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Indirect Collider Signals for Extra Dimensions
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A recent suggestion that quantum gravity becomes strong near the weak scale can be probed
by the exchange of Kaluza Klein towers of massive gravitons in fermion pair productieridn
annihilation and in Drell-Yan production, including contributions from gluon-gluon fusion, at hadron
colliders. These processes are found to provide strong bounds which are essentially independent of
the number of extra dimensions. We also demonstrate that angular distributions provide a smoking
gun signal for low-scale quantum gravity which cannot be mimicked by other new physics scenarios.
[S0031-9007(99)09317-5]

PACS numbers: 13.10.+q, 04.50.+h, 11.25.Mj, 13.85.Rm

It has recently been suggested [1] that the hierarchy The effective theory belowM.; of concern here
problem, i.e., the smallness of the ratio of the weakconsists of the interactions between the SM fields on
scale to the Planck scalép;), may be avoided by the wall and gravity. The bulk metric can be written as
simply removing the hierarchy. In this case gravitationalGW = nap + hw(xﬂ,x”)/M:f/sz,where the indiceg
interactions become strong near the weak scale and takgtend over the fult + n dimensionsu over the3 + 1
place mainly inn new large spatial dimensions, known dimensions on the wall, andover then bulk dimensions.
as the bulk. Because of experimental constraints standarthe graviton field-strength tenshy,; can be decomposed

model (SM) fields cannot propagate into the bulk andnto spin-2, -1, and -0 fields with the interactions
are forced to lie on a wall, or 3-dimensional brane, in Bas (e, x9)
the higher-dimensional space. The relation between the [ dattnxTh? an (1)
scales where gravity becomes strong in the- n and My
4-dimensional theories can be derived from Gauss’ Lawvhere T2? is the symmetric, conserved stress-energy
and is given byM}, ~ r"MZf", wherer is the size of tensor in the bulk. The bulk fields appear as KK
the additional dimensions ard.s: is the effective Planck towers in the 4-dimensional space arising from a Fourier
scale in the bulk. The hierarchy dilemma is resolvedanalysis over the cyclic boundary conditions of the
by taking M to be near a TeV, which yields ~  compactified dimensions. The induced metric on the wall
103/7=19 meters. In this scenario = 1 theories are thus is G,,(x*,x* = 0) and the interactions with the SM
automatically excluded, while the case of= 2 with »  fields are obtained by decomposing (1) into the 4-
at a submillimeter will be probed by future gravitational dimensional states. Performing this, we see that= 0
experiments [2]. This framework can be embedded [3land hence the spin-1 KK states do not interact with
into string models, where the effective Planck scale can bthe wall fields. The scalar, or dilaton, states couple
identified with the string scal®;. We concentrate on this proportionally to the trace of the stress-energy tensor.
particular scenario, but note that there are other interestingor interactions with fermions, this trace is linear in the
suggestions [4] for a low effective Planck or string scale. fermion mass, while for gauge bosons it is quadratic in
While this is a fascinating concept, what makes thisthe boson mass. Hence the dilaton does not contribute to
theory exciting is that it has testable consequences. Ortle processes under consideration here.
manifestation of these theories is the existence of a We have only to consider the interactions of the KK
Kaluza Klein (KK) tower of massive gravitons which spin-2 gravitons with the SM fields. All gravitons in the
can interact with the SM fields on the wall. Here we KK tower, including the massless state, couple identically.
examine the indirect effects of these massive graviton$Ve may thus use the couplings as obtained in linearized
being exchanged in fermion pair production &te~  general relativity [5]. In this theory, the matrix element
annihilation and Drell-Yan production at hadron colliders.for e*e~ — ff generalized for the case of massive
In the latter case we examine a novel feature of thigraviton exchanges is
theory, which is the contribution of gluon-gluon initiated 1 TL’VPMVAUT){U
processes to lepton pair production. As we will see, M= — Z M—2 2)
these processes provide strong bounds on the effective M s = mgln]
Planck scale which are essentially independent of thevhere the sum extends over the KK modeg.,,,,
number of extra dimensions. We also quantify the extentepresents the polarization sum of the product of two
to which the spin-2 nature of the graviton exchange iggraviton fields and is given in [5]. Since the spacing of
distinguishable from other new physics contributions.  the KK states is given by-1/r, the sum over states in (2)
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can be approximated by an integral which is log divergento this integral is of order- M%I/M;‘, where we have
for n = 2 and power divergent fot > 2. A cutoff must taken the cutoff to be the string scale, while for= 2

be applied to regulate these ultraviolet divergences, and this result is multiplied by a factor of order (112 /s),
generally taken to be the scale of the new physics. Fowhere /s is the center-of-mass energy of the process.
n > 2 it can be shown [1] that the dominant contributign Combining these results yields

M = W{e(pl)me(pz)f(pa)v“f(p4)(pz = p1) (ps — p3)e(p1)yue(p2)f(p3)yuf(ps) (p2 — p1)’(ps — p3)*}.
3)

Note that graviton exchange @andP conserving, and is| and note that the limits obtained here, which gd.d¥*,
independent of the flavor of the final state. The coefficienire only very weakly dependent on its precise value and
A is of O (1) and cannot be explicitly calculated without hence on the specific model realization. In principle the
knowledge of the full quantum gravity theory. It is sign of A is undetermined and we examine the constraints
dependent on the number of extra dimensions, how thethat can be placed aif; with either choice of signs.

are compactified, and is in principle a power series in The angular distribution foe*e™ — ff with massive
s/M?. We neglect this possible energy dependencs in fermions is then given by

do 7TC¥2 '
o= N BAPLAGAT (L + B22) + 2BB5B)z + A5Ch( — B7)]
As 2
7277 e P; [2,83z3vev,f - BX1 — 3z2)afa‘,-f
/\2 4

+71_322+444_1_21_422 , 4
16772a2M‘§[ Bz Bzt — (1 — B)( B~z7)] 4
where the indiceg, j are summed ovey andZ exchangez = co9Y, Pjj andP are the usual propagator factors

(defined in, e.g., [6])),8 = (1 — 4m%-/s)1/2, A (v vj + a; aj) B{j (v aj + vja ) C,J (v vj - afaf)
and N, represents the number of colors of the final state. In the case of Bhabha scatteandi-channel graviton
exchanges will also be present. If polarized beams are availabdependent left-right asymmetry can also be formed:

ALr(2) = Py[BGAL (L + B22%) + 2BALBLz + BGClL(1 — BY/D
As 2

= Sangs 2B Al — B2 = 3vialYD. (5)

where D is given by the curly bracket in (4) above. spin-1 exchange. Summing over u, 7, ¢, b, andt fi-
Note that the total cross section and integrated lefthal states, including the polarization asymmetry, and
right asymmetry areunaltered by graviton exchanges, performing ay? analysis results in the 95% C.L. search
independently of fermion flavor, up to terms of orderreaches shown in Table I. Note that the effects of string
s*/M8, and hence only the angular distributions for thesescales up t6./s are discernible. The results from perform-

quantities will be sensitive to these new exchanges. ing this same procedure for LEP I, but excluding top final
The bin integrated angular distributions are displayed irstates and thel r(z) observable and using heavy quick
Fig. 1 for the sample case &fb final states with,/s =  tagging efficiencies applicable for LEP II, are also given

500 GeV. The solid histogram corresponds to the SM exdin Table I. Note that these constraints are actually placed
pectations and the “data” points represent the case withn the quantityA|~'/*M,. We find that the difference in
graviton exchanges witlM; = 1.5 TeV. The two sets the search reach due to the sign ambiguityiis only a

of data points correspond to the two sign choicesXor few GeV.

The errors on the data points represent the statistics in Next, we quantify the extent to which these spin-2
each bin for an integrated luminosity 66 fo~!. We exchanges are distinguishable from other new physics
have assumed a 60% heavy quark tagging efficiency cosources. As an example, we perform a fit to generated
responding to the expectations for linear colliders, anelece™e™ — vy, Z, G, — ff data assuming that the unpo-
tron beam polarization of 90%, a 1@ngular cut around larized and polarized angular distributions take the forms
the beam pipe and included of initial state radiation. Weexpected for new vector boson exchange. For both these
see that these distributions provide a statistically signifiangular distributions, we include, w, 7, b, and¢ final

cant and outstanding signal for graviton exchanges. It istates, the top quark is excluded as its mass effects would
clear that the spectra with the graviton exchanges do natlter the constants. The value gf per degree of free-
have the(1 + z?) shape that is typical of the SM or any dom is computed and the resulting confidence level of the
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fit is presented in Fig. 2 as a function of the string scalecollisions. The subprocess contribution of the graviton
We see that the quality of the fit is quite poor for string exchanges to ordinary Drell-Yan production is given by
scales up to-5./s, which is almost up to the discovery Eg. (4) inthe massless limit. However, gravitons can also
limit. This demonstrates that spin-2 graviton exchangesnediate gluon-gluon contributions to lepton pair produc-
are easily separated from that of new vector bosons. Simtion vias-channel exchange. Following an analogous pro-
lar studies can also be performed for comparison with newedure as outlined above for the four-fermion case, the
scalar exchange [7]. matrix element forgg — €* €~ via graviton exchanges is
We now examine lepton pair production in hadronicfound to be

M= %‘j OO = Paye + (0 = Pyalf(p)

X {kfx(k,unﬁu + kvnB;L) + k,B(k;_L"?aV + k;"?a,u,) - T]a,B(k;LkV + k,uk;/) + 77,u,1/(k/ ’ k'naﬁ - k,Bkéu)
— k- kl(n,uanvﬁ + nuﬁnva)}egﬁ(k/)fg(k)- (6)

Because the graviton couplings and the summation over tHEhe large parton luminosity for gluons at higher energy
KK tower of states foR — 2 processes are universaljs  colliders may compensate for the, ® dependence. Since
the same® (1) coefficient as in Eq. (3). This yields the this cross section is also even in pthe gluon-gluon con-
gg — €1 differential cross section for massless leptonstributions will affect only the total cross section and not the
do 22353 5 ) forward-backward asymmetry.
= GamM® (I =2z +z9). (7 The bin integrated lepton pair invariant mass distribution
! and forward-backward asymmetiyrg is presented in
Fig. 3 for the Large Hadron Collider (LHC) and the

Events/bin
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Tevatron main injector. The solid histogram represents the
SM expectations, and the data points include the graviton
exchanges with the error bars representing the statistics in
each bin. We have summed over electron and muon final
states. Forthe Tevatron we show the sample casg of

800 GeV and the sign ambiguity in is visible in Agg.

For the LHC we display the effects of ®; = 2.5 and

4 TeV string scale on th#&f;; spectrum (with the smaller
string scale having the larger effect). Since graviton
exchanges affect only the invariant mass distribution at
orderA?/M3, we would expect only minor modifications to
this spectrum. This holds true for the Tevatron, however,
large string scales have a sizable effect omMhespectrum

at the LHC due to the large gluon luminosity at these
center-of-mass energies. The deviationdjg are not as
pronounced at the LHC, whereas the two cases =1 are
statistically distinguishable at the Tevatron for this sample
case. The resulting 95% C.L. search reaches are given
in Table | for both machines. We also find that present

TABLE I. 95% C.L. search for the string scale in TeV for
various colliders with center-of-mass energies and integrated
luminosities as indicated.

J5 (Tev) L (o) A= =1
LEP Il 0.195 2.5 1.1

Linear collider 0.5 75 3.4
0.5 500 4.1
1.0 200 6.6

Tevatron 1.8 0.11
2.0 2 1.3

FIG. 1. Bin integrated angular distribution anddependent
left-right asymmetry fore*e~ — bb. In each case, the solid 2.0 30 17
histogram represents the SM, while the “data” points are for qc 14 10 5.2
M, = 1.5 TeV with A = =1. The error bars correspond to the 14 100 6.0
statistics in each bin.
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FIG. 2. The percentage of confidence level for the fit proce-

Tevatron data from run | withl10 pb™! of integrated
luminosity excludes a string scale up to 980 (920) GeV
at 95% C.L. forx = —1 (+1).

In conclusion, we have studied the indirect effects at
high energy colliders of a TeV string scale resulting from
new large extra dimensions. We derived the form of
the interactions of the massive KK gravitons with the
SM fields, examined their effect ih — 2 processes, and
found that present colliders can exclude a string scale up
to ~1 TeV and that future colliders can extend this reach
up to several TeV. The phenomenology of these models
is just beginning to be explored and we look forward to
the continued investigations of these theories.

This work was supported by the Department of Energy,
Contract No. DE-AC03-76SF00515.

Note added—After this work was completed related

dure described in the text. The assumed center-of-mass energyaterial discussing the phenomenological implications of
and luminosity is as labeled, and the dashed and solid curves i@rge extra dimensions [8,9] appeared. Two classes of

each case correspond to the choicg.
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FIG. 3. Bin integrated lepton pair (a) invariant mass distribu-

tion at the LHC withM, = 2.5 and 4.0 TeV and\ = +1 or

collider tests have emerged for these theories: (i) graviton
emission and (ii) graviton exchange, which is the subject
of this work. In the case of graviton emission, gravitons
are produced in processes, suchedg™ — G + y and
pp — G + g, and radiate into the bulk appearing as
missing energy in a detector. In this case the search reach
for the string scale is quite sensitive to the number of extra
dimensions. The bounds that can be placedvrfrom

the two processes listed above are found [8] to be roughly
equal to the results of this paper for= 2 and degrade

by a factor of (30—60)% forn = 6.
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