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We investigate the process yy — et e~ G, at the future International Linear Collider (ILC), where G,
is the Kaluza-Klein graviton in the large extra dimension model. When the fundamental energy scale is of
a few TeV, the cross section of this process can reach several hundred fb at a photon-photon collider with
/5 = 500-1000 GeV, and the cross section in the J = 2 polarized photon collision mode is much larger
than that in the J = 0 polarized photon collision mode. We present strategies to distinguish the graviton
signal from numerous SM backgrounds, and find that the graviton signal with extra dimensions 6 = 3 can
be detected when Mg = 2.67(1.40) TeV and y7y center of mass system energy /s = 1000(500) GeV in
unpolarized photon collision mode, while the detecting upper limit can be increased to 2.79(1.44) TeV in
+— (A; = 1, A, = —1) polarized photon collision mode (with photon polarization efficiency P, = 0.9).
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L. INTRODUCTION

The hierarchy problem of the standard model (SM)
strongly suggests new physics at TeV scale, and the idea
of extra dimensions (ED) [1-6] might provide a solution to
this problem. The large extra dimension model (LED, also
called ADD model) [1] is the most promising one among
the various extra dimension models. It introduces a funda-
mental scale Mg in D (D = 4 + §) dimension, which is at
the TeV scale, to unify the gravitational and gauge inter-
actions. The usual Plank scale Mp = 1//Gy ~ 1.22 X
10" GeV (where Gy is Newton’s constant) is related to
M through

(1.1)

where § is the number of extra dimensions, and R/27 is
the radius of the compactified space. The fundamental
scale Mg can be at TeV scale if R is large enough, which
is at the same order with electroweak scale, thus the
hierarchy problem is settled naturally.

From Eq. (1.1) we can estimate the value of R. If we set
Mg =1TeV and 6 = 1, we have R ~ 103 ¢cm, which is
obviously ruled out since it would modify Newton’s law of
gravity at solar-system distances. For § = 2, there exists
R ~ 1 mm. The latest torsion-balance experiments predict
that an extra dimension must have a size R = 44 um [7],
so 0 = 2 must be ruled out too. When 6 = 3, where R ~
1 nm, it is possible to detect the graviton signal at high
energy colliders.

The large extra dimension model becomes an attractive
extension of the SM because of its possible testable con-
sequences. As Arkani-Hamed, Dimopoulos, and Dvali [1]
proposed, the SM particles exist in the usual (3 + 1)-
dimensional space, while gravitons can propagate in a
higher-dimensional space. The picture of a massless gravi-
ton propagating in D-dimensions is equal to the picture that
numerous massive Kaluza-Klein gravitons propagate in 4
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dimensions. So we can expect that even though the gravi-
tational interactions in the 4 space-time dimensions are
suppressed by a factor of 1/Mp, it can be compensated by
these numerous KK states. So in either the case of real
graviton emission or the case of virtual graviton exchange,
it is shown [8,9] that, after summing over the KK states, the
Plank mass Mp cancels out of the cross section, and we can
obtain an interaction strength comparable to the electro-
weak strength.

The CERN Large Hadron Collider (LHC) and the
planned International Linear Collider (ILC) both provide
ideal grounds for testing SM and probing possible physics
beyond SM. However, the ILC has more advantage in
testing extra dimensions. Even though the LHC and ILC
have comparable search reaches for the direct KK graviton
production, the LHC is hampered by theoretical ambigu-
ities due to a breakdown of the effective theory when the
parton-level center-of-mass energy exceeds Mg [10].
Furthermore, the ILC has a cleaner environment than
LHC, so it is much easier to separate the ED signals. In
the first stage of the ILC, the center-of-mass energy will
reach 500 GeV and the luminosity, £ will be 500 fo~! for
the first four years running. The second phase foresees an
energy upgrade to about 1 TeV and a luminosity to one
ab~!in 3—4 years running. ILC can also be operated in yy
and ey modes, where high energy photon beams can be
obtained and easily polarized via laser backscattering of
the e™ e~ beams.

Since gravitons interact with detectors weakly, they are
not detectable and will give rise to missing energy, so the
suggested graviton signal at LC would be associated pro-
duction of graviton with SM particles. The most frequently
discussed processes at LC are associated production of
graviton with a photon (e*e”™ — yG,) [8,9,11,12], a fer-
mion pair (ete” — ete”G,)[13,14],a Zboson (eTe™ —
ZG,) [15], or a fermion at ey mode (ey — fG,) [14].
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Generally, the e™e™ collider has the advantage that the
luminosity is higher than the y7y collider, for example,
L,,~0.15-02L,,- oreven 0.3 — 0.5L,+,- (through
reducing emittance in the damping rings) [16], but the
polarization technique for the photon is much simpler
than the electron. Through calculation, we find that the
W-induced SM background can be reduced after polariza-
tion. Furthermore, yy — [T1~ (I = ¢, M) is the best pro-
cess for the measurement of the y-y luminosity [17], so it is
convenient to select events with missing energy from these
beam calibration processes. For these reasons, we studied
the associated production of graviton with an e* e~ pair at
a LC in vyvy collision mode, i.e., the process yy —
ete”G,. The paper is arranged as follows: in Sec. II, we
present the analytical and numerical calculation of the
cross section. The signal analysis and background elimi-
nation strategies are given in Sec. IIl. Finally, a short
summary is given.

I1. CROSS SECTION CALCULATIONS

A. Analytical calculations

We denote the process of a graviton production associ-
ated with the e*e™ pair as

Y1 AL v)Y(Pa A v2)
- Gn(kS’ AS’ M1, IU“Z)ei(két)ejL(kS))

where p; and k; are the momenta of the incoming photons
and outgoing particles, respectively, A; ,, A, are the polar-
izations of incoming photons and final graviton, and v;, u;
are the Lorentz indices of the photons and graviton, re-
spectively. There are 14 Feynman diagrams contributing to
this process at the tree level, which are representatively
shown in Fig. 1. The possible corresponding Feynman
diagrams created by exchanging the initial photons and
the graviton radiated from the final positron also involved
in our calculation. Figure 1(a) gives the Feynman diagram
where a graviton emitted from a vertex, and there are four
such kinds of diagrams involved. Figure 1(b) represents a
graviton emitted from one of the initial photons via triple
vertex, and there are 4 such kinds of diagrams. Figure 1(c)

(2.1)
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Representative diagrams for the process

Yy —

represents a graviton emission from the final electrons/
positron, and there are also 4 diagrams included.
Figure 1(d) shows the diagram of a graviton emission
from the electron propagator, and there are two such dia-
grams. The Feynman diagrams mediated by a graviton are
not figured in Fig. 1 and also not included in our calcu-
lation because of their negligible contributions within the
energy regions considered in this paper.

In our calculation we consider both the spin-0 and spin-2
graviton emission processes, and find that, in the case of
scalar graviton emission, only the electron-mass dependent
terms give contributions to the amplitude, just like in the
case ff — V + G,, which was mentioned in Ref. [9]. So
we are only interested in the spin-2 component of the
Kaluza-Klein (KK) states. We use the Feynman rules
presented in Refs. [8,9] to calculate the amplitude of
process yy — e' e G,.

The gravitational coupling k = /16wGy can be ex-
pressed in terms of the fundamental scale Mg and the
size of the compactified space R by

K2R® = 167(4m)%2T(5/2)My **?. (2.2)
Here we give the amplitudes for the representative dia-
grams shown in Fig. 1(a)—1(d), separately:
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The amplitudes for other diagrams can be easily obtained
by changing the corresponding momenta in these
expressions.

The spin-averaged amplitude squared for the process is
expressed as follows:

T =32 () ()

spins spins \i

Mdz_

(Pl)fuz(l?z)

2.7)

where M; represents the amplitude for the ith Feynman
diagram. The bar over summation means taking the aver-
age over initial photon spin states. By taking the summa-
tion over the polarizations of the spin-2 graviton tensor
wave functions, we have [8,9]

5

Z elu,v(k: /\s)GZﬁ(k’ A&) =
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In practical experiments, the contributions of the differ-
ent Kaluza-Klein modes have to be summed up. For not too
large extra dimensions &, the mass spacing of these KK
states is much smaller than the physical scale, so it is
convenient to replace the summation over the KK states
by a continuous integration:

(2.9)

o= Za’ — [ p(m)o,,dm, (2.10)
where p(m) is the density of states, which is
2ROm%! 327rmd!
m) = = . 2.11
P oy ey AP

o, in Eq. (2.10) is the cross section for a definite KK state,
and it can be expressed as the integration over the phase
space of three-body final states:

(277)4 dl—‘3§|j\4|2

= — (2.12)
4|p1|\/§ spins
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The integration is performed over the three-body phase
space of final particles e* e~ G,,. The phase-space element
dl'; is defined by

dTs = 5<4><p1 +py— Zk)l_[(z )*2E

In the process of numerical calculation, the integration
over the mass of the KK states and over the phase space
can be done at the same time.

(2.13)

B. Numerical results

In this subsection we present the numerical results of the
total cross section for the process yy — e*e”G,. The
value of the fine structure constant « is taken as 1/128
[18]. In the calculations for this process with TeV scale
colliding energy, we ignore the masses of electron and
positron. To remove the singularities which arise when
the final massless electron/positron is collinear with the
photon beam, we set a small cut on the angle between
electron/positron and one of the incoming photons, which
is 2° < 6,, <178°.

The incoming y beams have five polarization modes:
++,+ -, -+, , and unpolarized collision modes,
for example, the notation of + — represents helicities of the
two initial photons being A; = 1 and A, = —1. In Table I
we give the total cross sections of the graviton emitting
process accompanied with an et e~ pair considered in this
paper, with different numbers of extra dimensions, y — y
center of mass system (c.m.s.) energy, and photon polar-
ization modes The polarization efficiency of photon

_ N.—
P, (P, = NN N-) is assumed to be 0.9. Since the cross

sections of the + — and — + photon polarizations (i.e., J =
2) are equal, and also the cross sections of the ++ and ——
photon polarizations (i.e., J = 0) are the same, we only
give the total cross sections in three cases: + —, + + , and
unpolarized photons.

From Table I we can see that the cross section can reach
several hundred fb when the y — vy c.m.s. energy is 1 TeV.
The larger the number of extra dimensions is, the smaller
the cross section becomes. It is obvious that the cross
sections in the case with +— polarized incoming photons

TABLE 1. Total cross sections for the process yy — e*e™ G,
with and without photon polarization. My is set to be 1 TeV, the
polarization efficiency P, = 0.9, and the cross sections are in fb.

s [GeV] 6=3 6=4 6=>5 6=06

unpolarized 46.46 13.92 4.692 1.700

500 +— 60.01 19.35 6.853 2.576

++ 3291 8493 2532 0.821

unpolarized 371.7 2227 150.1 108.8

1000 +— 480.8  309.6 219.3 164.9
++ 262.6 1358 80.93 52.75
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are much larger than those in the case in ++ polarized
photon-photon collision. This is because the spin of the
emitted graviton is 2, so it is much easier for J = 2 initial
states to generate a spin-2 graviton. This feature becomes
more evident when the number of extra dimensions be-
comes larger. When 6 = 6, the cross section with the +—
polarized photons can reach 3 times that with the ++
polarized photons. We also find that the cross sections at
/s = 1 TeV are much larger than those at /s = 500 GeV.
To show the relationship between the cross section and the
v — v c.m.s energy more clearly, we depict two curves for
the production rate of the process yy — e"e” G, as the
function of /s in Fig. 2, with Mg = 1.5 TeV and the
incoming photons being unpolarized and +— polarized
(P, = 0.9), respectively. Since the perturbative theory is
only applicable when /s = My, we take the \/s < 1.5 TeV
in Fig. 2. The figure shows that the cross sections go up
quickly with the increment of /s, because there are more
KK states contributing to the cross section. The cross
section is rather small at low /s because of phase-space
suppression. At the same time, we can see that the +—
polarization photon beams can strongly enhance the cross
section.

III. SIGNAL ANALYSIS

Since the graviton interacts with materials weakly, an
emitted graviton cannot be detected in the experiment.
Therefore, in the measurement of the process yy —
eteG,, the existence of a graviton manifests as the
phenomenon of missing energy. The signature for this
process is

vy — e’ e~ + missing energy. 3.

So the processes of the form yy — e* e (neutrinos),
where the neutrinos can be of any generation, are SM
background which can effect the discrimination of the
graviton. The main SM background processes at the lowest
order for the signal of yy — e*e™ G, are

vy —ete” (3.2)

PHYSICAL REVIEW D 76, 054003 (2007)

vy—ete Z—ete (vp) (3.3)
Yy—=WW- —(e"v,)(e 7,) (3.4
yy—1im = (e )(e v, (3.5)

All these processes contribute a formidable background
to the graviton signal of yy — e* e~ G,. However, a rea-
sonable set of kinematic cuts enables us to distinguish the
suggested signal from the backgrounds. First, the electron-
positron pair in the process (3.2) is collinear, so we can
remove the yy — e~ e™ background totally by putting a
cut on the angle between the final electron and positron.
The contributions from yy — e* e~ Z can be expressed as

Oetez = 0'(7)’ - €+€7Z) X Br(Z — vb)

= o(yy — ete Z) X 20.0% (3.6)
_ [10.65 fb  (for \/s = 500 GeV); 3.7)
417 b (for /s = 1000 GeV). ’

The primary dominant backgrounds should be the yy —
W*W~ and yy — 777~ processes, which are called as
WW- and 77-background, respectively, in the following
discussion. Their contributions are given by

oww = o(yy = W"W") X (Br(W — ev,))?
— o(yy = WW™) X (10.75%)? (3.8)
_ 1011 fb  (for \/s = 500 GeV) (3.9)
{ 1019 fb  (for /s = 1000 GeV). '
o =0(yy—1777) X (Br(tr — ev,v,))*
= o(yy — 7777) X (17.84%)> (3.10)
_ 243.1 fb  (for /s = 500 GeV) 311
62.36 fb  (for /s = 1000 GeV). '

We developed an event generator program for the pro-
cess yy — ete G, and yy — e"e” Z, and the WW- and
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FIG. 2. The cross section for process yy — e*e~ G, as the functions of yy colliding energy /s, with Mg = 1.5 TeV: (a) for the
unpolarized photon-photon collision, (b) for +— polarized photon-photon collision with P, = 0.9.
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FIG. 3 (color online).
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Distributions of the open angle between the electron and positron for the signal process when extra dimensions

0 = 3 and the background processes. The yy c.m.s. energy is 1 TeV and My is set to be 1 TeV.

t7-background events are generated by adopting the
PYTHIA package [19]. In Fig. 3 we depict the Monte
Carlo distributions of the open angle between electron
and positron 6,, for the signal process yy — e"e™ G,
and background processes (yy—ete Z, yy—
W*W~, and yy — 77) separately, with the y7y colliding
energy /s = 1 TeV. The 6,, distributions for the signal
process yy—ete G,, yy—ete Z, WW- and
T7-background processes at \/s = 500 GeV have the simi-
lar line shapes with the corresponding ones at /s =
1000 GeV as shown in Fig. 3. The back-to-back feature
of the final e " e~ pair for the main background processes is
shown evidently in Fig. 3, especially for the process yy —
77. If we put a suitable cut on the open angle between the
electron and positron 65, it is possible to remove the
background events including also the yy — e* e~ process
from the signals of yy — e*e™ G, at /s = 1000 GeV.

yy— e*e’G Mmiss

800

700 (a)
600
500
400
300
200

100

0

0 50 100 150 200 250 300 350 400 450 500

missing invariant mass [GeV]

FIG. 4 (color online).

But in the case of /s = 500 GeV, the 6% is not enough
to eliminate the WW-background process. In Fig. 4 we
show the simulating distributions of the missing invariant
mass of the signal process yy — e*e” G, and the WW-
background process with extra dimensions 8 = 3, /s =
500 GeV, and Mg = 1 TeV after applying CUT'1 which is
introduced below, and find that an extra missing invariant
mass cut can reduce more WW-background events.

From the above discussion, we choose the off-line event

selection criteria as follows:

(1) To take into account the detector acceptance, first,
we demand that the angle between electron (posi-
tron) and the photon beam should be in the range
5° <#6,, <175°. Second, the transverse momen-
tum of the electron (positron) should satisfy p% >
5 GeV. We also demand that the electron (positron)
energy E, > 1 GeV. To separate the electron and

v— WW.Mmiss
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Distributions of the missing invariant mass of the signal process and the WW-background process after

applying CUT1 when extra dimensions 6 = 3. The yy c.m.s. energy is 500 GeV and My is set to be 1 TeV.
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TABLE II. Event selection on background and signal (6 = 3) with the unpolarization case.
s =500 GeV s = 1000 GeV

ete ™G, WW TT ete™Z ete G, WW T ete Z
N before cut 4646 101100 24310 1065 37170 101900 6236 417
N after CUT1 1805 5402 0 86 17790 649 0 31
N after CUT2 1616 3427 0 86 i e E
Efficiency € 34.8% 3.39% 0% 8.08%  47.9% 064% 0%  743%
SB 27.26 682.2

positron tracks, we demand that the open angle
between electron and positron 6,, should be larger
than 5°. On the other hand, to eliminate the WW, 77,
vy — e*e”,and e e~ Z background, we set a more
strict cut on @,,, ie., 5° <6, <6 =90°. We
denote these cuts as CUT1 set, which are expressed
as

5°<6,, <175°,
E,>1 GeV,

p5 >5 GeV,

and 5° <6,, <6 =90°.

(2) For /s = 500 GeV, a cut on the missing invariant
mass is needed, which is denoted as CUT?2:

M, < 400 GeV.

Taking the photon integrated luminosity to be L =
1007! fb, we present in Table II the event numbers of the
signal process with 6 = 3 and Mg = 1 TeV and the back-
ground processes after each step of cut, the event selection
efficiency after cuts, and the significance of signal over
background. Here the event selection efficiency is defined
as the event numbers after cuts divided by the event num-
bers before any cut. The significance of signal over back-
ground (SB) is defined as

N, signal

CUT cur
— _ 05 Ly _ a5 [r
Yy
N CUT . cur
\/ background o L vy oy

SB

(3.12)

Here we have discussed the case of unpolarized photons.
In Sec. I we show that the cross section for the signal

process with J = 2 polarized photons is much larger than
that with J/ = 0 photons. On the contrary, we find that, with
the incoming photon polarizations, the cross section for the
primary SM background process yy — W W™ is sup-
pressed in the colliding case with J = 2. So it will be
much easier to eliminate SM backgrounds in case of J =
2 collision mode. Using the similar signal analysis proce-
dure with above, we obtain the data with the + — polarized
case (with P, = 0.9), and list them in Table III.

Notice that the data in Tables II and III are obtained by
taking Mg = 1 TeV. The cross section of the signal pro-
cess is proportional to 1/M§+2 [see Eq. (2.10) and (2.11)],
so the SB value is proportional to 1/M2*2, too. If we
suppose that the signature can be detected only when SB =
5 in experiment, then we can reach the conclusion that in
the case of /s = 1 TeV, § = 3 and unpolarized photon
beams, graviton signal can be detected when Mg =
2.67 TeV, while in the case of \/s = 500 GeV, the gravi-
ton signal can be detected only when Mg = 1.40 TeV.
These limits are increased to 2.79 TeV (when ./s =
1 TeV) and 1.44 TeV (when /s = 500 GeV) in +— po-
larized photon collision mode with P, = 0.9, respectively.

IV. SUMMARY

In this paper we calculate the cross sections for the
process yy — e¢* e~ G, in different polarized photon col-
lision modes, and present some strategies to discriminate
the graviton signal from numerous SM backgrounds.

At the stage of ILC with \/s = 1 TeV, the cross section
for the process yy — e*e™ G, can reach several hundred
fb. Because the spin of the emitted graviton is 2, the yy
collision with J = 2 strongly enhances the production rate

TABLE III. Event selection on background and signal (6 = 3), with +— polarized photon
beams (P, = 0.9).
Vs =500 GeV s = 1000 GeV

ete G, WW TT ete Z ete G, WW TT ete Z
N before cut 5926 96159 38271 1340 47400 99065 10299 480
N after CUT1 2104 5152 0 59 21524 631 0 19
N after CUT2 1782 3268 0 59 cee i i
Efficiency e 30.1% 3.40% 0% 440%  454%  0.64% 0% 3.96%
SB 30.89 844.2
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of process yy — e*e~ G, especially when the number of
extra dimensions is large. Of course, the cross section
increases with the increment of c.m.s. energy +/s, because
more KK states exist which contribute to the cross section.
Another effect of the LED shown in this paper is that the
cross section decreases when the number of extra dimen-
sions & goes up.

For the case of § = 3, we present some strategies to
select graviton signals from the numerous SM back-
grounds. Because most of the e e~ pair of the background
processes are back-to-back, taking cut on the open angle
between electron and positron can reduce the backgrounds
efficiently. With our suggested event selection criteria, we
can reach a rather high SB value. We conclude that, by
adopting an unpolarized yy collision machine with /s =

PHYSICAL REVIEW D 76, 054003 (2007)

1 TeV in the case of § = 3 and £ = 100 fb™!, the gravi-
ton signal can be detected when Mg = 2.67 TeV, while in
the case of /s = 500 GeV, the graviton signal can be
detected only when Mg = 1.40 TeV. If we adopt a yvy
collider machine in +— polarized photon collision mode,
the detecting upper limits on the fundamental scale can be
improved up to 2.79 TeV when /s = 1 TeV, and 1.44 TeV
when /s = 0.5 TeV.
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