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1. RS1 model with a small curvature

In this section we will consider in details the Randall-Sundrum (RS) model with the small
curvature. The main features and differences from a conventional (large curvature) scenario
will be pointed to.

The RS model [] is a theory with one extra dimension (ED) in a slice of the AdSs
space-time. It has the following background warped metric:

ds? = *elrre=lyl) Ny dz* dz” + dy? (1.1)

where y = 7.6 (-7 < 6 < ), 7. being the “radius” of the ED, and 7, is the Minkowski
metric. The points (z,,y) and (z,,—y) are identified, so one gets the orbifold S!/Z.

The parameter k defines a 5-dimensional scalar curvature of the AdSs space. For the
sake of simplicity we will call k£ “curvature”.

The so-called RS1 model has two 3D branes with equal and opposite tensions located
at the points y = 7r. (called the TeV brane) and y = 0 (referred to as the Plank brane). If
k > 0, the tension on the TeV brane is negative, whereas the tension on the Planck brane is
positive. All the SM fields are constrained to the TeV brane, while the gravity propagates
in four spacial dimensions.

It is necessary to note that metric ([L.1]) is chosen in such a way that 4-dimensional
coordinates x, are Galilean on the TeV brane where all the SM field live, since the warp
factor is equal to unity at y = 7r..

By integrating 5-dimensional action over variable y, one gets an effective 4-dimensional
action, that results in the “hierarchy relation” between the reduced Planck scale Mp; and
5-dimensional reduced gravity scale Ms:

Mgy = =2 (2™ — 1) . (1.2)



The reduced gravity scale Mj is related to the Planck mass My by the equation
Ms = (2m)'/3 M5 ~ 1.84 M . (1.3)

Unless explicitly stated otherwise, we consider the reduced 5-dimensional Planck scale.
From the point of view of a 4-dimensional observer located on the TeV brane, there
exists an infinite number of graviton KK excitations with the masses

My = Tp K, n=12..., (1.4)

where x,, are zeros of the Bessel function Jj(z). Note that x,, ~ w(n + 1/4).
The interaction of the KK gravitons with the the SM fields on the TeV brane is
described by the Lagrangian:

1 1
o = — ——— w ~(0) - v 2 : (n) ] 1.
L t — 1 1 GW/ ﬂ 1 2 1GW/ ( 5)

Here T" is the energy-momentum tensor of the matter, and G,(ff,) is the graviton field with

the KK-number n. The parameter A,

— \ 1/2
Ar = M; <%> : (1.6)
K

is the physical scale on the TeV brane.
Note that in most of the papers which treated the RS model (including ref. [fl]), the
background metric was taken to be

ds? = e~ 2yl Ny do* da” + dy? (1.7)

instead of expression ([[.]). In such a case, the hierarchy relation looks like

_ M3
My = =5 (1 —e7?m7e) (1.8)
K
with the graviton masses
My = Tp ke e, n=12.... (1.9)

In order the hierarchy relation ([.§) to be satisfied, while the lightest graviton masses
to be around one TeV, one has to introduce two huge mass scales (large curvature option),

K ~ Ms ~ Mpy , (1.10)

and take kr, ~ 12.

Thus, one obtains a series of graviton resonances with the lightest KK mode around
one TeV. The experimental signature of the the RS model with the large curvature ([.10)
is a real or virtual production of the massive KK graviton resonances.

There exists a serious shortcoming of the scenario with the curvature and fundamental
gravity scale being of the order of the Planck mass ([L.1(J). Namely, kinetic terms of the



graviton fields on the TeV brane do not have a canonical form, and Lorentz indices are
N (for

raised with the Minkowski tensor, while the metric in the coordinates x, is e” ™"

details, see ref. [B]).
The correct interpretation of the effective 4-dimensional theory can be achieved by

changing variables:
at — 2H = ghe ™ (1.11)

As one can see, metric (m) turns into metric (EI) under such a replacement.
In the present paper we will use an approach based on the metric ([.1) (small curvature

option, [{-[f]) and put
M;s = (1 +20) TeV k=(0.1=+1) GeV . (1.12)

In order the hierarchy relation ([[.9) to be satisfied, it is then necessary to take r.x ~ 8+9.5,
i.e. ro >~ 0.15=1.8, fm. Thus, no large scales are introduced, contrary to the large curvature
case. In what follows, the RS1 model with the small curvature will be referred to as large
warped dimension scheme.

Instead of the fact that the size of the ED r. is of the order of 1fm, and masses of
the first KK gravitons are relatively small, they give a negligible correction to the Newton
law. Indeed, the Newton potential between two test masses m; and mo separated by the
distance r is equal to

Td
V(r)=Gn mz + /ﬂ_q: Gn —mlrm2 e ™M
mi
—mar
= Gy 2 (1 + & > . (1.13)
T TRT

Since m; = x1k, where x1 = 3.84 is the first zero of the Bessel function Jj(x), we find that
the relative correction from the KK gravitons to the Newton law is less than 2 - 10710,
In our scheme, a coupling of the KK graviton with the SM fields is rather weak,! since

Ms \*? /100 MeV \ /2
Ay =100 [ —~ YY) ey 1.14
00 (TeV) K eV ( )

However, in physical matrix elements the smallness of the coupling A-2 is compensated by
the large number of real gravitons which can be produced or by infinite number of virtual
gravitons. As a result, the matrix elements are defined by the 5-dimensional gravity scale
M35, not by A, or k separately [, B]. This circumstance reminds that in the ADD model
with flat EDs [g.

Previously, we studied gravity effects in the RS1 model with the small curvature in the
scattering of ultrahigh neutrinos off the nucleon [{], in exclusive double diffractive events
at the LHC [f], as well as in eTe™ annihilation into lepton pairs at the ILC [f].

The goal of the present paper is to estimate gravity effects in a two-photon production
at the LHC. The search limits on the fundamental Planck scale will be derived which are

insensitive to the curvature of the warped space-time of the model.

In the conventional scheme of the RS model, Ay ~ 1TeV.



2. Virtual graviton contribution to a diphoton production

Diphoton final states are a signature of many interesting physics processes. For instance,
one of the main discovery channels for the Higgs boson search at the LHC is the ~~ final
state. An excess of v production could be a signature of interactions beyond the SM.
In addition, the diphoton final state is interesting in its own right. Using good energy
resolution of the electromagnetic calorimeter [, the transverse momentum of the photons,
1, can be directly determined with a good precision. A possible excess in p| -distribution
could indicate effects coming from a new physics, in particular, from large EDs.

What is the reason to consider large warped dimension scenario? First, the spectrum
of the KK gravitons ([[.4) is very similar to that in the model with one ED [§ (see previous
section). Second, all matrix elements for the scattering of the SM fields can be formally ob-
tained from corresponding matrix elements calculated in the model with one flat dimension
by using the following replacement [, [q:

My — 2m) VB M, Re— (7r)"'. (2.1)

Here My, is a 5-dimensional reduced Planck scale, R, being the radius of the extra flat
dimension. As a result, all cross sections appear to be rather large (as in the ADD model
with 4 + 1 dimensions). Finally, as was shown in ref. [fj], astrophysical restrictions are not
applied to the RS model with the large ED (i.e. small graviton masses), if the curvature
lies within the limits mentioned above ([.12).2

Let us consider the two-photon production with hight transverse momenta (p; < /s
is assumed):

pp— Y7+ X, (22)
where X denotes a remnant of the colliding protons. The differential cross section is equal
to

p 1 1
o

W(pp I+ X) =) /d%fa/p(MQ,%)/dwab/p(uz,xb)
1

CL,b 0 0

i) _ VTeTy  dO (2.3)

X O(zqap — 2] Zrlab—=77).
v/ TaTp — a;zl t

Here f, /p(,uQ,:Ea) is the distribution of the parton of the type a in momentum fraction
x, inside the proton taken at the factorization scale p (this scale will be fixed below).
dé /dt denotes the cross section of the hard sub-process ab — vvy. We have introduced the

dimensional variable
_2py

x .

i /s
Throughout the paper, 8,  and 4 denote Mandelstam variables of the partonic sub-process
(3+t+0=0,5=szamp, t1/5 = D).

(2.4)

2 Actually, much smaller values of x are allowed [E]



The contribution of the virtual gravitons to the process (R.J) comes from the quark-
antiquark annihilation,

qq— G — 7y, (2.5)
and gluon-gluon fusion,

99— G — 7. (2.6)

The matrix elements for both the partonic sub-processes (B.5)—(R-6) are given by the ex-
pression

M=AS. (2.7)
The fist factor in the r.h.s. of eq. (B7) is

A= Tgﬁg) TY Y _ % (Tq(g))z ()", (2.8)

where T,‘j,ﬁg ) is the energy-momentum tensor of the quark (gluon) field, T}, is the photon
energy-momentum tensor.
The graviton exchange in the s-channel leads to the following expression:

1 & 1
§) — . 2.
S6) - 5 X 29

Here I';, denotes a total width of the graviton with the KK number n and mass m,,:

2
mnp
Ty = nma (A—> , (2.10)

with 1 ~ 0.09 [[L(]. The width is small provided n is not extremely large.
Then the relevant partonic cross sections are (see, for instance, formulae in appendix
of ref. [{]):

dé 2 + 42

- 2
(g7 — 7Y) = ——— |22 —ta S(3)] 2.11
2790 = 1) = T |2 (8) (2.11)
dé ot 5
- =_—|S(3 2.12
7 (99 — 77) F1or22 1S, (2.12)

where e, is the electric charge of the quark g.
In the region v/3 ~ Ms > k, the sum (:9) can be calculated analytically, an explicit
form of the function S(§) was derived in ref. [f:

1 sin2A + isinh 2¢

S(8) = —— 2.13
(8) 4M53\/§ cos? A + sinh?e ( )
where
a5 (2.14)
K
_n(V3y3
=1 <M5> . (2.15)



Should we ignore the widths of the massive gravitons, and replace the summation in
KK number (R.9) by the integration in graviton masses using the relation dn = dm/(nk),

we get
1

ImS(§) = ———, ReS(s8) =0, 2.16
N ) (2.16)

in contrast to formula (R.13).

At V5 > 3.5 M5, we get from (B.13)-(2.15):
1

ImS(8) ¥ ——+, ReS(5) < 0.05Im S(8) . 2.17
TN () ) (2.17)

The inequality V§ > 3.5M; is equivalent to the inequality Amgk < I',,, where Amgyg is
the mass splitting, and T, is the graviton width for relevant KK numbers (corresponding
to my, ~ \/3) [A]. In such a case, one may regard a set of narrow graviton resonances to be
a continuous mass spectrum.

However, the kinematical region for our treatment is v < V8 < 3Mj5. In this case,
expressions (R.16) become incorrect, and formula (R.13), which takes into account the
nonzero widths of the KK gravitons, should be used.

In appendix A we will demonstrate that our formula (R.13) is a correct expression for
the function S(s) (R.9).

3. 5-dimensional Planck scale: LHC search limits

The main goal of this section is to obtain the LHC search limit for the 5-dimensional Planck
scale Ms.

Recently, the RS1 model with the large extra dimension has been checked by the
DELPHI Collaboration [[[1]. The gravity effects were searched for by studying photon
energy spectrum in the process eTe™ — v+ E|. No deviations from the SM prediction
were seen. The limit on Mj obtained is 1.69 TeV at 95% CL [[]]. It corresponds to
the following bound on the reduced fundamental scale (see the relation between M and
Ms ([L3)):

My > 0.92 TeV . (3.1)

The search for large EDs (with flat metric) in the diphoton channel using of ~ 200 pb™*
of data collected by the CDF and DO experiments at /s = 1.96 TeV (Run II) have been
presented in refs. [[]. The p, -distribution up to ~ 200 GeV has been measured. The data
are in a good agreement with the SM background. D@ Collaboration has also performed the
search for the massive gravitons (warped metric with the large curvature) in the diphoton
channel using high integrated luminosity [LJ]. No evidence for resonant production of the
gravitons has been found.

We should also mention the preliminary analysis by the CDF Collaboration based on
1.2fb~! of data [[4]. No significant excess of the data over the expected background in
vy + X events was observed in m(7yy) and p, -distribution.

In figures [| we present the result of our calculations of gravity effects in the diphoton
production pp — vy + X at the Tevatron. We used a set of parton distribution functions
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Figure 1: The graviton contributions (including the interference term) to the process pp — vy v+ X
(solid curves) vs. SM contribution (dashed curve) at the Tevatron. In this and all subsequent figures,
M5 denotes the reduced fundamental Planck mass.

(PDFs) from ref. [[L5] based on an analysis of charged-leptons proton/deutron data on deep
inelastic scattering collected in the SLAC-CERN-HERA experiments.

Generally, both PDFs and differential cross sections in (R.3) should depend on the
factorization scale p due to higher order corrections, that results in p-independent cross
section of the diphoton production (R.2). We restrict ourselves by first order expressions
for the partonic cross sections (.11)—(2.12), and the factorization parameter is taken to be
equal to the relevant mass scale 1 = v/3. A possible pu-dependence will be analyzed below
(see our comments after eq. (B.H)).

Let Ng be a number of signal events, Np - number of background events. We define
the statistical significance S = Ng/v/Np, and require a 50 effect. Then we obtain the
following bound from the Tevatron data’ (with the integrated luminosity £ = 1fb™1):

My > 0.81 TeV . (3.2)

In calculating numbers of events, we used a K-factor 1.5 for the SM background, while a
conservative value of K=1 was taken for the signal.

Let us stress that in our approach, the limit on M5 does not depend on the value of
the parameter k, provided the inequality x < /s is satisfied (see section [ for details).
We expect that the gravity effects related with the virtual gluon exchange will be more
significant at the LHC, since

do(SM 1

3Let us notice, this bound is not the main goal of the paper.
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Figure 2: The s-channel graviton contribution to the process pp — v~ + X for different values of
M3 (solid curves) vs. SM contribution (dashed curve) at the LHC.

where f(x,Ins) depends weakly on s via scaling violation in PDFs. The gravity term
do(grav)/dp, depends rather slowly on s (see eq. (.9)). Thus, we obtain:

do(grav) <x/5>3 ‘

do(SM) M; (3.4)

Correspondingly, the search limit for the LHC can be roughly estimated to be Mz =
(6 +7) TeV.

In order to obtain a correct search limit for the LHC, we have calculated contributions
of s-channel gravitons to p-distributions of the final photons for different values of Ms
(see figure ). The ratio of the gravity induced term to the SM one is presented on the next
plot (see figure ). The ratio rises monotonically with p, for all Ms. Its dependence on Ms
is in accordance with eq. (B-4). The details of our calculations are discussed in section .

Taking into accounts the K-factors described above, we obtain histograms in figure
which show a number of events per 35GeV bin at the integrated luminosity £ = 1fb~.
A statistical significance as a function of the 5-dimensional Planck scale is presented in
figure f|. Thus, we obtain the discovery limit of the LHC in the two-photon production in
the RS1 model with the small curvature:

_ 6.3 TeV , £ =100 fb~*
5= { (3.5)

5.1 TeV, £ =230 fbh~*

Let us stress that this limit (B.5) do not depend on the ratio x/Mjs, contrary to the con-
ventional RS scenario ([.7) in which both the curvature x and Mjs are of order of the
4-dimensional Planck mass ([.1(). In order to estimate systematic theoretical uncertain-
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Figure 4: The expected number of events per 35 GeV bin at the integrated luminosity £ = 1fb~!
for the diphoton production at the LHC. The solid histograms denote the gravity contributions,
while the dashed one corresponds to the SM (Born) term times K-factor 1.5.

ties, we have calculated p | -distributions for different values of the PDF scale pu: pu? = 3,
p? =25, and p? = /2. It has appeared that an uncertainty in do(grav) related with the
PDF scale varies from 1.3% at p; = 140 GeV to 6.4% at p; = 1TeV.* As for uncertainty

4Note, it is lower values of p, that are actually relevant for a calculation of the significance S.



20

15 - L =100 fo?

Significance

i _ L=30fb?

M, (TeV)

Figure 5: The statistical significance for the process pp — vy + X at the LHC as a function of the
5-dimensional (reduced) Planck scale.

in the ratio do(grav)/do(SM), it decreases slowly from 2.8% to 2.1%, respectively.” As a
result, the systematic uncertainty for Mj from the PDF scale amounts to AMs; = 17 GeV
at £ = 30fb~!. Another systematic theoretical error comes from an uncertainty in cross
sections due to a certain proton PDFs. Adopting that it does not exceed 2.7% [LF], we get
AM5 = 23 GeV.

One of systematic experimental uncertainties contributing to the number of events
comes from luminosity measurements. The design precision of the luminosity is 5% at
L =11 [. However, for measurements based on £ = 30 fb~! or more, it is assumed
that a 3% uncertainty can be achieved [f]] that results in AMs = 26 GeV. The error in
measurements of the photon transverse momenta is less than 0.74% at p; > 140 GeV [g].

Rather small values of AMj5 cited above may be understood as follows. Consider, for
instance, the case when Ng and Np increased by the factor (1 + p) due to an increase of
the integrated luminosity (p < 1). Then a corresponding variation of the significance S
can be compensated by much smaller variation of the 5-dimensional gravity scale: Mz —
Ms + AMs5 ~ Ms (1+ p/6).

Finally, let us demonstrate that an ignorance of the graviton widths would be a very
rough approrimation. Figure | shows the gravity contribution to the p | -distribution cal-
culated with the use of equations (R.16). The significant difference of figure [f from figure [
can be explained as follows. As one can see from appendix A, after integrating over s,
Re S(s) averages to 0, while ImS(s) averages approximately to 1. However, the expres-
sions for the partonic cross sections (R.11), (.13), contain quadratic term |S(s)|? as well as
s-dependent factors. Moreover, the region of integration over parton momentum fractions

5 All these numbers are insensitive to the value of Ms.

— 10 —
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Figure 6: The same as in figure E (except for values of Mjs), but calculations were done for zero
widths of the KK gravitons (see formulae (R.14)).

Tq, Tp (see eq. (B)) depends on s, since zoxp > 4p? /5.
Thus we conclude that the account of the width of the KK gravitons is a crucial point
for obtaining a correct result.

4. Important features and details of calculations

In this section, we will discuss some details of calculations of the p | -distribution for the
diphoton production at the LHC, and analyze a possible dependence of this distribution
on the parameters My and x. In particular, we will show that actually the distribution
does not depend on & (or, equivalently, on the ratio x/Ms, which is taken to to be small,
see eq. ([L.12)).

We start from formula (R.3). After changing variables,

T =14, T=2qTp, (4.1)

it has the following form:

=+ X) =Y / % / o 1252) g /2) b = ) s (42)

[lbz

where the partonic cross section dé/dt depends on the function S(8) (R:13). Since § = s,
the latter is a function of 7. It is convenient to define

S(r) = [-4M3/s7] S(r). (4.3)

— 11 —
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Figure 7: The real and imaginary parts of one of the resonances in the function S (7) which
describes virtual graviton contributions to partonic sub-processes. Both the curves correspond to
7o = 0.02, AT =8.8-107°.

Let A = Ay + a, where Ay = (ng+1/2)7m, no being an integer, and |a| < 1. In a small
vicinity of the point 79 = (Apk/+/5), the function S(7) can be well approximated by the

espression
~ 2a —2igg

~ — 4.4
S(7) e (4.4)

where

o =

N (V5703
2 (ﬁ) : (45)
We have taken into account that eg < 1 for the relevant values of /s and M; (i.e. for
/5 = 14TeV, M; > 5TeV).

One can see from ([L.4) that the real part, Re S(7), equals zero at 7 = 75 and has two
extremal points at 7 = 79 + 6, where®
K S

2
d=nr iR (4.6)
As for the imaginary part, Im S (1), it has a very sharp peak at 7 = 79. Two peaks in the
real part of the resonance are separated by the distance 29, the width of the imaginary of
the resonance is also equal to I's = 2.

The forms of the real and imaginary parts of S (7) are presented in figure [ and figure §,
with A7 = 104 on both the figures. All the curves were calculated using the values of
Ms = 20TeV, k = 1GeV. Let us describe figure [ first. The value of 79 = 0.02002 was
taken, that corresponds to the equation /s79/x = (630 + 1/2)7. Than we obtain that
I's ~ 1.8 - 1072, The calculations show that the next resonance is located at the point
70 = 0.02008. Thus, an average distance between neighboring peaks is much larger than
their widths. It reflects the fact that one cannot regard a set of narrow resonances to be a
continuous spectrum [fj.

In the next two plots (see figure §), 7o = 0.10004, ng = 1409, and I's ~ 4.4-1078. A

neighboring resonance with the number ng = 1410 is located at 7y = 0.10018.

5The relation 7 = 79 & 4 is equivalent to the relation a = +¢o.

— 12 —
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Figure 8: The same as in figures E7 but for another peak in S(T) located at 7p = 0.1, with
AT =22-10"".

The differential cross section of the process under consideration is represented in the

form:

do = do(SM) + do(grav) + do(SM —grav) , (4.7)

where the last term comes from the interference between the SM and graviton interactions.
Since the SM amplitude is pure real, while the real part of each graviton resonance is
antisymmetric with respect to its central point 7 (see the first curves in figures [-), the
interference term in ([..7) has appeared to be negligible in comparison with the pure gravity
contribution (the second term in ([.7])) after integration in variable 7.

The smaller is the value of 79, the narrower is the peak and larger is its height (compare,
for instance, the curves in figure [ and figure f). The latter circumstance means that only
a smaller part of the graviton resonances is significant for numerical calculations. The
total number of the graviton resonances which contribute to the differential cross section is
equal to N = Int[\/s (1 — 2, )/(x7)], with Int[z] being an integer part of z.” Actually, the
main contribution to do(grav) comes from, approximately, (1/7)N first resonances, while
the account of the rest of (6/7)N resonances results in a few percent correction.

From all said above, we find that the gravity contribution to the partonic cross section
2
1
2
§°|—=5——| 0N ~
[M g \/g &0 :|

In other words, we obtain that the differential cross section ([.2) does not depend on the
curvature, and

is proportional to

1
B (4.8)

do(grav) 1
— = =F 1 4.9
dp, Mg (‘TJJ HS) ) ( )
A weak s-dependence of F'(x,In s) comes from the PDF scale. The numerical calculations
do confirm that the differential cross section of the process (B.3) does not depend on x and

decreases as the third power of the fundamental gravity scale Ms.

"The variable 2| was defined above (@)

— 13 -



At small values of x|, the main contribution to the p | -distribution comes from the

1

gluon-gluon fusion (R.6). Assuming that g(u?,x) ~ 71, we get a rough estimate from ([L.9):

1

do(grav) . fgr L 1 11 (4.10)
dp1

3
4 75/2 [ — xi T Py Pl
Ty

This form of do(grav)/dp, is in satisfactory agreement with our numerical calculations at
p1 < /5 (see figures fi], B).

In order to get a correct numerical result, we divided a region of integration in variable
7 into small subregions around the resonance peaks. Since a typical value of N/7 exceeds
600 (N = 4367 for x; = 0.02, kK = 1GeV), it took lots of computer time. Fortunately, a
number of integrations could be reduced if we use the facts that the gravity cross section

is actually independent of &, while N ~ x~1.

5. Conclusions

In the present paper the model with one large warped extra dimension (i.e. the RS1 scheme
with the small curvature &) is studied [E, E] In such an approach, the reduced fundamental
gravity scale Ms lies in the TeV region (i.e. varies from one to tens TeV), and k < Ms.
The mass spectrum is similar to that in the ADD model [§ with one flat extra dimension.

We have calculated the p,-distribution for the process pp — v + X at the LHC,
with p; being the transverse momenta of the final photons. The LHC discovery limit on
the reduced fundamental gravity scale M5 has been obtained which is given by eq. (B.5).
Remembering relation between the 5-dimensional Planck mass My and its reduced value
M; ([L.3), we find the reach of the LHC in the search for the RS gravitons decaying into
diphoton channel:

_ -1
s — { 11.6 TeV , £ = 100 fb 5.1)

9.4 TeV , £ =30 fth~*

In the conventional RS scenario [, both k and Mj are of order of the 4-dimensional
Planck mass, k ~ Ms ~ Mpy. A search limit on the lightest graviton mass depends crucially
on the ratio £/Mjs. On the contrary, our bounds (f-]) do not depend on &, since the gravity
cross sections are insensitive to its value (provided x < Ms).

We have shown that neglecting the width of the KK gravitons would give us incorrect
results. A zero width approximation is valid only if an effective collision energy of partonic

sub-processes is at least 3.5 times larger than Ms; (see eq. (R-17)).
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Figure 9: The real part of S(s) calculated by using eq. (.13). The line ReS(s) = 0 corresponds
to eq. (R.16). The values of the parameters are: Ms = 5TeV, = 1 GeV.
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Figure 10: The function In ImS(s) calculated by using eq. () The horizontal line corresponds
to ImS(s) = 1 (see eq. (R.16)). The values of the parameters are the sane as in figure .

A. Exact formula for S(s) vs. zero width approximation

In this appendix we will present a result of computations of the function S(s) with the use

of three different equations (R.13), (B.14), and (R.9).

Let us define the dimensionless function:
8(s) = [~203 V3] S(s) (A1)

The real and imaginary parts of S(s) in the energy region around the point V80 = 5TeV
are shown in figure ] and figure [L0, respectively. The values of the parameters were chosen
to be Ms = 5TeV, k = 1 GeV. The resonance structures on both figures are obtained by
using formula (R.13), while the solid lines correspond to “zero width” equation (2.16). One

(]

can see that formula (P.16) is incorrect.
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Figure 11: The imaginary part of S(s) calculated by using eq. @) Only two terms in the sum
are taken into account. The values of the parameters are the same as in figure E
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Figure 12: The same as in figure @ but with eight terms taken into account in eq. (@)

To demonstrate that our formula (R.I3) is a correct expression for S(s), one should
calculate the sum (R.9). It appeared that only the terms closed to n = ng, where my,, =
Tngk =~ /S0, are important in the sum. For a sake of simplicity, we consider only the
imaginary part of S(s). In figure [LI] we present the function InImS(s) calculated for the
case when only two terms in the sum, namely, n = ng and n = ng+1, are taken into account.
The curve in the next figure corresponds to the case when already eight neighboring terms
are taken into account.®

A comparison of figure [ with figure [[( demonstrates us that our formula (2:13) is a
nice approximation of the original expression (@)

8For a wider region of s more terms have to be considered in the sum (@)

— 16 —



References

[1]

L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,

Rev. Lett. 83 (1999) 337(] [hep-ph/9905221].

2]

E.E. Boos, Yu.A. Kubyshin,, M.N. Smolyakov and I.P. Volobuev, Effective Lagrangians for
physical degrees of freedom in the Randall-Sundrum model, |Class. and Quant. Grav. 19

(2002) 4591 [hep-th/0202009] Energy scales in a stabilized brane world, |Nucl. Phys. B 717]

(2005) 19 [nep-th/0412204].

G.F. Giudice, T. Plehn and A. Strumia, Graviton collider effects in one and more large extra
dimensions, [Nucl. Phys. B 706 (2005) 455 [hep—-ph/040832(].

A.V. Kisselev and V.A. Petrov, Gravireggeons and transplanckian scattering in models with
one extra dimension, [Phys. Rev. D 71 (2005) 124032 [hep-ph/0504203].

A.V. Kisselev, Virtual gravitons and brane field scattering in the RS model with a small
curvature, [Phys. Rev. D 73 (2006) 024007 [hep—th/050714§).

A.V. Kisselev, V.A. Petrov and R.A. Ryutin, 5-dimensional quantum gravity effects in
exclusive double diffractive events, |Phys. Lett. B 630 (2005) 100 [hep-ph/0506034].

A.V. Kisselev, RS model with a small curvature and gravity effects in eTe™ annihilation into
leptons at the LC, UHEP 03 (2007) 006 [hep-ph/0610113].

N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new
dimensions at a millimeter, [Phys. Lett. B 429 (1998) 263 [hep-ph/9803315];

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a
millimeter to aFermi and superstrings at a TeV, [Phys. Lett. B 436 (1998) 257
[hep-ph/9804399;

N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, Phenomenology, astrophysics and
cosmology of theories with sub-millimeter dimensions and TeV scale quantum gravity,

Rev. D 59 (1099) 086004 [hep-ph/9807344).

CMS collaboration, G.L. Bayatian et al., CMS technical design report, volume I,
[CERN-LHCC-2006-001; CMS technical design report, volume II: physics performance, m

Phys. G 34 (2007) 995.

A.V. Kisselev, Interactions of cosmic neutrinos with nucleons in the RS model,

C 42 (2005) 217 [hep-ph/0412374].

[12]

K. Klein, Search for SUSY and extra dimensions at LEP, in Proceedings of the 34"
International Conference on High Energy Physics (ICHEP 2006), July 26—-August 2, Moscow,
Russia (2006);

S. Ask, V. Hedberg and F.-L. Navarria, Search for one large extra dimension with the
DELPHI detector at LEP2, contributed paper for the 234 International Symposium on
Lepton-Photon Interactions at High Energy (LP07), August 13-18, Daegu, Korea (2007)
[erXiv:0707.2109].

DO collaboration, B. Abbott et al., Search for large extra dimensions in dielectron and
diphoton production, |Phys. Rev. Lett. 86 (2001) 115( [hep-ex/0008065(];

CDF collaboration, D.E. Acosta et al., Measurement of the cross section for prompt diphoton
production in pp collisions at \/s = 1.96 TeV, |Phys. Rev. Lett. 95 (2005) 022003
[hep-ex/0412050].

— 17 —


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://arxiv.org/abs/hep-ph/9905221
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C19%2C4591
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C19%2C4591
http://arxiv.org/abs/hep-th/0202009
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB717%2C19
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB717%2C19
http://arxiv.org/abs/hep-th/0412204
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB706%2C455
http://arxiv.org/abs/hep-ph/0408320
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD71%2C124032
http://arxiv.org/abs/hep-ph/0504203
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD73%2C024007
http://arxiv.org/abs/hep-th/0507145
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB630%2C100
http://arxiv.org/abs/hep-ph/0506034
http://jhep.sissa.it/stdsearch?paper=03%282007%29006
http://arxiv.org/abs/hep-ph/0610113
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB429%2C263
http://arxiv.org/abs/hep-ph/9803315
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB436%2C257
http://arxiv.org/abs/hep-ph/9804398
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD59%2C086004
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD59%2C086004
http://arxiv.org/abs/hep-ph/9807344
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN-LHCC-2006-001
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG34%2C995
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG34%2C995
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA%2CC42%2C217
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA%2CC42%2C217
http://arxiv.org/abs/hep-ph/0412376
http://arxiv.org/abs/0707.2102
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C86%2C1156
http://arxiv.org/abs/hep-ex/0008065
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C95%2C022003
http://arxiv.org/abs/hep-ex/0412050

[13] DO collaboration, V.M. Abazov et al., Search for Randall-Sundrum gravitons in dilepton and
diphoton final states, [Phys. Rev. Lett. 95 (2005) 091801| [hep-ex/0505018]; Search for
Randall-Sundrum gravitons with 1 fb=% of data from pp collisions at \/Es) =1.96 TeV,

Rev. Lett. 100 (2008) 001807 [prXiv:0710.3334).

[14] A. Pronko, Search for new physics with photons at CDF, in Proceedings of the 34
International Conference on High Energy Physics (ICHEP 2006), July 26-August 2, Moscow,
Russia (2006).

[15] S. Alekhin, Parton distribution functions from the precise NNLO QCD fit, JETP Lett. 82

(2005) 629 [[Pisma Zh. Eksp. Teor. Fiz. 82 (2005) 71(] [hep-ph/0508249).

— 18 —


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C95%2C091801
http://arxiv.org/abs/hep-ex/0505018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C100%2C091802
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C100%2C091802
http://arxiv.org/abs/0710.3338
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JTPLA%2C82%2C628
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JTPLA%2C82%2C628
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZFPRA%2C82%2C710
http://arxiv.org/abs/hep-ph/0508248

