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Abstract

The experimentally measurable effects related to extra dimensional gravity in a RS-type brane world are estima
options of the RS framework (with small and large curvature) are considered. It is shown that physical signals of bot
detected by the joint experiment of the CMS and TOTEM Collaborations at the LHC.
 2005 Elsevier B.V. All rights reserved.
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1. Massive gravitons and radion in the RS model

There is no doubt that the discovery of partic
like Higgs boson is the fundamental goal, but it w
not solve a very important problem of the hiera
chy between the electro-weak (246 GeV) and Pla
(2.4× 1018 GeV) scales. Some models have been p
posed recently, which resolve the problem without
persymmetry but rather with help of space–time w
extra dimensions. For instance, so-called ADD mo
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[1] “explains” the large value of the Planck scale
the large size of compact extra dimensions. Such
ories open way for many new experimental studies

In particular, the model of Randall and Sundru
(RS) [2,3] seems to be the most economic introd
ing only one extra dimension which has not to
large. It is based on an exact solution for gravity
a five-dimensional space–time, where the extra sp
dimension is a “folded” circle. Let{zM } = {(xµ, y)},
M = 0,1,2,3,4, be its coordinates. Namely,y is the
coordinate along the fifth dimension, while{xµ}, µ =
0,1,2,3, are the coordinates in a four-dimension
space–time. The background metric of the mo
is of the form (contribution of the matter energ
.
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momentum tensor is neglected)

(1)

ds2 = γMN(z) dzM dzN = e2κ|y|ηµν dxµ dxν + dy2.

Here y = rcθ (−π � θ � π ), rc being a “radius”
of the extra dimension, and a parameterκ defines a
scalar curvature of the five-dimensional space–ti
The points(xµ, y) and(xµ,−y) are identified, and the
periodicity condition,(xµ, y) = (xµ, y +2πrc), is im-
posed. In Eq.(1) ηµν is the Minkowski metric.

We consider the so-called RS1 model[2] which has
two 4-dimensional branes with equal and opposite
sion located at the pointy = 0 (called theTeV brane,
or visible brane) and aty = πrc (referred to as the
Planck brane). All SM fields are constrained to th
TeV brane, while the gravity propagates in all five
mensions (bulk).

Since the warp factore2κ|y| is equal to 1 on the TeV
brane, four-dimensional coordinates{xµ} are Galilean
and we have a correct determination of the gravi
fields on this brane. For a zero mode sector of
effective theory, one obtains a relation between
(reduced) Planck mass and the (reduced) fundam
tal gravity scale in five dimensions,̄M5:

(2)M̄2
Pl =

M̄3
5

κ

(
e2πκrc − 1

)
.

In a linear approximation, one can parametrize
metricgMN as

(3)gMN(z) = γMN(z) + 2

M̄
3/2
5

hMN(z).

The invariance of the gravitational action under g
eral coordinate transformation means that the
grangian is invariant under gauge transformations
the field hMN(z) (for details, see Refs.[4,5]). If we
impose so-called unitary gauge[5], we get

(4)hµ4(x, y) = 0, h44(x, y) = φ(x),

whereφ(x) is a massless scalar field which depends
four-dimensional coordinates only. This new degree
freedom calledradioncorresponds to distance oscill
tions between the branes.

This massless scalar field would lead to suc
change of the usual gravitational interaction on the
ible brane which is totally excluded by experimen
data. However, if the radion acquires the mass of
order of 100 GeV[6], this will not contradict the ex
perimental data, i.e., the radion could be the ligh
massive scalar excitation of the RS model.

The field hµν(x, y) (with a radion contribution
singled out) is decomposed into a massless m
h

(0)
µν (x) (“classical” graviton) and “Kaluza–Klein

(KK) modes h
(n)
µν (x) which describemassive gravi-

tons. The mass spectrum of the KK gravitons on
TeV brane is the following:

(5)mn = xnκ, n = 1,2, . . . ,

wherexn are zeros of the Bessel functionJ1(x), with
xn � πn at largen. The interaction Lagrangian on th
visible (TeV) brane looks like

Lint = − 1

M̄Pl
T µνh(0)

µν − 1

Λπ

T µν
∞∑

n=1

h(n)
µν

(6)+ 1√
3Λπ

T µ
µ φ.

HereT µν is the energy–momentum tensor of the m
ter on the brane,h(n)

µν is the graviton field with the
KK-numbern and massmn (5). The parameter

(7)Λπ =
(

M̄3
5

κ

)1/2

is a physical scale on the TeV brane. As one can
from (6), the radion field is coupled to the trace of t
energy–momentum tensor.

Let us consider two possibilities to satisfy relati
(2). One possibility (we will call it “large curvature
option”) is to put

(8)κ � M̄5 ∼ 1 TeV,

that corresponds toκrc = 11.3 in Eq. (2). There is a
series of KK massive graviton resonances, with
lightest one having a mass of order 1 TeV. As for
radion, it is coupled rather strongly to the SM fiel
(mainly to gluons) sinceΛπ ∼ 1 TeV.

Another possibility (we will call it “small curvature
option” [7,8]) is to take

(9)κ � M̄5 ∼ 1 TeV.

In such a case, a mass splitting∆m � πκ can be
chosen smaller than the energy resolution of LHC
periments. For instance, forκrc = 9.7 we getπκ =
50 MeV, and the mass of the lightest KK excitati
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is m1 = 60.5 MeV. This case is not favorable for th
production of the radion, since the coupling is defin
by Λπ = (M̄5/1 TeV)3/2140 TeV and is two orders o
magnitude smaller than in the previous case.

2. Mechanism of the exclusive double diffraction

The main goal of our Letter is to analyze e
perimental possibilities to detect effects of the e
tra dimensions in exclusive double diffractive eve
(EDDE):

(10)p + p → p + “gap” + X + “gap” + p,

whereX represents a particle strongly coupled to tw
gluon states (say, the radion, SM Higgs, KK gravito
meson containing heavy quarks or glueball).

Unique advantages of this process are well-kno
(see[9–13]and references therein): (a) clear signat
of the process; (b) possibility to use the “missing m
method” that improves the mass resolution; (c) ba
ground is strongly suppressed; (d) spin-parity anal
of the central system can be done. All these prop
ties can be realized in common CMS/TOTEM detec
measurements at LHC[14].

The exclusive double diffractive process is rela
to the dominant amplitude of the exclusive two-glu
production. Driving mechanism of this process is
pomeron.

To calculate the amplitude of process(10), we use
an approach which was considered in detail in Ref.[9].
In the framework of this approach, the amplitude c
be sketched as shown inFig. 1. After the tensor con
traction of the amplitudesT1,2 with the gluon–gluon
fusion vertex the full “bare” amplitudeTX depicted in
Fig. 1(a) looks like

(11)TX = 2

π
c2
gpeb(t1+t2)

(
− s

M2
X

)αP (0)

Fgg→XIs.

Here

(12)b = α′
P (0) ln

( √
s

MX

)
+ b0,

(13)b0 = 1

4

(
r2
pp

2
+ r2

gp

)
,

with the parameters of the “hard” pomeron traje
tory, that appears to be the most relevant in our c
(a)

(b)

Fig. 1. Model for EDDE: (a) amplitude of the exclusive double d
fractive productionTX without unitary corrections; (b) amplitud
T unit
X

with accounting for “soft” re-scattering correctionsV in the
initial and final states.

presented inTable 1. The last factor in the RHS o
Eq.(11) is

(14)Is =
M2

X/4∫
0

dl2

l4
Fs

(
l2

)( l2

s0 + l2/2

)2αP (0)

,

wherel2 = −q2 � q2, ands0 is a scale parameter o
the model which is also used in the global fitting
the data onpp (pp̄) scattering for on-shell amplitude
[15]. The fit givess0 � 1 GeV2. If we take into accoun
the emission of virtual “soft” gluons, while prohibitin
the real ones that could fill rapidity gaps, it results i
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Table 1
Phenomenological parameters of the “hard” pomeron trajectory
tained from the fitting of the HERA and Tevatron data (see[9,18]),
and data onpp (pp̄) scattering[15]

αP (0) α′
P

(0), GeV−2 r2
pp , GeV−2 r2

gp , GeV−2 cgp

1.203 0.094 2.477 2.54 3.3

Sudakov-like suppression[16]

(15)

Fs

(
l2

) = exp

[
− 3

2π

MX
2/4∫

l2

dp2
T

p2
T

αs

(
p2

T

)
ln

(
MX

2

4p2
T

)]
.

The off-shell gluon–proton amplitudesT1,2 are ob-
tained in the extended unitary approach[17]. The
“hard” part of the EDDE amplitude,Fgg→X, is the
usual gluon–gluon fusion amplitude calculated per
batively in the SM or in its extensions.

The data on total cross sections demand un
biguously the pomeron with larger-than-one interce
thereof the need in unitarization. The amplitude w
unitary corrections,T unit

X , is depicted inFig. 1(b). It is
given by the following analytical expressions:

T unit
X (p1,p2,∆1,∆2)

= 1

16ss′

∫
d2qT

(2π)2

d2q′
T

(2π)2
V (s,qT )

× TX(p1 − qT ,p2 + qT ,∆1T ,∆2T )

(16)× V (s′,q′
T ),

(17)

V (s,qT ) = 4s(2π)2δ2(qT )

+ 4s

∫
d2b eiqT b[

eiδpp→pp − 1
]
,

where∆1T = ∆1−qT −q ′
T , ∆2T = ∆2+qT +q ′

T , and
the eikonal functionδpp→pp can be found in Ref.[15].
Left and right parts of the diagram inFig. 1(b) de-
noted byV represent “soft” re-scattering effects
initial and final states, i.e., multi-pomeron exchang
As was shown in[11], these “outer” unitary correc
tions strongly reduce the value of the correspond
cross section and change the azimuthal angle de
dence.

It is important to note that all the results can
obtained in other approaches[12–21]. There is a con-
fidence that differences will not change the main c
clusions of this Letter, since for the Higgs boson p
-

duction they lead to similar (or higher) numbers of t
cross sections.

3. Exclusive particle production in double
diffractive processes

3.1. Radion production in EDDE

In this subsection, we will study the radion pr
duction in EDDE in the case of the “large curvatu
option” (8), taking into account an effect of a mixin
between the radion and the SM Higgs.1

Since the radion has the same quantum numbe
the standard Higgs bosonh, there could be the mix
ing between them which leads to significant chan
in the cross section of hadroproduction of both[23].
This problem and its phenomenological consequen
were studied by many authors (see, for example,[24]).

The following Lagrangian describes the Higg
radion interaction:

(18)Lh−φ = −6ξυ

Λφ

φ�h.

Hereυ = 246 GeV andΛφ = √
3Λπ are the vacuum

expectation values of the Higgs and radion fields,
spectively. The quantityξ is the Higgs–radion mixing
parameter. Forξ = 0, the radion decouples from th
Higgs. If ξ �= 0, the radion and the SM Higgs bos
mix into the two new eigenstates. Branching fractio
for transitions into SM states can be quite different
pending onξ andΛφ .

The results of our calculations of the total cro
sections are presented inFig. 2a and (b) for various
values of the mixing parameterξ andΛφ . As we see
from these figures, due to the Higgs–radion mixi
the cross sections for the single radion production
EDDE can be larger than those for the SM Higgs
son. Estimated numbers of events per year for the
tegrated luminosity 30 fb−1 and registration efficienc
10% are given inTable 2.

In Figs. 3 and 4one can seeσ(φ∗)×Br for various
decay modes. The values of the parameters areξ =
1/6,−1/6 andΛφ = 2 TeV, M(h) = 150 GeV. The

1 A similar problem for an inclusive production was considered
[22].
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Fig. 2. The cross section for the production of the radion in ED
vs. mass of the observable eigenstateφ∗. Mass parameter of th
Higgs isM(h) = 150 GeV. Three curves correspond (from top
bottom) toΛφ = 1, 2, 4 TeV. (a)ξ = −1/6; (b) ξ = 1/6.

Table 2
The expected number of EDDE’s for the production of the radion
various values ofΛφ , andξ = 1/6 (−1/6). Higgs mass paramete
M(h) is set to 150 GeV. A realistic value of the total efficiency
an event registration is assumed to be 10% (as it was estimated
fast Monte Carlo simulation for the SM Higgs case), and integra
luminosity is taken to be 30 fb−1

Λφ , TeV Mφ∗ , GeV

100 120 130

1 116(78) 64 (31) 48 (13)
2 31(22) 20 (10) 17 (4)

4 8 (5) 6 (3) 5 (1)

significance of the event is estimated to be greater
3σ in the region ofMφ∗ < 140 GeV (bb̄ decay mode)
andΛφ < 5 TeV. For larger radion masses (ZZ and
W+W− decay modes), we get a similar significan
for the integrated luminosity 100 fb−1.

3.2. Production of the KK gravitons in EDDE

As was shown in Ref.[8], the “small curvature op
tion” of the RS model is similar to the ADD model o
gravity in a flat space–time with one compact extra
mension[1] up to the following formal replacement i
(a)

(b)

Fig. 3. The cross section for the production of the radion in ED
multiplied by the branching fraction vs. mass of the observa
eigenstateφ∗. The curves correspond togg decay mode (dash
one) andbb̄ (solid one). The parameters of the model are:
Λφ = 2 TeV, M(h) = 150 GeV, ξ = −1/6; (b) Λφ = 2 TeV,
M(h) = 150 GeV,ξ = 1/6.

Table 3
Values of mass cutsM0, which are possible lower experimental lim
its on missing mass measurements at given luminosities[14]. Here
the total efficiency is assumed to be 100%. To get more realisti
timation, one needs further Monte Carlo simulations

L, fb−1 0.3 0.3–30 30–300 30–30

M0, GeV 3 14 30 50

the KK sector:

(19)M̄Pl → Λπ, Rc → 1

πκ
.

HereRc is the radius of the extra dimension in the fl
space–time.

As was already mentioned in the end of Section1,
this case is not favorable for the production of the
dion due to a large value of the scaleΛπ (remember
that it defines the coupling of the radion to the S
fields, see the last term in Eq.(6)). On the contrary, the
KK graviton production cross section does not dep
on Λπ , but is defined by the 5-dimensional Plan
scaleM̄5 only, as it will be demonstrated below.

In the case of the small value of the curvature pa
meterκ (9), we have the spectrum of the KK gravito
with the small mass splitting. Since the widths of t
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massive gravitons,Γn, are very small[25],

(20)
Γn

mn

�
(

0.31
mn

Λπ

)2

,

the KK gravitons behave likeextremely narrow mas
sive spin-2 resonances. Thus, a typical collider signa
ture of the KK graviton production isan imbalance
in missing mass of final states with a continuous m
distribution, which could be observed in the EDDE
like process of the type

(21)p + p → p + “nothing” + p.

(a)

(b)

Fig. 4. The cross section for the production of the radion in ED
multiplied by the branching fraction vs. mass of the observa
eigenstateφ∗. The curves correspond toZZ decay mode (dash
one) andW+W− (solid one). The parameters of the model a
(a) Λφ = 2 TeV, M(h) = 150 GeV,ξ = −1/6; (b) Λφ = 2 TeV,
M(h) = 150 GeV,ξ = 1/6.
In other words, one should look for a double diffra
tive process with a missing massMmiss and “nothing
else” in the central region.

It can be shown that the distribution inMmiss is pro-
portional to

(22)
dσgr

dMmiss
∼ 1

κΛ2
π

∼ 1

M̄3
5

.

In other words, both the distribution inMmiss and
the total cross sectionσgr are defined by the funda
mental Planck scale in five warped dimensions o
but not by the values ofκ andΛπ separately. Since
M̄5 ∼ 1 TeV, we expect that corresponding cross s
tions will be large enough to be measured by the co
mon CMS/TOTEM detector[14].

To estimatedσgr/dMmiss and the total cross sec
tion of the graviton production in EDDE,σgr, numer-
ically we use the model of EDDE described in Se
tion 2. The results of our calculations are presen
in Figs. 5, 6and Table 4. The missing mass distrib
ution dσgr/dMmiss is shown inFig. 5. In Fig. 6 one
can seeσgr as a function ofM̄5. The curves inFig. 6

Fig. 5. The distribution in the missing mass in the double diffrac
production of the KK gravitons in the RS model with the small c
vature. The curves correspond (from top to bottom) toM̄5 = 1, 2, 3,
and 5 TeV.
r

Table 4
The expected number of EDDE’s for the production of the KK gravitons for various values of the fundamental gravity scaleM̄5 and paramete
M0. The integrated luminosity is taken fromTable 3

M̄5, TeV M0, GeV

3 14 30 50

1 280 87–8.7× 103 3.0× 103–3.0× 104 1.11× 103–1.11× 104

2 36 11–1.1× 102 390–3.9× 103 138–1.38× 103

3 9 3–300 114–1.14× 103 42–420
5 3 0.7–70 24–240 9–90



106 A.V. Kisselev et al. / Physics Letters B 630 (2005) 100–107

KK
l
to

o-
il-
e
d

the

cut-
a

his

-

ri-
nal

the
ur-
ly
by

the

29

li,

59

62

.

v,

22;

01)

5)

.

p-

9

.

3

6

.

4

n

ly

4

1

Fig. 6. The cross section for double diffractive production of the
gravitons with masses larger thatM0 as a function of 5-dimensiona
Planck scaleM̄5. The curves correspond (from top to bottom)
M0 = 3, 14, 30, and 50 GeV.

correspond to various values ofM0, a lower cut on
Mmiss, which is imposed to suppress the soft ph
ton/graviton contributions, and to provide applicab
ity of our mechanism of exclusive double diffractiv
production. The cut ofM0 is chosen to be 3, 14 an
30 GeV. An upper cut onMmiss is taken to be 90 GeV
in order to suppress a possible background from
processesp + p → p + “neutrinos”+ p, where neu-
trinos arise fromZ decays inZZ, Zγsoft production
in double pomeron exchange, or inZ-production with
pomeron–odderon exchange. Note that this upper
off does not significantly reduce a signal due to
rapid fall-off of dσgr/dMmiss in variableMmiss (see
Fig. 5).

Let us underline that the results obtained in t
section do not depend on the physical scaleΛπ (or
curvature parameterκ), but depend only on the funda
mental gravity scale in five dimensions̄M5.

4. Conclusions

In this Letter we present the evaluation of expe
mentally observable signals due to extra dimensio
gravity effects in a RS-type brane world.

Our estimates show that both extreme options of
RS-type scenario (i.e., those of small and large c
vature) give distinctive signals which could be fair
detected at the LHC (possible joint measurements
the CMS and TOTEM LHC Collaborations).
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