PHYSICAL REVIEW D, VOLUME 63, 056007

Phenomenology of the radion in the Randall-Sundrum scenario
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The success of the Randall-Sundrum scenario relies on stabilization of the modulus field or the radion,
which is the scalar field about the background geometry. The stabilization mechanism proposed by Goldberger
and Wise has the consequence that this radion is lighter than the graviton Kaluza-Klein states so that the first
particle to be discovered is the radion. In this work, we study in detail the decay, production, and detection of
the radion at hadroni@™ e, andyy colliders.
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I. INTRODUCTION dimension. The two three-branes residepat0 and¢= .
The four-dimensional Planck mabg, is related to the scale
The standard modelSM) has been very successful in M by
accounting for almost all experimental data. Nevertheless,
the SM can only be a low energy limit of a more fundamen-
tal theory because it cannot explain a number of theoretical
issues, one of which is the gauge hierarchy problem between
the only two known scales in particle physics—the weak andso thatMp, is of orderM. Thus a field that is confined to the
Planck scales. This long standing problem has been the suthree-brane atp=m with mass parametem, will have a
ject of interest for a long time, such as supersymmetric anghysical mass ofnge ¥<”. For kr, around 12, the weak
technicolor theories. scale can be dynamically generated from the fundamental
Recent advances in string theories have revolutionizedcaleM.
our perspectives and understanding of the problems; namely, The RS model has a four-dimensional massless scalar, the
the Planck, grand unification, and string scales can benodulus or radion, about the background geometry:
brought down to a TeV range with the help of extra dimen-

sions, compactified or not. Arkani-Hametlal.[1] proposed d52:e*2k|¢|T(X)gM(x)dxﬂde—T2(x)d¢>2,
that using compactified dimensions of large dias large as
mm) can bring the Planck scale down to TeV range. In thiswhereg,,,(x) is the four-dimensional graviton arf(x) is
model, the SM fields reside on a three-brane while only gravthe radion. The most important ingredients of the above
ity is allowed in the extra dimensions. The phenomenologybrane configuration are the required size of the modulus field
is due to the Kaluza-Klein states of the graviton in the bulk.such that it generates the desired weak scale from the scale
A summary of collider phenomenology can be found in Ref.M and the stabilization of the modulus field at this value. A
[2]. Another interesting model was proposed by Diegesal.  stabilization mechanism was proposed by Goldberger and
[3] that, with gauge fields and/or fermion fields allowed in Wise [5] that a bulk scalar field propagating in the back-
the extra dimensions, the grand unification scale is broughjround solution of the metric can generate a potential that
down to TeV range. can stabilize the modulus field. The minimum of the poten-
Randall and Sundrum(RS) [4] proposed a five- tial can be arranged to give the desired valudiof without
dimensional space-time model with a nonfactorizable metrigine tuning of parameters. It has been shoWh that if a
to solve the hierarchy problem. The extra dimension is darge value ofkr.~12, needed to solve the hierarchy prob-
single S'/Z, orbifold, in which two three-branes of opposite lem, arises from a small bulk scalar mass then the modulus
tensions reside at the two fixed poirftsoundarief of the  potential near its minimum is nearly flat for values of modu-
orbifold and a cosmological constant in the bulk serves asus vacuum expectation valU®EV) that solves the hierar-
the source for five-dimensional gravity. The resulting spacechy problem. As a consequence, besides getting a mass the
time metric is nonfactorizable and depends on the radius modulus field is likely to be lighter than any Kaluza-Klein

M3
M%IZT(l_e—Zkrcﬂ'),

of the extra dimension modes of any bulk field. The mass of the radion is of order of
) O (TeV) and the strength of coupling to the SM fields is of
ds?=e 2keldly  dxtdx’—r2d¢?, order of O(1/TeV). Therefore the detection of this radion

will be the first signature of the RS model and the stabiliza-
wherek is a parameter of order dfl, the effective Planck tion mechanism by Goldberger and Wise. Furthermore, the
scale of the theory, and is the coordinate for the extra radion has to have mass in order for a brane wdR®
model hergto reproduce the ordinary four-dimensional Ein-
stein gravity[7].
*Email address: cheung@phys.cts.nthu.edu.tw In the present paper, we perform a comprehensive study
"Present address. of the decay, production, and detection and possible existing
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limits of the radion. Similar works have been considered ing Piua
Refs.[8—10. The improvement here include@) more pro-
duction channels and cross sections are studied, p.,
—ttdp andpp—We,Z¢, (ii) we also perform background
studies on selected channels and their feasibility of detection
and (i) we check against the existing data on the Higgs® P2.v b
boson at the Fermilab Tevatron and at the CE&MN~ col- (@)

lider LEP to see if the data can place some limits on the
radion.

The organization of the paper is as follows. In the next
section, we summarize the effective interactions of the ra-
dion. In Sec. Ill, we present the decay of the radion. In Sec.
IV, we calculate the production cross sections for all relevant
channels ae™ e, hadronic, and photon colliders. Section V
consists of background studies and detection feasibility of v
selected channels. We conclude in Sec. VI. (b)

Oy
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Il. EFFECTIVE INTERACTIONS FIG. 1. Feynman diagrams and rules i@ gg¢ vertex and
(b) yy¢ vertex. The constantA=bgcp+y [ 1+ (1—y)T(yy)]

The interactions of the radion with the SM particles on theand B=bh,+by—[2+3yw+3yw(2—yw) F(yw) 1+ Sy 1+ (1
brane are model independent and are governed by four-y.)f(y:)], wherey;=4m?/2p,-p,. a andb are color indices of
dimensional general covariance, and thus given by this Lathe gluons.

grangian
The effective coupling of¢yvy, including the one-loop
¢ u diagrams of the top quark an@&/ boson, and the trace
Lint:A_d)Tu(SM)' (1) anomaly contribution§Fig. 1(b)] is given by
whereA 4= () is of order TeV, andr* is the trace of SM | tem B 3
energy-momentum tensor, which is g:ﬁven by 2mwA Dot by=[24 3yt 3yw(2=yw)f(yw)]
_ 8
TZ(SM)zZ myff—2mgWi W #—m2Z,z* + 3Vl 1+ (1=y)T(y)]](P1- P28y =P2,P1,),
+(2mEh?— 3 hath)+ .., @) ®)

—Am2/on. . _ _
where- - - denotes higher order terms. The couplings of theVNerey; =4mi/2p, - p,, b,=19/6 andby=~41/6, and the

. ; ; ; ; momentum and Lorentz index assignments are given in Fig.
h f Z H . o
radion with fermions andV, Z, and Higgs bosons are given 1. In the above, the functiof(z) is given by

in Eq. (2).
For the coupling of the radion to a pair of gluofgho- 5

tong, there are contributions from one-loop diagrams with 41 =1

the top quark(top quark andw) in the loop, and from the sin ﬁ : =5

trace anomaly. The contribution from the trace anomaly for f(z)= )

gauge fields is given by 1 0 1+V1-z2 i S
41—z )

Tecsmymone S, Fel9) pa pa (3
. a 20a M We now have all necessary couplings to perform calculations

on decays and production of the radion.
For QCD Bqcp/20s= —(a¢/8m)bgcp, where boep=11
—2n¢/3 with n;=6. Thus the effective coupling opgg,
including the one-loop diagrams of top quark and the trace
anomaly contribution$Fig. 1(a)] is given by With the above interactions we can calculate the partial

widths of the radion int@g, yy, ff, WW, ZZ, andhh. The

Ill. DECAYS OF RADION

i Sap : : :
2, (Paco VLT (LY F(V) T} (Py-P2g, Pz Py, PAHEI WIS are given by
(4) azmz
[(¢p—gQg)= ——=|boep+ X 1+ (1—x)f(x)]|%
whereyt=4mt2/2pl-p2 and the momentum and Lorentz in- (¢-99) 32773A2¢| qeot X[ 1+( DT
dex assignments are given in Fig. 1. (6)
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azmms while the SM Higgs boson cannot. Similar to the SM Higgs
I(p— yy)=e—3¢2 bo+Dby boson, asn, goes beyond th&®/W andZZ thresholds, the
256w Ay WW and ZZ modes dominate with th&VW partial width

124 3xt 3% 2— Xn) F )] about a factor of 2 of th&Z partial width.

8 2
+ §Xt[1+(1_xt)f(xt)] , 7) IV. PRODUCTION OF RADION
In the following, our discussions are divided according to
N.m2m different colliders, namely, hadron collidef$evatron and
[(p—ff)= Lq’(l_xf)w, (8) CERN Large Hadron Collider(LHC)], lepton colliders
8wA% (ete ,u" "), and photon colliders.
m3 3 . .
T(p—WW)= ¢ > T—xw( 1—xy+ ZX\Z’V)' 9) A. Hadronic colliders
167AY, The production channels at hadronic colliders include
3
¢ 2
I'¢p—22)= V1—x (1—x + —X )
? 32rAZ T AT TE 4T , , ,
(10)
102 L P pCollisions
mz Xh 2 — gg->0
I'(¢p—hh)= 5 V1I=x,| 1+ > (11 , ——- qq’ ->qq'¢ (WW,ZZ fusion)
327 P 10 ¢ ———- qF->Wo i
—-— qa->20
wherex;=4m/m3(i=f,W,Z,h) andN;=3(1) for quarks & o 94 99> tio
(leptons. & 2 =
In calculating the partial widths into fermions, we have ° -7
used the three-loop running masses with s@demy, . Fig- 10" L 7 o
ure 2 shows the branching ratios of the radion up to 1 TeV. // __________ :;‘_‘_‘:fl_-_
Note that the branching ratios are independenf\gf. We 10° S e e T - 200 GeV
have also allowed the off-shell decays of iMandZ bosons 4 g f gl M= <0 5¢ 3
and that of the top quark, thus giving smooth onset of the 4Q9'/ Ay =178
WW, ZZ, andtt curves. The features of decay branching 107 5 o Py e o 000
ratios are similar to the decay of the Higgs boson, except for E,, (GeV)
as follows. Atm,=<150 GeV, the decay width is dominated (@)
by #—gg while the decay width of the SM Higgs boson is
dominated by thé&b mode. At largem,, ¢ also decays into 10° [ ' ' ' ' ]
a pair of Higgs bosons#f— hh) if kinematically allowed o
10° - 10° 3
ww
hh 107" .
2z T A N S
107 ] g 10 ————]
tt
- © 10 .
o
E 107
o L | N/ i Temm—m—ee____ 9 | W TR N T e R - e
:‘E’ o = 10° | — egvrllgi;?usion DN N 1
5 N Pt e
107 £ qa gg —> fé \\\ \\\\ E
10_3 F 10‘7 L 1 Il \\ 1 \\
200 400 600 800 1000
m, (GeV)
107 : : ©
280 400 m (Gefgo 500 1060 FIG. 3. (a) Production cross sections versus the center-of-mass

(]

energyEcy for pp— ¢ (gg fusion), pp—qq’ ¢ (WW,ZZ fusion),
pp—We¢, pp—Z¢, andpp—tte¢. (b) Production cross sections
versusm, .

FIG. 2. Branching ratios of the radion versug . Here we have
usedm,=150 GeV.
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qa,‘)W(b' R _ 92 m4
_ U(QQ’_>W¢’)=1927TA2 (é_r\r’]vz)z
qq—Z¢, ¢ W
2 12)\2 2 L m2
aq'—aq’'¢ (WW,ZZ fusion), ><\/H(mWAzm(i,) _2(mWA m?)
S S
qd, gg—tte.

4 4 231 a2 2 2 e
><md)erW+ 10mgys+s°—2mi(my,+s)

Similar to the SM Higgs boson, the most important produc- 3m2.s '
tion channel for the radion igg fusion, which has the lowest W
order in couplings. In additiorgg— ¢ gets further enhance- (13
ment from the anomaly. The production cross section at a 2,02 L ~q2 4
hadronic collider with a center-of-mass energy is given o(qa—Zd) = 9°(9C"+ 9r") mz
by 96m coS O,A % (s—m5)?
1 dx m3\ a2 m? M2 2(2+ 12
o(S)=f2 —9(x)g —¢> > 2 X 1+( Z @) 2 Z 2
miy/s X SX 2567TA¢ S s? S
X[boeot Y1+ (1-y)f(y]l% (12 i+ mé+ 1025+ 82— 2m2(m2+9)
X ~ 1
whereg(x) is the gluon parton distribution function at mo- 3m§s

mentum fractiorx. As shown in Fig. 3gg— ¢ has substan- (14)

tially larger cross sections than any other channels for all -

energies and masses. We shall emphasize using this chanipgiere gfL r=Ts;— Qs sir?4, are the chiralffZ couplings,

to detect the radion in the next section. We have used thg 45 i ’ ;
L e nds is the square of the center-of-mass energy of the in-

parameterization of CTEQ5I11] for parton distribution coming partor?s. 9y

functions. . . . . TheWW andZZ fusion processes will give an increasing
ThPT associated Higgs production with a vector b°§W.”' cross section with energy. They are useful production chan-
or Z, is the golden channel to search for the light HI99Sels at the LHC, especially, when energetic and forward jets
boson at a relatively low energy machine, such as the Tevagq t5q4ed12] while the other channels would not give rise
tron. This is because th/ or Z can be tagged to _redu_ce the 15 energetic nor forward jets. There are a number of subpro-
huge QCD bac_kground and Higgs decays mainly into thecesses, e.gud—ude (WWandZzZ fusion), uu—uue (ZZ
heaviest flavobb. However, for the radion it is not the case fysjon only, us—dce (WWfusion only), etc. Here we only

because the light radion decays dominantly igso that  present the formula for the subprocess—udé. The other
heavy flavor cannot be tagged, but still the associslfext Z  sypprocesses can be obtained from this by removing the in-

boson can be tagged to reduce backgrounds. __ terference term and replacing with appropriate chiral cou-
The subprocess cross sections fipg' —W¢ and qq plings. The spin- and color-averaged amplitude squared for
—Z¢ are given by u(p1)d(pz) —d(as)u(az) (k) is given by
i |M|2:494m3\/ P1-P201-02

A% [(p1—a0)?=mGI°[(p2—d2)2—m§ ]2

2 2 2 2
L 169'm7 (i gk*+ g%k )Py a1, 9o+ (9 g+ gR 9K*) Py P20 dp

COélawAfp [(P1—02)2—mZ]%[(p2—a1)*—m3]?
;. 16g*m§m? 90gl'p:-P20s -0y _ (15
3 CO§0WA§5 [(p1—d1)*—MGI[(P2—dz2)?— MG (P1—d2)?—mZ][ (P2~ d3)*—mZ]
|
The associated production withta pair is also nonneg- The production cross sections for these channels versus

ligible because of the large top-quark mass. The formulas fothe center-of-mass energy and versugs are given in Figs.
qog—tt¢ andgg—ttep are more complicated and thus pre- 3(@) and 3b), respectively. It is clear thar(gg— ¢) is at
sented in the Appendix. least two orders of magnitude larger than the other channels.
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It is only this channel that the production of radion is sub-

d 2 62+ e2 m4
stantially larger than the production of the Higgs boson, in o __ 909 or) z

the case of\ ,=v. In the next section, we shall study a few dcost 327 cog, A% (s—m5)?
decay modes of the radion using thig— ¢ production
channel. (m3—t)(mz—u)
X1+ ———
B. ete™ colliders Sm%
. . o .

At e"e” colliders, the radion is produced via \/ (mi_mi)z 2(m§+m§))
e"e"—Z¢ (Higgs bremsstrahlung X\ 1t 52 B s » (16
ete"—wvrp (WWfusion),
eteete ¢ (22 fusion. where  t,u=—[(s—mZ—mj)/2](1F a cosd), and

a = \[S?+my+mj— 2mom; — 2mZs— 2m3s/ (s—mZ—m?).
The differential cross section for the proc&se™—Z¢  The angular distribution can be easily integrated to obtain the
at a center-of-mass energjs is given by total cross section

g%(g%2+g8») ms \/ (mZ—m3)? - 2(mg+m3) my+mz+10mis+s?—2m3(m5 +s) 0

o=
327 coS 0, A% (s—m5)? s? s 3m2s

There are also contributions fromVW and ZZ fusion. The amplitude squared fowW fusion: e (p;)e™ (p,)

—v(q1)v(9,) ¢, and for ZZ fusion: e (py)e* (p,)—e (q1)e* (0,) ¢, summed over final-state spins and averaged over
initial spins are given by

N 4g*my P1- 2Pz
> IM[Gw= W LHzvz Sl , (18)
Ag{: [(p1—01)*— MG (p2—2)?—m]?
N 16g°m3 (gf*+0&")P1- 2Po- O1+208%0R%P1- P20s- 4
2 |M|%Z: Z L R 1 2M2 1 L R 1 241 2. (19)

CO?MWA% [(P1—0d1)?—mZ]?[(p2—z)?—m3]?

The above three processesedte colliders are not par- the technique of laser backscatter[ig] one*e™ colliders.
ticularly different from the corresponding ones of the HiggsThe unpolarized photon flux resulting from the laser back-
boson. GivenA ,=v they would be the same. At any rates, scattering is
the production of these processes are given in Figs.ahd

(b) for cross sections versugs and my, respectively. 1 4x 4x2

1-x &(1-x) * £(1-x)2)"
(21

1
f(xX)==| 1—x+
. D

C. yy colliders
The radion can be directly produced jry collisions via

the triangular loops oV boson and top quark, as well as the \ynere D= (1—4/E—8/£)In(1+&+1/2+ 8l — 1/2(1+ &)

coupling from the trace anomaly of the gauge group. Theynqy js momentum fraction of the energy of the incoming
production cross section at a center-of-mass enggjy of  electron carried away by the backscattered photon. The
yv collision is given by choice of¢= 4.8 optimizes the monochromaticity of the pho-

5 ton beam. The production cross sections for radion versus
~_ ®m Sy, o — _ the radion mass for a few linear collider energies are given in
o= 64771\55 m,, O(NSy,—My)| by +by—[2+3yy Fig. 5.

8 2
+3yw(2—yw) f(yw) 1+ §yt[1+(1—yt)f(yt)] . V. EXPERIMENTAL DETECTION

(20 A. Hadronic collisions

gg. The most obvious difference in decay modes between
Nearly monochromatic photon collider is achievable withthe radion and the SM Higgs boson is tihe-gg mode at
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. 107 | —— Vs, =05TeV
—ee —>7Z¢ s,, = 0.5 Te!
e 1TeV
0.02 - ——-e'e > 1 ~-=-  15TeVv
—-— e'e"—>e'ed
A, =1TeV
f.; Ay =1TeV - f.; //f;>i
- o \
o m =100GeV _ -~ ©107° | ~= )
0.01 | ¢ - - - |
// - l
- - |
|
|
|
|
|
| |
0 = H I 10—4 L L L |
0 200 400 600 800 1000 0 200 400 600 800 1000
Vs (GeV) m, (GeV)

(@) . _ _
FIG. 5. Production cross sections for the radion vensysat
lineare*e™ colliders in the backscatteringy mode.

e*e~Collision

~~_ — 2
P Sl —— WW iusi :
10% [~~~ o N . the UA2 studied a number oV’ and Z' models and the

curves are closely packed together. In Fig. 6, we have used a
very small value forA ,=100 GeV, in order to make the
radion curve appear on the figure. However, radion produc-
tion is far below the 90% C.L. upper limits offered by UA2,
even for such a smalk , .

Similarly, in Fig. 7 we show the dijet production of the
radion for mass above 200 GeV, assuming the radion still
decays dominantly int@g (though it is not the case as
shown in Fig. 2.1 But still the radion production is substan-
tially below the 95% C.L. upper limit offered by CDF, even
, though we used a\ ,=100 GeV. The conclusion here is
200 400 600 800 1000 that the present dijet background is far too large for the ra-

m, (GeV) dion in the dijet mode to be sensitive.
(b) We also investigate the possibility of dijet mode at the
HC. We emphasize the heavy radion with,>1 TeV and
aturally withA ,=246 GeV. We show in Fig. 8 the differ-
ential cross section versus the dijet invariant mass for the
QCD backgroundwe have employed the leading-order cal-
the low radion mass<150 GeV). Other than that the decay culation and for the radion signajg— ¢—gg. Here we
modes of the radion with moderate to heavy mass are simildtave also assume8i(¢—gg)=1 to illustrate the best sce-
to those of the SM Higgs boson. Here we study the detectionario. We have imposed a stropg(j)>500 GeV on each
of radion usinggg, bb, WW, andZZ modes. jet, [cos#*|<2/3, and|yj|<2 to suppress the QCD back-

We first look at the sensitivity to the past and the presenground, and employed a smearing ®E/E= 100%A/E on
experimental data. The UA2 collaboration had searched fothe jets. We used a bin resolution of 100 GeV and the signals
particles that decay into a pair of jets pp collisions at ~ €ssentially spread into two birtehere we have assumed the
Js=630 GeV[14]. Due to low collision energy, they only intrinsic vy|dth Qf the radion is negligibleln Fig. 8, we see
searched particles of mass between about 100 and 300 Gelit the signal is about 1-29% of the QCD background in the
In their searches, they particularly searched for erand ~ corresponding bins. Therefore it is very difficult to identify
Z bosons, but the sensitivity for other particles that decay!® Signal given such large systematic uncertainties in dijet
into a pair of jets is similar. On the other hand, the data fromProduction. Should we have used a much smalgy the
the Collider Detector at Fermilal€DF) [15] give limits on a signal would have been large enough to be identified. How-
heavier mass range from 200 GeV to about 1 TeV. They can
be combined in the sense that the whole mass range from
100 GeV to 1 TeV is covered. lin Ref. [8], it is shown that in some cases the mixing of the

The UA2 limits on their searches fa’ and W' are  radion and the Higgs boson causes the radion to decay dominantly
shown in Fig. 6. We used a thick line to show the fact thatinto gg even for moderate to heavy radion mass.

5

L
FIG. 4. (a) Production cross sections versus the center-of-masa

energyy/s for ete”—Z¢, ete —vvp (WW fusion), ande*e”
—e'e ¢ (ZZ fusion). (b) Production cross sections versus .
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104 | . . . . . . T T T T T T
10° k E
A¢ =246 GeV
10° | - v -
Vs =630 Ge' 100 L
3
~ 10° 4 2102 L
g B ®
o =
© 1 % 10° |
10 8
m i 3 TeV
10° =>4 10 | ]
A, =100 GeV
10_5 1 1 ¢ ¢ ¢ ¢
10™ ; ; i i i i 1000 1500 2000 2500 3000 3500 4000
100 140 180 220 260 300 M, (GeV)
m, (GeV)

FIG. 8. Differential cross section versus dijet invariant mass for
FIG. 6. Dijet production cross section for the radion usgwy  the QCD background and for radion signéls-3 Te\) usinggg
— ¢ channel atys=630 GeV, assuming(¢—gg)=1. The UA2 — ¢—gg at the LHC. We have assum&{¢—gg)=1. We have
90% C.L. upper limits on dijet production from decays of heavy imposed a strong(j)>500 GeV on each jefcos¢*|<2/3 and
bosons Z' andW'’) are shown. ly;|<2, and employed a smearing &E/E= 100%//E on the jets.

ever, such a smalk 4 but with a TeV radion mass is rather the radion seems much worse than the SM Higgs boson be-

unnatural. _ cause of depletion dbb mode.

bb. Another possibility is using theb mode of the ra- ZZ. Since radion production byg fusion is substantially
dion_,lhough the branChing ratio is Only of order 0.1 Whereaﬁarﬁ’ than the SM H|ggs boson, we shall see that UW
the bb mode of the SM Higgs boson is close to 1. CDFand ZZ modes the discovery of the radion is much better
Collaboration16] has searched for th& H andZH produc-  than the Higgs boson. For radion heavier than 180 GgV,
tion and obtained 95% C.L. upper limits on their production.—ZZ—4l is the gold-plated mode. The production is
We show the production V¢ andZ ¢ with ¢—>b€andw mainly via gluon fusior(see Fig. 3, and the final state would
and Z decay leptonically and hadronically in Fig. 9, where be four charged leptons. We expect this mode remains the
the 95% C.L. upper limit obtained by CDF is also shown. Itgold-plated one for the radion with masses larger than about
is clear that only the case with,, much less 100 GeV would 180 GeV, as long as the, andm,, are not getting too large.
it be sensitive to the data. As a consequence, the detection BPr illustration we show the invariant malsk; ; distribution

10° . . : : 10
Vs=1.8TeV o e CDF 95% C.L. upper limit
1 03 - . ® CDF 95% C.L. upper limit 1 Wo, 26 —> (63 Tv) bb
10°
2
10 o
g ¢ g ‘—-\ ]
8 e ‘é 1
~ 10 10
m d aé
© L ]
10° ® o o o
L] (]
B § ° . 10
107 A, =100 GeV Ay =100GeV
P . ‘ . . ‘
10* ' : : : 0 20 B0 s 100 110 120 130 140
200 400 600 800 1000 m, (GeV)
m, (GeV) ¢
FIG. 7. Dijet production cross section for the radion usirg FIG. 9. Cross section for the radion production using—V¢

. ¢ channel atys=1.8 TeV, assumin®(¢—gg)=1. The COF  —(dg+Iv)bb (V=W,2) at ys=1.8 TeV, assumind(¢—bb)
95% C.L. upper limit on dijet production from the decay of a new =0.1. The CDF 95% C.L. upper limit oW H’—(qq+1v)bb is
particle is shown. shown.
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=107 s
3 3
g 14
- 855
Nyp
= N
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E T
©
10° 10™
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107° . : '
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FIG. 10. Invariant mass distributioda/dMy for the radion (a)
signal withm,=200-600 GeV and the SM backgrougd—ZZ

ats=2 TeV pp collision, for A, =246 GeV. A cut of|cosés| 10"
<0.8 is imposed.

at the 2 TeV Tevatron in Fig. 10 for radion signals with
m,=200-600 GeV and\ =246 GeV, together with the 10

background fromqq—ZZ added. The choice ofA, =
=246 GeV makes the couplings of the radion the same ax;‘g’
the SM Higgs boson, except for tligg and yy couplings. &
We have used an angular cut|ebsés|<0.8 on the center-
of-mass scattering angle of tZeboson pair. From the figure %
we can see peak structures for,=200-400 GeV, but )
only a small bump fom,>400 GeV, and almost no struc- 10
ture form,>600 GeV. To account for observation we have

to take into account the event rate. The four-lepton decay
mode ofZZ has a branching ratio of 0.0045. The event rate

for my=400 GeV (=0.032 pb) is about 4.4 for an inte- 107
grated luminosity of 30 fb* (run 1Ib) and thus is marginal
for discovery. Therefore any radion heavier than 400 GeV is

hard to be detected in run Il. In other words, usopg— ¢ (b)
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—ZZ—4l the radion with mass up to about 400 GeV would  FIG. 11. Invariant mass distributiodo/d M, for the radion

be discovered at run llb of the Tevatron.

signal with m,=500,800,1000 GeV and the SM backgrouma

The situation at the LHC will improve significantly. We 77 at the LHC, for(a) A4=246 GeV andb) A,=1 TeV.A
show in Fig. 11 the invariant madd ;; distribution at the ¢yt of |cos#%|<0.8 is imposed.

LHC for A4,=246 GeV and 1 TeV. We can see that the
signal is way above the background. The detectability de-

pends on event rates and clarity of a peak structure. Since tie180 GeV ata & level. For the case of radion, since the
width of the radion scales asAlj,, the peak structure starts Production cross section gfg— ¢ is substantially larger, we

to lose wherm,>800 GeV for the case ok ,=246 GeV.

expect the detectability of the radion to be significantly better

For A,=1 TeV, the peak structure of the radion remainsthan the Higgs boson. Based on the analysis performed in
even for a 1-TeV radion. The event rate for the 1-TeV radionRef. [17] we estimate the signal and signal-to-background

to decay into four charged lepton is about 39 far,

significance of the radion. The results are shown in Table I.

=1 TeV, which is more than enough for discovery given \We have used their background numbers and the efficiencies,

such a small background. Whet, becomes small we have but with our own cross sections and branching ratios of the
to take into account the unitarity of the calculation, but weradion. We show the results for two choices /of,= 0.246

do not concern ourselves with it here. Fop,=1 TeV uni-

tarity should be safe.

WW. A recent study in Ref.17] showed that the produc-
tion and decay of the SM Higgs boson ggy— H— W* W*
—lvlv allows the detection of the Higgs for 148ny

and 1 TeV. Thus we can see that\if,~v the radion can be
easily identified in the mass range of 140—-190 GeV using the
W*W* decay mode. Even ik , becomes as large as 1 TeV
the radion detectability is still better than the SM Higgs bo-
son[17].
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TABLE I. Cross sections for the radion signal in the channel VI. CONCLUSIONS

gg— ¢~>W*V\rk~>|71/ and the corresponding significance. The

background cross sections are from Faf]. In this work, we have studied the effective interactions,

decay, production, and detection of the radion, which is per-

m, (GeV) 140 150 160 170 180 190 haps lighter than the Kaluza-Klein excitations of gravitons in
the Randall-Sundrum scenario with the bulk modulus field
Ay=246 GeV being stabilized by the Goldberger-Wise mechanism.
o (fo) 18 28 32 31 28 o5 The effe_zctive interactions of the radion are very similar to
Bkgd (fb) a4 30 4.4 24 38 75 the SM Higgs boson, except for thégg and ¢yy cou-

/B (30 fbY) 15 28 83 108 78 18 plings, which include the anomaly contribution. Because of
the anomalougpgg coupling, the dominant decay mode for

Ay=1 TeVv m,, lighter than about 150 GeV is thgg mode, instead of
o (fb) 11 1.7 1.9 18 1.7 1.5 thebb mode. However, once, heavier thanVW andZZ
Bkgd (fb) 44 30 4.4 2.4 3.8 75 thresholds th&VW andZZ modes dominate.
S/VB (30 fb Y 0.9 1.7 5.1 6.5 4.8 3.0 Again, the hadronic production of the radion is dominated

by gg— ¢. The other production channeM/W andZZ fu-

sion,W¢, Z¢, andtt ¢ at hadron colliders, are just similar
B. ete™ colliders to those of the SM Higgs boson. At*e~ colliders, the
production channels are similar to those of the Higgs bosons.
very similar to that of Higgs bosons, because the production Although the radion decay is dqmma_\ted by .@9 mode
mechanisms are the same and the decays are similar. TH¥ Ms=150 GeV and the production vgg— ¢ is anoma-
only difference is that for the mass range relevant to LEPOUSIY large, this signajg— ¢—gg is still buried under the
search, the dominant decay mode of the radiompisgg  dijlet background, as demonstrated in Fig. 6 &b
instead ofbb. Thus, except for heavy flavor tagging, the =630 GeV and in Fig. 7 as=1.8 TeV. Similar situation
radion or the Higgs decays into a pair of jets. Witkagging  would hold at the LHC. We have also shown thepd)’
the effectiveness against backgrounds for finding the Higgs-V¢—(lv+qq)gg is not useful.
boson is better than the radion. Therefore the limit on the On the other hand, we have studied &2 and WW de-
radion would be lower than the limit on the Higgs boson, if cay modes of the radion with the radion produced day

not slightly lower, provided thad ,=v. If A ,>v the limit _.¢. Based on a study o —W*W* 171 » we have
would be worse, and vice versa. The most updated LEP limify,qn that the detection of radion is much better than the
on the SM Higgs boson mass is 107.9 GEM] using all 45 hoson, because of the anomalously large production of

decay channels of andH. —
. : . . gg— ¢ (see Table)l The gold-plated mode»—ZZ— 111l
At higher \s, e.g., the next linear collidéNLC) energies, is the cleanest signature for radion for,=180 GeV. At

EH? useful dcha}[nnels include ?Iso "".‘*W arilv%zzhflus?hn. run 1l with a luminosity of 30 fo! up to m,=400 GeV
H sse pro l;](; on crois S€¢ |gns rse vahw re e with A4=v can be discovered. The situation at the LHC
-bremsstrahlung mechanism decreases Wi improves significantly. Even witi\ ,=1 TeV, the radion

hSO fzilr,hwe have (r)]nly_stu?ie?] caste)s with,<1 ITeV. with mass all the way to 1 TeV can be discovered with a
What will happen to the signal wheh,, becomes as large as gha1n peak. I\ 4 is relatively small, the peak structure be-

2-3 TeV? The obvious answer is that various signals gelomes a broad bump, but is still much larger than the SM

smaller becaus”e the signal cross sections scale by 1/ background. We therefore urge the experimenters to search
For those dijet channelsjj( and bb) the already huge for the radion using th&Z and WW modes.

background will further bury the even smaller signal. For the

ZZ channel we have shown that run Il with 30 fbinte-

The search strategy for the radion eite™ colliders is

grated luminosity can marginally detect a radion of mass ACKNOWLEDGMENTS
m,=400 GeV andA ,=246 GeV. Therefore at the Teva- _ _
tron there is no hope of observing the radion Af, This research was supported in part by the U.S. Depart-

=1 TeV. At the LHC theZZ— 4l remains the golden chan- ment of Energy under Grant No. DE-FG03-91ER40674 and
nel for largerA , as long as there are enough signal eventsby the Davis Institute for High Energy Physics, and in part
Takem,=1 TeV the background is only about 1.8 eventsby & grant from the NSC of Taiwan R.O.C.
for a mass bin of 100 GeV around 1 TeV. The signal goes
down by 1A(21,,. Therefore forA ,=3 TeV the signal event
rate goes down to about 4, which may only be marginally APPENDIX
enough for discovery. The situation for th& W channel — —
would be similar, though it is not as good as #he channel. ag.99—tte

At e"e” collider, again the signal cross section scales by Here we present the helicity amplitudes for
1/A(2ﬁ. The chance of discovering the radion becomes weakey(p,,j)q(p.,i)—t(d;,K)t(d2,1) #(ky), where the mo-
and weaker wher , gets larger. menta and color indices are denoted in the parentheses:
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2
. . 9sMmy 1 1 : . m 1 1
iMy=—i aTa i My=ig3(TaTP—T°T?), —

Ay T pipy)? (gi+ky) P m? e Ay (p1+p2)? (gy+ky)?—m?
Xv(pg) Y*u(p)u(ay) (g + K, + my)y,v(dz), XU(Qy) (b1 + Ky +mp) y70(dy)
(A1) X[(P1=P2),e(Py)- €(P2) +2p,- e(py)e(P2),,
_ gm_, .1 1 —2py- €(p2)e(py),), (A6)
IMp=—15—TijTy > >
¢ (P11 P2)° (G2t Ky)“—my
X v (Pa) YU(po)u( —ky—dp+m . m 1 1
v(p2) Y*u(pu(dy) yu(—Ki—d2+my)v(qy) iM5=ig§(TaTb—TbTa)ijA—t _ —
(A2) ¢ (P11 P2)° (d2+Ky)“—mg
There are eight Feynman diagrims Fontributing to the Xa(ql)y”(—qz—kﬁr myv(qy)
subprocessg(p,a)g(p2,b) —t(q1.i)t(dz,j) ¢(kq). They

are given by X[(P1=P2),€(P1)- €(P2) +2p,- €(P1) €(P2),,

My =ig3(ToT?) ! ! 2P PPl "o
P T Ay (a1 +ky)2=mf (p2—qp)2—m?
XU(dy) (6 + Ky + My £(py) M= Ml (Pr,2) = (P2 D, (A9
X (2= G2+ my) £(p2)v(d2), (A3)
iMy=iMy[(py1,a)<(pz,b)], (A9)
M,=ig2(TT?), ! !
= ot
° TAy (91— P1)?=mf (P2—dp)?—m; o
IM3:IM3[(p11a)(_>(p21b)]v (Alo)

Xu(dy) (1) (G — Py +my)

X (b2~ b2+ M) £(p2)o(a2), A here e(p;)'s denote the polarization four-vectors for the
1 1 gluons.

t

m
Ay (g1—p1)2—m? (gy+ky)2—m?

XU(dy) E(P1) (d1— P1+ M) £(P2)
X(—g—Ki+myv(dy), (A5)

iMazigg(TaTb)ij
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