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The gravity effects in a four-dimensional eikonal amplitude related to Kaluza-Klein gravireggeons are cal-
culated. It is demonstrated that the real part of the eikonal (with a massless mode subtracted) dominates
its imaginary part at zero and large impact parameters. Both the real and imaginary part of the scattering
amplitude exhibit an exponential falloff at large momentum transfer.

At present, models with compact extra dimensions are of particular interest. Depending on a
number of extra spatial dimensions, d = D — 4, their compactification radius, R., can vary from 1
fm to 1 mm [1]. The main ingredient of the models in extra dimensions is massive Kaluza-Klein
(KK) excitations of the graviton. In a D-dimensional space-time, the coupling of all KK gravitons
(both massless and massive) to the SM fields is given by the Newton constant, Gy = 1/M%,, where
Mp; is the Planck mass. Since Mp; = 1.2-10'? GeV, this coupling is extremely weak. Nevertheless,
summing up real KK gravitons results in a D-dimensional gravitational coupling Gp ~ 1 /Mf;rd,
with a fundamental Planck scale Mp of order of 1 TeV [1]. We will demonstrate that the same
effect takes place for virtual KK excitations as well.

In the present paper we study the scattering of two particles confined on a 4-dimensional brane
in a transplanckian kinematical region:

\/E > MD; _ta (1)

t = —qf_ being four-dimensional momentum transfer. For the sake of simplicity, we consider first
the case with one compact extra dimensions (d = 1). Then the generalization for the case d > 2 will
be given. Thus, we start from the consideration of the scattering of bulk particles in four spatial
dimensions, one of which is compactified with the large radius R..

In the eikonal approximation, the scattering amplitude is presented in the form

A(S,t) = 2@5/d2b eiQJ_b |:1 o eix(s,b)] ’ (2)
with the eikonal given by
17 o
" drs /qj‘d(b‘ Jo(g10) Z A7 (s, —q1,n). (3)
0 n=—00

One can see that at s < 4/R? only mode with n = 0 contributes in the sum in Eq. (3). So, at
low energy the scattering amplitude does not feel extra dimensions.
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In the transplanckian kinematical region (1), the eikonal is given by a sum of reggeized gravitons
in the t-channel. We assume that both massless graviton and its KK massive excitations lie on linear
Regge trajectories:

atp) = a(0) + &4 tp, (4)

where tp denotes D-dimensional momentum transfer. For one extra compact dimension with the
radius R., we come to splitting of the Regge trajectory (8) into a leading vacuum trajectory

a0(t) = agras(t) = 2 + at (5)

and infinite sequence of secondary, called gravireggeons [2]:

al
2
an(t):2—R—92n +agt, n>1. (6)
(&
In the string theory the slope of the gravireggeon trajectory is universal for all s, and a’g =1/M2,
where M is the string scale.
The Born amplitude is, therefore, of the form [3]

ol . o' n? s a;t—a;nQ/Rz
AB _ 2L['_ _</_g>]_ .
(s,t,n) = Gns 5 | cot 5 agt R 5 (7)
We start from the calculation of the imaginary part of the eikonal. Let us define the ratio:
R.
a= . (8)
Ry(s)
From equations (3) and (7) we obtain:
OZ/
_ g 2 /4 P2
ti x(5,8) = s gty exp [ = 0/4R}(9)] 62(0.0), ©)
where
Ry(s) = \/ay In(s/s0) (10)

is a “Regge gravitational radius”, and q = exp(—1/a?).
The quantity 5 in (9) is one of Jacobi #-functions [4]:

03(0,9) =1+2> ™. (11)
n=1

Since R. > Rg4(s) even at ultra-high energies, we have a > 1. Thus, we need to know the behavior
of 05(0,q) at ¢ — 1. It can be derived by using unimodular transformation of #3-function [4]:

0-(0 _(_ ™ V& (mn)?/Inq 12

The series in the RHS of (12) converges very quickly at ¢ — 1 (provided that ¢ < 1), contrary to
original series (11). In variable a, it looks like

03(0,q) = aﬁ[l +2) e—(“"@ﬂ. (13)
n=1

As a result, we get
agm!/? 2 /42
Im x(s,b) = (GNR,) s 8R3(5) exp {— b /4Rg(s)] (14)
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The expression (9) is directly generalized for arbitrary d > 1
/

g
8R%(s)

Im x(s,b) = Gns exp [ — b2/4R§(s)} [05(0, ¢)]¢, (15)

that results in [3]

i) = iy () o)

md/2=1 M2\ 2Mp S0
exp [ — 62/4R§(s)]. (16)

X

Here the relation M2, = (27R.)* M3 was used [1]. As one can see, Im x(s,0) can be of order
of unity at /s ~ Mp (= M;), while in the 4-dimensional space-time, a gravitational contribution
to the eikonal is suppressed by the extremely small factor s /MI%Z. It is a contribution of infinite
number of virtual KK graviton modes that compensates this smallness.

Now we consider the real part of the eikonal in one extra dimension. The general case (d > 2)

will be analyzed below. From Egs. (3), (7), we obtain (¢% = —t):
’ o0
Rex(s,b) = gg/ q1dqy Jo(qub)e 1A
0
ad ol 2
30 et [t gg))e R, a7)

Formally, there exist poles in the sum in Eq. (17) corresponding to negative angular momenta
an(t) = —2k, where k = 0,1... These unphysical (tachion) singularities should be suppressed by
appropriate vertices and give no contributions to Re x(s, b).

In what follows, we will assume that

oy [t < 1. (18)

The inequality (18) is equivalent to [t| < M2. The sum in (17) is effectively cut from above,
n S Nmax = Re/Rg(s). It means that one can put ajn?/R2 < [In(s/so)] ' < 1.

Let us define Re x(s,b) to be the real part of the eikonal with a pole term (corresponding to
n =0 in (17)) subtracted. With all mentioned above, it can be written as follows:

o0

1
Rex(s,b) = GNRgs%/qJ_dqng(qlb)eq?iR!z?(s)

0
o

1 —n2R2(s)/R2
L 2 1
Lot (19)

X

As was already mentioned above, R, > Ry(s) even at ultra-high (cosmic) energies s. So, the
parameter a (8) is taken to be large everywhere in our calculations. Under approximation (18), one

obtains r (R\2 atb
~ ~ o _C 2
Rex(s)],_, = —Gwsgs () 2 (%7). (20)

where a; = 3/7.
At zero impact parameters, the eikonal looks like

Rex(s,b=0) ~ (GNR.)s (21)

Ry(s)’
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So, the real part dominates the imaginary part at b = 0, Rex(s,0)/ImY(s,0) ~ Ins, and it
has a power-like behavior (with oscillations) at b — oo (20), while the imaginary part decreases
exponentially at large b.

The expression for the real part of the eikonal (19) is easily generalized for d > 2:

o0

1
Re X(S, b) = GNRgS % /qquL Jo(qu) 67q2iRg’(s)

0
oo

1 an/aQ
P > (22)

n=1 n24n3+--n3_,<n?

where the notation n? = Ef n? is introduced. The main contribution to the sum in the RHS of
Eq. (22) comes from the region n? ~ (d —2)a? > 1. Thus, to estimate the sum in (n1,n2,...n4-1)
analytically, we can replace the sum by the integral:

> 1 2/, 2 > 1 2/a2
R SRy I o WS Sy Ry Ly
> n? + R2Jt| © > D n?2 + R2|t] © / /m
n=1 n%+n§+-~-n371<n2 n=1 2<n?
(d-1)/2 ©o© d—1
= = oy D 2n—2 e, (23)
D(F) i n* + Reft|

The calculations result in the expression

Re (s, b) ~ Gpsal, G(d)[ln (i)}_d/z (Rgb(s)>2jz ( adb ) . (24)

b>Ry(s) S0 Ry(s)

Here a? = (d — 2)/2 and C(d) is a constant depending on the number of the extra dimensions.
At zero impact parameter, we get:

_ —d/2
Rex(s,0) ~ Gpsay 4/2 {ln (Sio)] . (25)
The expression for the imaginary part of the eikonal for d > 1 was calculated in Ref. [3]:
Gpsal,~*? s \1-(1+d/2) Y

T x(s,b) =~ [m (5)} exp[—b? /4R2(s)). (26)

As one can see from (25) and (26), Re (s, 0)
25T s (27)

Im x(s,0)

Let us remind the asymptotic behavior of the eikonal derived in the framework of the string
theory for the scattering of D-dimensional fields in a flat space-time [5]:

b\ ¢ 9 GZS o/ "2 b2
~ | — e —— e e a— 2
b2>a’In s ( b > o (77' In 8)1+d/2 eXp( 40/ In S)’ ( 8)

where b, = [27T_d/2F(d/2)G]E\),s]1/d, G]E\), being the Newton constant in D flat dimensions. Note, the
real part of x, (s, b) exhibits power-law falloff which does not depend on the string tension o/ = a;.

The imaginary parts of x(s,b) and x,(s,b) coincide at b > ajlns, taking into account the
definition of the gravitational radius Ry(s) (10). As for the real part of the eikonal, Re x(s,b)
decreases as a fized (d-independent) power of b at b — oo, contrary to (28). The scales in the real

Xp(8,b)

!The singular term was subtracted in Re x(s, b).
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parts (associated with the impact parameter b) are also different: dynamical radius Ry(s) in our
case, and b, ~ (GZs)l/d in x,(s,b) (28).

Because of the inequality Ry(s) < R, our formulae contain the compactification radius R, only
via D-dimensional coupling Gp = Gy (27R.)%. However, at extremely high energies, when the
dynamical radius R4(s) becomes comparable with (or larger than) R., the eikonal profile in impact
parameter space should “ feel” the size of the compact dimensions R, [3].

In this connection, let us mention the SM in a D-dimensional space-time with compact extra
dimensions, but without gravity [6]. In such a case, the dynamical radius, R(s), is proportional
to In(s/so)/+/to, where ty denotes the nearest (non-zero) singularity in the ¢-channel (for instance,
to = m2, if only strong interactions are taken into account).

The expression for four-dimensional eikonal amplitude (in the presence of d compact extra
dimensions) is of the form:

A(s,t) = 2i5/d2b elard [1 - eiX(S’b)] . (29)

At not extreme energies, namely, for /s < Mp ~ M;, we have inequalities Re x(s, b), Im x(s,b) < 1,
and Eq. (29) is given by

A(s,t) ~ 47rs/dbb Jo(q.b) [Re x(s,b) +iIm x(s,b)]
0

= ReA(s,t) +ilm A(s, t). (30)
The imaginary part of the scattering amplitude exhibits exponential falloff at large |¢|:

1 1—-d/2
, 8

s 9_[111(80)} e exp (ta!In(s/so) ). (31)

— D
o g |t]In(s/s0>>1 d/2-2

~

Im A(s,t)

As for the real part of the amplitude, we obtain the following expression:

—d
GDS2 21 ((-21 s

o~ ) [ln <—>} s exp (tagIn(s/so) ). (32)

o g |t|In(s/s0>>1 —t (d"‘l)/QF(di Ch)

Re A(s,t)

Note, that Im A(s,t) < Re A(s,t) in kinematical region (18).
These asymptotics are quite different from the behavior of the eikonal amplitude in both the
string theory [5] and in a model with Regge exchanges in D flat dimensions [7]:

Als,)| o~ Givs® a1 TR o0 ), (33)
>bc

where ¢p(t) ~ [t|%2@+1) and b, is defined after formula (28). They are also different from the
asymptotic behavior of A(s,t) in the model with compact extra dimensions, when non-reggeized
KK graviton exchanges are summed up [8].

Thus, in the framework of the model with d extra compact dimensions, we have studied the
quantum gravity effects related to Kaluza-Klein gravireggeons. For the scattering of the SM fields
living on the 4-dimensional brane, the eikonal is calculated. It is shown that the real part of the
eikonal (with the massless mode subtracted) decreases as the power of b (with oscillations) at large
values of the impact parameter b. This power depends on the gravitational slope, not on d, contrary
to the case when the colliding fields are allowed to propagate in the bulk. The imaginary part of the
eikonal decreases exponentially at large b. At zero momentum transfer, the real part also dominates
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the imaginary part. It is also shown that both the real part of the amplitude and its imaginary part
decrease exponentially at large momentum transfer.

The gravitational effects considered here can be seen in leptonic or semileptonic collisions at
transplanckian energies (y/s = Mp), for instance, in interactions of cosmic neutrinos with the
atmospheric nucleons [3].
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