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Z boson pair production at CERN LHC in a stabilized Randall-Sundrum scenario
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We study theZ boson pair production at the CERN Large Hadron Collider in the Randall-Sund®@n
scenario with the Goldberger-Wise stabilization mechanism. It is shown that a comprehensive account of the
Kaluza-Klein(KK) graviton and radion effects is crucial to probe the model: The KK graviton effects enhance
the cross section ajg—ZZ on the whole so that the resonance peak of the radion becomes easy to detect,
whereas the RS effects on thg— ZZ process are rather insignificant. Theand invariant-mass distributions
are presented to study the dependence of the RS model parameters. The production of longitudinally polarized
Z bosons, to which the standard model contributions are suppressed, is mainly due to KK gravitons and the
radion, providing one of the most robust methods to signal the RS effects. dhgedsitivity bounds on
(A ,,my) with k/Mp=0.1 are also obtained such that the effective weak sagleof order 5 TeV can be
experimentally probed.
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[. INTRODUCTION Klein (KK) graviton state with the SM fields is suppressed
by the Planck scale, summation over the almost continuous
Recent advances in string theories have inspired particl&K spectrum compensates for the suppression and leaves an
physicists to approach the gauge hierarchy problem of theffective coupling of~1/M[7]. In the RS scenario, the zero
standard mode{SM) in a very novel way, i.e., by introduc- mode of the KK graviton states couples with the usual
ing extra dimensions. Arkani-Hamed, Dimopoulos, andPlanck strength, whereas the masses and couplings of all the
Dvali (ADD) proposed that there existlarge extra dimen- excited KK states are characterized by some electroweak
sions with factorizable geometry, whereas the SM fields aracale A, [8,9]. This discrete spectrum will yield a clean
confined to our four-dimensional worldl]. The observed signal of graviton resonance production. Another key ingre-
largeness of the Planck scalép, is attributed to the large dient of the RS model comes from the stabilization mecha-
volume of the extra dimensions,, as can be seen from the nism, the radion. Since the radion can be much lighter than
relation M3=M2"2V,, with Mg being the fundamental A, [10-12, itis likely that the first signal of the RS effects
scale. SincéVl 5 can be maintained around the TeV scale, thewill come from the radion.
hierarchy problem is answered. Criticism arose because the Various phenomenological aspects of the radion have
ordinary gauge hierarchy is replaced by a new hierarchy bebeen extensively studied in the literature. The decay modes
tweenMg and the compactification sca’]fczvglfn_ Based oOf the radion are different from those of the Higgs boson
on two branes and a single extra dimension with a nonfact€.g., the radion, with mass smaller thamz predomi-
torizable geometry, Randall and Sundr(R®) proposed an- nhantly decays into two gluon$10—-12; without a curvature-
other higher dimensional scenario where, withoutasge  scalar Higgs mixing, the radion effects on the oblique param-
volume of the extra dimension, the hierarchy problem iseters of the electroweak precision observations are small
solved by a geometrical exponential facfat. Here the sta- [11]. The radion effects on the phenomenology at low energy
bilization of the compactification radius is crucial, otherwisecolliders[13] and at high energy collidefd4-16 have also
the study of the cosmological evolution in the RS scenaridoeen discussed.
has shown that a nontrivial relationship between the matter In the RS scenario, however, there is another key ingre-
densities on the two branes is required, which induces nordient, the KK spectrum of gravitons. Especially at a high
conventional cosmologief3]. Goldberger and WiséGW) energy collider, the comprehensive effects of the radion and
have proposed a stabilization mechanism where a bulk scal#K gravitons can be substantial. Moreover, in spite of its
field with interactions localized on the two branes can gendighter mass than the KK gravitons, the coupling strength of
erate for the modulus field a potential that allows a minimumthe radion with the SM particles is weaker than that of the
appropriate to the hierarchy problgd]. KK gravitons for the following reasons: The characteristic
Of great interest and significance is that the ADD and RSscale of the radion coupling, inversely proportional to the
models could possibly be detected at future collider experivacuum expectation valué/EV) of the radion (), is
ments. Even more interestingly, they provide possible explasmaller than the coupling of the KK gravitons, sinde,
nations for the recently reported deviation of the muon=./6 A [10]: the degrees of freedom of the spin-0 radion
anomalous magnetic moment from the SM predic{ibr6]. are less than those of the spin-2 massive KK gravitons. The
In the ADD case, even though the coupling of each KaluzaA ,, usually treated as a free parameter, is also constrained
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through the relation with the\ ., which receives various where O<|¢|< andk is the AdS curvature. Two orbifold
constraints from the CERN*e™ collider LEP Il and Fermi- fixed points accommodate two three-branes, the hidden
lab Tevatron experimen{8]. We will show that the compre- brane atp=0 and our visible brane t|= 7. The arrange-
hensive consideration at high energy colliders leads to differment of our brane dip| = 7 causes the fundamental sceig
ent phenomenologies from those with the radion effects onlyto appear as the four-dimensional physical mass
In order to sensitively probe the radion effects, we con-=e X"<"m,. The hierarchy problem can be answeredrf
sider the procesgg— ZZ. Note that the radion interacts with ~12. From the four-dimensional effective action, the rela-
the SM fields through the trace of the energy-momentumntion between the four-dimensional Planck sclle; and the
tensor: The coupling becomes stronger as the interacting Sfindamental string scal®l 5 is obtained as
particles are more massive, and the QCD trace anomaly en-
hances the coupling of the radion to a pair of gluons. This
process has been extensively studied with special attention to
the Higgs boson search at the CERN Large Hadron Collider
(LHC) [17]. The double leptonic decay of ti&boson,gg The compactification of the fifth dimension leads to the
—ZZ—I1"171""1"~, generates a clean signal. Unfortunately following four-dimensional effective Lagrangid8]:
the main background of continuum production of theair .
\(ia_qq annihilation is I_<nown to be dominant except in a £:_iTﬂyh(o)_iTwE h(M 3
limited range of the Higgs boson resonance. For example, Mp O U T
full one-loop calculations fogg— ZZ in the minimal super-
symmetric standard modéMSSM) with the squark loop whereA ,=e X"c"M, is at the electroweak scale. The cou-
contributions have shown that the irreducible background ofling of the zero mode of the KK gravitons is suppressed by
qg— ZZ surpasses even the resonant peaks of supersymméfie usual Planck scale, and that of the massive KK gravitons
ric Higgs bosong18]. by the electroweak scal& . The masses of the KK gravi-
As will be shown, comprehensive consideration of bothtons are also at the electroweak scale, giverig]
KK graviton and radion effects is crucial to explore the RS K
model. The RS effects on the gluon fusion process are much m,=kx,e Ke"= —A_x,, (4)

larger than those on theq process, which will be shown in Mei

the pr and invariant-mass distributions. As a result, the ras here thex,'s are thenth roots of the first order Bessel
dion effect; ongg—22 have much more chance to k?e de- function. The conditiork< M, is to be imposed to maintain
tected, while the radion effects apq—ZZ are negligible  the reliability of the RS solution in Eq1) [19]. We take the
due to the smaliness afi,. Moreover, measurement of tde  ya|ye in the conservative range of 8.k/Mp<0.7. Then,
polarization will provide another efficient method for prob- the first excited KK graviton has a mass slightly larger than 1
ing the effects of the RS model. ~ TeVfor A,~3 TeV and so there might be a chance to see
This paper is organized as follows. In Sec. I, we briefly the effects of KK gravitons at future high energy colliders.
review the RS model with the GW mechanism, and summa- | the original RS scenario, the compactification radius
rize the effective Lagrangian between the KK graviton, thejs assumed to be constant. According to the studies of cos-
radion, and the SM particles. Model parameters are carefullmmogicm evolution, however, two branes want to blow
defined. In Sec. Ill, the parton level helicity amplitudes for apart, i.e.,r.—, unless we impose a fine-tuning between
gg—ZZ andgqq—ZZ to leading order are given. In Sec. IV, the densities on the two branes, which will lead to noncon-
we present numerical results for tipg and invariant-mass ventional cosmologieg3]. A stabilization mechanism is re-
distributions. After presenting the RS model dependence oquired. Goldberger and Wise have introduced a bulk scale
the distributions, we will show the RS effects on variousfield with the bulk mass somewhat smaller tharThe as-
configurations of theZ-boson polarization. The sensitivity sumption of localizing the bulk scalar interactions on the two
bounds for the parameter space/of and the radion mass branes determines the four-dimensional effective potential
are given. Finally, Sec. V deals with a summary and conclufor the radion, which can allow the minimum fdr.~12
sions. without extreme fine-tuning. Furthermore, the radion mass is
roughly an order of magnitude belotv,. [13].
It was shown that the radion couples to ordinary matter
Il. STABILIZED RANDALL-SUNDRUM SCENARIO through the trace of the symmetric and conserved energy-
For the hierarchy problem, Randall and Sundrum pro/momentum tensor with TeV scale suppressed coupling:
posed a five-dimensional nonfactorizable geometry with the
extra dimension compactified on &/Z, orbifold of radius L= i HTH (5)
r.. Reconciled with four-dimensional Poincairevariance, Ay '
the RS configuration has the following solution to Einstein’s
equations:

2_'v|g —2kr.m
Mp,—T(l—e ¢ ) (2)

whereA ,, the VEV of the radion field, is related such that
Ay= J6 A _[10]. The coupling of the radion with a fermion
kel 2 0 or massive gauge boson pair is the same as that of the Higgs
ds?=e ?"e¢ly, , dx* dx’+rg de?, (1) boson, except for a factor ob(A ), with v being the VEV
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of the SM Higgs boson. The massless gluons and photon:g S t 7
also contribute tar’;, due to the trace anomaly, which ap- H
pears as the scale invariance of massless fields is broken k ¢
the running of gauge couplind®0]. Thus the interaction ¢ ~svvs z

Lagrangian between two gluons and the radion or Higgs bo- (@) b)

son is
FIG. 1. Feynman diagrams for the procegs—ZZ in the SM.

{ba+1yoAz0)} p+11z)h

U
Lh(g)-g-9= A,

as

M+_+0(B): _M+—O+(_:8)
:M+——0(_5)
=—Mi_o-(B). (15

h) _ 2 2 H .. . . .
wherez/(" =4m{/m{, , m, is the top quark mass, and the  For the explicit calculations, we consider the following
QCD beta function coefficient ib;=11—2n/3 with the  four momenta for the initial gluons and finZlbosons in the
number of dynamical quarks . The loop functiorl1(z) is  gluon-gluon center-of-momentufe.m) frame:

defined by \/_ \/_
s s

l1(2)=2[1+(1-2)(2)], (7 Pi= - (1,003, p;=--(1,00-1), (16)

X

C ~Cuv
g Tr(GE,G), 6)

wheref(z) is

S .
arcsif(1\z), z=1, Ps= 5 (185sind,0,5 coso),

=1 1, 1+\/1—z> s . ® .
— —|ln| ——| —1I zZ .
4 1-Ji-z] | p4:75(1,—ﬁsin0,0,—,80050),

It is to be noted that the phenomenology of radions and KK 5= - 5 o
gravitons in the RS model can be determined by three pa¥here 8= V1—4mz/s and t=(p,—ps)”. The polarization

rametersmy, A, andk/Mp,. vectors for the spin-1 particles with momentump*
=(p°p) are
lll. Z BOSON PAIR PRODUCTION AT THE CERN LHC VS
A. The gg—ZZ helicity amplitudes e“(p,N)= i (0,—\ cosf cosgp+isingy,
For the procesg(N1)g(N,)—Z(N3)Z(\,4) there are, in ] ) .
general, 36 helicity amplitudes corresponding to two and —icosgp—Acosfsing;,\sing), (17)
three polarization states of the initial gluons and fizal . .
bosons, respectively. Various symmetry arguments reduce €*(p,0)=(|p|/m,p°p/m), (18
these 36 amplitudes to eight independent oried. Parity .
invariance implies where the angle$ and ¢; specify the direction op .
In the SM, there are two types of Feynman diagram for
Mg = MEN o, agny (9  the gg—ZZ process, through the box and triangle quark

loops shown in Fig. 1. Despite loop suppression by a factor
Bose statistics and the standard form of #iboson polar-  of ai, the high luminosity of the gluon in a proton at the

ization vectors demand LHC vyields a substantial cross section for the process. The
SM helicity amplitudes have been studied in detail. We refer
Myt (B)=Miii 1 (—B), (100  the reader to Ref17].
In the RS model, KK gravitons mediate tlsechannel
My (B)=Mo_ (B, (11  Feynman diagram at tree lev@lee Fig. 2 The helicity am-
My (B=M, 4 (B), (12 ¢ KK z ,
My (B)=M,__(—B), (13)
g Z
M o(B)=M; 10:(B) (a) (b)
:M _ —_
++-o(=A) FIG. 2. Feynman diagrams for the procgss—ZZ mediated by
=M, 9-(—PB), (14 (a) KK gravitons and(b) the radion in the RS model.
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plitudes are cast into the form
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corrections are necessary to obtain the precise ratio aj@we
annihilation and gluon fusion processes. Even thoughkthe

factor of O(30%) ofqq—ZZ is known[21], the absence of

the corresponding calculation for the gluon fusion process
(19 leads us not to include any higher order corrections. We also

assume that the uncertainties in leading contributions from
where 5*° denotes the color factor. There are six nonvanishsoft gluon emission in both processes cancel to some extent
ing independent helicity amplitudes: in the ratio of cross sections, hardly affecting our main inter-
est, the distribution shapes.

In the SM, there ar¢- andu-channel Feynman diagrams.
Since the radion coupling to fermions is proportional to the
(200 fermion mass, we can safely neglect the radion effects here.

The s-channel diagram mediated by KK gravitons, which is
21) similar to the diagran{a) in Fig. 2, still influences the pro-

duction. For the process(\;)q(\,)—Z(A3)Z(\,), the he-
1 licity amplitudes due to KK gravitons are written as
Aisi =5 (B2 D{pHI-0)?-5%, (22 58

— 1
M Slxzxsxél(qqﬂzz) =T walxzsta

4A2 F s—
\/g . ) T n (27)
2\/Emz(l—llﬁ )(t—u+ Bs)

X \V(B8)%—(1—u)?,

1
(99—Z22)=——5 2, =S A gy

ME
Mah2h 8AZ N s—m?

3

Assrr=— %(ﬁ“—l)(f—ﬂ)er %(ﬂ2+ 1)$2+(t+u)s,

1 TN 2
A =SBE-D+82,

Ai o=
where the nonzero and independédis are, in the parton
(23) c.m. frame,

_s(t—u)(B2-1)sing

_ (1 ){(1+ s+ 2(t+0)}s? (24 pa= 5 , (28
++00 8m§ ’
o p o Ay s :§(f—ﬁ+,6’§)sin6
A+—oo:(1 18%)(B 2){2(t u) BS}S_ (25 By - 3 :
8m3
3 (B?—1)s¥%(1+cosh){Bs—2(t—u)}
+—+0" T ’

The second ingredient of the RS model, the radion,
couples to two gluons through its Yukawa coupling to a
quark inside a triangle loop diagram, as well as through the
QCD trace anomaly. Since the radion interaction with quarks
is proportional to the mass, only the top quark loop needs to
be considered. Two of the eight independent helicity ampli-
tudes receive nonvanishing contributions from the radion:

23/2m218
B,__,=s%sinf(cosf—1),

(B%—1)s¥3(1—cosh)[Bs+2(t— )]
23/2m218

By__o=-

b

2
m - Al
M, =2 [bQCD+|(zt)](—Z) S(B*—1)(B*=2)(t—u)sing
m Ad) B+_00: 2 ]
A am; B
y 1 S 26 o
A mfp“%”‘«s 2 where cog=(t—u)/Bs.
as b m; 2 IV. CONTINUUM Z BOSON PAIR PRODUCTION AT THE
M o0=— = [bQCD+I(Zt)](A_¢) CERN LHC

The physical production rate & boson pairs app col-
liders is obtained by convoluting over the parton structure

1 S2(B2+1)
' functions[22]:

X"_ 2 iT 8 2
s—mg+il'ym,  8m;

_ o(pp—ij—22)
B. The qg—ZZ helicity amplitudes

In the SM the procesgq— ZZ surpasses the gluon fusion = f dxy A% fi(x1,Q%) (X2, Q%) i (X1X,9),
process due to the presence of tree-level Feynman diagrams. H

Accurate structure functions at lowand higher order QCD (29
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wherei andj denote a parton such as a gluon or quark, and do /dpr [pb/GeV]
X1 andx, denote the momentum fraction of the parton from 1 T T T T T T —
the parent proton beam. For the numerical analysis, we ust ;| /Radion + Graviton 3

the leading order Martin-Roberts-Stirling-ThoriRST)
parton distribution functiong§23]. The QCD factorization F
and renormalization scale3 are set to ban,. The Q? de- 1072 F
pendence effect is expected to be small on the distribution
shapes. The c.m. energy at the LHCJs=14 TeV. We
have employed the kinematic cuts pf=25 GeV and| 7|

=<2.5 throughout the paper. As discussed before, the RS ef

107 E

fects are determined by three parameteks, (k/Mp;,m,). 107° F
From the above arguments, we consideA .
=2,3,5 TeV,k/Mp=0.1,0.3,0.7, and m,=300,500,700 100200 300 0 G300 To0 800
GeV. (a)

The SM Higgs boson mass has not been experimentally do/dMzz [pb/GeV]
confirmed yet. Recently, the ALEPH group reported the ob- - T T T T T T —
servation of an excess ob3in the search for the SM Higgs s . Radion + Graviton E
boson, which corresponds to a Higgs boson mass about 11 i rRad“’“ ! ]
GeV [24]. As the operation of LEP Il has been completed, E . — 3
the decision whether the observations are only the results 0102 f~<izar—Y Higgs (300 Gev) 7" E

A
SRR

statistical fluctuations or the first signal of Higgs boson pro- -
duction is suspended until the Tevatron Il and/or LHC is i ~— T
running[25]. In the following, the Higgs boson mass is setto ™" F T R T
be 114 GeV except for the comparison of the contributions -

from the Higgs boson and radion with the same mass in ;s

Fig. 3. [ .
1 ! 1 1 ! 1 )
Before presenting numerical results, some discussion ol g 400 600 800 1000 1200 1400 1600
the unitarity violation of the RS model is in order here. As (b) Mzz [GeV]

can be seen in the effective Lagrangian of E&.and (5), o o
the RS model generically undergoes unitarity violation at F!G- 3. Thepr and invariant-mass distributions of thgg

. . = . —ZZ process when both the SM Higgs boson and radion masses
high energ'eg/g>A7T' In Ref.[6], the elastic processy are 300 GeV withA ;=2 TeV andk/Mp=0.1. The SM results for

—yvy was examined to obtain the bound from partial wave — )
o = ] ) gg—ZZ are plotted for comparison.
unitarity on the rat|0\/;//\1T in the RS model. This process

can yield very sensitive bounds since the RS effects medi- U2

ated by KK gravitons are dominant due to the absence of SM yq . =Am_ ., =—i — > [D,(s)+D,(1)],
contributions. Thel partial wave amplitude is defind@6] A% R

by

t2

1 L M+__+:M_++_:_i A_Z

J __= J s T
aW’_647-r —1d cosé dw,(cosa)[ |MA1A2A3A4],

(30

2 [Dn(s)+Dp(u)],

where D ,(s)=1/(s— m§+imn1“n). The oddJ partial wave
amplitudes vanish due to Bose-Einstein statistics in elastic
yy scattering, and we havas,=a®,_, anda®,,=a3_,

are the helicity amplitudes,u=»\, frgm parity arguments. The nonvanishing eigenvalygare

a2, and 23,. Numerical estimation leads tgs<3.1A , for
k/IMp=0.1, \s=5.7A _ for k/Mp=0.3, and\s<9.8A

for k/Mp=0.7. In what follows, a very conservative bound

is employed, such as/gsO.QA,T. In order to eliminate the
concern about unitarity violation, it is reasonable that we
restrict ourselves to the region where our perturbative calcu-
lations are trustworthy. This can be achieved by excluding
data with high invariant mass. In the following, therefore, we
constrain the invariant mass to be less than 1.8 TeV, to be
5 consistent with our parametrizations &f, .

Moy i=M____=—i 5_2 > D, (t)+D, (W], First we present th@y and invariant-mass distributions

n for unpolarizedZ bosons. Figure 3 shows the effects of the
(31 radion and KK graviton for the procegg—ZZ on the dis-

where M)‘l)‘Z)‘S)M
—No, ' =N3— Ny, anddfm, are the Wigner functiong27].
Unitarity implies that the largest eigenvalug)(of afm, is to
be|x|=<1. The reliability of perturbative calculations is ap-
proximately guaranteed by the conditiorlg|=1 and
|Re(x)|=1/2. The helicity amplitudes, of which the domi-

nant contribution at high energies comes from the KK gravi-
tons, are

w
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do /dpr [pb/GeV]

1
Higgs

Radion + Graviton ----- ] 10F T T T T T T T T
= 1| Mo =300GeV 500 Gev 3
3 oik — - I SN A R ]
ey 3 E 107! e ~- =
=2 L >~ T e ]
3 [ 1072 E N T mg = 700 GeV3
5 omE 10-° F e 3
® : 10 R 3
99— 2Z T
10—5 e N —
0.001 1 1 1 o F qG > 7272777
200 250 300 350 400 107° F
Mzz[GeV] 10-7 | ] 1 ] | ] L
100 200 300 400 500 600 700 8600
FIG. 4. The resonance peak shapes in the invariant-mass distri(a) pr [GeV]
butions of thegg— ZZ process when both the SM Higgs boson and

radion masses are 300 GeV with, =2 TeV andk/Mp=0.1. do/dMzz [pb/GeV]
10 F T T T T T T T 3
tributions. For comparison, both the Higgs boson and radion  p me =300GeV  m; =700 GeV ]

masses are set to be 300 GeV with=2 TeV andk/Mp, ' Fo ]
=0.1. The long dashed line denotes the SM results with the 10~ F
Higgs boson mass of 300 GeV. The short dashed line in-, .k
cludes only the radion effects, whereas the dotted line incor- [
porates both the KK graviton and radion effects. The SM 107° F

result forqq—ZZ denoted by the dash-dotted line is also 1p-¢ [
plotted for comparison. The; distributions apparently show

that the KK graviton effects enhance the cross section on the
whole, which increases the chance to probe for the presenc 1p-s £

of the radion. Other models for new physics beyond the SM, 200 400 600 800 1000 1200 1400 1600
(b) MZZ [GeV]

1073

do/dpr [pb/GeV] FIG. 6. The p; and invariant-mass distributions of thgg

. T | ' T ! ' L —ZZ process fom, =300, 500, and 700 GeV withh ;=2 TeV
107! — andk/Mg=0.1. The SM results foqE—>ZZ are plotted for com-
02 L 3 parison.

10-2 E ._\___\A":”ev Ay =5 TeV -] _ _ _

i 1 including supersymmetric models, do not generate such el-
WHE g9 22 sl evated resonance behavior. Even in the lakgecase where
10-5 B e N the KK graviton effects are negligible, distinction between

[ _ . the Higgs boson and radion is, in principle, possible: The
10-8 97— 22" 3

resonance peak of the radion becomes narrower with increas-
10-7 ! ] ! L L L L [ ing A, because the radion total decay width ) is in-
100 200 300 400 500 600 700 800 versely proportional to\2. Figure 4 shows the resonance

@ pr [GeV] shapes of the Higgs boson and radion with the same mass,
do/dMzz [pb/GeV] through the invariant mass spectrum of theair. It can be
107! ¢ T T T T T T T seen that if both have the same mass the radion shows a
BN 1 sharper resonance peak than the Higgs boson. This is generic
102 f ‘\ : since the total decay width of the radion is smaller than that

of the Higgs boson due to the radion’s larger VEV.

In Fig. 5, we present the RS effects on the prooggs
—ZZ, which are determined solely by the_ due to the
ignorance of the radion influence. The KK gravitons can be
recognized by broad peaks. The RS effects are less important
than those on thgg—ZZ process: The effects appear be-

1073 F
1074 E

1073 |

I | | | | IAW :5|Tev | yond 300 GeV ofp; and 700 GeV ofM,,, generating at
10'6200 W00 600 800 1000 1200 1400 1600 most 10 % pb/GeV of the differential cross section with re-
() Mzz [GeV] spect topy or Mz,; the effects on gluon fusion will be

shown to appear in the low; and M, region where the
FIG. 5. The p; and invariant-mass distributions of thpq  Cross sections are sizable.
—ZZ process forA =2, 3, and 5 TeV. The SM results fag Now we illustrate the dependence of the gluon fusion pro-
—ZZ are plotted for comparison. cess on each parameter of the RS model. In Fig. 6, we plot
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do /dpr [pb/GeV] do/dpr [pb/GeV]
10 P T T T T T T - 1 T T T T T T T
107! ;‘_N);:;'}‘_-I}'/}\;I;,--:-O.l .
£ e
1077 N 3
107 ST KM =03 E
104 | 99> ZZ \\\\\\\\ ................... -
r ) Sl 90— YA T
10°° F Sl TTUmee .
o U
10-7 E—1 ] i ] 1 1 1 T
100 200 300 400 500 600 700 800
(@) pr [GeV]
dO/dMZZ [pb/GeV] da’/dMZZ [pb/GeV]
L T T T T T LI LF T T T T T T T
L Ar=2TeV" i k/My =0.1-" 7
10§ - . = 10 E | . -
[ ] g T e ]
1072 P i 10-2 E ﬁf\y T
10-3 ; 10-3 b
1074 107*
10_5 ; 105 :._
10-s L : 10-¢ L
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
(b) Mzz [GeV] ) Mzz [GeV]
_FIG. 7. TheA ; dependence of thpr and invariant-mass dis- FIG. 8. Thek/Myp, dependence of the; and invariant-mass
tributions of thegg—ZZ process forA ,=2, 3, and 5 TeV with  distributions of thegg— ZZ process fork/Mp=0.1, 0.3, and 0.7
m,=300 GeV anck/Mp=0.1. with my=300 GeV, and\ ,=2 TeV.

the distributions  for m,,=300,500,700 GeV, withA, ment on the distributions. Figures 9 and 10 are for the polar-
=2 TeV andk/Mp=0.1. It can be seen that the resonancejzation statesz;Z; and Z,Z, , respectively. We sef\ .
peak of lighter radions is sharper. If the radion is quite heavy_ TeV, kiMp=0.1, andm,=300 GeV for illustration.
(around 500 GeV in this parameter spadbe contribution  Ag expected from the scalar nature of the radion and the
of the KK gravitons to thepy distributions overwhelms the spin_2 nature of massive KK gravitons, longitudinally polar-
radion resonance; it is more appropriate to probe th§;eqz phosons are produced more in the RS model, while the

invariant-mass distribution. If the radion is too hedwyore SM production ofZ,Z, through both gluon fusion anda

than. 700 GeV in this ca$;_elarge contrlbptlons of the KK annihilation is suppressed. Thus measurement of the longitu-
gravitons obscure the radion effects. Figure 7 presents th

A . dependence of theg— ZZ process forA =2, 3, and 5 g’mally polarizedZ bosons would provide one of the most

TeV with m, =300 GeV anc/Mp=0.1. TheM . distribu- ;c;tzﬁzténset:]%céselto single out, in particular, the radion effects
tions show a sharp resonance peak of the radion and Succes'Unfortunately, an event cannot determine the polarization

sive broad peaks of the KK gravitons. In the distributions, P
the KK graviton effects yield a plateau region. The case O]pf the Z boson. The angular distributions fd@rboson decay,

A,=5 TeV would be difficult to probe. Thi/M p, depen- Z—>ff, provide some information on .thé polarization. To
dence is presented in Fig. 8, f@/Mp=0.1, 0.3, and 0.7 Ieadlng order, the RS effect; can be |gnor§(Z|decay. Ne-
with m,=300 GeV andA,=2 TeV. Sincek/Mp, is pro- g!ec’qng_the mass of the final state fgrmlons, _the angular
portional to the masses Of?he KK gravitdisee Eq(4)], the distributions of the_Z decay rate are given by, in the rest
KK graviton effects in the larg&/Mp, cases are hardly de- frame of the decaying [28],

tected. Note that in the RS model the magnitude of the five-

dimensional curvature Rs=—20k?) is required to be 1 dr* 3

smaller thanM3 (=M32) for reliability of the classical RS T doosy g[af(licosmzﬂl—af)(ltCOSX)Z]
solution derived from the leading order term in the curvature. f X (32)
A value ofk/Mp less than about 0.1 is theoretically favored

[19].

We present the influence of th& polarization measure- for the transversely polarized bosons, and
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FIG. 9. The pr and invariant-mass distributions of thgg
—Z+1Zy process. We sek/Mp=0.1,m,;=300 GeV, andA,
=2 TeV.

1 dre 3.
T dcosy 4 X

(33

for the longitudinally polarized bosons. For charged lep-

tonic decay, we haver;=(1—2 xy)?/(1—4xy+ 8x3) with
Xw=Sir? &y. The partial widthI' is for the normalization,
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FIG. 10. Thep; and invariant-mass distributions of thgg
—Z, Z process. We sek/Mp=0.1,m,=300 GeV, andA,
=2 TeV.

Finally, we estimate thed search bounds on the,. and
the radion mass, which are obtained by comparingtaiel
cross sections with and without the RS effects. Even though
the cross section of longitudinally polariz&€dbosons ¢ )
and/or the radion resonance peak are powerful methods to
probe the RS effects, higher sensitivity bounds, which are
usually relevant in the case of no signal, are obtained from

andy is the angle between the fermion momentum directiorthe observable witharger event number. As discussed be-

and the spin axis as seen in tBerest frame(the Z boost

direction in the helicity basjs Therefore, an appropriate cut

on y would select more data of longitudinally polariz&d
bosons. We define the rati8, which is proportional to the
observable RS effects as follows:

ZZ—1T17 e
R o(pp—Z2Z— : )EM+RS, 34
(PP—ZZ =1 1 ey

where |,I’=e,u,7. In order to focus on the detection of

radion effects, we employ a kinematic cut, e.gpy
<125 GeV only for the estimates &. Numerical analysis
shows that with the kinematic cut ffosy|<0.3 R increases
by 49% with respect to the value without any cutnThus

fore, the RS model has unitarity violation at high energies,
which may induce unphysically large contributions to the
total cross section. One possible way is to exclude data with
high invariant mass, i.e., to employ an upper cut Mg,

such asx/gs 0.9A .. Thus we require that

< <

SM\/ZEZ:L,

SM+RS
[ <
(o
SM

whereo = denotes the total cross section with an additional
kinematic cut ofM ;,<<900 GeV.¢€ is the reconstruction ef-
ficiency for theZ boson pair, which is the squared branching
ratio of theZ boson intoe*e™ or " u~. The LHC lumi-

(35

appropriate kinematic cuts on the transverse momentum ofosity £ is 100 pb L. In Fig. 11, we show the attainablerl
the Z boson and the anglg can enhance the signal for the bounds onA , andm, with k/Mp=0.1. Even with restric-

radion effects by, e.g., about 50%.

tive efficiency, aA , of about 5 TeV can be experimentally
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. Lo bounds qqg— ZZ process, which are generated only by KK gravitons,
' ' ' ' ' ' ' are much smaller than those gg—ZZ; the KK graviton
effects increase the cross sectionggf— ZZ throughout the
pr and invariant-mass distributions; the resonance shape of
the radion is distinguishable from that of the Higgs boson.
Numerical results for the and invariant-mass distributions
have been obtained to show the dependence on the RS model
parameters A . ,k/Mp;,m,). Distinction between the Higgs
boson and radion even with the same mass is feasible since
| | | | th_e resonance peak of the radion is narrower than that of the
e 25 30 30 400 a0 s00 550 600 Higgs boson in most of the parameter space. pheand
mg (GeV) invariant-mass distributions for the polariz&dboson pair
have also been presented. We have shown that in particular
FIG. 11. The b sensitivity bounds onA;,m,) with k/Mp;  the production of longitudinally polarizegibosons, to which
=0.1. the SM contributions are suppressed, receives substantial
corrections due to KK gravitons and the radion. Polarization
examined. Since the radion has a relatively small influencéneasurements would provide one of the most robust meth-
upon the total cross section, tipe or invariant-mass distri- ods to signal the RS effects. Therlsensitivity bounds on
bution would be more appropriate to signal the radion ef-(Awm(b) with k/Mp=0.1 have also been obtained. of
fects. about 5 TeV can be experimentally searched even with re-
strictive experimental efficiency. In conclusion, the channel
V. SUMMARY AND CONCLUSION of Z boson pair production at the LHC with measurement of
the Z polarizations and the kinematic distributions can pro-
We have studied thgg—ZZ process at the LHC as a yjde an efficient method to probe the effects of the RS sce-
probe of the Randall-Sundrum scenario with the Goldbergernario with the modulus fields being stabilized by the
Wise stabilization mechanism. Even though the process ha@oldberger-Wise mechanism.
been regarded as significant in various aspéetg., in ex-
amining the Higgs sectprthe main background of con-
tinuum production ofqg—ZZ is known to be dominant in
the SM and MSSM. It has been shown that the comprehen- We would like to thank K. Y. Lee and W. Y. Song for
sive effects of Kaluza-Klein gravitons and the radion en-useful discussions on this work. The work was supported by
hance the chance to probe the model: The RS effects on tlibe BK21 Program.
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