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More and more indirect signals for extra dimensions at more and more colliders
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It has been recently suggested by Arkani-Hamed, Dimopoulos and Dvali that gravity may become strong at
energies not far above the electroweak scale and thus remove the hierarchy problem. Such a scenario can be
tested at both present and future accelerators since towers of Kaluza-Klein gravitons and associated scalar
fields now play an important phenomenological role. In this paper we examine several processes for their
sensitivity to a low scale for quantum gravity including deep inelasticscattering at DESY HERA, high
precision low energywN scattering, Bhabha and Mer scattering at linear colliders and both fermion and
gluon pair production afy colliders.[S0556-282199)00413-0

PACS numbes): 12.10.Dm, 04.50th, 11.25.Mj

I. INTRODUCTION value ofn being suggested by M-theory, the value Rfis
further reduced and thus we may conclude that the range 2
Arkani-Hamed, Dimopoulos and DvalADD) [1] have <n<7 is of phenomenological interest. While we feel the
recently proposed a radical solution to the hierarchy probADD scenario is quite compelling, we note that several other
lem, i.e., the problem of why the weak scale is so far re-sets of authors have considered alternate models based on the
moved from the Planck scal®] , where gravity becomes suggestion of a low Planck or string scale within other con-
as strong as the other forces. ADD hypothesize the existenaexts [4] through the use of extra compactified dimensions.
of n additional large spatial dimensions in which gravity canOnly the ADD scenario will concern us in what follows.
reside, called “the bulk,” whereas all of the fields of the  The phenomenology of the ADD model as far as the new
standard mode{SM) are constrained to lie on “the wall,” gravitational interactions are concerned can be obtained by
which is a 3-dimensional brane and corresponds to our coreonsidering a linearized theory of gravity in the bulk, decom-
ventional 4-dimensional world. It has recently been showmosing it into the more familiar 4-dimensional states and
that a scenario of this type may emerge in string modelsecalling the existence of Kaluza-Kle{KkK) towers for each
where the effective Planck scale in the bulk is identified withof the conventionally massless fields. The entire set of fields
the string scal¢1,2]. That the SM fields must remain on the in the KK tower couples in an identical fashion to those of
wall without being excited into the bulk below some massthe SM. By considering the forms of theth symmetric
scale of the order of a few TeV is argued based on the wellconserved stress-energy tensor for the various SM fields and
known behavior of QED down to rather short distances, thesy remembering that such fields reside only on the wall, the
lack of observation of degenerate mirror copies of the SMrelevant Feynman rules can be derivis. An important
fields and the experimental value of the width of thboson  result of these considerations is that only the massive spin-2
[1]. Thus, in the ADD scenario, gravity only appears to beKK towers (which couple to the 4-dimensional stress-energy
weak in our ordinary 4-dimensional space-time since weensor, T#*) and spin-0 KK towergwhich couple propor-
have up to now merely observed its action on the wall. Intional to the trace oT“”) are of phenomenological relevance
such a theory the hierarchy can be simply removed by posas all the spin-1 fields can be shown to decouple from the
tulating that the string or effective Planck scale in the bulk,particles of the SM. If the processes under consideration are
Mg, is not far above the weak scale, e.g., a few TeV. Gaussat the tree level and involve only massless fermions and

law then provides a link between the valuesMf, M, gauge fields, as will be the case below, the contributions of
and the size of the compactified extra dimensids, the spin-0 fields can also be safely ignored. There will, how-
ever, be other processes where these scalars play an impor-
M5 ~R™™M{"2, (1 tantrole.

Given the Feynman rules as developed5h it appears
where the constant of proportionality depends not only orthat the ADD scenario has two basic classes of collider tests:
the value ofn but also upon the geometry of the compactified (i) The emission of gkinematically cut off tower of gravi-
dimensions. Interestingly, iMg is near 1 TeV, thenR  tons during a hard collision leads to missing energy final
~10°9"~19 m: within Newtonian gravity and for fixed, R states at either lepton or hadron colliders since the emitted
can be thought of as a critical point in the power-law behav-gravitons essentially do not interact with the detector. The
ior for the force of gravity. For two masses separated by aate for such processes is quite sensitive to the value of
distance greater thaR one obtains the usualr/force law; falling rapidly as the number of dimensions increases beyond
however, for separations smaller thdhthe power law n=2. The advantage of such processes is that their observa-
changes to 1#*". Forn=1, R~10' m and is thus obvi- tion together with a fit to the missing energy spectrum would
ously excluded, but fon=2, one obtain®~1 mm, which tell us the value oh. The clear disadvantage is due to the
is at the very edge of the range of sensitivity for existingrapid falloff in the rate with large which makes the process
experiments[3]. For 2<n<7, where 7 is the maximum difficult to observe above SM backgrounds in that cdig.

0556-2821/99/5@.1)/11501310)/$15.00 59 115010-1 ©1999 The American Physical Society



THOMAS G. RIZZO PHYSICAL REVIEW D 59115010

The exchange of a KK graviton tower between SM fields CaNjons, yy— ff can provide complementary information. A

cross sections and distributions or can possibly lead to newec. vi.

interactions such agg—e*e~ as discussed by Hewd#).

In a simple approximation the exchange of the graviton KK Il. HERA

tower leads to an effective operator of dimension 8. Here one

does not produce the gravitons directly and one does not HERA is currently colliding 27.5 GeV electrons on 920
learn much about the value of itself provided deviations GeV protons, thus obtaining a center of mass energysof
attributable to gravity are indeed obtained experimentally=318 GeV. Both the H1 and ZEUS experiments are ex-
But this n independence is also a strength since there is iwected12] to collect~1 fb™* in integrated luminosity over
this case no falloff in the size of the deviations with large  the next several years. After the year 2000, it is anticipated
For low n, both type(|) and typeEH) processes give compa- that HERA will deliver ~60% |0ngitudina||y pOlaI’izedEt

rable reach in sensitivity to the scalé; but because of their b€ams shared more or less equally between the four charge

approximaten independence, typé) processes eventually and pola_rization assignme_nts. These speqific Iumonosiyy and
win out[5] for n>2. polarization parameters will be assumed in our analysis be-

In this paper we will extend the analyses of the ADD low. We_ recall from the discussion abovg that we _need only
scenario as presented [if] to a set of previously unconsid- t© consider neutral current processes since graviton towers
ered reactions of typéi) in order to examine their sensitiv- '€ Not exchanged at the tree level in charged current reac-
ity to values ofM of the order of a few TeV or less. In Sec. tions. T_hus_ potential deviations in cross sections at i@gh
I, we extend the previous CERK" e~ collider (LEP) or ~ @Ppearing inboth channels due to, e.g., leptoquarks, new
Next Linear Collider (NLC) and Fermilab Tevatron or 9auge bosons or contact mteractlcmmnotbg attributed to
CERN Large Hadron CollidefLHC) studies[5] to the case the ADD model of low-scale quantum gravity.
of neutral current interactions at HERA where KK towers of ~ The basic subprocess cross sectionéiogq elastic scat-
gravitons are now exchanged in thehannel during theq  tering, now including the exchange of a KK tower of gravi-
—seq scattering process; it is important to note that suchons, is given by13]
exchanges do not occur in the charged current channel since

. . . 2
gravitons are both neutral as well as isoscalar. As is well doyg 2ma

SM—C{

Qqu+ O'C’(ve+0'ae)vq)

known, the sensitivity of the DES¥p collider HERA to dxd@ 32 t t—m%
conventional dimension-6eqqcontact interactions is both
complementary and numerically comparafpfg to that ob- R C'(8e+0ve)ay
tainable from LEP and the Tevatron and hence a comparison X2(u=8)°———————t[t*=3(u—1)?]
of their M sensitivity in the present case is particularly in- —mz
teresting. Such discussions naturally lead one to think about 2

- o . . C A N
the potential sensitivity of high precision low energi +—{t4—3t2(u—s)2+4(u—s)4}1, 2)
neutral current scattering experiments, such as NuTeV, 2

which have recently7] obtained a very competitive mea-

surement of th&V mass(or the weak mixing ang)eby em-  where “SM” is the conventional SM contributionC
ploying the Paschos-Wolfenstein relatif8i. In Sec. lll we  =\K/(4waM?), C'=\2GM2/47a ando=+1 for left-

will examine the sensitivity of these precise but relatively (right-) handed electrons. We note here that through the use
low-energy experiments to interesting valuesh§; unfor-  of crossing symmetry, this cross section with suitable modi-
tunately we find that while such processes are quite sensitiviications can be shown to reproduce those obtained for by
to dimension-6 compositeness operaf@s], there is little  Hewett and by Guidice, Rattazzi and Wl with the fol-
sensitivity to the string scale in this case. In Sec. IV, we willlowing caveat regarding the parametein the expressions
return to a discussion of thkl4 sensitivity of various pro- above. FoiK =1(#/2) we recover the normalization conven-
cesses at lepton linear colliders by examining both Bhabh#éon employed by HewettGuidice, Rattazzi and Wel$5];

and Mdler scatteringe®e” —e“e™. Itis often claimed that we will take K=1 in the numerical analysis that follows but
Médller scattering is the most sensitive of the purely leptonickeep the factor in our analytical expressions. We recall from
processes accessible at lepton colliders to the existence tife Hewett analysis that is a parameter of order unity
compositenesfd] and new neutral gauge bosdi®]. Thus  whose sign is undetermined and that, given the scaling rela-
it would appear natural to compare the sensitivity of thesaionship between. andMg, experiments in the case of pro-
two processes to that obtained earlier by HewWbitwho cesses of type(ii) actually probe only the combination
examined the reactiors’ e — ff, f#e. These claims will Ms/[KX|Y% For simplicity in what follows we will numeri-

be shown to indeed be valid for the case at hand when st&ally set|A|=1 and employK =1 but we caution the reader
tistical errors are dominant. In Sec. V we will consider theabout this technicality and quote our sensitivity N for

M, sensitivity of the procesyy— ff via high energyyy A==l o ) ) .
collisions obtainable at linear colliders through the back- Inthe case o rq scattering, we simply letq— —ag in
scattering of pairs of laser beanisl]. Although them, the above expression and make the replacent(x)
reach is somewhat lower here than in purely leptonic reac—q(x) in the sum over initial state partons. Here and in the
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expression above,Q?=—t=ys=sxy and u=—s—t=
—sx(1—y) with Q?x,y being the conventional variables of
deep inelastic scattering. For positron scattering we note the
relationsdogyL(q,q)=da[’R(q,q) can be used to obtain the
complementary cross sections. We note further that with the
normalization employed abowg,= —1/2.

Of course, in the ADD scenario, theg—eq process is bﬁ
not the only one which contributes to deep inelastic scatter—>é

ing. Since both electrons and gluons have non-zero stress o
energy tensors, a tower of KK gravitons can also be ex- |
changed in thet channel mediating the procesxy—eg =~
where the squared matrix element is independent of the I
charge and helicity of the incoming lepton. The correspond- ol v P
. . -+ . . 5000 10000 50000
ing subprocess cross section &rzg scattering is thus rela- Q? (GeV?)

tively simple and is given by

o FIG. 1. Deviation in equally weighted sum of théef'Rp) deep
dffg _ AKe 2,22 3 inelastic cross sections as a function@f for A=1 (solid line) and
dde2 - ~M8s2 us{(u™+s9)], 3) —1 (dashed ling The outer(inner curve in each case corresponds
s to assumingvi;=800 (1000) GeV.

there being no SM cor_ltribution in this case. Note that With possible in the highe€d? bins we follow the latter approach.
taking on the values discussed above, using Crossing Symmey, get an idea of the resulting sensitivity we show in Fig. 1

try and rearranging color factors, we reproduce the structurg,« qeviation from the bin-integrated SM cross section for
of the analogous cross section expressions given by Hewefy — g0 and 1000 GeV with.= + 1. Note that the devia-
s +1.

and by Guidice, Rattazzi and Wel(lS]. tions from the SM grows only very slowly with increasing

In order to gauge the HERA sensitivity to exchanges of a~2 and are not sianificantly noticeable beld®@?= 10000
KK tower of gravitons, we follow the current HERA analysisag 15000 GeVl. g y v’

technique as presented by Wynheffal.[6]. Since this new
exchange only reveals itself at higher valuesQs we di- 95% C.L. lower bound oM as a function of the integrated

; 2 ; P 2
vide the Q° range into two regions: belowQ® minosity as shown in Fig. 2. With the assumption that each
=1000 GeV we assume that the SM holds and use this

. . X of the four neutral current processes(e, gp), obtain the
regime to normalize the neutral current cross sections for thgame beam flux. the full 1 fo: HERA Iljminosity corre-
four charge-polarization states of the incoming lepton. This '

assumption will be explicitly validated in the discussion be-SPONdS td-=250 pb ™ in this figure. The limit in this case,
low. AboveQ2=1000 GeV we divide the range into 102 for either sign of\, is =1.04 TeV which is very comparable

bins up to the kinematic limit; the location and width of theset0 the potential search reach of 1.14 TeV obtainable at LEP

bins are essentially those of the present HERA analyses WitI from the analysis of Hewef]. Similarly it it comparable

only minor modifications due to the higher anticipated inte-' but somewhat lower than, that obtainable at run Il of the
y 9 P Tevatron through an analysis of the the Drell-Yan process.

grated luminosities. We the_n use a toy Monte Carlo aF?pro".’lcalearly the bounds obtainable at HERA are complementary
to generate "data” assuming a given !ntegrated Iummosnyto those obtainable at other currently existing colliders.
for each of the four charge or polarization states. These data

are then fit to theM -dependent cross section to obtain a C |
lower bound onMg at the 95% C.L. In performing this -
analysis we employ the CTEQ4M parton density distribu- 1200
tions [14] although our results are not sensitive to this par- I
ticular choice. We assume that the potential of any large
systematic error associated with the calorimeter energy scale
can be avoided in obtaining these results.

In examining the sensitivity of the four cross sections,
da(ef’Rp), one finds that the process with the largashall-
esd cross sectiorthence the best statistjcs the one with
the leastmos) sensitivity toMg. Instead of trying to choose
the beam that maximizes sensitivity ks with the best sta-
tistics we will simply assume that equal integrated luminosi- L ol R
ties are supplied for all four cases and combine the result into 10 s 100 500 1000
a single fit. One may either try to simultaneously fit to all L (pb™)
four e cross sections, i.e.,»417 bins, or simply fit to the FIG. 2. 95% CL lower bound on the value bf; obtainable at
sum of the four cross sections together in e@hbin, i.e., HERA as a function of the integrated luminosity per charge/
17 bins only. Given the need to have as much statistics asolarization state foh=*1.

Performing the analysis described above we arrive at the

1000

M, (GeV)

800
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What limits are obtainable from the existing HERA data, stryctive to form the well-known ratioR”"= &/ o& for

i.e., approximately 40 pb' of integrated luminosity per ex- an isoscalar target in the valence quark approximation which
periment using an unpolarizedl” beam at a center of mass then allows us to trivially perform the integrations over the
energy ofy/s=298 GeV? The reduced center of mass energyandy variables.(We note that these quantities are not quite
and the use of an unpolarized beam both act to signifi- as well measurefil5] as is the Paschos-Wolfenstein relation
cantly suppress the reach relative to the estimate one woulg be discussed later beloviVe obtain the expressions
obtain by the use of the results shown in Fig. 2 alone. We 1 1

estimate that the current lower bound iy from HERA to v=a?(W) 4+ 02(d) + =g2(u)+ =a(d) +

be no larger thar=500-600 GeV. Ri=gilw+ai(d) 3gR(u) 3gR(d) &

v 2 2 2 2
lll. LOW ENERGY » SCATTERING R"=gi(u)+9gi(d)+3gr(u)+3gr(d)+3A4,

0
Do .Iower energy measurements reveal a.”y”“T‘g abou\}vheregL(u)= 1/2— 4/3 sirfé,,, etc., andA can be expressed
M? Since the exchange of KK towers of gravitons is essenhumerically as
tially flavor independent and is a parity conserving process,
these new effects will not show themselves in atomic parity A=-3.39x10°F'R; + 2.15X 10'F '?R,
violation or polarized lepton nucleon scattering experiments. )2
+9.80x 10°F'?R;, (8

The only other possibility is neutrino-nucleon neutral current

deep inelastic scattering. whereF'=\Ks/M# (with \/s andM in GeV) and theR, are
In the case ofv(v)q and v(v)q scattering we can obtain ratios of integrals over the appropriate PDFs:
the relevant cross sections from the expressions above by

settinng_=0, Ve=8e=1/2, takingQ2<M§, and recalling szva[u(x)er(x)]dx
thatv's (v's) are always lef(right) handed. We then arrive Ry o= ,
at th_e following expression for the(v)q subprocess cross J x[u(x) +d(x)]dx
section:
d()'V'7 GZS fZXS d
q _ °F° 2 o N\201 2 g(x)dx
dxdy 4 {(vqiaq) +(Uq"‘aq) (1 Y) } Ry= , 9)
+XF{=2(2-y) %4 y(y?—3(2-y)Y)ag) fx[“(x”d(x)]dx
(xF)? which need to be evaluated at a typical valugdfand over

+ T{y4—3y2(2—)’)2+4(2_)’)4} (@ the relevank range for a given experiment. For a typic#
of 25 GeV? and 0.00kx<1 we find, using the CTEQ4M
where F=\Ks/\2G:M? and the uppetlowen sign is for ~ PDFs[14], thatR;=0.21,R,=0.071, andR3=0.042. Since
theR; are not too small and the numerical coefficients in Eq.

}Ee ?ro(rz) tﬁgagtalr\:\?hiﬁ)éotcheesz d-lc—j?t?ozgslttteerrr;nslz r]iléset ;:106:; 8;[1'2'(8) are large, one might anticipate a reasonable sensitivity to
9 the string scal®l . However, a short analysis shows this not

KK graviton tower exchange and its interference with the, ) the case due to the low values of the center of mass
SM Z exchange. The correspondingcross section can be energy obtained in such collisions. Although the peak neu-
obtained by lettinga;— —a, in the above expression. The trino energies at NuTeV may be as high at 400 GeV, the

correspondingy(v)g subprocess cross section which has aaverage energies of the, andjﬂ from the Fermilab Teva-
pure graviton exchange and no SM contribution is identicatron Quadrupole triplet neutrino beam are roughly 165 and

in both cases and is given by 135 GeV, respectively7], implying that the typical/s for

_ these collisions is only=17 GeV. In turn, assuming=1,

doy” Ggs , , we arrive atF'=3x101° and thus A=-2.15x10°
axdy 4m 8(xF)(1-y){1+(1-y)7}. (5 which is far too small to be observable at any forseeable

level of precision. Note that this value would only be an
To obtain the complete scattering cross section one mugtrder of magnitude larger if all neutrinos in the beam had
weight the two expressions above with the relevant partoA€ir maximum possible energies.

density functiongPDFS: Next, from the considerations above we are able to di-
B rectly construct the Paschos-Wolfenstein relationship for an
- wv v,v vy isoscalar target. We anticipate that this now will take the
do” do do;" _ do . : ¢
= 9_xq(x)+ =——xq(X) [ + =——xg(X), more general form including the effects of sea qudsisce

dxdy < |dxdy dxdy dxdy they cancel in the differences in both the numerator and de-

(6)  nominatoy but neglecting charm mass effects,

with the sum extending over all quark flavors. ole—ole 1
To get an idea of the sensitivity of neutrino nucleon scat- Rpw=————"= > —sirf,+A’, (10
tering to the exchange of KK towers of gravitons it is in- Occ™ Occ
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whereA’ arises from graviton exchange and its interference N B
with the SM amplitude. Note these KK contributions only
appear in the numerator of the above expression. Severa

things are immediately obvious. First they— vg and;g

—Jg contributions, being the same, cancel as do those cor-
responding to the pure graviton terms in the difference be-

tweenvq(q)—vq(q) andvq(q)— vq(q). Second, the term
proportional to the parity conserving vector coupling of the
quarks,vq, in the SM-graviton interference term will also
cancel with the only remaining term being proportional to
aq. This leaves us, after integration ovgrwith the result

o

- f% agx2qy(x)dx
RPW:% Uqaq_ -

F
8
f > Xqy(x)dx
V

where the sum extends over the valence partons in the iso-
scalar target. The first term once expanded in terms of the
conventionalZ boson couplings is just that provided by the
SM while the second SM-graviton interference tefm, can < }

be shown to vanish. Sinag,(x) =dy(X) in an isoscalar tar- I 1 } * }
get anda,= —aq4, the sum in the numerator is identically [ ]
zero. This result tells us that KK gravitons do not influence 0.0 —
the Paschos-Wolfenstein relation whatsoever, something we i { { { { 1

. 1Y

may have expected due to their isoscalar nature. i
It appears that low energy neutrino measurements, how- oL T L .
ever precise, will not tell us much, if anything, about the -1 -0.5 0 0.5
scaleM. One may ask whwN scattering is sensitive to
traditional contact interactions but not to the exchange of a - .
KK tower of gravitons. The answer is directly related to the FIG. 3. Deviation from the expectations of the Shistogram
7. . . . . for Bhabha scattering at a 500 GeVe~ collider for both the(top)
fact that traditional contact interactions are dimension-6 op- : o
. . . number of events per angular bid, and the left-right polarization
erators while those induced by low scale quantum gravity ar

. . . e . gsymmetry(botton) as a function ofz=cos6f assumingM¢ =1.5
dimension 8. With coefficients of order unity, a_lscale_ of Or-1o\ The two sets of data points correspond to the choices
der 1 TeV and an averaggs=17 GeV, the dimension-8 .1 and an assumed integrated luminosity of 75 b

operators are suppressed relative to those of dimension 6 by
a factor of=3500. For these dimension-8 operators the highthe incoming beams, assume a 9@%beam polarizatiotP,

precis_ion of the data cannot offset their being at rather 1oWyjith an uncertainty ofSP/P=0.3% [17] and an integrated
energies. To search foM in the ADD scenario we clearly luminosity uncertainty oBL/L =0.1%[18]. (We will ignore

need larger collision energies than those providedvby  the possibility of polarizing the positron beam in the present

-

scattering. analysis) In the case of Mbher scattering botle™ beams are
assumed to have identical polarization so that ¢ffective
IV. BHABHA AND MO/ LLER SCATTERING beam polarization will b@®.¢=2P/(1+ P?)=0.9945 with a

AT LINEAR COLLIDERS correspondingly decreased uncertainty afPq¢¢/Peys

=0.032%. In the subsequent analysis the effects of initial
state radiation will be included in all processes and we will

assume a lepton identification efficiency of 100%.

In the case of Bhabha scattering the differential cross sec-
n can be written as

Linear colliders will provide the opportunity to make pre-
cision measurements of a number of elementary processes
the s=500-1500 GeV energy range. In addition to the

conventional processes'e” — ff, whose sensitivity to the tio
exchange of a KK tower of gravitons was discussed by
Hewett[5], both Bhabha and Mer scattering offer comple-
mentary opportunities. In principle, Mer scattering, which  doy  7a?

takes place at a future linear collider run in tiee” mode  —, = T[SM—ZC[ Fi(s,t)
[16], may be of particular interest due to its well-known

sensitivity to both contact interactions arfl exchange Fz(s,t)v§+ Fg(s,t)aé

[9,10]. —M2) +(set) | +CPFy(s,t) |,
In analyzing both the Bhabha and/Me processes we z
will make an angular acceptance cut of 10° with respect to 12
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where “SM” in the expression above now corresponds to F3(s,t) =55+ 1552t + 1252+ 5,
the usual SM contribution to Bhabha scatterig; cosé,
C=)\K/(477aM§), as in the expressions above and the ki-

_ 4. 14 2, 42 242
nematic functiond=; are given by Fa(s,1)=4Ls"+1) + 12451(s"+1%) + 14857 '(13)
S S
Fl(s’t)zg(T+ E) +23(s7+1%) +30st, Employing finite beam polarization the corresponding
angular-dependent polarized left-right asymmetry can be ex-
Fo(s,t)=5s+10s%t+ 18st?+ 9t3, pressed as
|
Fo(s,t) + F3(s,t
SM’—ZCveae[ Lf()ﬂ%t)]
A = (s—M3) (14)
al Fa(s,)ug+Fa(si)ag ) '
SM—2Cj{ Fy(s,t)+ (s—M2) +(set) || +CF4(s,t)
—Mz

Given these expressions we can obtain the search reach In the case of Miber scattering one finds results similar to
for M for a given integrated luminosity using the assump-Bhabha scattering for both the cross section and left-right
tions discussed above by fitting to the total number of eventgolarization asymmetry which can be obtained by crossing
the shape of the angular distribution and the angle-dependeaymmetry except for the overall factor of 2 in the normaliza-
values ofA r. We divide the angular range into 20 equal- tion of the cross section:
sized co9 bins of widthAz=0.1, except for those nearest
the beam pipe due to the above-mentioned cut. To first get an

idea of the influence of finitd1 we show the distributions doy 77012{ {
- ——=——| SM—2Cj F4(u,t)
for Bhabha scattering in Fig. 3 for the case of/a=500 dz 2s
GeV lepton collider with an integrated luminosity of ) )
75 fb~ assumingM¢=1.5 TeV. In this figure the cross sec- N Fa(u,hue+Fs(u,)ag ¢
tion in the forward direction is dominated by the photon pole (u— M%) uet)
but significant deviations from the SM, which is represented
as the histogram, are observed away from this region in both 2
the angular distribution and the left-right asymmetry. Note +C (U (19

the huge statistics available here. The two sets of data points

show the size of the anticipated errors for bath = 1; note

that they are mutually distinguishable. It is clear from thisNote that the kinematic functiors; are now functions of
figure that for this center of mass energy and integrated luandu instead oft ands as in the case of Bhabha scattering.
minosity the discovery reach fav will be significantly = The corresponding expression for the polarized left-right

larger than 1.5 TeV. asymmetry is given by
|
Fo(u,t)+F3(u,t
SM'—2Cu,a, 2D 23( )+(u<—>t)
A= (u=M3) (16)
LR Fo(u,t)v2+Fy(u,t)al '
SM—2C{ F4(u,t)+ p +(uet) | +C2F4(u,t)

(u=M32)

To get an idea of the sensitivity obtained from/IMo  show clear deviations from SM expectations. We again note
scattering we show in Fig. 4 the results of the same analysithe huge statistics that are available. However, note that the
as presented in Fig. 3. While the photon poles dominate botbverall deviation from the SM is perhaps not as great as in
the forward and backward directions the central regions othe case of Bhabha scattering due to there being 2 QED
both the angular distribution and the left-right asymmetrypoles. Of course the extra pole also leads to increased statis-
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FIG. 4. Same as Fig. 3, but now for Miier scattering.
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FIG. 6. Same as Fig. 5, but now for afe /e e collider
with a center of mass energy of 1 TeV.

Bhabha and Mlter scattering in comparison to the “usual”

search employing™e™ —ff at Js=500 GeV, 1 TeV and

1.5 TeV colliders, respectivelyln all three cases the results
for A\==1 are shown but may not be visually separgble.
We note that our result for the “usual” search confirms that
of Hewett[5] but is slightly higher due to a different choice

of angular cuts and the assumed uncertainty of the integrated
luminosity. Several results are immediately obvious from
these two figures. First, for reasonable integrated luminosi-
ties, the search reaches for all three modes can exceed
=~64/s, which is rather remarkable. At ds=1.5 TeV col-

lider with a high integrated luminosity we see that string
scales as high as 10 TeV can be probed. Second, since the

traditional e*e” —ff search withf=w, 7, b, c, t, etc,,

tics. Clearly the search reach for/Ney scattelring exceeds sums over many final states and emp|oys many observables,
1.5 TeV for this center of mass energy and integrated lumiit tends to lead to the best search reach for most integrated

nosity.

Figures 5, 6 and 7 show the search reachedVigras a
function of the collider integrated luminosity for both

4000

3500

luminosities, in particular when large luminosity samples are
available. In almost all cases the precision of this data is
statistics dominated since there are only several thousands of
events for each flavor. Third, the errors in the data in the
cases of both Bhabha and/Ner scattering are likely to be
systematics dominated at typical integrated luminosities due

10000 — —

) -
= L 7 aame=== -
—————— ] B lf’ Saveren
g+ _A---T s000 — L —
w - o L ‘ﬂ/,.-
= 3000, -3 _ - L
< _ > e
] = 8000 [— L —
[ o ",,' ,/
[ ] ] = R
2500 F -
10 50 100 500 L~
L (fb™) 7000 |— —
FIG. 5. Search reaches fotg at a 500 GeVe'e /e e~ col- C . ] —
. . . . . 10 50 100 500
lider as a function of the integrated luminosity for Bhalilashed L (b1

line) and Mdler (dotted ling scattering for either sign of the pa-

rameter\ in comparison to the “usual” search employirf e

—>ff_(solid line) as described in the text.

with a center of mass energy of 1.5 TeV.
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to the huge event rates observed in Figs. 3 and 4. This ex- F
plains the far shallower slopes of their luminosity depen- 500000 -
dence observed for both the Bhabha andll&tocurves in I
these figures. Furthermore, for a fixed integrated luminosity,
we know that three event rates for all three reactions de-
crease with increasing values qfs, leading to different
weights in the errors between statistical and systematic. Thus%
we note, particularly in the case of Figs. 6 and 7, that for low
luminosities, where systematic errors are not as important as i
statistical ones, Miter scattering indeed leads to the best 50000 -
search reach foMg due to the huge statistics in that data I
sample in comparison to either Bhabha scattering or the con-
ventional fermion pair channelThus the explanation for o L L L
why Bhabha scattering is a close second tdlbtcscattering ' ’
in the search reach foMg for low luminosities becomes -
immediately obvious.It is clear from this analysis that we FIG. 8. Angular distribution for the procesgy— qg, with g
again find complementarity in the search for TeV sddlgin being summed over the five light flavors of quarks at a 500 GeV
the ADD scenario. e*e” collider with anintegratedphoton luminosity of 100 fb!
assuming the cuts described in the text. The SM corresponds to the

histogram while the “data” represent the ADD scenario with,
V. vy COLLIDERS =15 TeV forn==1.

100000 |

The processyy— ff is particularly clean, there being no o n
tree level corrections from electroweak effects, and has ¥/Nere we explicitly identifys=Se+-Xx;X,. Thelowerrange
long tradition as a probe for higher dimensional operators. I/Pf the above integrations requires some discussion. In prin-

fact, no gauge invariant operators due to contact interactiofiP/€: the photon fluxes persist to very low valuesohow-
exist at dimension 6. ever, for very smalk’s we lose significant sensitivity thl.

vy collisions may be possible at futues e~ linear col- Hence we want to maximize as much possible the luminosity

liders by the use of Compton backscattering of low energyf the flux with the greatest possible value S5Mg as is
laser beam$11]. The backscattered laser photon spectrumegasily seen by an examination of the equation above. To this
f (x=E,/E,), is far from being monoenergetic and is cut end we impose the constraint ti&s=0.01 and also demand
off abovex,a=0.83, implying that the photons are signifi- x, ,=0.01 subject to this constraint. As before we will im-
cantly softer than their parent lepton beam energy. As weyose a 10° angular cut in our analysis in order to obtain our
will see, this cutoff at largex, Xmax, implies that theyy  search reach as a function of the tota} integrated lumi-
center of mass energy never exceeef.83 of the parent nosity. Additional cuts which, for example, balance the en-
collider and this will result in a significantly degradédl;  ergy of the two incoming photons are also possible but we do
search reach. We will ignore the possibility of employing not make use of them here.

polarized photon collisions in what follows but one would | the case ofyy—tt production, the subprocess cross
anticipate that the search reach would somewhat increasgction is somewhat more cumbersome:

beyond what we obtain below if additional polarization in-

formation were included. This possibility will be considered q5 doSM 38| (AK)? ) 2aNK
elsewherd19]. a4z dz & | amE * MA(m2— D) (12— @
The subprocess cross section for the unpolarized S s s(m—t)(mg—u)
—ff reaction including the contribution from graviton ex- ><[6m8—4m6(f+&)+4m2fﬂ(f+ﬁ)—fﬂ(f2+02)
change can be writtef5] in a rather simple form ' ! !
, +mi(t2+u2-6tu)], (19
do 2ma® 1+2%| , s2(1-2%) . ) , -
E_TNCW N | (A7 with t,0=(-1/2)5(1FBz)+m?, with B>=1—4m?Z/s,

which, apart from color factors, agrees with the results of
Mathews, Raychaudhuri and SridH&i for the cross section

where as before=cosé andN, is the usual color factor for for gg—>t? In the present case the kinematics requires the

the (assumed to be massle¢dermionsf. To obtain the true " ies © tisfy th traink. = 4m2/s which
cross section integrated over a given angular bin, assuminq]O on energies to satisfy the constraifx,=4m;/s whic

that the two photons have a head-on collision, we must fold €N determines the lower bounds xp,. »
in the photon fluxes and integrate over them: To get a rough idea of the sensitivity gfy collisions to
M, we display in Fig. 8 the angular distribution for the case

da wheref is summed over light quarkse., a final state of two
Xmax Xmax g P ; ; ; ;
_ dx j dx J' Az (X1)F (%)= . Jets_W|thout flavor_tag)s_ata500 GeV collider with aipho-
7 f ! 2 Jbin AT 2)dz tonintegrated luminosity of 100 fb'. Because of the SN-
(18 andt-channel exchanges, there is an enormous flux in both
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lies in the range of=(5—6)4/s,,, comparable to that found

for eithere*e™ ore~ e~ collisions. As one would expect the
reach obtained from the non-tagged analysis, which has
greater statistics, is somewhat better but not by a very large
amount. We note that the search reach does not increase as
rapidly with \'s as does Bhabha andMier scattering due to
effects of the photon spectra. Again it is quite clear that the
M, reach obtained fromyy collisions will greatly comple-
ment those resulting frora* e~ ande” e~ interactions.

M, (GeV)

VI. SUMMARY AND CONCLUSIONS

In this paper we have extended the phenomenological
analyses of the ADD scenario presented in Ré&f. to a
o number of new processes involving the exchange of a
FIG. 9. Search reaches for the procesggs- ff, with f being  Kaluza-Klein tower of gravitons at various types of colliders.
thec, t andb quarks together witke, . and 7 (lowest curve of a  The main points of our analysis are as follows:
given typs, and for lepton pairs, top, plus light quark jetspper (i) The collection of approximately 1 i of integrated
pair of curves as a function of the totay integrated luminosity.  |yminosity at HERA balanced equally between the four intial
At a 500(1000, 1500 GeV ete™ collider the result is given by the charge and polarization state% will lead to a 95% C.L.
dashed(dotted, solid curve and in the former case is essentially bound on the values ol in exc”eRS,s of 1 TeV. This bound is
independent of the choice=*=1. The details of the analysis are comparable to that obtasinable at run Il of tﬁe Tevatron em-
described in the text. h . .
ploying the Drell-Yan process and that derivable by combin-

the forward and backward directions. However, the true re"9. the. results of the four LEP experiments after all data
gion of sensitivity is at large angles where the rate is thetak'.ng is completed. Clearly, the megsurements at all three
smallest as was the case for/ Mo scattering. Note that the colliders are complementary. We estimate the current lower

deviations are easily distingu.ish.ed from both the SM anobgug'ga?nngtirlgweixéztr':t‘g%Fggsia;ieurs'ngoageu:gﬂirr'é?gan
each other. It is clear from this figure that the search reac& 500— 600 GeV 9y
for Mg would again exceed 1.5 TeV independent of the™ = ' . . : .

hoi S f th .g  if r h P | | (i) Low energyvN scattering data, while of high preci-
choice of the sign ok I yy—TT were the only relevant sion, are not able to significantly constrain the valuevif
process. However, since in this case the_ final state ferm'onélthough the same data are known to place respectable con-
ahre nor;c tr;agged,hthe pr?cessyﬂgg, whlcrlldoccurslonly straints on dimension-6 operators associated with conven-
through the exchange of a KK tower, would NOW &IS0 CONion4| contact interactions arising due to compositeness. This
tribute since the final state in both cases is just two jets as g5\ of sensitivity is directly related to the fact that the KK
asa detec_tor is concerned. ... tower exchange leads to dimension-8 operators which are
_ To obtain the search reach th_ere are thus two p053|bll|t|e§hus suppressed by more than three orders of magnitude in
flrrs].t, hone may a:d fIavqr “’.‘99'1[‘9 for th? thJanksand b comparison to contact interactions. The high precision of
which removes the cont_rlbutlon rom tigeg fina sta_te. _Sec- these measurements does not compensate in this case for the
ond, we may drop tagging and include thg contribution. 5. energy at which they are made.

Following the first approach and combining the c,b,t fi- (iii) Both Bhabha and Miter scattering were shown to

nal states together with=e, x andr, we proceed as above paye comparable sensitivity to the exchange of KK towers of
using the efficiencies of Hewef]. In the second analysis, grayitons with search reaches of the same magnitude as those

we add the contribution fronyy—gg to that from all light  5piained by Hewet{5] for the more conventionat* e~
guarks together with the leptons and follow a similar proce-

dure. We fote here tht they—gg subprocess cross sec- (. {1 PIO%EeS: L2812 THe Derawor of e Seaich fench,
tion due to graviton tower exchange takes the following P 9

. ) nosity were, however, quite different due to the relative im-
simple form: . o
portance of systematic errors. This is due to the large cross
sections for Bhabha and Mer scattering resulting from
[1+62%+7%]. (20) _QED poleg in the forwardand backward for Miter scgtter-
ing) directions even after acceptance cuts are applied.
(iv) The yy—ff is a particularly clean channel for new
The results of these two different analyses are shown tophysics without electroweak contributions at the tree level
gether in Fig. 9 foryse+,- =500 GeV, 1 TeV and 1.5 TeV peyond QED. In addition, there are no gauge invariant
colliders. Here we see that for reasonable luminosities th@imension-6 operators arising from contact interactions in
search reach is=4—5/s.+.-, Which is impressive consid- this case. As in the case of both Bhabha anflidtscatter-
ering the minimum energy degradation=fL.7% in going to  ing cross sections are very large due to ketindu- channel
the yy center of mass frame. Relative th_;’;“fx the search poles and systematic effects are important in setting limits.

do  A%K?2s®
dz  327M8
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In comparison t@~ e reactions;yy reactions suffer in their future colliders. Such a discovery would revolutionize the
M, reach due to the reduced effective center of mass energyay we think of physics beyond the electroweak scale.
induced by the continuous photon spectrum from the back- Note addedAfter the present analysis was completed we
scattered laser. However, we found that by summing over alleceived a paper by Mathews, Raychaudhuri and Sridhar
leptons as well as all light quark flavors and gluon pairs thg20] who considered the present bounds on the sthle
search reach foM could be as large as\§ which is quite  from HERA data. Their resulting bound is in qualitative nu-

comparable to the e~ searches and quite complementary.merical agreement with that obtained in the discussion
The use of photon beam polarization may lead to an increasghove.

in this search reacfl9].

(v) Signals for an exchange of a Kaluza-Klein tower of
gravitons in the ADD scenario of low energy quantum grav-
ity appear in many complementary channgisiultaneously
at various colliders. Such signatures for new physics are The author would like to thank J.L. Hewett, N. Arkani-
rather unique and will not be easily missed. Hamed, J. Wells, T. Han and J. Lykken for discussions re-

The discovery of new dimensions may be at our doorstepated to this work. This work was supported by the Depart-
and may soon make their presence known at existing and/anent of Energy, Contract No. DE-AC03-76SF00515.
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