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Abstract. 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 ob-
tain limits on radion decay to v+ and ZZ () The observability of radion decays into Higgs pairs, which
subsequently decay into vy + bb or 77 + bb is then estimated.

PACS. XX.XX.XX No PACS code given

1 Introduction

The hierarchy between the electroweak and Planck scales
is one of the principal puzzles in models of unification of
the interactions. The postulate of the existence of com-
pactified large extra dimensions allows for a Planck scale
in the TeV range, but transfers the problem to the unnatu-
ral 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 fields are assumed to be
located on one of the branes (the TeV brane), while grav-
ity lies in the bulk. The fifth 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 mod-
ulus or radion (¢). In order to stabilize the size of the extra
dimension without fine 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 mg,
the vacuum expectation value of the radion or scale, Ay,
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 func-
tion of scalar mass for decays of the SM Higgs (top plots)
and of the radion when mj; = 125 GeV and A4 =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 figures present the following features:

— BR(¢ — gg) is greatly enhanced with respect to the
Higgs and is close to unity for my > 500 GeV and
£=1/6,

— the radion decays into two SM Higgs for mg > 2my,

— BR(¢ — ) is enhanced for £ = 1/6 and mg ~ 600
GeV,

— for £ = 1/6 an interference is observed, producing a
strong suppression of decays to vector bosons at a par-
ticular 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 A4 =1
TeV. The width is inversely proportional to the square of
Ag.

The aim of the present study is to investigate the pos-
sibility of observing a RS radion with the ATLAS detector
through the following decays: ¢ — vy, ¢ — ZZ*) — 4¢,
¢ — hh — bbyy and ¢ — hh — bbr*7~. Only the di-
rect production of the radion gg — ¢ is considered since
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Fig. 1. Branching ratios of the SM Higgs (top), and of the
radion when ¢ = 0 (middle) and £ = 1/6 (bottom) as a function
of their mass, for 45 = 1 TeV. The Higgs mass in the four lower
plots is set to my, = 125 GeV.
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Fig. 2. Width of the SM Higgs and of the radion with & =0
and 1/6 both for Ay =1 TeV.

it is the main process at LHC and it benefits from the
enhancement of the coupling ¢gg.

Other signals, observable in SM Higgs decay [16], such
as H - WW — fvlv, should be observable in the corre-
sponding radion decay channel [11]. The mass reconstruc-
tion is difficult in this case, but observation of the signal
would help confirm the discovery.

26 —>yyand ¢ = ZZ0) — 44

For the vy (mg < 160 GeV) and ZZ™) (my > 100 GeV)
decay channels, the radion signal significance is deter-
mined from the SM Higgs results expected for ATLAS [16],
for 100 fb=! (one year at high luminosity 10%* cm~=2s~1).
Evaluating the signal significance as S/v/B, where S and
B are the numbers of signal and background events re-
spectively, the ratio of the radion signal significance over
that of the SM Higgs, is given by [3]:

SIVB(6;77,2Z) _ TyosgyBR( = 17, Z7)
S/VB(h; vy, ZZ)  Th-sggBR(h — vy, ZZ)

Accounting for experimental resolution, the ZZ resonance
V(TE? 12.36)% + (0.02mp, )7,

where Ft’z’f is the total intrinsic width of the Higgs or ¢
resonance. In the energy range considered, the v+ reso-
nance width is essentially independent of the negligible
intrinsic width of the resonance, o, = 0.10,/mp g +
0.005myp, ¢, and in this case, the last factor is simply unity.
Using the ATLAS SM Higgs signal significance results [16],
the radion signal significance is determined and shown in
Figure 3 as a function of the mass of the radion, for the
47 channel (top) and for the ZZ(*) channel (bottom), for
Ay =1,10 TeV, £=0,1/6, and for an integrated luminosity

of 100 fb~ L.
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Fig. 3. Signal significance versus the mass of the radion, for
the 4+ channel (top) and for the ZZ) channel (bottom). In
both plots, the values for A5 =1,10 TeV and ¢ =0,1/6 are
shown, for an integrated luminosity of 100 fb~!.
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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:

I'(¢) BR(¢ — g9)
I'(h) BR(h — gg)

o(g9 — ¢) =a(gg = h) -

where I is the total width of the radion or Higgs reso-
nance, 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 — ~yybb

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 specific decay channel
¢ — hh — ~~bb offers an interesting signature, with two
high-pr isolated photons and two b-jets. The background
rate is expected to be very low for the relevant mass region
myp > 115 GeV and mg > 2my,. In addition, triggering on
such events is easy and the diphoton mass provides very
good kinematical constraints for the reconstruction of mg.

The decay hh — 7y~vbb 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° 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° were changed to reflect
those of the radion while the light Higgs mass was set to
mp = 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
mg = 300 GeV and for mg = 600 GeV.

4.2 Background

The backgrounds for this channel are yybb (irreducible),
yycé, yybj, yyej and yyjj (reducible with b-tagging). The
events were generated with PYTHIA 6.158. In the region
of mass considered for the Higgs, the main production

processes are the Born diagram gqg — 7 and the box dia-
gram gg — 7. 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 different bins of p,
the transverse momentum defined in the rest frame of the
hard interaction. For each bin, ten million events were
generated.

Single photon production in the hard process vj, ac-
companied by QCD or QED radiation, and where either
the photon or jet is misidentified represents another re-
ducible background. This process was studied in the con-
text of the SM H — 7+ 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 affect the final results.

4.3 Detector simulation

The detector effects 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 (103* cm=2s7!), a few improve-
ments were applied for this study:

— jets were recalibrated using a detailed parameteriza-
tion,

— the photon reconstruction efficiency was assumed to
be 80%,

— a pr-dependent b-tagging parameterization was used
with an average efficiency of ¢, = 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 pr > 20
GeV and |n| < 2.5, and two jets with pr > 15 GeV,
In] < 2.5 were required. At least one of the jets had
to be tagged as a b-jet. The diphoton and the dijet in-
variant masses were then formed. Figure 4 shows the re-
constructed invariant masses for mgy = 300 GeV, £ = 0
and A4 = 1 TeV. Two mass window cuts were applied:
My =myp £ 2 GeV and my; = my, 20 GeV.

The photons and jets fulfilling these requirements were
then combined to form the m..4; invariant mass as shown
in Figure 5. The mass resolution improves to 5 GeV when
constraining the reconstructed masses my; and m.., to the
light Higgs mass my,, 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 back-
ground sample. Because of the uncertainties concerning
the level of the background, as discussed in Section 4.2,
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Fig. 5. Reconstructed yybj invariant mass distribution, for
my = 300 GeV, £ = 0, A, = 1 TeV and for 30 fb~'. The
plots on the left show all combinations and the ones fulfilling
the mass window cuts (cf. text). The distribution on the right
is obtained by constraining the reconstructed masses my; and
m~~ to the light Higgs mass my, after the mass window cuts.

Cuts Ty =300 GeV gy = 600 GeV
photons kinematics 46% 51%
jets kinematics 36% 28%
b-tagging 76% 78%
m., window cut 83% 85%
myp; window cut 49% 53%
total 5% 5%

Table 1. Acceptance for the signal, for { =0, Ay =1 TeV and
for the two radion masses studied. For each cut the acceptance
is defined with respect to the previous one.

the mass window cuts were loosened to keep events fulfill-
ing: my, = my, £ 30 GeV and my; = my, =40 GeV. The
background level remains nevertheless extremely low, even
in this conservative approach.

4.5 Results

The final candidate events are selected in a mass window
< Myypj > 150, for signal and background. The
results are given in Table 2.

mg = 300 GeV my = 600 GeV

£E=0,44 =1 TeV 84.5 7.0

£E=0, A¢ =10 TeV 0.9 0.1
£=1/6,A4 =1 TeV 150.9 5.3
=1/6,A, =10 TeV 1.2 0.1

background 14210 ° 0

Table 2. Number of events selected for signal and for back-
ground, for mgs =300 and 600 GeV, for 30 fb~' and for
mp = 125 GeV.

mg = 300 GeV my = 600 GeV

£=0,4, =1 TeV 4 (43)
£€=0,4, =10 TeV (333) N/A
£=1/6,4, =1 TeV 2 (57)

£=1/6,A5 =10 TeV (250) N/A

Table 3. Minimum integrated luminosity (fb~!) needed for
discovery. N/A means that the signal is not accessible at LHC.
Integrated luminosities larger than 30 fb~! are in parentheses
since the feasibility of the analysis at high luminosity has not
been studied.

Since this channel is practically background free, a sig-
nal discovery is defined here as a minimum of ten events.
The minimum integrated luminosities needed for discov-
ery are listed in Table 3. A few fb~! are needed for £ = 0
if Ay ~ 1 TeV.

In the special case where £ = 0, the cross-section is
proportional to A 2. A lower limit on Ay can therefore be
derived from this study. It is obtained using the prescrip-
tion 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 Ay is 2.2 TeV for my = 300
GeV and 0.6 TeV for my = 600 GeV for an integrated
luminosity of 30 fb—!.

5¢— hh — bbrtr

The channel ¢ — hh — bbrt 7~ provides another poten-
tially interesting signal for radion discovery, although the
background is higher and the reconstructed mass resolu-
tions are poorer than in the ¢ — hh — yybb channel.

In order to provide a trigger, a leptonic decay of the 7
is required. Here, only the case when one 7 decays lepton-
ically and the other hadronically is considered. As above,
the events were generated by appropriately adapting the
process of MSSM decay of the heavy Higgs HO into two
light Higgs bosons (h) in Pythia 6.158 [19]. The effect
of the ATLAS detector on the resolution and efficiency
of reconstruction of these events was simulated with the
ATLAS fast simulation package (ATLFAST 2.53). The ef-
ficiency for hadronic 7 reconstruction was assumed to be



G. Azuelos, D. Cavalli, H. Przysiezniak, L. Vacavant: Search for the Radion using the ATLAS Detector 5

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 efficiency of 60% was assumed,
with rejection factors of 10 for c-jets and 100 for light jets,
respectively [16].

5.1 Signal and background

As in the previous section, the radion mass values inves-
tigated are 300 and 600 GeV, while the Higgs mass is set
to 125 GeV. The fast simulated samples are:

— ¢ = hh = bb 7H7. with one 7 decaying leptonically
and the other hadronically (10 000 events)

— tt — bWt bW~ with one W decaying leptonically
and the other hadronically (6 x 10° events).

— 7 +jets, followed by Z — 77~ with one 7 decaying
leptonically and the other hadronically (4x10° events).
Initial and final state radiation provide additional jets
which can fake the signal. A cut of p; > 15 GeV was
applied at generation level.

— W + jets, with the W bosons decaying leptonically
(4x 108 events). A cut of p; > 15 GeV was applied at
generation level.

5.2 Selection

The study was performed assuming conditions of low lu-
minosity (1033 cm~2s7!) since at high luminosity (1034
em~2s7!) the 77 mass reconstruction efficiency is lower
and the reconstructed 77 mass resolution is deteriorated
by approximately a factor of two. Events were selected if
they satisfied the following criteria:

— A lepton was present with pf > 25 Gev, |nf| < 2.5
(this lepton serves as a trigger).

— the transverse mass reconstructed from pf and pmiss
was required to be < 40 GeV. This cut rejects back-
ground events containing W bosons.

— The 77 invariant mass was determined by combining
the lepton with a tagged 7-jet having p];ft > 15 GeV,
|pet| < 2.5 (see Figure 6). If more than one jet was
tagged as a 7-jet, the combination with the mass near-
est to my, was chosen.

— A pair of b-tagged jets with pr > 15 GeV and |n| < 2.5
was required (see Figure 6). If more than two jets were
tagged as b-jets, the pair having the invariant mass
closest to my, was chosen. -

— Cuts on the reconstructed 77 mass and bb mass were

applied:
110 < m,r < 140 GeV and 90 < m,; < 140 GeV in
the case of the 300 GeV radion, and 110 < m.,, < 150
GeV and 85 < my; < 130 GeV in the case of the 600
GeV radion.

Events/2.5 GeV
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Fig. 6. Reconstructed 77 (left) and bb (right) invariant mass
for the signal (arbitrary normalization).

Signal mg = 300 GeV  mg= 600 GeV
o(gg — @) 58.0 pb 8.0 pb
BR(¢ — hh) 0.33 0.23
BR(hh — T7bb) 0.072 0.072
BR(rT — ¢+ hadrons) 0.456 0.456
o x BR = 0.63 pb 0.062 pb
Background
tt — WbWb — £ + hadrons 180 pb
W + jets, W — fv 1.2 x 10*pb
Z + jets, Z — 7 — { + hadrons 350 pb

Table 4. Expected cross sections for A4 =1 TeV and £ = 0
for signal and background before the event selection cuts (¢ =

e )

5.3 Results

Although the signal efficiency is low, the background re-
jection is high. The expected cross sections for signal and
background before the event selection are given in Table
4. The branching ratios account for leptonic decays into a
muon or an electron.

Figure 7 shows the reconstructed masses for signal
when m;=300 and 600 GeV respectively, for 30 fb*,
Ay = 1 TeV and ¢ = 0. The shape for a 300 GeV ra-
dion resonance is not distinguishable from the background
(mostly #t). Therefore systematic errors will most proba-
bly be dominated by the understanding of the level of this
background.

The expected number of events for an integrated lu-
minosity of 30 fb~! are given in Table 5 for the two ra-
dion masses and for the backgrounds, when ¢ = 0 and
Ay =1 TeV. The signal and background were evaluated
in mass windows of 260-340 GeV and 540-660 GeV for
radion masses of 300 GeV and 600 GeV respectively.

Requiring a minimum of 10 events and S/v/B > 5, the
maximum reach in A4 is 1.04 TeV for both my=300 GeV
and my=600 GeV, but the uncertainties in background
subtraction may affect considerably the observability of
this channel in the first case.
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my=300 GeV  my=600 GeV

Signal 57 17.1
tt 98 10
Z + jets 13 0
W + jets 0 0
S/VB 5.4 5.4

Table 5. Expected number of events for signal and back-
ground, for an integrated luminosity of 30 fb™! for ms =300
and 600 GeV, £ =0 and Ay = 1 TeV, after all cuts.

6 Conclusion

We have studied the possibility of observing the radion
using the ATLAS detector at the LHC. The radion has
couplings similar to those of the SM Higgs, and mixes
with it, but it also has a large effective coupling to gluons.
Re-interpreting results of previous studies on the search
for a SM Higgs in ATLAS, a si%niﬁcance for observing
a radion decaying into vy or ZZ®*) has been determined
as a function of its mass (see Figure 3). For an inte-
grated luminosity of 100 fb*, the values S/v/B ~10 (0.1)
are obtained for the vy channel, with a mixing parameter
¢=0 and a scale A,=1 (10) TeV, in the range 80 GeV <

mgy < 160 GeV. For the ZZ™*) channel, S/v/B ~100 (1)
for 200 GeV < mg < 600 GeV for the same conditions.
Because the couplings are similar to those of the SM Higgs,
a good measurement of the production cross section and
branching ratios will be necessary to discriminate between
the two scalars.

The radion can also decay into a pair of Higgs scalars,
if the masses permit. Two cases were examined: ¢ — hh —
yybb and ¢ — hh — T7bb, for radion masses of 300 and
600 GeV, for m;, = 125 GeV and for an integrated lu-
minosity of 30 fb~!. Limits on the maximal reach in A,
were obtained for these two channels. For the yybb chan-
nel, the background is negligible and the reach in Ay is 2.2
(0.6) TeV for my = 300 (600) GeV, when £=0. For the
77bb channel, the reach for A, is about 1 TeV for both
me=300 GeV and my=600 GeV, when {=0, although in
the first case, uncertainties in the background shape may
result in large systematic error.
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