratio of the radion signal signi cance over
that of the SM Higgs, is given by [3]:
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Accounting for experimental resolution, the ZZ resonance
h;
ZZ =
( tot
=2:36)2 + (0:02mh;)2 ,
width is given by h;
-3
-3
10
10
h;
-4
-4
where tot is the total intrinsic width of the Higgs or 
10
10
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200
200 400 600 800 1000
resonance. In the energy range considered, the
resonance width is essentially independent of the negligible
intrinsic width of the resonance, h; = 0:10pmh; +
Fig. 1. Branching ratios of the SM Higgs (top), and of the
radion when  = 0 (middle) and  = 1=6 (bottom) as a function 0:005mh;, and in this case, the last factor is simply unity.
of their mass, for  = 1 TeV. The Higgs mass in the four lower Using the ATLAS SM Higgs signal signi cance results [16],
the radion signal signi cance is determined and shown in
plots is set to mh = 125 GeV.
Figure 3 as a function of the mass of the radion, for the
channel (top) and for the ZZ () channel (bottom), for
 =1,10 TeV,  =0,1/6, and for an integrated luminosity
3
of 100 fb 1 .
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Other signals, observable in SM Higgs decay [16], such the channel (top) and for the ZZ () channel (bottom). In
as H ! W W ! `` , should be observable in the corre- both plots, the values for  =1,10 TeV and  =0,1/6 are
sponding radion decay channel [11]. The mass reconstruc- shown, for an integrated luminosity of 100 fb 1 .
tion is diÆcult in this case, but observation of the signal
would help con rm the discovery.
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3 Radion production at the LHC
From the SM Higgs production cross section, evaluated at
next to leading order in [17], the cross section for radion
production was estimated according to:

(gg ! ) = (gg ! h) 

() BR( ! gg )
(h) BR(h ! gg )

where is the total width of the radion or Higgs resonance, shown in Fig. 2 and the branching ratios to a pair
of gluons are shown if Fig. 1.
In the following sections, for the purpose of estimating
the limits of observation of radion decay to a pair of SM
Higgs bosons, two reference values are taken for the mass
of the radion: 300 GeV and 600 GeV. The production cross
sections in these cases are 58 pb and 8 pb respectively.

4

! hh !

bb

As was mentioned in Section 1, the radion, similarly to
the heavy Higgs of the Minimal SuperSymmetric Model
(MSSM), can decay into Higgs pairs with relatively high
branching ratio (see Figure 1). The speci c decay channel
 ! hh ! bb o ers an interesting signature, with two
high-pT isolated photons and two b-jets. The background
rate is expected to be very low for the relevant mass region
mh > 115 GeV and m > 2mh . In addition, triggering on
such events is easy and the diphoton mass provides very
good kinematical constraints for the reconstruction of m .
The decay hh ! bb was previously studied in the
context of the MSSM Higgs [18], although the mass ranges
investigated were lower. The approach and the selection
used in this study are very similar.
4.1 Signal

Signal events were generated with PYTHIA 6.158 [19].
The heavy Higgs H 0 production process via gluon-gluon
fusion (in the framework of the Minimal 1-Higgs doublet
Standard Model) was used to produce the radion. The
mass and the width of the H 0 were changed to re ect
those of the radion while the light Higgs mass was set to
mh = 125 GeV.
As shown in Figure 2, the total width of the radion is
a factor of 10 (100) smaller for  =0 (1/6) than that of the
Higgs, such that it is completely negligible with respect to
the reconstructed mass resolutions.
Two samples of 100k events each were generated, for
m = 300 GeV and for m = 600 GeV.
4.2 Background

The backgrounds for this channel are bb (irreducible),
cc, bj , cj and jj (reducible with b-tagging). The
events were generated with PYTHIA 6.158. In the region
of mass considered for the Higgs, the main production
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processes are the Born diagram qq !
and the box diagram gg ! . The rates are therefore very low. However
large uncertainties apply to these backgrounds since the
jets arise only from initial state radiation and not from
the hard-scattering. Generating a background sample of a
sensible size turns out to be very CPU time consuming,
and some cuts had to be applied at the event generation:
the sample was generated in seven di erent bins of p^? ,
the transverse momentum de ned in the rest frame of the
hard interaction. For each bin, ten million events were
generated.
Single photon production in the hard process j , accompanied by QCD or QED radiation, and where either
the photon or jet is misidenti ed represents another reducible background. This process was studied in the context of the SM H ! channel, and was found to increase
the total background by a factor of two. In the context of
the radion where the backgrounds are negligible, this is
therefore not expected to a ect the nal results.
4.3 Detector simulation

The detector e ects on the signal and background events
are simulated with a fast Monte-Carlo code, ATLFAST
2.53 [20], based on parametrized detector response. While
most parameters are chosen from the standard ATLFAST
low luminosity conditions (1033 cm 2 s 1 ), a few improvements were applied for this study:
{
{
{

jets were recalibrated using a detailed parameterization,
the photon reconstruction eÆciency was assumed to
be 80%,
a pT -dependent b-tagging parameterization was used
with an average eÆciency of b = 60% and rejection
factors of approximately 93 for light-quark jets and 7
for c-jets, respectively [16].

4.4 Selection

To extract the signal, two isolated photons with pT > 20
GeV and j j < 2:5, and two jets with pT > 15 GeV,
j j < 2:5 were required. At least one of the jets had
to be tagged as a b-jet. The diphoton and the dijet invariant masses were then formed. Figure 4 shows the reconstructed invariant masses for m = 300 GeV,  = 0
and  = 1 TeV. Two mass window cuts were applied:
m = mh  2 GeV and mbj = mh  20 GeV.
The photons and jets ful lling these requirements were
then combined to form the m bj invariant mass as shown
in Figure 5. The mass resolution improves to 5 GeV when
constraining the reconstructed masses mbj and m to the
light Higgs mass mh , as shown on the right-hand plot of
Figure 5. The signal acceptances after the various cuts
described above are given in Table 1.
The same analysis procedure was applied to the background sample. Because of the uncertainties concerning
the level of the background, as discussed in Section 4.2,

G. Azuelos, D. Cavalli, H. Przysiezniak, L. Vacavant: Search for the Radion using the ATLAS Detector
Mean
RMS

125.0
1.859

60
50
40
30
20

Events/10 GeV/30 fb-1

Events/1 GeV/30 fb-1

4

35

 = 0;  = 1 TeV
 = 0;  = 10 TeV
 = 1=6;  = 1 TeV
 = 1=6;  = 10 TeV

bj

30
25

bb

20

background

15
10

10
0

40

5
80

0

100 120 140 160

mγγ (GeV/c2)

m = 300 GeV m = 600 GeV
84:5
7:0
0 :9
0:1
150:9
5:3
1:2
0:1
1:42 10 4
0
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2
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(43)

N=A
(57)

N=A

Minimum integrated luminosity (fb 1 ) needed for
discovery. N/A means that the signal is not accessible at LHC.
Integrated luminosities larger than 30 fb 1 are in parentheses
since the feasibility of the analysis at high luminosity has not
been studied.
Table 3.
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Reconstructed bj invariant mass distribution, for
m = 300 GeV,  = 0,  = 1 TeV and for 30 fb 1 . The
plots on the left show all combinations and the ones ful lling
the mass window cuts (cf. text). The distribution on the right
is obtained by constraining the reconstructed masses mbj and
m to the light Higgs mass mh , after the mass window cuts.

Fig. 5.

Cuts
m = 300 GeV m = 600 GeV
photons kinematics
46%
51%
jets kinematics
36%
28%
b-tagging
76%
78%
m window cut
83%
85%
mbj window cut
49%
53%
total
5%
5%
Table 1. Acceptance for the signal, for  = 0,  = 1 TeV and
for the two radion masses studied. For each cut the acceptance
is de ned with respect to the previous one.

the mass window cuts were loosened to keep events ful lling: m = mh  30 GeV and mbj = mh  40 GeV. The
background level remains nevertheless extremely low, even
in this conservative approach.
4.5 Results

The nal candidate events are selected in a mass window
< m bj > 1:5m bj for signal and background. The
results are given in Table 2.

Since this channel is practically background free, a signal discovery is de ned here as a minimum of ten events.
The minimum integrated luminosities needed for discovery are listed in Table 3. A few fb 1 are needed for  = 0
if   1 TeV.
In the special case where  = 0, the cross-section is
proportional to  2 . A lower limit on  can therefore be
derived from this study. It is obtained using the prescription of [21]: for a known mean background of zero, there
is more than 95% chance of observing at least 10 events if
the expected number of signal events is greater than 18.
The corresponding reach in  is 2.2 TeV for m = 300
GeV and 0.6 TeV for m = 600 GeV for an integrated
luminosity of 30 fb 1 .

5

! hh ! bb

+



The channel  ! hh ! bb +  provides another potentially interesting signal for radion discovery, although the
background is higher and the reconstructed mass resolutions are poorer than in the  ! hh ! bb channel.
In order to provide a trigger, a leptonic decay of the 
is required. Here, only the case when one  decays leptonically and the other hadronically is considered. As above,
the events were generated by appropriately adapting the
process of MSSM decay of the heavy Higgs H 0 into two
light Higgs bosons (h) in Pythia 6.158 [19]. The e ect
of the ATLAS detector on the resolution and eÆciency
of reconstruction of these events was simulated with the
ATLAS fast simulation package (ATLFAST 2.53). The efciency for hadronic  reconstruction was assumed to be

5.1 Signal and background

30

Events/2.5 GeV

40%. The rejection against jets was calculated according
to the parameterization obtained from fully simulated taus
and jets in ATLAS [22].
For b-jet tagging, an eÆciency of 60% was assumed,
with rejection factors of 10 for c-jets and 100 for light jets,
respectively [16].

Events/2.5 GeV
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As in the previous section, the radion mass values inves- Fig. 6. Reconstructed  (left) and bb (right) invariant mass
tigated are 300 and 600 GeV, while the Higgs mass is set for the signal (arbitrary normalization).
to 125 GeV. The fast simulated samples are:
{
{
{

{

 ! hh ! bb  +  . with one  decaying leptonically

Signal

m = 300 GeV m= 600 GeV

(gg ! )
58.0 pb
8.0 pb
and the other hadronically (10 000 events)
BR( ! hh)
0.33
0.23
tt ! bW + bW with one W decaying leptonically
BR(hh ! bb)
0.072
0.072
and the other hadronically (6  106 events).
0.456
0.456
Z +jets, followed by Z !  +  with one  decaying BR( ! ` + hadrons)
  BR =
0.63 pb
0.062 pb
leptonically and the other hadronically (4106 events).
Background
Initial and nal state radiation provide additional jets
tt ! W bW b ! ` + hadrons
180 pb
which can fake the signal. A cut of p^? > 15 GeV was
W + jets, W ! `
1:2  104 pb
applied at generation level.
Z + jets, Z !  ! ` + hadrons
350 pb
W + jets, with the W bosons decaying leptonically
(4106 events). A cut of p^? > 15 GeV was applied at Table 4. Expected cross sections for  =1 TeV and  = 0
generation level.
for signal and background before the event selection cuts (` =
e; ).

5.2 Selection

The study was performed assuming conditions of low lu- 5.3 Results
minosity (1033 cm 2 s 1 ) since at high luminosity (1034
cm 2 s 1 ) the  mass reconstruction eÆciency is lower
and the reconstructed  mass resolution is deteriorated
by approximately a factor of two. Events were selected if Although the signal eÆciency is low, the background rejection is high. The expected cross sections for signal and
they satis ed the following criteria:
background before the event selection are given in Table
`
`
4. The branching ratios account for leptonic decays into a
{ A lepton was present with pT > 25 Gev, j j < 2:5
muon or an electron.
(this lepton serves as a trigger).
`
miss
{ the transverse mass reconstructed from pT and pT
Figure 7 shows the reconstructed masses for signal
was required to be < 40 GeV. This cut rejects back- when m =300 and 600 GeV respectively, for 30 fb 1 ,
ground events containing W bosons.
 = 1 TeV and  = 0. The shape for a 300 GeV ra{ The  invariant mass was determined by combining
dion resonance is not distinguishable from the background
the lepton with a tagged  -jet having pjet
T > 15 GeV, (mostly tt). Therefore systematic errors will most probajet j < 2:5 (see Figure 6). If more than one jet was bly be dominated by the understanding of the level of this
j
tagged as a  -jet, the combination with the mass near- background.
est to mh was chosen.
The expected number of events for an integrated lu{ A pair of b-tagged jets with pT > 15 GeV and j j < 2:5
minosity of 30 fb 1 are given in Table 5 for the two rawas required (see Figure 6). If more than two jets were dion masses and for the backgrounds, when  = 0 and
tagged as b-jets, the pair having the invariant mass  = 1 TeV. The signal and background were evaluated
closest to mh was chosen.
in mass windows of 260-340 GeV and 540-660 GeV for
{ Cuts on the reconstructed  mass and b
b mass were radion masses of 300 GeV and 600 GeV respectively.
applied:
p
Requiring a minimum of 10 events and S= B  5, the
110 < m  < 140 GeV and 90 < mbb < 140 GeV in
the case of the 300 GeV radion, and 110 < m < 150 maximum reach in  is 1.04 TeV for both m =300 GeV
GeV and 85 < mbb < 130 GeV in the case of the 600 and m =600 GeV, but the uncertainties in background
subtraction may a ect considerably the observability of
GeV radion.
this channel in the rst case.
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