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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
"1~ —1"1~ +graviton, withl=e, u, can lead to a new signal of low energy gravity of the folti~
— 171~ +missing 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 such’| ~ + graviton events may be produced if the scale of the gravitational interachbgs,is
around a few TeV. At a gamma-electron collider, more stringent bounds may be pladég via the related
reactione” y—e~G. For instance,fia 1 TeV e*e™ collider is converted to an electron-photon collider, a
bound of ~10(14) TeV may be placed on the scdly, if the number of extra dimension$=2, while a
bound of~4(5) TeV may beplaced if =4, with unpolarizedright polarized electron beams.

PACS numbgs): 11.10.Kk, 04.50+h, 11.25.Mj, 13.10+q

I. INTRODUCTION whereMp=1/\/Gy is the Planck mass ar@, is Newton’s

Gravity is the weakest force of nature and, although itc_onstant. Indeed the effe<_:tive Planck mass at which gravita-
ultimately controls the shape of the entire universe, its role ifional effects become important may be as small as
fundamental interactions remains obscure. This is due to th@(1 TeV) in which case such effects may be probed in
fact that gravity is expected to remain weak until the un-collider experiments.
reachably high scale of the Planck mass and thus there is no In this scenario, at distancels<R the Newtonian inverse
experimental data to construct a theory of gravity at smalkquare law will fail[2]. If §=1 andMp=1 TeV, thenRis
distances. of the order of 18 km, large on the scale of the solar sys-

Of course the lack of experimental evidence has not detem, which is clearly ruled out by astronomical observations.
terred the construction of theories to account for the properHowever, if =2 thenR<1 mm; there are no experimental

ties of gravitation at short distances. In this paper we willconstraints on the behavior of gravitation at such sceBgs
consider certain Kaluza-Klein theories which contain com-sg these models are possible.

pact dimensions in addition to tH{8+1) space-time dimen-
sions.

In such theories it was traditionally assumed that the com
pact dimensions form a manifold which is unobservably

small (perhaps at the Planck scaiend thus remain hidden. to interpret gravitons which move parallel to the 4 dimen-

However, recent advances in M theddj, a Kaluza-Klein sions of space time as the usual gravitons giving rise to New-
theory in which there are 11 total dimensions, suggest an- P 9 gving

other possible scenarf@]. In models proposed if2,3], & of tonian gravity yvhile the gravitons with momentum compo-
these extra dimensions may be relatively large while the releNts pe_rpend_|cular to the bra_ne are effgctlvely a co_ntlngum
maining dimensions are small. In this class of theories, thé)f massive ObJECtS'_ The d_en5|ty of gravitons states IS given
known fermions, the strong, weak and electromagneti®y £2'3'6*ﬂ where in particular we use the convention of
forces exist on a 3-brane while gravity may act in- & '

dimensions. The size of these extra dimensiéhss related

to an effective Planck masd , according td 2]

87RM2 P~ M2 (1) 1I_n [7] the scale of the extra di_mension is parametrizedM)y
D P which is related tdV, used here via 3" 2=(S;_,/16m)M2"2; in
particular, if 6=2,4,6,8 then Mp~(0.59,0.86,0.94,0.96) .

The results quoted here in thdy convention will thus become

Astonishingly enough iMp~1 TeV then gravitons may
be readily produced in accelerator experiments. This is be-
cause the extra dimensions give an increased phase space for
graviton radiation. Another way of looking at this situation is

*Email address: atwood@iastate.edu numerically somewhat larger when converted tolhgconvention.
"Email address: shaouly@phyun0.ucr.edu Note also that if4] the scale of the extra dimension is parametrized
*Email address: soni@bnl.gov by M which is related taV, according toM?*2=2M3"2.
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dN 1 M§m5‘2 massive excitations which is not fully determined without
D(m?)=—= 5Ss-1——55 (2) knowing the full quantum gravity theory.
dm® 2 In this paper we investigate another possible direct signal
_ of strongly coupled low energy gravity via the process

wherem is the mass of the gravitoMp=Mp/\8m and e*e —e*e G (G=spin 2 graviton which proceeds pre-
Ss-1=2m2IT[8/2]. The probability of graviton emission dominantly through the t-channely (or ZZ) fusion subpro-
may thus become large when the sum over the huge numbeessesyy(Z7Z)—G, as well as the related process y
of graviton modes is considered. —e~G. In the case of the two photon fusion, the photons are

Gravitons with polarizations that lie entirely within the produced virtually and since these photons tend to be collin-
physical dimensions are effective spin 2 objects which wesar, the procese e”—ete G is significantly enhanced
consider in this paper. Gravitons with polarizations partiallycompared tcs-channel processes. We find that the resulting
or completely perpendicular to the physical brane are vectogignal is robust and useful for detecting or constraining some
and scalar Objects which we will not consider here since theyOW energy gra\/ity scenarios at the energy scales of a future
couple more weakly than the spin 2 type. NLC.

The compelling idea that gravity may interact strongly at  Using this methoda 1 TeV electron-positron collider
TeV scale energies has recently led to a lot of phenomenayith integrated luminosity of 200 fb is sensitive to a gravi-
logical activity. TeV scale gravity can be manifested eithertational scale of 2.8 TeV for 2 extra dimensions and 1.5 TeV
directly through real graviton production, leading to a miss-for 6 extra dimensions. The main factors limiting the sensi-
ing energy signal, or indirectly through virtual graviton ex- tivity are:
changes. Thus, existing and future high energy colliders can (1) The standard model backgrourd e —e*e” vor,

place boundsor detect on the scale and the number of extra  nich |eads to a final state with the same experimental sig-
dimensions in these theories by looking for such S'gnal%ature

[4.6-18. (2) The necessity to observe the two electrons with a sig-

i i i 5+2 i
h Typlca_lly, direct signals d_rodp éllafthh D) zt;/vzereE 'i nificant P in order to infer the existence of a missing par-
e maximum energy carried by the emitted gravitonsyoio e the graviton

Therefore, the best limits oM from the existing experi- The rate of graviton production would be greatly en-

mental data at the CERN"e" collider LEP2, Fermilab o000 if instead of colliding two virtual photons, one were
Tevatron and DES¥p collider HERA are obtained ff)rfhe to collide two real photons produced via backscattering from
case =2. For example, existing LEP2 data ar(e’ e the electron beam0]. Unfortunately, in this case the pro-
—y+missing energy already places the boundMp  cess would beyy— G which would have no signal in the

— 9 i + o
=1 TeV for 5=2 via the process e — y+G (see Refs.  yatactor. On the other hand, if a laser only backscatters from
[4,6,19). For =4 the limitisMp=700 GeV. A NextLin- g o of the electron beams, then the process is—e G

ear Collider(NLC) with c.m. energy=1 TeV can push this  ang would give a signal of a single electron with a large
limit up to Mp=6 TeV (for 6=2) andMp=4 TeV (for  npalanced transverse momentum.

6=4) [4]. In hadronic colliders, the signabp—jet In this case the main limiting factor is the standard model
+missing energy can proceed by the subprocessas background primarily frome™ y—e vov.. An election-
—gG, q(a) g—>q(a)G andgg— gG. Using these, the exist- positron collider with center of mass energy of 1 TeV which
ing Tevatron data Oﬁ'(pBHjeH' missing energy) places the is_ _Converted to an e_qutron-photon collider WiII_ thus be sen-
limits Mp=750 GeV for =2 andMp=600 GeV for & sitive to a new _grawtatlonal scalg of 10.4 TeV in the case of
=4, while the LHC will be able to probdl, up to~7 TeV 2 extra dimensions and 2.7 TeV in the case of 6 extra dimen-

for 6=2 [4.6]. sions. . . .
The present bounds obtained from indirect signals associ- N Sec. Il we discuss the case of graviton production

ated with virtual graviton exchanges are typicaiyy =500 through v+ fusion at electron-positron colliders. In Sec. I
—700 GeV via processes such as'e —yy,ZZ we consider the case ef y—e™ +graviton at an electron-

W*TW~ (LEP2) [14], e"q—e*q or e"g—e"g (HERA) photon collider and in Sec. IV we give our concluding re-
[12,13, pp—tt+X (Tevatron [11], andMp=1 TeV via marks.

processes such agy,gg—1"1" (Tevatron ande” e —ff | =oaviTON PRODUCTION BY TWO PHOTON FUSION
(LEP2) [9,13]. Future colliders such as the NLC and the

LHC will be able to push these limits to several TeV's Let us first consider the excitation of spin 2 graviton
through the study of these signals. Clearly other new physicsodes through photon-photon aid fusion. Such a process
can also give rise to similar signals, so while a search focould be probed at ae*e™ collider where the effective
such signals may be used to bound TeV scale gravitatiophoton luminosity is generated by collinear photon emission.
theories, to clearly identify gravitation as the source generThe complete process is therefaée —e*e G through
ally requires more extensive analysis, such as the study dhe diagram shown in Fig. 1. In principle other diagrams
angular distributions of final state particlésg.[9]). where the graviton is attached to the fermion lines or directly
It should also be noted that the predictions in virtualto the gauge-fermion vertex will also contribute, but the pro-
graviton processes have some uncertainties since they deess in Fig. 1 should be dominant due to the enhancement of
pend on the sum over the Kaluza-KlgiKK) tower of the  collinear gauge boson emission.
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FIG. 1. The dominant Feynman diagram fefe" —e’e G
through an effective photon & sub-process.

The cross section of the photon-photon fusion process
may be estimated through the Weiszacker-Williams leading

log approximatior[17]. Thus if | M(s)|? is the matrix el-

ement foryy—G, whereG is a graviton of massn= \/§
then in this approximation the total cross section éée~
—e*e G is given by

7n° (1f(w)
4s Jo w

D(ws)Y, |M(ws)|?dw
3)

olete —eTe G)=

wheres is the center of mass energy of the collision,
f(w)=[(2+w)?log(l/w)—2(1— w)(3+w)]/w

and 7= a log[s/(4md)/(27).
Using the effective Lagrangian for thi@vy+y coupling de-
rived in[6,7], we obtain

a2

> |M(%)|2=2%. @

D

Note that the explicit dependence ﬁ\p will cancel when
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FIG. 2. The cross sections fofl ~—1*1~G for various values
of & are shown as a function ofs. The solid lines are the total
cross sections foete"—ee G for §=2 (upper curvg and &
=6 (lower curve. The dotted line is for the case that both the
outgoing electrons are subject to the &it,,;,=10 GeV and for
6=2. The dot-dash line is obtained again wiik-2 but now only
one of the outgoing electrons is subject to the d® .,
=20 GeV. The thick dot-dot-dash line is fé=4 where both of
the outgoing electrons are subject to the Byt,;,=10 GeV. The
thick dashed line shows the total cross sectionder2 via thezz
process. The dashed line gives the cross section ufow~
—utu~ G for =2 via theyy process. In all cases we takép
=1 TeV.

800 900 1000

and thus a radiated graviton will not be detected in the de-
tector. Therefore, the signature for the reaction would be

e"e” —e'e” +missing mass.

Since this cross section is dominated by emission of photons
at a small angle, the outgoing electrons will therefore also be
deflected by a small angle. Although one can expect that the
electrons will suffer an energy loss, a significant portion of

multiplied _by the_: density of g_raviton _sta_tes. This is typical of {he electrons will not be deflected out of the area of the beam
reactions involving real graviton emission. We therefore Ob'pipe and so may not be directly detected. To obtain a more

tain the total cross section in this approximation:

o,(efe —e'e G)

_a? S [s
T 16ws 7Y VMp

whereF = [§f(0) v dw.

6+2

s
F 512 log? _2} 5

4mg

In Fig. 2, the solid curves give the total cross section as

function of s givenMp=1 TeV fore*e”—e*e G in the

realistic estimate one must therefore select events where the
electron is deflected enough to be detected. Moreover, there
is a standard modé€BM) background to this signal from the
processee’e” —e‘e vy, |=e, u, 7. We performed

the exact tree-level calculation of this background by means
of the comPHEP packagg[18]. This background is found to

be dominated by the* e~ Ve;e final state; it is~420 fb for

4/S=500 GeV and~360 fb atys=1 TeV (out of which

~90% is frome*e” v(;e), including all neutrino flavors and

cases wheres=2 and 6 (corresponding to the upper and when no cuts are imposédNote that this background in-
lower solid curveswhile the thin dashed curve is the cross cludes subprocesses where there are intermediate states of

section foru™u”—u u” G with =2 which would be

applicable to a muon collider. We see, for example, that if

the gravitational interactions scale is 1 TeV, hundrébsu-

“There is, in principle, additional reducible background, e.g., two

sand$ of suche”e” G events will be produced already at photon production when one is lost down the beam pipe. Such a

LEP2 (at a 500 GeV NLG.

background is tied to the detailed specifications of the detector. We

Experimental considerations suggest, however, that pekherefore consider it beyond the scope of this paper, however, it
haps the full cross section which is given in the above is nokhould be noted that it is expected to be much smaller than the SM
observable. Gravitons couple very weakly to normal matteirreducible background.
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FIG. 3. The differential cross section as a function of the miss- FIG. 4. The normalized differential cross section as a function

ing invariant mass squaredo(=s/s) for 6=2 (solid line), 6=4  4f the missing energy of the single detected electron. See also cap-
(dashed ling 6=6 (dotted ling, 6=8 (dot-dash ling for Mp  on 1o Fig. 3.

=1 TeV, Prmin=10 GeV andys=1 TeV. The standard model

background frome"e” —e"e vv calculated bycompHEP[18] i mining the number of extra dimensions present. In addition,
shown with the solid histogram. these distributions are relatively hard and will help distin-

guish this gravitational mechanism from other new physics
two gauge bosons such ese” —W* W™ —e* e v, and candidates.

e"e”—Zy—vre e . Tau-lepton pair production can also In principle it might be possible to separate the reduced

lead to a background with four neutrinos in the final state ENEToy electrons from the outgoing electrons of the collision

1 : )
specifically,e” e~ — " 7~ where each of the-leptons de- at ae™e” collider through downstream dipole magnets but

cays leptonically t®v7. We find, however, that this gives a the large bremsstrahlung radiation generated by the disrup-

tion of the collision probably makes such an electron difficult

;:r?;;rét;utlon which is about two orders of magnitude smaller, impossible to detect. At a muon collider, perhaps a Roman
V.

. . . Pot could find reduced energy muons which were deflected

Let us now consider three possible methods for detectio,, the main beam, however the decay electrons in the
of t_hls_s_|gnal. First, one could take advantage_of _the fa(?t_thartnuon collider environment may make this difficult also.
a significant amount of energy present in the initial collision cjaar1y experimental innovations are required to detect the
Is lost to the unobservable graviton. In Fig. 3, the missing ¢ross section and we will not consider this further.
mass distribution is shown as a function of s/s wheres Secondly, if both of the electrons are given enough of a
is the missing mass squared of the graviton. The results hefansverse momentum that they may be detected in the de-
are for the cutPr>10 GeV with s=1 TeV andMp  tector or the end-caps, events of the desired type may be
=1 TeV but, in this approximation, the shapes of the curvesdentified. Using the leading log approximation, one can use
are not changed by the value ¢6, Mp or any systemgtic Eq. (3) with # replaced by 7(P+min) = a log[s/(4P%,,)1/
cutimposed on the transverse moment®gof the outgoing  (27) where P+, is the minimum transverse momentum of
electrons. The distribution is shown fér=2 (solid), 6=4  the outgoing electron which is accepted. If one imposes this
(dashedi 6=6 (dotted and 6=8 (dot-dash, where itis evi- ¢yt on the two outgoing electrons one obtains the cross sec-
dent that, for the cases=4, 6 and 8, the missing mass (on as a function of/s shown in Fig. 2 with the dotted curve
carried by the graviton is predc_)m_lnantly concentrated at highy, the case ofPrmin=10 GeV withMp=1 TeV and 6
o Vvalues. In _contrast, the missing mass spectrum_for the:2, while the heavy dot-dot-dash curve is e 4. These
background discussed abotia particular, for the dominat-  ¢rves would be the same at both electron and muon collid-
ing background process’e” —e"e” ver,), which is also  ers since the transverse momentum cut is well above the
shown in Fig. 3, is somewhat peaked at lswTherefore, to  lepton mass. The missing mass spectra under this cut should
obtain a bound oM, it may also be useful to consider a cut also correspond to the curves shown in Fig. 3.
on w for the casesy>2. For example, for/s=1 TeV, the Thirdly, one could identify events where only one of the
cut @<0.16 reduces the background by a factor~0d.38,  €lectrons has a transverse momentum greater Ehgp,.
while the signal is reduced by a factor of 0.42 in the case offhis would in effect be replacing/ in Eq. (3) with 7%
8=2,0.82 in the case a§=4, 0.96 in the case af=6 and = 7(Ptmin) (27— n(Ptmin)). The resultant cross sections
0.99 in the case od=8. We will not consider further such a are shown in Fig. 2 with the dot-dash curve 8%,
cut onw. =20 GeV. In this case, the energy of the detected electron

It can be seen from Fig. 3 that the shape of the signawill be markedly reduced from the beam energy since the
depends to a large extent on the number of extra dimensiorgyaviton mass distribution increases at high masses. In Fig. 4
present. The reason for this is apparent from @j.where  we show the normalized missing enerdy{sJ spectrum as
the density of states is proportional 6?2~ 'dw therefore a function ofx=2E s/ VS= Emiss/ Epeam fOr the detected
the larger the value ob, the higher the density at large  electron wheres=2 (solid), 6=4 (dashed, §=6 (dotted
and so the peak of the plot will tend to move to larger valuesand §=8 (dot-dash. In this leading log approximation, the
of w as § is increased. If a signal is seen, therefore, thecurves of Fig. 4 are largely independent Bf,,;,. For in-
missing mass distributions in Fig. 3 will be helpful in deter- stance, if we impose the cut>0.2, the signal is reduced by
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TABLE I. The 30 limits on the parametévl, as defined in E(8), are given for6=2, 4 and 6. In each
case three accelerator scenarios are conside/@dZOO GeV, 500 GeV and 1000 GeV with luminosities
2.5 fb !, 50 fb ! and 200 fbl, respectively. The signals considered are based on the total cross section,
the cross section with one electron passingRhg;,=10 GeV cut and the cross section with both electrons
passing théP1,i,=10 GeV cut.

6=2
NO cut PTmin: 10 GeV PTmin: 10 GeV
Js [ Ldt (one electron (two electrons
200 GeV 2.5 1.3 TeV 1.0 TeV 0.6 TeVv
500 GeV 50 fb ! 2.8 TeV 2.4 TeV 1.7 TeV
1000 GeV 200 fbt 4.1 TeV 3.6 TeV 2.8 TeV
5=4
No cut Prmin=10 GeV Ptmin=10 GeV
Js [ LCdt (one electron (two electrony
200 GeV 2.5fh? 0.7 TeVv 0.5 TeV 0.4 TeVv
500 GeV 50 fbt 1.6 TeV 1.4 TeV 1.0 TeV
1000 GeV 200 fbt 2.5 TeV 2.3 TeV 1.9 TeV
6=6
No cut Prmin=10 GeV Ptmin=10 GeV
Js [ LCdt (one electron (two electrong
200 GeV 2.5 0.5 Tev 0.4 TeV 0.3 TeVv
500 GeV 50 fib ! 1.1 TeV 1.0 TeV 0.8 TeV
1000 GeV 200 fbt 1.9 TeVv 1.8 TeV 1.5 TeV
a factor of 0.72 in the case af=2, 0.93 in the case of _ 1—4x,,+ 8X3v 1—4x,,
=4, 0.99 in the case 06=6 and 0.997 in the case of Xy =Sirf6,,, VZW, sz,
=8. We will not use this cut in our numerical results below, w w w w
however, again, if a signal is seen, the missing energy distri-
butions in Fig. 4 may provide an extra handle in resolving 5 1 ‘
the origin of such a signal. Fi(s)= am2s flo)dw
Z

Let

us now consider the related process e~

—ZZe"'e —e"e G which can likewise be estimated by

the effective vector boson leading log approximation. In gen-
eral the cross section is given by a sum over cross sections
for ZZ— G in various helicity combinations together with

1
Hﬁ(s)z—f , 4ot

4m3/s

)

(4+ w)log(%) —4(1—- w)

the helicity dependent structure functions givefdif,2Q (in

particular we use the formulation {20]). Here there is con- andf(w) is defined as for the case of photons.

siderable simplification since in this approximation where In Fig. 2 the thick dashed curve shows the total cross
the boson momenta are taken collinear with their parent lepsection for this process giveMp=1 TeV and 6=2.
tons, the only amplitude which contributes are the case€learly, theZZ-fusion cross section is much smaller than the
where the bosons are transverse and of opposite helicities. Ago photon process Moreover, this cross section is flat in
with the photon case, we use the effective Lagrangian fronPt for Pt<<O(m) and thereforéd(10 GeV) cuts inPy of

[6] and obtain the cross section in this approximation:

2 2 6+2
B _ N e S
oz(e'e —e'e G):ﬁsﬁl( \/_MD) [F52(5)

where

the outgoing leptons will not reduce this greatly. For similar
reasons the cross section att@ collider will be the same.

3We note that, for massive vector bosons, the effective vector
boson approximation in leading log tends to overestimate the cross
section, in particular, the cross section coming from fusion of trans-
versely polarized gauge bosons, see e.g., Johesah in [21].
However, since the photon-photon process is much larger than the
ZZ even when the latter is calculated in the leading log approxima-
tion, this effect is negligible for our numerical results.

+22H§,2(s)]logz(Mi%) (6)
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In Table | we consider the limits that may be placed on G
theories with extra dimensions using thesee™ —e*e G
processes in case no such signal is detected. We consider
three possible accelerator scenarigs=200 GeV and a to-
tal integrated luminosity of 2.5 fot (for LEP-200; Js e Y
=500 GeV and a total integrated luminosity of 50 ff
Js=1 TeV and a total integrated luminosity of 200 b
These last two cases correspond to a future NLC.d=eg,
4 and 6 we consider detection either via the full cross section
(if that were somehow observabler via the signal with the
cut Pt,in=210 GeV on just one outgoing electron or both
outgoing electrons. FIG. 5. The dominant Feynman diagrams é&ry—e™G.

We define the lower limit oM in each case to be the
value which will yield a signal with a statistical significance
of 3o above the background by requiring improved by about 30%, fo6=4 they are improved by

about 20% and fob=6, by about 15%.

T sm IIl. GRAVITON PRODUCTION BY ELECTRON-PHOTON

g —0 COLLISIONS
—=—x\L>3, ®
Vol It has been suggestdd0] that an electron-positron col-

lider might be converted to an electron-photon or photon-

photon collider by scattering a laser beam from one or both
where o is the total cross section forete—  Of the electron beams. This would produce a great enhance-
+missing energy production and™ is the SM contribution ment over the virtual p_hoton luminosities considered above.
to this signalL is the luminosity of the collider and we also !f @ photon-photon collider were used, however, the produc-
require (for the givenL) at least 10 sucle e G events tON of gravitons could not.be conS|der_ed as above since the
above the SM background for the given lower bound onmethod requires observation of outgoing electrons to infer
Mp . The limits given by Eq(8) include only the effects of that @ graviton was produced. On the other hand, at an
statistical error. In general there will also be some acceleratd¢!€ctron-photon collider, the processy—e~ G would lead
and detector dependent systematic errors which will tend t&° @ high transverse momentum electron in the final state
reduce these bounds; these we have not included throughotfhich could be detected. The signature for such an event

this paper. would therefore bee” y—e™ + PSS where the missing

As can be seen, in the case of two extra dimensions ang@lansverse momentum is the same in the lab and irethe
using the signal with the two electrd® i, cuts, a limit of ~ rest frame.
about 600 GeV may be placed &, at the 200 GeV col- As shown in Fig. 5, this process could proceed through
lider; using the 500 GeV collider a limit of about 1.7 Tev several diagrams in addition to the one analogous to the fu-
may be obtained and ita 1 TeV collider a limit of about Sion process considered above. This leads to the differential
2.8 may result. Thus, in general, a given collideut of the ~ hard cross section in the” y center of mass frame for pro-
three scenarios aboyean place a 3 bound onM, of about ~ ducing a graviton of mass.
three times its c.m. energy. Obviously, with less stringent
cuts and/or using a single hidgh; lepton tag, the lower limit
on MD may be increased. Also, we npte that, as expected, the do(m) 7aGy
limit on Mp decreases somewhat asncreases and that, as 47 217
mentioned before, a lower cut on the missing mass may be of z (1=29
some advantage i§>2. X (5—6x+5x2+22(1—x2) + Z2(1—x)?) (9)
The background may be reduced by considering right po-
larized electron beam@vith left polarized positron beams
which has the effect of eliminating the diagram Wit W wherez= cos#,,, 6, being the angle between the initial and
fusion topology[24]. For instance, if a right polarization of final electron momenta in the center of mass frame &nd
90% is considered, the given bounds by, for 6=2 are  =m?/s wheres is the center of mass energy of the collision
and Gy is the Newtonian gravitational constant. This for-
mula is related by crossing symmetry to that derived4h
4In fact, we find that, using thedlower bounds oM, as given  for e~ — yG. This distribution must be convoluted with
in Table | and the given colliders luminosities, about 50—100the density of states in E@2).
e"e G events will be produced at LEP2 energies, while hundreds In the experimental setting where the photon beam is pro-
—thousands such events will emerge at 500 and 1000 GeV NLC, faduced by laser backscatter, the energy of the photon in a
all three values ob considered in Table I. specific event is not known. Since the missing mass is also

(4(1+2)+x(1-2)
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unknown, the event cannot be fully reconstructed and the 1
distribution inz cannot be directly observed. It is more useful As= JO (X+4)(5—6x+5x%)x¥2 1dx
therefore to consider the distribution in the transverse mo-
mentum of the electronPy, or equivalently the missing
miss

transverse momentumPy which is given by Pt Bs= fl(zg_ 27x+ 18x2— 7x3)x 72~ 1dx
=(s/2)(1—-x) J1—-Z% 0

Convoluting the differential cross section in E§) with
the density of states, we obtain the following differential

1
- _ 2y 821
cross section summed over graviton states: Cs fo 3(1=X)(4+Xx=X%)x dx

Ds= f:(4—x)(1—x)2x5’2*1dx. (11)

dU_a85_1( S )5+2A5+ B&Z+C522+ D&Z3 (10)
dz 64s vV Mp 1-2° We must now convolute this distribution with the energy

spectrum of the photons in the collider to obtain the cross

section relative to the™ e~ luminosity. The distribution in

terms of the energy fractiom=E,, /E, given in[10] for laser
whereA;, Bs, CsandD 4 are given by photons scattered from an unpolarized electron beam is

~ U1—u)+(1—u)—4r(1—r)
(1—4/X—8/X?)log(1+ X) + 1/2+ 8IX — L/(2(1+ X)?)

f(u) (12

where usupa=X/(X+1), r=u/(X(1-u)) and X change that provide the dominant component in the unpolar-
=4E.wo/m?, E, being the energy of the scattering electronized case. In Fig. 6, the lower two background curves are the

beam andog being the energy of the laser photons. P+ distributions with 90% and 100% right polarizations as
The total cross section with respect to tiee” luminos-  indicated.
ity is
! 102............|....
To= fo e, (soU) f(U)du (13)

MD=1 TeV
sqrt(s0)=1 TeV _|

wheres, is the center of mass energy that tige™ system 100 —
has without laser scattering.

The number of events is thié= oy L. Where L. is the
integrated luminosity fore*e™ collisions if the scattering
laser were absent.

The above result assumes thag is not so large as to
causee’e” pairs to be created in the scattering. This is
equivalent to X<2(1+2). We therefore takex=2(1 10-4
+/2) which gives the hardest spectrum without pair genera-
tion. For instance, in the case whefg,=1 TeV, this value
of X corresponds tawy,=0.63 eV.

In Fig. 6 we showdo,/dP; for a collider wherey/s,
=1 TeV in the casess=2 (upper solid, 4 (dotted, 6

102 —

d sig/ d pt (pb/gev)

500

FIG. 6. The distributiordoy/d P+ for the signal and SM back-

) ground when/s,=1 TeV andMp=1 TeV. The photons are pro-
(dashedl and 8 (dot dashe together with the SM back- duced by the backscatter of a laser whire 2(1++/2) and the

ground (Iowgr solid calculated with thecoMPHEP packflge electron beams are taken to be unpolarized. The signal is shown for
[18]. In this case the background comes froeTy  s_5 (ypper solid curve 5=4 (dotted curvz 5=6 (dashed curve
—e vy wherel=e, u and 7. As before, the dominant and §=8 (dash dot curve The SM background frome™ y
background is generated lby-e. —e v is shown with the lower three solid curves. The largest

The background may also be suppressed by polarizing thigackground curve is for the case of an unpolarized electron beam.
electron beam with a right handed helic[®4]. This elimi-  The two below are for 90% and 100% right polarized electron
nates the contribution of graphs which have a virtdaéx-  beams respectively.
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TABLE II. The 3¢ limits on the parameteVl, , as defined in Eq8), are given for6=2, 4 and 6 using
the proces&®™ y—e~ G where the electron beams are assumed to be unpolarized. In each case three accel-
erator scenarios are considerQ/S—b= 500 GeV, 1000 GeV and 1500 GeV wigi e~ luminosities 50 fb?,
200 fo*and 200 o', respectively. In all cases we apply the 84ti,= /So/10. The numbers in brackets
indicate the results which could be obtained if the electron beam was right polarized 90%.

Jso [ Ledt 6=2 =4 5=6

500 GeV 50 fo ! 5.5(7.2 TeV 2.2(2.6) TeV 1.3(1.5 TeV
1000 GeV 200 b 10.4(13.9 TeV 4.2(5.1) Tev 2.7(3.1) TeV
1500 GeV 200 fb? 14.0(18.5 TeV 5.8(7.0) TeV 3.8(4.4) TeV

In Table Il we give the 37 limit that may be obtained on
Mp for =2, 4 and 6 for collider scenarios witk/'sy
=500 GeV and £=50 fb!; s,=1000 GeV and L
=200 fb ! and \/s,=1500 GeV and{=200 fo i We
also impose an acceptance cutRy>\/s,/10. The numbers

sive gravitons at appreciable rates in theories with large extra
dimensions where the gravitation scale is10 TeV. In the
case of two photon fusion, the standard model background

from e*e” —e’ e vev, limits the effectiveness somewhat
but, for instancetaa 1 TeV collider with integrated luminos-

in brackets are those which may be obtained under the sami 200 fo~* we are sensitive to a gravitation scale Mf,

assumptions with a 90% right polarized electron beam.
In the case of =2 fairly stringent bounds of

=2.8 TeV in the case wheré=2 and 1.5 TeV in the case
where §=6 taking a cut ofPt,;,=10 GeV on both the

5.5(7.2) TeV, 10.4(13.8) TeV and 14.0(18.5) TeV can bePUtg0ing electrons.

placed on the scale of gravitational interactions f\vfo

=500 GeV, 1000 GeV and 1500 GeV, respectively using
unpolarized(90% right polarizegl beams. This, is compa-
rable, particularly in the polarized case, with the bounds fo

5=2 that have been obtained from supernova cool2®)

(~13 TeV), but much less than the bounds that may follo
from the absence of diffuse cosmic gamma ray backgroun
[23] (~100 TeV). For large where the astrophysical re-
sults do not apply, fairly stringent bounds may be placed on

Mp. For instance, in the case 6&=4 we obtain the bound
of 2.2(2.6) TeV, 4.2(5.1) TeV, 5.8(7.0) TeV fox/s,

=500 GeV, 1000 GeV and 1500 GeV, respectively for un-

polarized(90% right polarizedlelectron beams.

IV. CONCLUSION

V(\j’the case o65=6. These results may be somewhat improved

The case of electron-photon fusion at an electron-photon
collider is limited to a lesser extent by the standard model

backgrounde™ y—e~ Veje- Using this case at an electron-

Iphoton collider based on an electron-positron collider with

center of mass energy of 1 TeV, a gravitation scale up to
10.4 TeV may be probed in the case®$ 2 and 2.7 TeV in

t?lrough the use of polarized electron beams.
Note added in proofAfter submission of this paper we
came across some related recent was.
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