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Abstract. The multidimensional space-time with (D — 4) compact extra space dimensions and SM fields
confined on a four-dimensional brane is considered. The elastic scattering amplitude of two particles
interacting by gravitational forces is calculated at superplanckian energies. Particular attention is paid
to a proper account of zero (massless) graviton mode. The renormalized Born pole is reproduced in the
eikonal amplitude which makes a leading contribution at small momentum transfers. This singular part
of the amplitude coincides with well-known D-dimensional amplitude taken at D — 4. The expression for
the contribution from massive graviton modes to the eikonal is derived, and its asymptotics in the impact
parameter is calculated. Our formula gives the correct four-dimensional expression at R. — 0, where R.
is the radius of the higher dimensions. The results are also compared with those obtained previously for
the scattering of the bulk fields in flat extra dimensions.

1 Introduction

In the four-dimensional space-time gravity is very weak as
compared with the interactions of the standard model (SM)
fields. Namely, the Newton constant is equal to Gn = MP?IQ,
where Mp; = 1.2 - 10" GeV is the Planck mass, while the
electroweak scale is about mpw ~ 103 GeV. In order to
explain the huge ratio of the two physical scales in nature,
Mp)/mgw, ascheme with additional space dimensions with
aflat metric has been proposed [1] (in what follows, referred
to as the ADD model). All d extra dimensions are compact
with the radius R.. In other words, the space-time is R* x
My, where My is a d-dimensional manifold volume Rg. If
R;! < mgw, a gravitational potential will get negligible
corrections at distances r > R..

Let Mp be the fundamental Planck scale in D-dimen-
sional theory (D = 4 + d). Then it can be shown [1] that

Mlgl = RgMIQDer ) (1)

or, equivalently,

(2)

14+2/d
R, = 2-1031/4-17 <1T6V) cm.

Mp

One can get Mp ~ 1TeV, if the compactification radius R,
is large enough. The radius R, depends on d and it ranges
from 1 mm to 1fm if d runs from 2 to 6. Since R, > mgé‘,,
all standard model (SM) gauge and matter fields are to be
confined to a three-dimensional brane embedded into the

(3+ d)-dimensional space (gravity alone lives in the bulk).
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From the point of view of the four-dimensional space-
time, there arises a Kaluza—Klein (KK) tower of massive

graviton modes, Gfﬁ,), with masses

n?=n?+n3+... +n2, (3)

where n defines the KK excitation level. So, a mass splitting
is Am ~ R_! and we have an almost continuous spectrum
of gravitons.

The interaction of the gravitons with the SM fields is
described by the Lagrangian [1]

b

Mpy

L= G (4)

where 1, = 0,1,2,3 and Mp; = Mp/+/8n is the reduced
Planck mass. One can conclude from (4) that the coupling
of both massless and massive graviton is universal and
very small (~ 1/Mp). However, the multiplicity of the
KK states produced in high-energy collisions is huge and
it is equal to (y/sR.)¢, where /s is the collision energy. The
typical cross section for a process involving the production
of the KK graviton excitations with masses m, < /s is
suppressed only by the scale Mp:

5d/2

~ Syd+e
My

(5)

OKK

So, the ADD model can be tested at future hadronic col-
liders and at eTe™ linear colliders in the range of TeV
energies (the Planck regime). There are a lot of papers on
collider phenomenology within the framework of the extra
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dimensions. The interested reader can find references in
the reviews in [2].

Collisions in the transplanckian regime (/s > Mp)
were considered in a variety of papers in the framework
of string theory [3], in the eikonal approximation of the
reggeized graviton exchange [4], as well as in different four-
dimensional approaches [5,6]. The equivalence of various
schemes has been demonstrated in [7]. Note that in [3,4] a
collision of the bulk fields in D-dimensional flat space-time
was considered.

In [8] an estimate of the high-energy gravitational cross
sections of hadrons has been made. The contribution from
the KK excitations of the graviton changes the ¢-channel
propagator (—t)~! by

1 1
= Z o (6)
ni+.n320 —t + 3 —L
i=1 Iig

It was argued in [8], that the range n < npax ~ MR,
where M is a quantum gravity (string) scale, makes a
dominant contribution to the hadronic cross sections. Using
the replacement (d > 2)

— Rf/dd(z /dnnd*i”, (7)
ni+.n320 —f 4 3 —L 0

the following results for the total cross section have been
obtained (after unitarization):

4ms
Otot (8) =~ ik (8)
D

However, the papers of [8] have unjustified approxi-
mations, as it was pointed out in [9]. In particular, the
presence of the massless exchange quantum (zero mode
of the graviton) should result in infinite elastic and total
hadronic cross sections, contrary to the equality (8). For
strong interactions without gravitational forces, the upper
(Froissart) bound for oy.(s) is modified by an additive
term (mr./m,)In s, if the extra dimensions are compacti-
fied onto a circle with the radius r. [10].

Recently, results on a collision of brane particles, which
interact by graviton forces in the ADD model with the
compact extra dimensions, have been presented in [11,12].
These papers consider the approximation that the size of
the extra dimensions, R, is effectively infinite. In [13] the
results from [12] were applied for calculations of di-jet dif-
ferential cross sections at the LHC energy in a kinematical
region where gravity dominates.

In the present paper we will be interested in the effects
of finite R.. We have to go beyond the approximation
used in [8,12]. In particular, the massless graviton mode
should be properly taken into account. That is why, in the
present paper, we calculate the scattering amplitude for two
particles confined on the brane, by separating the massless
graviton contribution from massive graviton effects from
the very beginning.
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In the next section we review briefly the results on the
scattering in both D flat dimensions [3,4] and four flat
dimensions [5,6]. In the beginning of Sect.3 we consider
the approach proposed in [12]. The rest of Sect. 3 is devoted
to calculations of the eikonal amplitude. In the last section
we discuss our results and compare them with the results
obtained by other authors mentioned in this paper. In the
appendix technical details of our calculations are presented.

2 Transplanckian collision in the bulk

In this section we recall some results on transplanckian col-
lisions in models with extra dimensions. As was mentioned
in the Introduction, the transplanckian regime has been
analyzed in detail in the string theory. String theory has
the fundamental classical constant o, its inverse being the
string tension. Since the leading graviton trajectory is at
a(t) = 2+ (a//2)t, one expects that at high s graviton ex-
change will dominate the light-string scattering amplitude
for any number of loops.

The transplanckian regime is characterized by a strong
effective coupling ag(s) = Gps (Gp = M5(2+d) is the
D-dimensional Newton constant). In [3] the four-string
scattering amplitude was calculated in the kinematical re-
gion

o's > (Mpya)¥™? > 1,
S a7t S (@'R)72.

(9)
The inequalities (9) mean that the tree amplitude is large
(Gpsa/~4? > 1), while the loop expansion parameter,
Gpa/~(1+d/2) "ig gmall. Due to the second restriction on ¢
in (9), compactified momenta are not noticeably excited. In
terms of the impact parameter b, the limitations look like

b>Xs, b>Rg(s), (10)
where Ay = V2a/h is a fundamental quantum length in the
string theory and Rg(s) =~ (2Gp+/s)'/(4+Y) is a gravita-
tional radius.

The leading contribution to the scattering amplitude
at the impact parameter b has all powers of ag(s) and it
is the same in all approaches at b > Ap), Rg(s), where
Ap1 = (hGp)Y/(@+2) is the Planck length.

The amplitude is of a classical (eikonal) form. For large
b the eikonal function is given by [3]

(11)

x(b,5) = xacv(b,s)
d

~ ~7C +in2Me _L

S\ b (mln s)d/2+1 P\ /s )
where b, = [ag(s)2n’d/2F(d/2)]1/d. As one can see,
xacv (b, s) has both a real and an imaginary part. The

former has a power-like behavior in b, while the latter de-
creases exponentially at b > 2o/ In s. Correspondingly, at

N——
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small ¢ (namely, at [t| < ag(s)~?/9) the amplitude has
the asymptotics

ARy (s,t) =~ Ap(s, 1) (12)
. ) (16mac(s))?s d/2—1 2/d—1
+ iconst ad—2) [t] + (161G ps) } .
Here 3
Ap(s.t) = Sa0)2 (13)

is the Born amplitude. Thus, the Born term dominates at
small t. ~

For large ¢ (|t| > b
behavior [3]:

2) the amplitude has the following

AREv (s, 1) (14)
—d/2(d+1)
8
Nm@ﬂm@w@@ﬁ”
The D-dimensional phase
d 1/(d+1)
ép = ; (Gos2m /20 (1 + d/2)|112) (15)

has a pole at D = 4. So, the limit D — 4 is completely
non-perturbative due to the divergent (Coulomb) phase.

In [4] the same result (14) was obtained by summing
multiple reggeized graviton exchange in the eikonal ap-
proximation. Although Regge behavior is present at each
order, it is absent in the final result (14). It is important
to note that the magnitude of the scattering amplitude is
defined by a single non-reggeized graviton exchange (in full
analogy with the case of Coulomb scattering dominated
by a single photon exchange).

The scattering amplitude may be directly calculated in
four dimensions [5, 6] (see also [14]):

I'(1—iag(s)) (4M?R
(1 +iag(s) \ —t

—lag(s)

)

(16)
or it can be obtained from the D-dimensional expression
by taking the limit D — 4 [3,4]. The quantity ur in (16)
is an infrared cutoff. It arises in the limit D — 4, when the
pole (D —4)~! is interpreted as the logarithm of ug [4]. If
the amplitude is calculated as a sum of soft gravitons with
a small mass mgray, this cutoff is related to the graviton
mass, ur = (1/2)Mgrave?, where vy is the Euler constant.

Let us note that the eikonal amplitude in quantum
electrodynamics can be obtained from (16) by the simple
replacement —ag(s) = Qem = €1€2/4T, where e; 5 are the
electric charges of colliding massless charged particles [15].
In such a case, pg is proportional to a regulating photon
“mass” [15].

At large z, |arg z| < m, the I'-function has an asymp-
totics I'(z) = v2re 2e(*=1/2n= [1 + O(271)] [16]. Then
we obtain from (16) that in four dimensions (see also [4])

4H%R ) —iag(s)

Afivy (s,1) = Ap(s,t)

Ak (s, ¢
( ) ag(s)>1

= —n(ent)
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x iexp [—i2ag(s)(Inag(s) — 1)] . (17)

In the next section we will consider the case when col-
liding particles are confined to the brane, with the grav-
ity living in the bulk. Another difference will be that the
compactified momenta become essential, contrary to the
approach considered in this section.

3 Transplanckian collision on the brane

In the ADD model, all SM fields live on the (1 + 3)-
dimensional brane embedded in the D-dimensional space-
time. Thus, their collisions are also confined to the brane.
In particular, the impact parameter space is two-fold. On
the other hand, in the transplanckian region, where the
collision energy +/s is much larger than the fundamental
gravity scale Mp, but the momentum transfer ¢ is small,
the scattering of four-dimensional particles is dominated
by the exchange of D-dimensional gravitons.

The (elastic) scattering of two (different) massless par-
ticles living on the brane in the kinematical region

Vs> Mp, s> —t (18)
was first considered in [11] and analyzed in more detail
n [12,13]. The ladder diagrams contributing to a non-
reggeized graviton exchange in the t-channel were summed
in the eikonal approximation [12]. From the point of view
of a four-dimensional observer, the massless bulk graviton
is represented by a tower of massive gravitons (3). Since the
higher space dimensions are compactified with the radius
R, one has a sum in the (quantized) momentum transfer
in the extra dimensions q(f) = n/R. instead of an integral
n dP~%¢,. The Born amplitude is, therefore, of the form

:GN82 Z ;an

2+ nizo —t—'— Z R2

AB(s,t) (19)

Here and in what follows the reduced gravitational con-
stant, Gy = Pl is always assumed; see (4). For simplicity,
we Wlll write Gy instead of Gx (and correspondingly, Gp
instead of G'p). Thus, to compare our results with those
of [3-6], one will have to use the substitution Gy — 8nGn.

In [12] the following replacement was made by assuming
that R, is large (compare with (7)):

1 d d—-1__ -
Z W%/d /dll

ni+.n320 —f + Z R Ri

As a result, it was obtained that

s \2/ _p\4/21
Arw (s, ) =n"?r(1-d/2) <M2 ) (A42D> :
(21)
At one- and higher-loop levels it is a ladder diagram that
makes the leading contribution to the amplitude. The sum
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of all such diagrams results in the eikonal representation
for the amplitude [12]:

A?;“ﬁw(s,t) _ —2i8/d2bJ_eiquL (eiXGRW(bL) _ 1) ,

(22)
with the eikonal given by
1 d%q,
Xcrw(b1) = %/ (QR;Q 0L AP (s,q7). (23)

After a substitution of the Born amplitude (21) in (23),

one gets [12]
b\ 4
Xcrw (b) = <1;) ;
where

[ s(m)2-1r(d)2) ”d_ GnsT(d/2)]"*
bc—[ o 1 = an, | DL T

(24)

(25)
At d — 0, the eikonal xgrw (b), see (24), has the expansion

2
oL [2+111<2RC> +¥(1) +Inx

XGRW(b)‘

)

(26)

d—0 8t |d b

where W (z) is the ¥-function [16].

At all intermediate steps (20)— (23), the number of extra
dimensions d was regarded as a (non-integer) parameter.
The final expression (24) has no divergences in d at d >
0, although the Born amplitude has simple poles at d =
2,4,... (because of the I'-function in (21)).

In [13] the conclusion was made that “even for ¢ = 0,
the scattering amplitude is dominated by b ~ b. and not by
b = oo, as opposed to the Coulomb case. This result follows
from the different dimensionalities of the space on which
the scattered particles and exchange graviton live” .

However, we will show that the Born amplitude survives
after summation of the KK excitations of the graviton and
does contribute to the eikonal. In its turn, this means that
long-range forces (Coulomb singularity) still are present in
the scattering of brane particles.

Indeed, for d = 1 the series (19) converges, and it has
a pole t~! corresponding to the zero massless mode of
the graviton. It would be strange to expect that long-
range forces are present for d = 1, but disappear when
gravity lives in more than one extra dimension. For d 2
2, the sum (19) is divergent, and it needs regularization.
Following [12], we will use the dimensional regularization,
by considering d to be non-integer at the intermediate steps
of our calculations. The final result will be well defined for
alld = 0.

Although the change “summation inn” — “integration
indn” (where n labels the KK excitation level of the gravi-
ton) is justified at R.\/|t] > 1, it should be done more
accurately than it was dealt with in (7) and (20). The cru-
cial point is that a contribution from the zero (massless)
graviton mode must be isolated before the replacement (20):

Gns? 1
AB(S, t) = ﬁ: + GNS2 Z m .

(27)

nf-i—..:i—néil
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In the case of large extra dimensions, when the mass
splitting is small (Am = 1/R.), we can write

o0

1 1
Y ——— R /ddrz/dmmdfli.

R:!

(28)
Then (27) can be recast as follows:
G 2
AB(s,t) = N:

7 1
d d—1
/ vy 1+ y2

(vin)

y 1+(\/ch>d ond/2

I'(d/2)

= AD(s,t) + AR, (5,1). (29)

Strictly speaking, the inequality \/ch > 1 must be
satisfied in (28). The physically interesting region is |t| 2
0.01 GeVZ2. From (2) one can show that R_? is equal to
0.2-10724GeV?, 0.6 - 1079 GeV?, and 0.9 - 1076 GeV? for
d=2,d =4, and d = 6, respectively. Thus, AB__ (s,t)
approximates well the Born amplitude at |t| > 0.01 GeV?
and d < 6, while A5 (s,t) gives the correct singularity at
t~ 0.

The integral in the RHS of (29), representing the con-
tribution from the massive gravitons, can be calculated and
rewritten in the form

Afass(5:1) (30)

GN52 d 2nd/2 7 d—1 1
== (Vi) T(d/2) / Wy e
(Vidre) ™
d/2 d d
2 2 n 2
= S — Y T Gt S
NS Re F )= dj2)® 1( gty RC) ’

where oFy (a1, an; B1; 2) is the hypergeometric function
[16], and we have taken into account the relation

1/ M\ 24 Gp\
Ri=—|— === .
Mp ( Mp ) ( Gy )
Thus, AB__ (s, t) converges at t — 0.
We see from (30) that AB__ (s,t) = 0 for d = 0. In such
a case, it is the four-dimensional massless graviton that
contributes to AB(s,t), see (29), as it should.
In order to get the asymptotics of the Born amplitude
at large ¢, we use the equivalent expression for AB__ (s,t):

mass

(31)

Aﬁass(sv t) (32)

2
_ %ndﬂ {F(l —d/2) (—tr2)"?
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As it follows from (32) the large t behavior of AB__ (s,t)
is similar to that of ASgw(s,t), see (21):
AB
2 £\ 421
J _
~ 211 —d/2) (MQ ) (M%) (33)

1
. {1 T T+ 21— d)2)

It is convenient to divide the “massive” part of the
eikonal,

(o222

1 d2qJ_ igiby 2B
Xmass(b) - Z/ 275) € Amass(s7t) (34)
1 (o)
= r /qLdQLJO(qu)Ama%( QL)
0
into two parts:
Xmass = Xgiss(b) + Xg;ss(b) (35)
Here xl(&;ss(b) = xcarw (b), see (24), and
@) /2 1
b) = -GnsS=—————1(b 36
Xmass( ) NS 8F(1+d/2) ( ) ( )

where I(b) is given by the integral

oo

dz d d

= Fi(1,5142—2) .
/I'J ( > 2 1(721 +27 ZE> (37)
0

The integral in (37) cannot be directly expressed in terms
of algebraic or special functions. But we will be able to
calculate its behavior in impact parameter at both large
and small b, if we define I(b) as the limit

1(b) = lim I (b), (38)

where we have introduced

T b 4 d
I.(b) = /dm—HfJ (R f) o (1,2;1+2;—x> )
0

(39)
The integral in (39) is well defined at —3/4 < Ree <
1,Red/2 (we assume that Red > 0). Thus, the limit
lim,_,¢ I, exists. Moreover, I is a table integral (see formula
2.21.4.6 from [17]):

1 I'(1—¢)

I(b)=—- == 4
(®) e I'(1+¢) (40)
b2 \° d d b?

X|:<4R(2:> 2F3< ,1714’ 1+€ 1+64R2>

d d b2
1t enF (S a1+ 1
g—oc e 2(2 Gltg—o ’4Rg>}’
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where ,Fy (ou,...0p; b1, ...
pergeometric function [16].

At b < R., we immediately get from (38) and (40)
(d>0)

Bq; z) is the generalized hy-

2R, d [ b\’
=241 1+ —
{n( b) +d+2(2RC>
The region b > R. is much more difficult to analyze.

The asymptotics of I(b) is calculated in the appendix and
the result is

+Cll+¢(1)} .

(2R I(1+d/2)

I(b)’b>>Rc7 < b > r(1—dj/2)
g L[ LQ-d/2)  I(d2-¢
Xel—%e{_]”(l—dﬁ—!—e) I(d/2) }

2R\* (d d nd
= < ; ) F<2>F<1+ 2>c052. (42)
From (29), (35) and (36) it follows that
X(b) = XO(b) + Xmass(b) ; (43)
where
Xo(b) = Tns /QJ_dQJ_JO(bQL)AOB(Sa —Qi) (44)
0
and
be d nd/2—1
Xmass(b) = <b) —Gns m I(b). (45)

The asymptotics of I(b) at small and large b are calcu-
lated above (see (41) and (42)). The zero mode graviton
contribution to the Born amplitude is

GN 82

AS(s,t) = —

(46)

Correspondingly, the eikonal amplitude is represented by
the expression

Aeik(& t) — —4ris /b deo(b\ﬁ) |: i(x0(b)+Xmass (b)) __ } .
0

(47)

The massless graviton contribution to the eikonal (44)

is divergent due to the Coulomb-like pole in ¢ (46). In order
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to regularize it, let us assume that the colliding particles
are confined to a (4 + §)-dimensional brane with § > 0,
while gravity propagates in (4 + § + d) dimensions. Then,
instead of (44) we will have

L (40 4, 45 2
= % / (2n)2+5 e qLAO (87 —q1, 6)a

xo(b, ) (48)
where AP(s,t,6) = Gay55%/|t] and Guys is a gravita-
tional constant in (4 + §) dimensions. The “massive” part
of the eikonal, Ymass(b,0), is analogously determined via
Amass(57 t, 6)

We define the (eikonal) amplitude of the scattering in
four dimensions as the limit

A (s, 1) = lim A (s,1,6) (49)

where the eikonal amplitude,

Aeik(s,t7 5) = —9is /d2+§beiqu |:ei(xo(b75)+)(mass(b»5)) _ 1i| ,

(50)
can be rewritten by adding and subtracting the “mass-
less” term:

Aeik<57t, (5) — _9is /d2+5beibQJ_ eiXO(b,é) |:eiXmass(b76) _ 1:|

~ 2is / d2+opeibas [eim(b@ - 1} . (51)

It is easy to check that Xmass(f,0) is non-singular at
0 = 0. As for xo(t,d), at small § we get from (48)

GNS 1

= — | = — In(bM; 0] - 52
50  Am [5 n(bMe) + ()] (52)
The first integral in the RHS of (51) converges at b = 0
(Xmass(b) ~ Ab~¢ + BlIn(1/b), if b — 0), and it is well
defined at b = 00, if d > 2 (Xmass(b) ~ Cb~%, if b — c0).

The second integral in the RHS of (51) is well known.

Let us put
—=In(— |,
5 HIR

where pr is an infrared regulator at 6 — 0. Then this
integral is given by the expression for AHK. (s,t) (16) with
the replacement ag — ag/8n (or, equivalently, Gy —
G /8m; see our remarks after formula (19)). As a result,

we obtain

) A2 —iag(s)/8n
Aelk(s,t) _ < MItR>

xo(b,9)|

(53)

I'(1 —iag(s)/8m)
I'(1+iag(s)/8n)

.S i T —iag(s)/4n
—4151:/ dxm(g) (54)
0

X JO(x) |f5Xp <iXmass <xt|>> - 1]

x { AS(s,1)
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Here Ymass(b) is defined by formula (45) and A8 (s, t) is the
singular part of the Born amplitude (46).
It follows directly from (34) and (30) that

— 0.
d—0
As can be seen from (26), (36) and (41), the small b behavior
of Xmass(b) is consistent with (55). Large b asymptotics of
Xmass (D) also obeys this limit (see (59)). Thus, by taking
the limit d — 0 in (54), we reproduce the well-known four-
dimensional result (16) derived in [5,6].

Introducing a four-dimensional phase

¢4 = GNS In _gt )
81 dutg

Xmass(b) (55)

(56)
we get our final result:

GNS F(l — iGNS/STE)

Aeik t) = ia
(5,1) = se —t T(1+iGxs/8T))

— 16mi R?(R.

X / dz 2 IONS/4m 1y QR A /t] 2) |:eiXmass(Z) =1,
0

|t‘)fiG'Ns/4n (57)

with

n?/2=11(d/2) o
21 8

~ ONS r A 4/

x{ln (i) {1+di222} +Cll+w<1)} (58)

d/2—1
= GNS%IWZ_d sin? (?) . (59)

We have introduced the dimensionless variable z = b/2R,.
The amplitude A¥(s,t) is well defined for all d = 0. Note
that the asymptotic behavior of x(b) (59) differs from the
corresponding asymptotics of xgrw, see (24), by a factor
2sin?(nd/4).

Our expression (57) has an infinite phase (56). It was
shown many years ago [18] that in quantum gravity each dif-
ferent particle pair in the initial (or final) state contributes
a divergent phase factor to the S-matrix.

Note that the second term in (57) is regular at ¢ = 0.
Thus, for small ¢ (namely, at |¢|R? < 1) the main contri-
bution to the eikonal amplitude comes from the Born pole
(the first term in (57)). It is interesting that this term does
not depend on the compactification radius R? nor on the
number of extra dimensions d. In other words, it is entirely
four-dimensional.

The large t behavior is determined by small values of
the variable z in the integral (57). Taking into account the

and

Xmass (Z)

z2>1
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asymptotics of Ymass(2z) at z = 0 (58), one can obtain by
using the stationary-phase technique (d > 0)

A & " 1 21GNS/41T

e —4mis €' —_—

(s, )|t|R2>>1 tl Vitd
1-iGns/4n

y [(d (bc\/m)d) 1/(d+1)]

d/(d+1)
be/|t
x exp |i(1+ d) <d||>

(60)

Formula (57) has the correct physical limits. In the
case when the compactification radius R. tends to zero
and, consequently, the KK graviton excitations become
very heavy (m, — oo; see (3)) and decouple from the
brane particles, they make no contribution to the amplitude
(since Xmass — 0), but a renormalized Born amplitude still
is present in (57). The same is true for d — 0 (no extra
dimensions and, consequently, no massive gravitons are
present in nature).

On the other hand, the expression for A&k (
tained in [12] (see formulae (22), (24) and (25
A8k (s,t) = 0 in the limit R, — 0.

s,t) ob-
)), results in

4 Discussion

In the present paper the eikonal scattering amplitude of
two brane particles, interacting by gravity forces, is cal-
culated in the ADD model. To go beyond the approxi-
mation of effectively infinite R., used in other papers, we
pay particular attention to the account of the contribution
from the massless graviton mode. We have shown that the
brane amplitude, A°™*, has both “massless” (Coulomb) and
“massive” terms. Our main result is formula (57), where
Xmass (D) represents the contribution from the KK graviton
modes with n = 1. The expression for Xmass(b) and its
asymptotic behavior are presented in (45), (37) and (58),
and (59), respectively. Our formula (57) gives the correct
four-dimensional result at both D — 4 and R. — 0.

It is interesting to compare our results with those de-
scribing a collision of two bulk particles in D dimensions
with D > 4. First of all, x5 has an imaginary part, while
our x*'* does not. The imaginary part appears in Y, when
one sums multiple exchange of reggeized gravitons [4,9].

The asymptotics of our eikonal at large impact param-
eter (59) coincides with the real part of x5& (11), up to a
constant depending on the number of the extra dimensions.

The D-dimensional eikonal amplitude, A‘Xlév, see (12),
has the non-renormalized Born pole at ¢ = 0. In the
brane amplitude (57) the renormalized Born pole is re-
produced. This singular part makes a leading contribution
at small momentum transfers, and it coincides with the
D-dimensional amplitude taken at D — 4.

The presence of the compact extra dimensions does not
influence the small ¢t behavior of the scattering amplitude, if
acollision takes place on the (1+3)-dimensional brane. This
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is easy to understand, since, from the point of view of four
dimensions, the higher space dimensions supply us with the
KK tower of massive exchange quanta (in our case, massive
gravitons). These new massive quanta cannot hide the long-
range forces originating from the massless graviton.
Thus, accounting for the contributions of the massive
gravitons results in an additive term, which is important
at large and intermediate ¢ (60). Note that the eikonal
depends, in general, on the ratio b/2R. (it is of the form
x(b) ~ (b./b)? only at b — 0, 0o). Therefore, the relevant
dimensionless parameters for the amplitude are Gns and
R2|t| (but not b2|t|). Recall that in flat (4 + d) dimensions
the eikonal amplitude is given in terms of the dimensional
parameter G'ps|t|%? (see the formulae in Sect. 2).

Acknowledgements. The author would like to thank V.A. Petrov
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to the High Energy Section of the ICTP, where this paper was
partially made, for warm hospitality.

Appendix

In this appendix we will calculate the asymptotics of the
RHS of (40) at large values of b/2R.. The quantity under
consideration, I(b), is represented in terms of the gen-
eralized hypergeometric functions, 1 F5 (aq; 81, 825 2) and
oF3 (a1, a5 B, P2, Bs; 2); see (38) and (40). Let us intro-
duce the notation

o (%
I'lap) =Tag)(a2) ... I(ap) .

Sometimes we will write simply ,F,(z).
To solve the problem, we need to use the full asymptotic
expansion of ,Fp11(z) at large z [19]:

« 22 1 2
oo (| )= T e | ()
P
1\ 1\
+ Kppt1 [(zze‘“> + Lpp+1 [(2261n> } ;(A3)

|z| = o0, argz = 0. Let us recall that z = b/R. > 0 and
p = 1, 2 in our case. The function K, ,+1(2) in (A.3) is
given by the series in inverse powers of the variable z [19]:

1 2
o[ ()] - e 4

Z) E;D-Fq (alv'”ap? ,61,...,6(1; Z) 3 (A].)

(A.2)

(ﬁp-i—l)
I'(ap)

(A.4)
with
pt1
<+z% zm> (A5)
Thus, K, ,+1(#) increases exponentially in z at z — 400,

which can result in an exponential rise of I. (40) in the
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impact parameter b. However, we will show now that this
is not the case due to a complete cancellation of terms,
proportional to K 2(2) and 2°Ks 3(z) in (40).

Let us note first that v = —3/4 and v = —3/4 — ¢,
respectively, for 1F5(d/2—¢14+d/2—¢,1;2) and
oF3(d/2,1;14+d/2,1+€,14¢€ 2). For p = 1, the coef-
ficients dy in (A.4) obey the recursion formulae [19]

2k +1)d3"
= [3k2 + 2k(1 + C, — 3B,) + 4D, dP="
—(k =2y~ 1)(k -2y + 1 —26;)
x(k — 2y 41— 206;)dP"3Y

= AV ATV, (A.6)
where we have introduced the notation
14 p+1
By =) ap, C1=> Bn, (A7)
n=1 n=1
p n—l1 p+1 n—1
By = Z Z (678 75 Cy = Z Z ﬂnﬁma (AS)
n=2m=1 n=2m=1
1 3
D1 =Cy— By + E(Bl — Cl)(331 +C1 — 2) — TG . (Ag)

For p = 2, the recursion relations look like [19]
2(k +1)d"5”
= [5k® + 2k(3 + By — 3C1 — 107) + 4D, ] di"=>
—[4k3 — 6k2(C + 47)
+2k(249% + 1279Cy + Cy + 4C3 — 1)
3293 — 2442C) — 4y(Cy + 4Co — 1)
20, — 4C, — 8C5 — 11"
+(k =2y = 2)(k — 2y — 261)
X (k = 2y — 26) (k — 2 — 285) 4’

= AT - AT+ AT A

(A.10)

where
C3 = p15203 (A.11)
and the other quantities are defined as before; see (A.7)—
(A.9).
By making the replacement & — k — 1 in (A.6), we get

2k dP=" (A.12)
= [3(k — 1) +2(k — 1)(1 4 Cy — 3By) +4D,] d{"5"
—(k =2y = 2)(k — 2y — 2681)(k — 2y — 262)d"5".

Let us now rewrite (A.6) in the form

20k + D)) = [4F=V AP ar= (a13)

+ A§€P=2)d](€1)=1) +A§€I)_=11)d§€17—=11)7
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and substitute d,(f):l) from (A.12) into the first term in the
RHS of (A.13). Then we obtain
=1 p=1) ;(p=1 =1) ;(p=1 =1) 4(p=1
() = AP AP+ APV
(A.14)

By direct calculations one can check that AP=" = AP=2),
namely

A}(szl) _ A/(gpﬁ)
9 13
= 5k +I<:(5—2n+86)+Z —2n + 4e,
AT = Ags?

= —4k3 4 3k*(n — 4€) + k(=1 + 4ne — 8¢%)

1
+ Z(n - 46) s
=1 =2
AECZ:2 = Aé’iQ )

1
= E(2/~c —1)%(2k — 1+ 4e)

X (2k — 1 —2n + 4e) . (A.15)

In other words, we have shown that d,(f = and d,(f =2) obey

the same recursion formulae, and d}f =D — d,(f =2 for all k
in the series (A.4).

Therefore, the K-functions do not contribute to the
expansion (A.3) in our case, and we have

L(b) = ;m L Or(1+6)
€
b \° d/2, 1
— - L )
. [ (4R§) 8 <1+d/2,1+e,1+e

dj2 —e b?
L .
il <1+d/2—e,,1 4R§>]

Note that the L-function is related to the Meijer G-func-
tion [19]:

b2
i)

(A.16)

L~+1<041,...Oép Z)
wr B1,- - Bp+1
L1, Brye By
=GhL (=) AT
pF2.p (z g, .. ( )

In its turn, the G-function can be represented as a series in
generalized hypergeometric functions of an inverse power
of z [16]:

p
Lpp1(2) = D LYY 1 (2), (A.18)
n=1
where
n o T(ap) (o — o) *
LY () = 270 () Ity — an) (A.19)

F(ﬁp—&-l —an)

o, 1+ an — Byt
% F._ n n D
p+2p1< 1+ a, —a

_i>
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(the superscript * means that the term with a,, = «, is
not included in the product of I'-functions).

As a result, we arrive at the expression for I, which is
convenient for analyzing its large b behavior:

L.(b) = %F(l — I (1+ e (1+d/2)

o ' rd/p2-1)
AR? I2(e)I2(d/2)
d d AR?
X4F1(1,1_2,1—€,1—672_2,_ bQ)
b2 E*d/2 1
- S A.
+ (433) T—d/2+6) (4.20)

B Ir(1-4d/2) n Ird/2—e)
I'l1—d/2+e) I(d/2) '

Up to now, we did not consider the parameter € to be small.

Finally, the desired asymptotics looks like

L (2R I(144d/2)
=l T ( b ) r(1—d/2)
g L { r(1—dj2)  Id/2—e

S r(1—d/2+e) ' I(d/2)
By expanding the RHS of equality (A.21) in € and taking
the limit € — 0, we derive the asymptotic formula for 7(b)
presented in the text; see (42).

I(b)‘ (A.21)

b>>RC
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