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Graviton production by two photon and electron-photon processes in Kaluza-Klein theories
with large extra dimensions
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We consider the production of gravitons via two photon and electron-photon fusion in Kaluza-Klein theories
which allow TeV scale gravitational interactions. We show that at electron-positron colliders, the processes
l 1l 2→ l 1l 21graviton, with l 5e, m, can lead to a new signal of low energy gravity of the forml 1l 2

→ l 1l 21missing energy which is well above the standard model background. For example, with two extra
dimensions, at the Next Linear Collider with a center of mass energy of 500 or 1000 GeV, hundreds to
thousands suchl 1l 21graviton events may be produced if the scale of the gravitational interactions,MD , is
around a few TeV. At a gamma-electron collider, more stringent bounds may be placed onMD via the related
reactione2g→e2G. For instance, if a 1 TeV e1e2 collider is converted to an electron-photon collider, a
bound of;10(14) TeV may be placed on the scaleMD if the number of extra dimensionsd52, while a
bound of;4(5) TeV may beplaced ifd54, with unpolarized~right polarized! electron beams.

PACS number~s!: 11.10.Kk, 04.50.1h, 11.25.Mj, 13.10.1q
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I. INTRODUCTION

Gravity is the weakest force of nature and, although
ultimately controls the shape of the entire universe, its role
fundamental interactions remains obscure. This is due to
fact that gravity is expected to remain weak until the u
reachably high scale of the Planck mass and thus there i
experimental data to construct a theory of gravity at sm
distances.

Of course the lack of experimental evidence has not
terred the construction of theories to account for the prop
ties of gravitation at short distances. In this paper we w
consider certain Kaluza-Klein theories which contain co
pact dimensions in addition to the~311! space-time dimen-
sions.

In such theories it was traditionally assumed that the co
pact dimensions form a manifold which is unobserva
small ~perhaps at the Planck scale! and thus remain hidden
However, recent advances in M theory@1#, a Kaluza-Klein
theory in which there are 11 total dimensions, suggest
other possible scenario@2#. In models proposed in@2,3#, d of
these extra dimensions may be relatively large while the
maining dimensions are small. In this class of theories,
known fermions, the strong, weak and electromagn
forces exist on a 3-brane while gravity may act in 41d
dimensions. The size of these extra dimensions,R, is related
to an effective Planck massMD according to@2#

8pRdMD
21d;M P

2 ~1!
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whereM P51/AGN is the Planck mass andGN is Newton’s
constant. Indeed the effective Planck mass at which grav
tional effects become important may be as small
O(1 TeV) in which case such effects may be probed
collider experiments.

In this scenario, at distancesd,R the Newtonian inverse
square law will fail@2#. If d51 andMD51 TeV, thenR is
of the order of 108 km, large on the scale of the solar sy
tem, which is clearly ruled out by astronomical observatio
However, ifd>2 thenR,1 mm; there are no experimenta
constraints on the behavior of gravitation at such scales@5#
so these models are possible.

Astonishingly enough ifMD;1 TeV then gravitons may
be readily produced in accelerator experiments. This is
cause the extra dimensions give an increased phase spa
graviton radiation. Another way of looking at this situation
to interpret gravitons which move parallel to the 4 dime
sions of space time as the usual gravitons giving rise to N
tonian gravity while the gravitons with momentum comp
nents perpendicular to the brane are effectively a continu
of massive objects. The density of gravitons states is gi
by @2,3,6,7# where in particular we use the convention
@6#:1

1In @7# the scale of the extra dimension is parametrized byMS

which is related toMD used here viaMD
d125(Sd21/16p)MS

d12 ; in
particular, if d52,4,6,8 then MD'(0.59,0.86,0.94,0.96)MS .
The results quoted here in theMD convention will thus become
numerically somewhat larger when converted to theMS convention.
Note also that in@4# the scale of the extra dimension is parametriz
by M which is related toMD according toM d1252MD

d12 .
©2000 The American Physical Society11-1
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D~m2!5
dN

dm2 5
1

2
Sd21

M̄ P
2md22

MD
d12

~2!

where m is the mass of the graviton,M̄ P5M P /A8p and
Sd2152pd/2/G@d/2#. The probability of graviton emission
may thus become large when the sum over the huge num
of graviton modes is considered.

Gravitons with polarizations that lie entirely within th
physical dimensions are effective spin 2 objects which
consider in this paper. Gravitons with polarizations partia
or completely perpendicular to the physical brane are ve
and scalar objects which we will not consider here since t
couple more weakly than the spin 2 type.

The compelling idea that gravity may interact strongly
TeV scale energies has recently led to a lot of phenome
logical activity. TeV scale gravity can be manifested eith
directly through real graviton production, leading to a mis
ing energy signal, or indirectly through virtual graviton e
changes. Thus, existing and future high energy colliders
place bounds~or detect! on the scale and the number of ext
dimensions in these theories by looking for such sign
@4,6–16#.

Typically, direct signals drop as (E/MD)d12, whereE is
the maximum energy carried by the emitted gravito
Therefore, the best limits onMD from the existing experi-
mental data at the CERNe1e2 collider LEP2, Fermilab
Tevatron and DESYep collider HERA are obtained for the
cased52. For example, existing LEP2 data ons(e1e2

→g1missing energy! already places the bound,MD
*1 TeV for d52 via the processe1e2→g1G ~see Refs.
@4,6,15#!. For d54 the limit isMD*700 GeV. A Next Lin-
ear Collider~NLC! with c.m. energy*1 TeV can push this
limit up to MD*6 TeV ~for d52) and MD*4 TeV ~for
d54) @4#. In hadronic colliders, the signalpp̄→ jet
1missing energy can proceed by the subprocessesqq̄

→gG, q(q̄)g→q(q̄)G andgg→gG. Using these, the exist
ing Tevatron data ons(pp̄→ jet1missing energy) places th
limits MD*750 GeV for d52 and MD*600 GeV for d
54, while the LHC will be able to probeMD up to;7 TeV
for d52 @4,6#.

The present bounds obtained from indirect signals ass
ated with virtual graviton exchanges are typicallyMD*500
2700 GeV via processes such ase1e2→gg, ZZ,
W1W2 ~LEP2! @14#, e1q→e1q or e1g→e1g ~HERA!

@12,13#, pp̄→t t̄ 1X ~Tevatron! @11#, and MD*1 TeV via
processes such asqq̄,gg→ l 1l 2 ~Tevatron! and e1e2→ f f̄
~LEP2! @9,13#. Future colliders such as the NLC and th
LHC will be able to push these limits to several TeV
through the study of these signals. Clearly other new phy
can also give rise to similar signals, so while a search
such signals may be used to bound TeV scale gravita
theories, to clearly identify gravitation as the source gen
ally requires more extensive analysis, such as the stud
angular distributions of final state particles~e.g. @9#!.

It should also be noted that the predictions in virtu
graviton processes have some uncertainties since they
pend on the sum over the Kaluza-Klein~KK ! tower of the
11601
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massive excitations which is not fully determined witho
knowing the full quantum gravity theory.

In this paper we investigate another possible direct sig
of strongly coupled low energy gravity via the proce
e1e2→e1e2G (G5spin 2 graviton! which proceeds pre-
dominantly through the t-channelgg ~or ZZ) fusion subpro-
cessesgg(ZZ)→G, as well as the related processe2g
→e2G. In the case of the two photon fusion, the photons
produced virtually and since these photons tend to be co
ear, the processe1e2→e1e2G is significantly enhanced
compared tos-channel processes. We find that the result
signal is robust and useful for detecting or constraining so
low energy gravity scenarios at the energy scales of a fu
NLC.

Using this method, a 1 TeV electron-positron collide
with integrated luminosity of 200 fb is sensitive to a grav
tational scale of 2.8 TeV for 2 extra dimensions and 1.5 T
for 6 extra dimensions. The main factors limiting the sen
tivity are:

~1! The standard model backgrounde1e2→e1e2nen̄e
which leads to a final state with the same experimental
nature.

~2! The necessity to observe the two electrons with a s
nificant PT in order to infer the existence of a missing pa
ticle ~i.e., the graviton!.

The rate of graviton production would be greatly e
hanced if, instead of colliding two virtual photons, one we
to collide two real photons produced via backscattering fr
the electron beams@10#. Unfortunately, in this case the pro
cess would begg→G which would have no signal in the
detector. On the other hand, if a laser only backscatters f
one of the electron beams, then the process ise2g→e2G
and would give a signal of a single electron with a lar
unbalanced transverse momentum.

In this case the main limiting factor is the standard mo
background primarily frome2g→e2nen̄e . An election-
positron collider with center of mass energy of 1 TeV whi
is converted to an electron-photon collider will thus be se
sitive to a new gravitational scale of 10.4 TeV in the case
2 extra dimensions and 2.7 TeV in the case of 6 extra dim
sions.

In Sec. II we discuss the case of graviton producti
throughgg fusion at electron-positron colliders. In Sec. I
we consider the case ofe2g→e21graviton at an electron-
photon collider and in Sec. IV we give our concluding r
marks.

II. GRAVITON PRODUCTION BY TWO PHOTON FUSION

Let us first consider the excitation of spin 2 gravito
modes through photon-photon andZZ fusion. Such a proces
could be probed at ane1e2 collider where the effective
photon luminosity is generated by collinear photon emissi
The complete process is thereforee1e2→e1e2G through
the diagram shown in Fig. 1. In principle other diagram
where the graviton is attached to the fermion lines or direc
to the gauge-fermion vertex will also contribute, but the p
cess in Fig. 1 should be dominant due to the enhanceme
collinear gauge boson emission.
1-2
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GRAVITON PRODUCTION BY TWO PHOTON AND . . . PHYSICAL REVIEW D61 116011
The cross section of the photon-photon fusion proc
may be estimated through the Weiszacker-Williams lead
log approximation@17#. Thus if (uM( ŝ)u2 is the matrix el-

ement forgg→G, whereG is a graviton of massm5Aŝ,
then in this approximation the total cross section fore1e2

→e1e2G is given by

s~e1e2→e1e2G!5
ph2

4s E
0

1 f ~v!

v
D~vs!( uM~vs!u2dv

~3!

wheres is the center of mass energy of the collision,

f ~v!5@~21v!2 log~1/v!22~12v!~31v!#/v

andh5a log@s/(4me
2)#/(2p).

Using the effective Lagrangian for theGgg coupling de-
rived in @6,7#, we obtain

( uM~ ŝ!u252
ŝ2

MD
2

. ~4!

Note that the explicit dependence onM̄ P will cancel when
multiplied by the density of graviton states. This is typical
reactions involving real graviton emission. We therefore o
tain the total cross section in this approximation:

sgg~e1e2→e1e2G!

5
a2

16ps
Sd21FA s

MD
G d12

Fd/2 log2F s

4me
2G ~5!

whereFk5*0
1f (v)vkdv.

In Fig. 2, the solid curves give the total cross section a
function of s given MD51 TeV for e1e2→e1e2G in the
cases whered52 and 6 ~corresponding to the upper an
lower solid curves! while the thin dashed curve is the cro
section for m1m2→m1m2G with d52 which would be
applicable to a muon collider. We see, for example, tha
the gravitational interactions scale is 1 TeV, hundreds~thou-
sands! of such e1e2G events will be produced already a
LEP2 ~at a 500 GeV NLC!.

Experimental considerations suggest, however, that
haps the full cross section which is given in the above is
observable. Gravitons couple very weakly to normal ma

FIG. 1. The dominant Feynman diagram fore1e2→e1e2G
through an effective photon orZ sub-process.
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and thus a radiated graviton will not be detected in the
tector. Therefore, the signature for the reaction would be

e1e2→e1e21missing mass.

Since this cross section is dominated by emission of phot
at a small angle, the outgoing electrons will therefore also
deflected by a small angle. Although one can expect that
electrons will suffer an energy loss, a significant portion
the electrons will not be deflected out of the area of the be
pipe and so may not be directly detected. To obtain a m
realistic estimate one must therefore select events where
electron is deflected enough to be detected. Moreover, t
is a standard model~SM! background to this signal from th
processese1e2→e1e2n l n̄ l , l 5e, m, t. We performed
the exact tree-level calculation of this background by me
of the COMPHEPpackage@18#. This background is found to
be dominated by thee1e2nen̄e final state; it is;420 fb for
As5500 GeV and;360 fb atAs51 TeV ~out of which
;90% is frome1e2nen̄e), including all neutrino flavors and
when no cuts are imposed.2 Note that this background in
cludes subprocesses where there are intermediate stat

2There is, in principle, additional reducible background, e.g., t
photon production when one is lost down the beam pipe. Suc
background is tied to the detailed specifications of the detector.
therefore consider it beyond the scope of this paper, howeve
should be noted that it is expected to be much smaller than the
irreducible background.

FIG. 2. The cross sections forl 1l 2→ l 1l 2G for various values
of d are shown as a function ofAs. The solid lines are the tota
cross sections fore1e2→e1e2G for d52 ~upper curve! and d
56 ~lower curve!. The dotted line is for the case that both th
outgoing electrons are subject to the cutPTmin510 GeV and for
d52. The dot-dash line is obtained again withd52 but now only
one of the outgoing electrons is subject to the cutPTmin

520 GeV. The thick dot-dot-dash line is ford54 where both of
the outgoing electrons are subject to the cutPTmin510 GeV. The
thick dashed line shows the total cross section ford52 via theZZ
process. The dashed line gives the cross section form1m2

→m1m2G for d52 via thegg process. In all cases we takeMD

51 TeV.
1-3
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DAVID ATWOOD, SHAOULY BAR-SHALOM, AND AMARJIT SONI PHYSICAL REVIEW D 61 116011
two gauge bosons such ase1e2→W1W2→e1nee
2n̄e and

e1e2→Zg→nn̄e1e2. Tau-lepton pair production can als
lead to a background with four neutrinos in the final sta
specifically,e1e2→t1t2 where each of thet-leptons de-
cays leptonically toenn̄. We find, however, that this gives
contribution which is about two orders of magnitude sma
thaneenn.

Let us now consider three possible methods for detec
of this signal. First, one could take advantage of the fact
a significant amount of energy present in the initial collisi
is lost to the unobservable graviton. In Fig. 3, the miss
mass distribution is shown as a function ofv5 ŝ/s whereŝ
is the missing mass squared of the graviton. The results
are for the cutPT.10 GeV with As51 TeV and MD
51 TeV but, in this approximation, the shapes of the cur
are not changed by the value ofAs, MD or any systematic
cut imposed on the transverse momentumPT of the outgoing
electrons. The distribution is shown ford52 ~solid!, d54
~dashed!, d56 ~dotted! andd58 ~dot-dash!, where it is evi-
dent that, for the casesd54, 6 and 8, the missing mas
carried by the graviton is predominantly concentrated at h
v values. In contrast, the missing mass spectrum for
background discussed above~in particular, for the dominat-
ing background processe1e2→e1e2nen̄e), which is also
shown in Fig. 3, is somewhat peaked at lowŝ. Therefore, to
obtain a bound onMD it may also be useful to consider a c
on v for the casesd.2. For example, forAs51 TeV, the
cut v,0.16 reduces the background by a factor of;0.38,
while the signal is reduced by a factor of 0.42 in the case
d52, 0.82 in the case ofd54, 0.96 in the case ofd56 and
0.99 in the case ofd58. We will not consider further such
cut onv.

It can be seen from Fig. 3 that the shape of the sig
depends to a large extent on the number of extra dimens
present. The reason for this is apparent from Eq.~2! where
the density of states is proportional tovd/221dv therefore
the larger the value ofd, the higher the density at largev
and so the peak of the plot will tend to move to larger valu
of v as d is increased. If a signal is seen, therefore,
missing mass distributions in Fig. 3 will be helpful in dete

FIG. 3. The differential cross section as a function of the mi

ing invariant mass squared (v5 ŝ/s) for d52 ~solid line!, d54
~dashed line!, d56 ~dotted line!, d58 ~dot-dash line!; for MD

51 TeV, PTmin510 GeV andAs51 TeV. The standard mode

background frome1e2→e1e2nn̄ calculated byCOMPHEP @18# is
shown with the solid histogram.
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these distributions are relatively hard and will help dist
guish this gravitational mechanism from other new phys
candidates.

In principle it might be possible to separate the reduc
energy electrons from the outgoing electrons of the collis
at a e1e2 collider through downstream dipole magnets b
the large bremsstrahlung radiation generated by the dis
tion of the collision probably makes such an electron diffic
or impossible to detect. At a muon collider, perhaps a Rom
Pot could find reduced energy muons which were deflec
from the main beam, however the decay electrons in
muon collider environment may make this difficult als
Clearly experimental innovations are required to detect
full cross section and we will not consider this further.

Secondly, if both of the electrons are given enough o
transverse momentum that they may be detected in the
tector or the end-caps, events of the desired type may
identified. Using the leading log approximation, one can u
Eq. ~3! with h replaced byĥ(PTmin)5a log@s/(4PTmin

2 )#/
(2p) wherePTmin is the minimum transverse momentum
the outgoing electron which is accepted. If one imposes
cut on the two outgoing electrons one obtains the cross
tion as a function ofAs shown in Fig. 2 with the dotted curve
for the case ofPTmin510 GeV with MD51 TeV andd
52, while the heavy dot-dot-dash curve is ford54. These
curves would be the same at both electron and muon co
ers since the transverse momentum cut is well above
lepton mass. The missing mass spectra under this cut sh
also correspond to the curves shown in Fig. 3.

Thirdly, one could identify events where only one of th
electrons has a transverse momentum greater thanPTmin .
This would in effect be replacingh2 in Eq. ~3! with he f f

2

5h(PTmin)„2h2h(PTmin)…. The resultant cross section
are shown in Fig. 2 with the dot-dash curve forPTmin
520 GeV. In this case, the energy of the detected elec
will be markedly reduced from the beam energy since
graviton mass distribution increases at high masses. In F
we show the normalized missing energy (Emiss) spectrum as
a function ofx52Emiss/As5Emiss/Ebeam for the detected
electron whered52 ~solid!, d54 ~dashed!, d56 ~dotted!
and d58 ~dot-dash!. In this leading log approximation, th
curves of Fig. 4 are largely independent ofPTmin . For in-
stance, if we impose the cutx.0.2, the signal is reduced b

-
FIG. 4. The normalized differential cross section as a funct

of the missing energy of the single detected electron. See also
tion to Fig. 3.
1-4
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TABLE I. The 3s limits on the parameterMD , as defined in Eq.~8!, are given ford52, 4 and 6. In each
case three accelerator scenarios are considered:As5200 GeV, 500 GeV and 1000 GeV with luminositie
2.5 fb21, 50 fb21 and 200 fb21, respectively. The signals considered are based on the total cross se
the cross section with one electron passing thePTmin510 GeV cut and the cross section with both electro
passing thePTmin510 GeV cut.

d52

No cut PTmin510 GeV PTmin510 GeV
As *Ldt ~one electron! ~two electrons!

200 GeV 2.5 fb21 1.3 TeV 1.0 TeV 0.6 TeV
500 GeV 50 fb21 2.8 TeV 2.4 TeV 1.7 TeV
1000 GeV 200 fb21 4.1 TeV 3.6 TeV 2.8 TeV

d54

No cut PTmin510 GeV PTmin510 GeV
As *Ldt ~one electron! ~two electrons!

200 GeV 2.5 fb21 0.7 TeV 0.5 TeV 0.4 TeV
500 GeV 50 fb21 1.6 TeV 1.4 TeV 1.0 TeV
1000 GeV 200 fb21 2.5 TeV 2.3 TeV 1.9 TeV

d56

No cut PTmin510 GeV PTmin510 GeV
As *Ldt ~one electron! ~two electrons!

200 GeV 2.5 fb21 0.5 TeV 0.4 TeV 0.3 TeV
500 GeV 50 fb21 1.1 TeV 1.0 TeV 0.8 TeV
1000 GeV 200 fb21 1.9 TeV 1.8 TeV 1.5 TeV
w
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a factor of 0.72 in the case ofd52, 0.93 in the case ofd
54, 0.99 in the case ofd56 and 0.997 in the case ofd
58. We will not use this cut in our numerical results belo
however, again, if a signal is seen, the missing energy di
butions in Fig. 4 may provide an extra handle in resolvi
the origin of such a signal.

Let us now consider the related processe1e2

→ZZe1e2→e1e2G which can likewise be estimated b
the effective vector boson leading log approximation. In g
eral the cross section is given by a sum over cross sect
for ZZ→G in various helicity combinations together wit
the helicity dependent structure functions given in@19,20# ~in
particular we use the formulation of@20#!. Here there is con-
siderable simplification since in this approximation whe
the boson momenta are taken collinear with their parent
tons, the only amplitude which contributes are the ca
where the bosons are transverse and of opposite helicities
with the photon case, we use the effective Lagrangian fr
@6# and obtain the cross section in this approximation:

sZZ~e1e2→e1e2G!5
y2a2

16ps
Sd21SA s

MD
D d12

@Fd/2
Z ~s!

1z2Hd/2
Z ~s!# log2S s

MZ
2D ~6!

where
11601
,
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p-
s
As
m

xw5sin2uw , y5
124xw18xw

2

8xw~12xw!
, z5

124xw

2~124xw18xw
2 !

,

Fk
Z~s!5E

4mZ
2/s

1

vkf ~v!dv

Hk
Z~s!52E

4mZ
2/s

1

4vkF ~41v!logS 1

v D24~12v!G ~7!

and f (v) is defined as for the case of photons.
In Fig. 2 the thick dashed curve shows the total cro

section for this process givenMD51 TeV and d52.
Clearly, theZZ-fusion cross section is much smaller than t
two photon process.3 Moreover, this cross section is flat i
PT for PT,O(mZ) and thereforeO(10 GeV) cuts inPT of
the outgoing leptons will not reduce this greatly. For simi
reasons the cross section at amm collider will be the same.

3We note that, for massive vector bosons, the effective ve
boson approximation in leading log tends to overestimate the c
section, in particular, the cross section coming from fusion of tra
versely polarized gauge bosons, see e.g., Johnsonet al. in @21#.
However, since the photon-photon process is much larger than
ZZ even when the latter is calculated in the leading log approxim
tion, this effect is negligible for our numerical results.
1-5
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DAVID ATWOOD, SHAOULY BAR-SHALOM, AND AMARJIT SONI PHYSICAL REVIEW D 61 116011
In Table I we consider the limits that may be placed
theories with extra dimensions using thesee1e2→e1e2G
processes in case no such signal is detected. We con
three possible accelerator scenarios:As5200 GeV and a to-
tal integrated luminosity of 2.5 fb21 ~for LEP-200!; As
5500 GeV and a total integrated luminosity of 50 fb21;
As51 TeV and a total integrated luminosity of 200 fb21.
These last two cases correspond to a future NLC. Ford52,
4 and 6 we consider detection either via the full cross sec
~if that were somehow observable! or via the signal with the
cut PTmin510 GeV on just one outgoing electron or bo
outgoing electrons.

We define the lower limit onMD in each case to be th
value which will yield a signal with a statistical significanc
of 3s above the background by requiring

sT2sSM

AsT
3AL.3, ~8!

where sT is the total cross section fore1e2

1missing energy production andsSM is the SM contribution
to this signal.L is the luminosity of the collider and we als
require ~for the givenL) at least 10 suche1e2G events
above the SM background for the given lower bound
MD .4 The limits given by Eq.~8! include only the effects of
statistical error. In general there will also be some acceler
and detector dependent systematic errors which will ten
reduce these bounds; these we have not included throug
this paper.

As can be seen, in the case of two extra dimensions
using the signal with the two electronPTmin cuts, a limit of
about 600 GeV may be placed onMD at the 200 GeV col-
lider; using the 500 GeV collider a limit of about 1.7 Te
may be obtained and with a 1 TeV collider a limit of about
2.8 may result. Thus, in general, a given collider~out of the
three scenarios above! can place a 3s bound onMD of about
three times its c.m. energy. Obviously, with less string
cuts and/or using a single highPT lepton tag, the lower limit
on MD may be increased. Also, we note that, as expected
limit on MD decreases somewhat asd increases and that, a
mentioned before, a lower cut on the missing mass may b
some advantage ifd.2.

The background may be reduced by considering right
larized electron beams~with left polarized positron beams!
which has the effect of eliminating the diagram with aWW
fusion topology@24#. For instance, if a right polarization o
90% is considered, the given bounds onMD for d52 are

4In fact, we find that, using the 3s lower bounds onMD as given
in Table I and the given colliders luminosities, about 50–1
e1e2G events will be produced at LEP2 energies, while hundr
–thousands such events will emerge at 500 and 1000 GeV NLC
all three values ofd considered in Table I.
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improved by about 30%, ford54 they are improved by
about 20% and ford56, by about 15%.

III. GRAVITON PRODUCTION BY ELECTRON-PHOTON
COLLISIONS

It has been suggested@10# that an electron-positron col
lider might be converted to an electron-photon or photo
photon collider by scattering a laser beam from one or b
of the electron beams. This would produce a great enha
ment over the virtual photon luminosities considered abo
If a photon-photon collider were used, however, the prod
tion of gravitons could not be considered as above since
method requires observation of outgoing electrons to in
that a graviton was produced. On the other hand, at
electron-photon collider, the processe2g→e2G would lead
to a high transverse momentum electron in the final s
which could be detected. The signature for such an ev
would therefore bee2g→e21PT

miss where the missing
transverse momentum is the same in the lab and in theeg
rest frame.

As shown in Fig. 5, this process could proceed throu
several diagrams in addition to the one analogous to the
sion process considered above. This leads to the differe
hard cross section in thee2g center of mass frame for pro
ducing a graviton of massm:

ds~m!

dz
5

paGN

4~12z2!
„4~11z!1x~12z!…

3„526x15x212z~12x2!1z2~12x!2
… ~9!

wherez5cosuee, uee being the angle between the initial an
final electron momenta in the center of mass frame anx
5m2/s wheres is the center of mass energy of the collisio
and GN is the Newtonian gravitational constant. This fo
mula is related by crossing symmetry to that derived in@4#
for e1e2→gG. This distribution must be convoluted wit
the density of states in Eq.~2!.

In the experimental setting where the photon beam is p
duced by laser backscatter, the energy of the photon
specific event is not known. Since the missing mass is a

s
or

FIG. 5. The dominant Feynman diagrams fore2g→e2G.
1-6
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unknown, the event cannot be fully reconstructed and
distribution inz cannot be directly observed. It is more use
therefore to consider the distribution in the transverse m
mentum of the electron,PT , or equivalently the missing
transverse momentumPT

miss which is given by PT

5(As/2)(12x)A12z2.
Convoluting the differential cross section in Eq.~9! with

the density of states, we obtain the following different
cross section summed over graviton states:

ds

dz
5

aSd21

64s SA s

MD
D d12 Ad1Bdz1Cdz21Ddz3

12z2 ~10!

whereAd , Bd , Cd andDd are given by
on

is

ra

-

t

t

11601
e
l
-

l

Ad5E
0

1

~x14!~526x15x2!xd/221dx

Bd5E
0

1

~28227x118x227x3!xd/221dx

Cd5E
0

1

3~12x!~41x2x2!xd/221dx

Dd5E
0

1

~42x!~12x!2xd/221dx. ~11!

We must now convolute this distribution with the ener
spectrum of the photons in the collider to obtain the cro
section relative to thee1e2 luminosity. The distribution in
terms of the energy fractionu5Eg /Ee given in@10# for laser
photons scattered from an unpolarized electron beam is
f ~u!5
1/~12u!1~12u!24r ~12r !

~124/X28/X2!log~11X!11/218/X21/„2~11X!2
…

~12!
lar-
the

as

-

n for

st
am.
on
where u<umax5X/(X11), r 5u/„X(12u)… and X
54Eev0 /me

2 , Ee being the energy of the scattering electr
beam andv0 being the energy of the laser photons.

The total cross section with respect to thee2e1 luminos-
ity is

s05E
0

umax
seg~s0u! f ~u!du ~13!

wheres0 is the center of mass energy that thee1e2 system
has without laser scattering.

The number of events is thusN5s0Lee whereLee is the
integrated luminosity fore1e2 collisions if the scattering
laser were absent.

The above result assumes thatv0 is not so large as to
causee1e2 pairs to be created in the scattering. This
equivalent to X<2(11A2). We therefore takeX52(1
1A2) which gives the hardest spectrum without pair gene
tion. For instance, in the case whereAs051 TeV, this value
of X corresponds tov050.63 eV.

In Fig. 6 we showds0 /dPT for a collider whereAs0
51 TeV in the casesd52 ~upper solid!, 4 ~dotted!, 6
~dashed! and 8 ~dot dashed! together with the SM back
ground ~lower solid! calculated with theCOMPHEP package
@18#. In this case the background comes frome2g

→e2n l n̄ l where l 5e, m and t. As before, the dominan
background is generated byl 5e.

The background may also be suppressed by polarizing
electron beam with a right handed helicity@24#. This elimi-
nates the contribution of graphs which have a virtualW ex-
-

he

change that provide the dominant component in the unpo
ized case. In Fig. 6, the lower two background curves are
PT distributions with 90% and 100% right polarizations
indicated.

FIG. 6. The distributionds0 /dPT for the signal and SM back-
ground whenAs051 TeV andMD51 TeV. The photons are pro
duced by the backscatter of a laser whereX52(11A2) and the
electron beams are taken to be unpolarized. The signal is show
d52 ~upper solid curve!; d54 ~dotted curve!; d56 ~dashed curve!
and d58 ~dash dot curve!. The SM background frome2g

→e2n l n̄ l is shown with the lower three solid curves. The large
background curve is for the case of an unpolarized electron be
The two below are for 90% and 100% right polarized electr
beams respectively.
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TABLE II. The 3s limits on the parameterMD , as defined in Eq.~8!, are given ford52, 4 and 6 using
the processe2g→e2G where the electron beams are assumed to be unpolarized. In each case three
erator scenarios are considered:As05500 GeV, 1000 GeV and 1500 GeV withe1e2 luminosities 50 fb21,
200 fb21 and 200 fb21, respectively. In all cases we apply the cutPTmin5As0/10. The numbers in bracket
indicate the results which could be obtained if the electron beam was right polarized 90%.

As0 *Leedt d52 d54 d56

500 GeV 50 fb21 5.5 ~7.2! TeV 2.2 ~2.6! TeV 1.3 ~1.5! TeV
1000 GeV 200 fb21 10.4 ~13.8! TeV 4.2 ~5.1! TeV 2.7 ~3.1! TeV
1500 GeV 200 fb21 14.0 ~18.5! TeV 5.8 ~7.0! TeV 3.8 ~4.4! TeV
am

b

in
-
fo

ow
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ab

in
In Table II we give the 3-s limit that may be obtained on
MD for d52, 4 and 6 for collider scenarios withAs0

5500 GeV and L550 fb21; As051000 GeV and L
5200 fb21 and As051500 GeV andL5200 fb21. We
also impose an acceptance cut ofPT.As0/10. The numbers
in brackets are those which may be obtained under the s
assumptions with a 90% right polarized electron beam.

In the case of d52 fairly stringent bounds of
5.5(7.2) TeV, 10.4(13.8) TeV and 14.0(18.5) TeV can
placed on the scale of gravitational interactions forAs0
5500 GeV, 1000 GeV and 1500 GeV, respectively us
unpolarized~90% right polarized! beams. This, is compa
rable, particularly in the polarized case, with the bounds
d52 that have been obtained from supernova cooling@22#
(;13 TeV), but much less than the bounds that may foll
from the absence of diffuse cosmic gamma ray backgrou
@23# (;100 TeV). For largerd where the astrophysical re
sults do not apply, fairly stringent bounds may be placed
MD . For instance, in the case ofd54 we obtain the bound
of 2.2(2.6) TeV, 4.2(5.1) TeV, 5.8(7.0) TeV forAs0
5500 GeV, 1000 GeV and 1500 GeV, respectively for u
polarized~90% right polarized! electron beams.

IV. CONCLUSION

In conclusion, we have shown that effective photo
photon and real photon-electron collisions can produce m
B

,

v

11601
e

e

g

r

ds

n

-

-
s-

sive gravitons at appreciable rates in theories with large e
dimensions where the gravitation scale is 1210 TeV. In the
case of two photon fusion, the standard model backgro
from e1e2→e1e2nen̄e limits the effectiveness somewha
but, for instance at a 1 TeV collider with integrated luminos
ity 200 fb21 we are sensitive to a gravitation scale ofMD
52.8 TeV in the case whered52 and 1.5 TeV in the case
where d56 taking a cut ofPTmin510 GeV on both the
outgoing electrons.

The case of electron-photon fusion at an electron-pho
collider is limited to a lesser extent by the standard mo
backgrounde2g→e2nen̄e . Using this case at an electron
photon collider based on an electron-positron collider w
center of mass energy of 1 TeV, a gravitation scale up
10.4 TeV may be probed in the case ofd52 and 2.7 TeV in
the case ofd56. These results may be somewhat improv
through the use of polarized electron beams.

Note added in proof. After submission of this paper we
came across some related recent works@25#.
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