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Split fermions in extra dimensions and exponentially small cross sections at future colliders
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We point out a dramatic new experimental signature for a class of theories with extra dimensions, where
quarks and leptons are localized at slightly separated parallel “walls” whereas gauge and Higgs fields live in
the bulk of the extra dimensions. The separation forbids direct local couplings between quarks and leptons,
allowing for an elegant solution to the proton decay problem. We show that scattering cross sections for
collisions of fermions which are separated in the extra dimensions vaxgbnentiallyat energies high
enough to probe the separation distance. This is because the separation puts a lower bound on the attainable
impact parameter in the collision. We present cross sections for two body high energy scattering and estimate
the power with which future colliders can probe this scenario, finding sensitivity to inverse fermion separations
of order 10-70 TeV.

PACS numbgs): 12.10—-g, 11.10.Kk, 11.25.Mj

[. INTRODUCTION space in the extra dimensions was proposed in [8&f. The
idea is to separate quarks from leptons in the extra dimen-
sions. Consider for example a model where the SM gauge

Any extension of the standarq mod@M) with a lOW. and Higgs fields live in the bulk of one extra compact dimen-
fundamental scal®, has to explain why it does not predict _. . '
sion of radius TeV - while the quarks and leptons are local-

rapid proton decay through higher dimensional operator$s

suppressed byl . In the SM proton decay is not a problem ized at different positions with narrow wave functions in the
PP * P Y P extra dimensiof}. This separation of the fermion fields sup-

as the Iovyest-d_imensiqnal baryon number violating Operatif)resses proton decay because direct couplings of quarks to
is dimension six and is harmless when suppressed by t %ptons are forbidden by five dimensional locality; the proton

enormous value (_)f the Pl_anck mass. However th|s_ become_s cay rate is exponentially suppressed by the overlap of the
serious problem in theories which attempt to nullify the hl-quark and lepton wave functions.

erarchy between the Planck scale and the weak scale by pos- at |ow energies E<TeV), experiments cannot resolve
tulating that the fundamental scale of gravity really is at orihe size of the extra dimension and its substructure. One
near a TeV, and that the apparent weakness of gravity is dugpserves fermions coupled to the lightest modes of the gauge
to a Iarge extra-dimensional volume into which the graVita—fie|ds with couplings exactly as in the SM. Experiments at
tional field can spreafil—6]. energies above TeV would discover a whole tower of
One approach to this problem is to forbid proton decay byKaluza-Klein(KK) excitations of the gauge and Higgs fields,
postulating a new symmetry. This symmetry would have toproving that Higgs and gauge fields propagate in the bulk of
be gauged as gravitational effects involving virtual blackan extra dimension. Measurements of the couplings of the
holes and worm holes violate global symmetries and genewvarious KK fields to the fermions can be used to map out the
ate dangerou/, -suppressed proton decay operators. Butocations of the quarks and leptons in the extra dimensions.
anomaly cancellation conditions for gauge symmetries mak8ut even at lower energies virtual KK mode exchange leads
it difficult to find consistent theories. The only known ex-
ample is baryon triality{ 7] which stabilizes the proton but
has baroque charge assignments. The solution proposed if4] does not stabilize the proton. Ref-
A different solution to the proton decay problem which erencd4] proposes an orbifold, symmetry which does not allow
does not rely on symmetries but rather exploits the newgrand unified theoryGUT) gauge interactions to contribute to pro-
ton decay. However, this symmetry does not forbid any of the fatal
higher dimensional operators such@® QL which lead to disas-
trous proton decay. These operators are the major problem for theo-
ries with a low fundamental scale, even in the absence of GUT

symmetries.
*Email address: arkani@thsrv.lbl.gov The gauge fields may also be confined to a brane of thickness
"Email address: yuval@slac.stanford.edu TeV ! in much larger extra dimensions. Then the fermions would
*Email address: schmaltz@slac.stanford.edu be stuck to thin parallel “layers” within the brane.
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to small deviations in precision measurements. For examplé&SM fermions. In such a scenario locality in the higher dimen-
as shown ir{8], quark lepton separation leads new contribu-sions forbids direct couplings between fermions which live
tions to the prediction for atomic parity violation with the at different places. This suppression of contact terms be-
correct sign to account for the measured deviati@$rom  tween fermions is very generic and leads to approximate
the SM value. symmetries in the effective four dimensional theory. In our
Even though we motivate the quark-lepton separatiofframework the observed approximate global symmetries of
from proton decay we note that fermion separation can bgne SM[such as baryoiiB) and lepton(L) numbet are not
more general with all fermions separated in the extra dimengccidental, they follow from non-trivial geography in the ex-
SiOI’]S. In any I’ea|iStiC mOde| the |Ocati0nS Of a” the fermiontra dimensions_ The gauge and H|ggs f|e|ds are necessar”y
fields are determined by potentials which depend on the varigy|k fields because they need to couple to all the SM fermi-
ous parameters of the theory. Since the different SM fermiora)ns_ Gauge and H|ggs f|e|d exchange does generate non-
fields have different gauge and Yukawa couplings we expeqpcal interactions but the effective operators obtained in this
their pOtentials to diﬁer, Ieading to Spllttlngs in their pOSi' Way preserv@ andL and cannot lead to proton decay_
tions. . . _ Let us discuss corrections to the above picture in detail.
In this paper we point out a dramatic and model indepenThere are two possible sources of interactions between
dent experimental signature of this scenario which followsquarks and leptons: direct local coupling®ntact termk or
simply from locality in the extra dimensionsit energies  quarks and leptons could both couple to a new de-localized
above a TeV the large angle scattering cross section for “py|k” field which would act as messenger and lead to cou-
fermions which are Separated in the extra dimensions fa”%“ngs which are non-local in the extra dimension.
off exponentially with energyhis is easily understood from  pirect local interaction require the wave functions of
the fact that the fermion Separation in the extra dimenSionauarkS and |eptons to Over|ap_ The resumng effective four
implies a minimum impact parameter of order TeV At dimensional coupling is proportional to this overlap. If, as in
energies corresponding to shorter distances the large angige model of[8], the wave functions of the fermions are
cross section falls off exponentially because the particlegsaussian in the extra dimensions then the effective four di-
“miss” each other. The amplitude involves a Yukawa mensional couplings are Gaussian in the distance between
propagator for the exchanged gauge boson where the fogfuarks and leptons. A quark-lepton separation of 8 in units of
dimensional momentum transfer acts as the mass in the exne fermion wave function’s width leads to a factor
ponential. More precisely, we find exponential SUppI'ESSiOI‘L exp(—50) which suppresses proton decay to Safety_
in anyt andu channel scattering of split fermions. However,  what about non-local interactions via bulk messengers?
s channel eXChange is time'like, and therefore the fermiorGenerating proton decay requires a bulk messenger Brith
separation in space does not force an exponential suppregndL violating couplings. In addition, this messenger has to
sion. Neverth9|eS$ channel processes also lead to interest'be a fermion as the proton’s fermion number has to be trans-
ing signatures as the interference of the SM amplitude witherred to the final state leptons. If the theory does contain a
KK exchange diagrams depends on the fermion separationgy|k fermion withB andL violating couplings, we can esti-
The remainder of this paper is structured as follows: Secmate the strength of the resulting effective proton decay op-
Il reviews the basic setup and explains how quark leptorerator. The relevant Feynman diagrdin position space
separation suppresses proton decay. In Sec. Il we develop th®/olves the Yukawa propagator of the messenger field from
necessary formulas to calculate scattering cross sections {Re quarks in one location in the extra dimension to the lep-
our framework. In Sec. IV we apply the results of Sec. Il to tons. For a messenger of madsand a quark_|epton separa-
different physical systeméeep inelastic scattering"e”  tion d the propagator contains an exponential exiid).
and u " pu~ scattering and show the reach and physics po- Thus, in order to avoid the proton decay bounds we require
tgntial of various colliders. Section V contains final discus-that all bulk fermions withB and L violating couplings be
sion. heavier than the inverse quark-lepton separation by a factor
of about 50. Note that even much lighter bulk fermions can
be harmless iB—L is imposed as a gauge symmetry. Then
the messenger fermion also needs to carryBhel charge
In this section we describe our framework and review theof the proton in order to be dangerous.
ideas which lead to it. Our starting point is the observation While it will not be of central importance for this paper
that simple compactifications of higher dimensional theoriesve would like to mention a particularly satisfying picture for
typically do not lead to chiral fermions. The known mecha-the origin of the fermion separations in the context of fer-
nisms which do lead to chiral spectra usually break translamion zero modes stuck at defects: Assume that the SM is
tion invariance in the extra dimensions and the chiral fermi-unified into SO(10) in the five-dimensional theory at ener-
ons are localized at special points in the compact spaceaies near~10 TeV. Then splitting between quarks and lep-
Examples include twisted sector fermions stuck at orbifoldtons at lower energies has a natural explanation if the fer-
fixed points in string theory, chiral states from intersectingmion fields’ localization potential contains terms which
D-branes, or zero modes trapped to defects in field theorycouple to a GUT symmetry breaking vacuum expectation
Given that fermions generically are localized at specialvalue in theB—L direction[10].
points in the extra dimensions we are motivated to consider We note that in addition to quark-lepton separation there
the possibility of having different locations for the different may also be splittings between the generations. The separa-

Il. FRAMEWORK: EXTRA DIMENSIONAL GEOGRAPHY

115004-2



SPLIT FERMIONS IN EXTRA DIMENSIONS AND . .. PHYSICAL REVIEW D61 115004

tion of left- and right-handed components of the SM quarksseparated from leptons and we will approximate the fermion
and leptons could then explain the hierarchies in the SMwvave functions by delta functions for the calculation. At the
Yukawa couplingg8]. The separations needed to produceend of this section we will compute the corrections which
realistic quark and lepton masses are in the range (0-5) iarise from the finite width of the wave functions and verify
units of the wave-function width in the case of Gaussianthat they are negligible for practical purposes.
wave functiong8]. Explicit examples that reproduce the ob- To calculate the scattering though intermediate bulk
served femion masses were worked oufli]. gauge fields we can either choose to work with a five-
Let us summarize the scales involved in the theory. Thalimensional propagator directly or else add contributions
lowest experimentally allowed radius is about (3 Te¥) from an infinite tower of KK excitations in a four dimen-
[12]. (In [12] no separation was assumed. While their resultssional context. It is instructive to do it both ways. The five
do not directly apply to our case, the order of magnitude ofdimensional propagator in momentum space ts- pié
the bounds should be the sanAt energies above a few —m?)~! where we separated out the five dimensional mo-
TeV the theory becomes effectively higher dimensional, buimentum transfelps. As we are interested in propagation
we can continue to use a four dimensional description byhetween definite positions in the fifth dimension it is conve-
including KK excitations for the bulk gauge and Higgs nient to Fourier transform in the fifth coordinate
fields. The loop expansion parameter in this effective theory

is *® eind/R
Py(t)= e —— (3.1
, alt) n;w t—(n/R)2—m?
9°Nkk 2.1)
1672 ' whered=x,—X; andx; is the location of fermiorf in the

extra dimension. The Fourier transform is a sum and not an

whereg stands for any of the SM gauge couplings ek integral since momenta in the fifth coordinate are quantized

is the number of KK excitations contributing in the loop. Our In units of 1R. _ _

perturbative description of physics breaks down when this This propagator can also be understood in the four dimen-

parameter is of order unity which occurs ik~ 100 or sional (4D) language as arising from exchange of the 4D

M, ~100 TeV. The width of the fermion wave functions in 92uge boson and its infinite tower of KK excitations. To see

the extra dimension is more model dependent. In the fieldiS €xpand the KK excitations of the gauge field in plane

theoretic construction dB] it must be at least a factor of 10 Waves, exp(xs/R). Each of thgse K2K_rlnodes has a four di-

narrower than the separation in order to sufficiently suppresg'ensional propagatot £ (n/R)“—m?) *. Furthermore, the

proton decay. couplings to the fermions differ for the various KK gauge
It should be clear from this discussion that the scale of0Sons. They follow from expanding the five dimensional

quark-lepton separation is well below the scale where th&ction

theory becomes strongly coupled, and where quantum grav-

ity or s@ringy effects may become important. The fermipn f dxs d4x5(x5—xf)g\?(x)A(x,x5) W (x)

separation serves as an energy cutoff and suppresses incal-

culable high energy contributions from the unknown theory

of quantum gravity. :f d*>, g €™ /Ry (x)AN(x) U(x). (3.2
n

Ill. SCATTERING OF FERMIONS LOCALIZED

Thus the modified couplings ag,=ge™'R. We can now
AT DIFFERENT PLACES

write the “KK-tower propagator” which is a sum over the
A. One extra dimension propagators of the KK modes, including phase factors from
. . .- . . the modified couplings. The final expression is the same as
Let us now imagine colliding fermions which are local- Eq. (3.1)

e e s dmersion o i ropagator can be simplfied by performig he sum
: y P y P To this end one rewrites it as a contour integral with a cigar-

'e"F discussed above, we will begin by considering t_he Sqatéhaped contour that encircles the real axis and then deform-
tering of electrons on protons, although we can imagin

more generally that any set of th® (U¢,D€,L,E®) fields are eing the contour
split in the extra dimensions; indeed our most interesting

: ; _ ¢ : dn - in(d/R—)
experimental signatures will be for the case of separations in Py(t)= é — _ 3.3
the lepton sector. 2mi sin(mN) t—(n/R)%2—m?

In the context of our model there are three potentially
relevant mass scales for this collision: the momentum transPerforming the integral we find
fer of thet-channel scattering—t, the inverse of the quark-
!epton separatiomi‘1 which we take.to be.of order of the 7R coshi(d— mR) m]
inverse thicknes®R~! of the extra dimension, and the in- Py(t)=—
verse width of the fermion wave functions *. However, as V—t+m?  sinf 7Ry —t+m?
discussed above proton stability requires quarks to be well (3.9
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The Feynman rules for diagrams involving exchange of bulkwhere M|g,, is the SM amplitude and the factort (
gauge fields are now identical to the usual four dimensionat- m?)P(t) replaces the SM gauge boson propagatot 1/(
SM Feynman rules except for the replacement of 4D gauge- m?) by the 5D propagatoP 4(t).

boson propagators by the corresponding 5D propagators. Be- We now computeP"(t), the propagator between fermi-
fore we proceed with calculating cross sections we note @ns which have a finite width in the extra dimension. The

few properties of the propagator we just found. result is most easily obtained by integrating the propagator
It is easy to understand the two limité—t>R~* and Eqg. (3.4 over the wave functions of the initial and final
J—t<R™. In the former case we obtain fermions
7TR — ’
Pd(t)z—\/—_te"“’td, (3.5 PLW(t)=J dydy'[fo(V)I*Pyy -y (DIfi(y)]? (3.10

which vanishes exponentially with the momentum transfer invherefq (f)) is the quarkllepton wave function. For dem-
the process as we anticipated from five dimensional localityonStration, we perform the integrations for the special case of
In the limit of small momentum transfer we obtain Gaussian wave functions

d® dm 1 e
E—?‘F?), (36) ff(y)_,n.lTa_lQe y=% ) (311)

1 2
Pd(t)zt_mz_R

which is the four dimensionatchannel propagator plus a as in the model of8]. We assume that the wave functions
correction term whose sign and magnitude depends on th@f€¢ narrow compared to their separation and have common
fermion separation. For small separatior 7R (1—1/y3)  Width. We present below the result in two relevant limits. In
the correction enhances the magnitude of the amplituddoth cases we assumye-t>R ™" (and therefore also neglect
while for |arger Separation it reduces it. m) In the first case, in an intermediate momentum regime
It is also instructive to expand the propagator in exponenwe find
tials (ignoring the massn) )
PI(t)y=e 2 py(t) for J—t<d/c? (3.12
7R — —
Pd(t):_\/?t(eﬂ*mreﬂ(d*z”m) Not surprisingly, the amplitude is still exponentially sup-
pressed, but it is enhanced relative to the delta function ap-
. (3.7 proximation by a factor which is significant for momenta
large compared to the inverse width. For much larger

which can be understood as a sum of contributions from fivdind
dimensional propagators. The two terms in the first parenthe-
sis correspond to propagation fromg to x; in clockwise and
counter-clockwise directions, anct)d(Etlhe series in the other pa- Pfj‘”(t)= for \=t>d/o?.
renthesis adds the possibility of also propagating an arbitrary (3.13
number of times around the circle.

For later use we note that the expression fortehannel  In that limit the scattering is dominated by direct local scat-
KK-tower propagatoP4(u) is identical to Eq(3.4) with the  tering through the small but non-vanishing overlap of the
obvious replacemertt—u, andP4(s) is obtained by analytic fermion wave functions. The propagator has the normal 4D

X(l_l_e—\s‘—_tZWR_l_e—\e’—_Mﬂ'R_l_.. )

—V27R o d2(20%)
ot

continuation momentum dependence but the coupling is suppressed by the
exponentially small wave function overlap. Since the ener-
7R cod(d—7R)Vs—m?] gies attainable at upcoming colliders do not allow us to
Py(s)= . (3.8 probe distances shorter than the fermion wave function width
s—=m?  sinRwys—m?] the corrections to the propagator of Eg.4) can be ignored

for all practical purposes.
The poles atys—m?=n/R are not physical and can be

avoided by including a finite widtlh’. Note also that fors
<R 2 (buts>m?) the relative sign between the SM propa-
gator and its first correction is opposite to the corresponding In the case oh>1 extra dimensions of equal radi&s a
sign in thet channel exchange case. Namely for srflalige straightforward extension of the above tells us that the propa-
separation the amplitude is smalléargep than the SM one. gator is that of the Yukawa propagator im(compact di-
Armed with this propagator it is easy to evaluate any KKmensions. Let the separation be a vedlpr If d=|d;|<R
boson exchange diagram in terms of its SM counterpart. Foand J=t>1/R, then the effects of the compactness of the

B. n extra dimensions

example, a puré channel exchange diagram becomes space are negligible and we find the KK-tower propagator by
a simple Fourier transform of the momentum space propaga-
M= (t=m?)Py(t) X M|sp, (3.9  tor

115004-4



SPLIT FERMIONS IN EXTRA DIMENSIONS AND . .. PHYSICAL REVIEW D61 115004

gldipi /R 1 S

(3.19

- [ g
di( ) o pt— pIZ/RZ 12

The result is just the volume ¢2R)" times the Yukawa po- i
tential in then transverse dimensions, with mags-t

(sz)“( \/—_t) (n=2)/2

0.8
K2y N —td),
(3.15

whereK, is the modified Bessel function. For large-td,
we use the large argument limit of the Bessel function to see®?]
the exponential suppression explicitly

27R2\—t\ (V2 oR
P8i<t)ﬂ—( 5 )

P3 (D)=~ 5

i (277')”/2

0.4

0

e~ V-td (3.19 FIG. 1. rf, (the cross section far channel exchange in the 5D
V=t theory normalized by the corresponding SM cross segtam a

. o . ~ function of V=t in units of TeV. We assum& ‘=1 TeV. The
Including the effects of the finite siZR of the dimensions is  dotted, dashed and solid curves are for separationsd/&t

easily done using the method of images, =1, w/2 and respectively.
Py (t)= PO 0, 3.1 (2m"™ R"
a,(t) ki;_w d, +2akR(1) (3.17 PMV(t)~— 2 gn 7 n>2,
generalizing Eq.(3.7). While this sum is not given by a . (3.19
simple closed form expression as in the casel, for all Po"(t)~2mR?log(V—ta), n=2.
ractical purposes only the first few images make a signifi-
Eant contFr)ibuqion. y g g These expressions are similar to the hard cutoff reglifty

There is an important feature for the case of two or moreVith @ * playing the role of the cutoff scalils.
extra dimensions that deserves comment here. For unsepa-
rated fermions, the sum over tree-level exchange of KK IV. COLLIDER SIGNATURES
gauge bosons is found to be UV divergent; the relevant sum

is of the form Having calculated the 5D propagator, the calculation of

differential cross sections is a simple generalization of SM
results. The general SM results can be found in Rid]. To

1 - nf n ' (3.18 compute the differential cross section for deep inelastic scat-
m t—(n;/R)? t—k? tering we sum over contributions from neutral current ex-

change(photon andZ plus KK towers® between the electron

which is clearly UV divergent fon=2, reflecting the sin- and all partons of the proton. Happily, each term in the sum
gularity of the Yukawa potential at short distances in two oris simply equal to the SM term time®4(t) which can be
more dimensions. This is usually dealt with by cutting thefactored so that our final expression for the differential cross
sum off at the fundamental scal¢, , but there is consider- section of deep inelastic scattering becomes
able uncertainty in doing thig 3]. It is easy to see that when
the gauge boson exchange is between fermions separated in . do/dt )
the extra dimensions, the separation acts as a natural cutoff ro= do/dt|gy =[tPa()]%, 4.1
and allows an unambiguous result to be obtained. The result
is just given by replacing the SM propagator wi, which  where P(t) is given in Eq.(3.4) andt is the measured
is manifestly finite. The usual UV divergence is seen in thedifference between initial and final electron momentum
singularity of Py asd;—0. squared. The effect of the KK tower would be seen as a

; ; ; 2

Note that even in the absence of fermion separation, thdramatic reduction of the cross section at large=Q*. To
width of the fermion wave function acts as a natural UV lllustrate this pointin Fig. 1 we plot the ratig, of Eq. (4.0
cutoff. Indeed, the integrand of E¢3.18 should be multi-  8S a function of for R=1 TeV ! and representative values
plied by fermion wave functions in the higher-dimensionalOf d. ) . ) .
momentum space. As it stands, B8.18 corresponds to While an exponential suppression of the cross section
delta function wave functions in position space. Replacingvould be an unambiguous signal of fermion separation in the
the delta functions with Gaussians of widdhcuts off the
UV divergence of Eq(3.18 at momenta of ordes 1. Ex-
plicitly we calculate the leading term for sma# (and d 3In the formulas in this section we neglent, . It is easy to rein-
=0) using Eqgs(3.10, (3.15 and(3.1) troduce it, and in our numerical plots we keep it.
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extra dimension, we can still prolkif a small deviation of 183
r » from unity is found. The sensitivity can be estimated from
Eq. (3.6). Assuming maximum separatioth= 7R, there is a

reduction in the cross section'(<1), and we obtain a sen- 14
sitivity

(4.2 o

0.6

whereAr?2 is the combined theoretical and experimental er- o]
ror onr2. Ford=0 one should find! >1 with a factor of
J2 higher sensitivity. At the DESYep collider HERA,
which is the onlye—p machine at present, we have' at
the few percent level. Thus, we cannot obtain a strong bound

from the HERA data. In the future a more energetic machine FIG. 2. 15 (the cross section fos channel exchange, e.g.

may be built. In the most optimistic scenario that is beinge € —#"u~, in the 5D theory normalized by the corresponding
discussed we may expect a machine V\Lﬁh;’v\‘ 10% at a SM cross sectionas a function of the scattering angle, cosVe

maximqu2%(4 TeV)Z which will be able to probe down assumeR™ =4 TeV and \/§: 1.5TeV. The dotted, dashed and
to R~ (18 TeV) ! solid curves are for separation dfR=0, 1 andw respectively.

0.2

-0.8 -0.6 -0.4 -0.2 o] 0.2 04 086 0.8 1

Let us now switch gears and consider the predictions o . . :
9 b I:or Js small compared to the inverse size of the extra di-

our model for high energge™ or ™~ machines. The . e .
doublet and singlet components of the charged leptons mayensmn the cross section is reduced independenttly An

be split by a distance in the extra dimensions. This would ;(l\t‘ra dlmen?lonal theory without fermion seNparanon predicts
<1 andr;>1. Thus, a measurement of <1 together

naturally suppress the Yukawa couplings of the leptons anbo . ' ) It
might be the origin of the hierarchy,,/m,,, [8]. In this case with r(,_<1 Wc_)uld be evidence for fermion separation in the
the wave functions of the fermions cannot be arbitrarily nar-extra dimension. _
row as the Yukawa coupling is proportional to the overlap of Another interesting probe af usings channel has been
the wave functions of the doublet and singlet fermion. TheSuggested recentfyi 3. Suppose that the first KK mode has
finite width of the wave functions ultimately cuts off the been produced and its masRlieasured. The case df
exponential suppression tthannel scattering amplitudes as =0 can be distinguished fromh=0 by looking at the cross-
discussed at the end of the previous section. This cutoff i§ection at lower energies. In particular, fo=0, the first
somewhat model-dependent as it depends on the shape of t& exchange exactly cancels the SM amplitude v
fermion wave functions. But if the separation of left and =1/(\2R), whereas ford#0 the cross section can still be
right handed fields is responsible for at least part of the suplarge. Therefore, a beam scan at energies beneath the first
pression of the muon and electron Yukawa couplings theriesonance can be an efficient probedof
we can safely ignore the finite width of the wave functions at Even if beam polarization is not available, one can still
energies relevant to experiments. probe the nature of the extra dimensions by looking at sev-
Again, to obtain any amplitude, we simply replace all SM eral processes and using angular information. First consider
gauge boson propagators by their corresponding 5D propan unpolarize&*e™—1"1~ scattering(The same holds for
gators Egs(3.4) and(3.8). If a given cross section has only incoming muong.We get the tree level cross section
contributions in one channek(t or u), then it is given by

the SM cross section multiplied by the corresponding ratio of do wa? 1 u2(Py(s) + Py(1))?
propagators as in the case of electron proton collisions. A a2 (1+ 16 Siﬁlew) codo

particularly clean measurement dfwould be possible at a w

I(ipt_on c+oll_|der _Wlth polarizable beams, as we could study t2P§(5)+szP§(t)

I'Ig—1_1g to isolatet channel exchange. In that case the 5 cod (4.9
deviation from the SM predictions is given by Ed.1). COS b

We can get more information by combining the above ] ]

with the processes; ey — uiuy (N=L or R). (The same Whenl=e both s andt channels are possible, while for

considerations also apply to scattering into quark pairs, but € Only thes channel is present, and in the above formula

this case is more difficult to study experimentaliyhis pro- ~ On€ should sePy(t) =Po(t)=0. We also define, as besftore,

cess is a pure channel betweeminseparatedermions so  the ratio of the 5D cross section to the SM oners(ry)

that forthee™e " —u*u~ (ete”—e'e") reaction. In Figs. 2
and 3, we presented, andr3' as a function of the scattering
angle. As we can see, the cross sections depend in a non

pSN— da/dt =I5 Py(s)|2 4.3 trivial way on the separation. This is because the helicity
7 do/dt|gy 0 ' ' changing amplitude depends dnwhile the helicity conserv-
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2] needs be done to see exactly what kind of sensitivity is at-
IRERERE tainable. Assuming Ar,~10% at a maximum Q?
18] o ~(7 TeV)? and using Eq(4.2 we estimate that one will be

) able to probe down t&®R~ (40 TeV) 1.
vol a T - We have so far contented ourselves to putting limits on
' : e N the model, in some cases noting that the difference between
g Nt extra dimensional models with and without fermion separa-
tion could be resolved. It is more exciting to consider how
large a positive signal for exponentially dropping cross sec-
tions could reasonably be expected at future colliders. The
direct limits from searching for the KK gauge bosaasd
Z' searchesimply 1/R=800 GeV. On the other hand, pre-
cision electroweak bounds on higher-dimensional operators
generated by KK exchange place a far more stringent limit
e mr e T e e VMR 1/R=3TeV [12]. If we take these precision bounds seri-
ously, then a 1.5 TeV Next-Linear Collid&XLC) could still

FIG. 3. Same as Fig. 2 far;' (the cross section fos andt  ohserve a drop in the cross section by as much as a factor of
channel exchange, e.g-e”—e"e", in the 5D theory normalized 2 for packscattering. However a 4 TeV muon collider could
by the corresponding SM cross section see a reduction by as much as a factor of 60. More optimis-
) ) o tically, we can imagine that there are extra states in the bulk
ing one does not. By looking at angular distributions, oneyhose exchange modifies the precision electroweak analysis.
can separate the different contributions, and extract Both |t tnese bounds are ignored, the direct bounds are weak
andd. enough that spectacular drops in the cross section can be

Another interesting collider mode which allows a very gpserved by as much as a factor of 1000 at a 1.5 TeV NLC.
clean measurement of fermion separations’ig®~ scatter- ’

ing. The advantage of th& e~ mode is that both beams can
be polarized to a high degree which allows for a clean sepa- V. DISCUSSION

ration of the interesting andu channels frons channel. We Our signal displays a remarkable fact about scenarios with
find for e _eg scattering tee"e~ (summed over final polar-  fermions split in the extra dimensions. Traditionally, when

izationy fermion fields are either delocalized in the extra dimensions
2 2.2 2 or when they are localized without any splitting, at energies

ptu— do/dt _u |Pd(;)|2+t2|Pg(u)| . (4 above the compactification scale all the amplitudes grow

7 doldt|gy u/te+t/u faster than in 4-dimensions. This reflects the non-

, " . renormalizable nature of higher-dimensional gauge theories.
Last, we estimate the sensitivity of lepton colliders. As-pyere we instead see that forand u channel interactions
sumingAr,~19% and using Eq(4.2) we conclude that we peyeen fermions localized at different points, the cross sec-

. . — 71 - i . N )
get sensitivity down tdQ_~1(27 TeV) ~ata 1.5TeV linear on decreases exponentially. The separation acts as a physi-
collider andR~(72TeV) - at a 4 TeV muon collider. cal “point-spliting”  regularization of the non-

A hadron machine could also be used to probe extra direnormalizable theory, allowing essentially exact

menspnal separations. Here, the situation is somewhat MO mputations for some amplitudes completely independent
complicated as there are many subprocesses that contributg, ihe physics at the ultimate UV cutoffvhich is smaller
the theoretical predictions are more uncertain and the expefjnan the separation
mental situation is more complicated. However, the higher This result, that fermion separation allows us to make
energy of the hadron machine compensates for these dra"Mhambiguous predictions for some quantities in non-
backs. . . ) . ) . renormalizable theories which are exponentially insensitive
One possible probe is to look into dijet production, in g physics at the cutofM, , is very general. We have al-
particular, for highpt jets. This process occurs Vigg, ggq  ready discussed how fermion separation provides a physical
andgg scattering that occurs vig t andu channels. In our UV cutoff for the KK gauge boson exchange. As another
framework the first two will be modified in a way similar to example, in the context of large extra dimensions with low
what we described for the leptons. In general, the invarianfundamental Planck scale, several groups have considered
mass of the two jets can be measured and thus one can finlde effects of tree-level graviton exchange in the higher di-
s, the parton center of mass of the event. Combining it withmensiong16]. For two or more extra dimensions, the sum
the angular information one can determine bstandt for ~ over the graviton KK excitations is UV divergent. Cutting
each event. This double differential cross section is sensitiveff this divergent sum at the scalé, generates an operator
to the size of the extra dimension and the fermion separatior®f the form
Another possible probe of our scenario is Drell-Yan pro-

cesses. Here, while one has less statistics, the accuracy is T Twr
higher. In contrast to the dijet case, this is a psi@hannel. O=\—"— (5.2
Of course, for both of these cases a more detailed study M
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whereT ,, is the 4D energy momentum tensor, ands an  vide an antiseptic environment where the properties of all
unknown constant dependent on the details of how the KKnodes lighter than the inverse fermion separatwhich can
sum is cut off. The analysis then proceeds by examining théclude fascinating objects such as bulk gravijonan be
effect of this particular higher-dimension operator on variousunambiguously studied.
observables. Even if deviations consistent with this operator Finally, we comment on different possible physics that
are seen experimentally, however, this does not provide dieads to exponentially small cross sections at laygessibly
rect evidence for extra dimensions. For instance, the operatdaking our most dramatic signal. Consider some composite
may be generated by integrating out a singlassivespin 2 object with some fuzzy siz4. For —t smaller tham\, we
particle of mass-M, . On the other hand, if the quarks and expect that the cross sections decrease fittt. Of course,
leptons are split by some distandethe UV divergence is if these are composite objects like the proton, consisting of
automatically cut off and we can write essentially the exacioint-like partons, then for/—t>A we expect the usual
expression for the cross section of, e.g., electron proton scagower-law fall-off with t expected from scattering off the
tering including the graviton exchange. The expression willpoint-like constituents, so this cannot fake our signal. On the
only depend on the unknowiks the number of extra dimen-  other hand, if the fuzziness is like that of a string, we may
sions n and the higher-dimensional Newton constantexpect that the exponentially decreasing cross-sections per-
Gna+ny- The only in principle incalculable corrections sist aboveA. However, in this case we do not expect the
come from the higher-dimensional operators suppressed ecreasing amplitude to have any simple relationship to the
M, , but these will be suppressed bye ' for the same SM amplitudes, whereas for us the new cross section is di-
reason that proton decay is suppressed to acceptable levelgctly related to the SM as in e.g., E@4.1), (4.3), (4.4) and

It is also important to note that the scattering of split(4.5). This direct correlation between the exponentially fall-
fermions remains small even above the scale of quanturhg amplitudes with the SM ones is the smoking gun for the

gravity M, , say the string scale. The reason is still the samepbservation of fermion separation in extra dimensions at fu-
as long as the fermions remain localized apart from eackyre colliders.

other at these energies, all the new heavy states which come
in at M, still need to propagate from one fermion to the
other, providing a still further suppression of the amplitudes.
It is interesting that in this scenario, we could in principle We thank Stan Brodsky, Hooman Davoudiasl, Lance
have the best of all worlds in super-Planckian physics. Théixon, Hitoshi Murayama and Tom Rizzo for useful discus-
usual expectation is that abol, , all sorts of new physics sions. N.A.-H. is supported by DOE under contract DE-
hit us at once with a rich an@t least initially chaotic set of AC03-76SF00098 and by NSF under contract PHY-95-
signals. We retain this possibility in tleechannel. But in the  14797. Y.G. and M.S. are supported by the Department of
t andu channels, the interactions between split fermions proEnergy under contract DE-AC03-76SF00515.
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