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Collider Signatures of New Large Space Dimensions
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Recently, Arkani-Hamed, Dimopoulos, and Dvali have proposed that there are extra compact
dimensions of space, accessible to gravity but not to ordinary matter, which could be macroscopically
large. In this Letter, we argue that high-energy collider processes in which gravitons are radiated into
these new dimensions place significant, model-independent constraints on this picture. We present the
constraints from anomalous single photon productioa’at™ colliders and from monojet production at
hadron colliders. [S0031-9007(99)08646-9]

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

The standard model of strong, weak, and electromagenergy particle collisions. In collider experiments, higher-
netic interactions has been dramatically successful in exdimensional gravitons(G) appear as massive spin-2
plaining the rates of high-energy ¢~ and pp reactions neutral particles which are not observed by collider
and the properties of th& and Z bosons. This great detectors. As ADD pointed out; radiation leads to
success, however, has focused attention on the fact thatissing-energy signatures in which a photon or a jet
the standard model (SM) requires a number of choices fos produced with no observable particle balancing its
its input parameters which are very difficult to understandtransverse momentum. In this paper, we compute the
Among these are the value of the Higgs boson mass paates of the missing-energy processes,
rameter u?> and the value of the cosmological constant . —
A. If one assumes that the most fundamental scale in na-¢ ¢
ture is the Planck scaléfp = GNI/ = 10" GeV and 1)
writes these parameters in terms of this scale, one findsnd the corresponding experimental constraints. We show

2~ 1073¥Mpy, A ~ 10711005, that these experiments actually give the strongest present
M Pls Pl p y g gestp

The mystery of these small parameters has motivatedonstraints on the size of the extra dimensions, and that
many authors to consider radical ideas for the manner ifuture experiments will have even better sensitivity.
which gravity is unified with the other fundamental in- Conventions—In this paper, we assume that the gravi-
teractions. The introduction of supersymmetry can lowetational field is the only field that propagates in the extra
the natural mass scale for* andA to 1 TeV. This ame- dimensions. It is likely that, in realistic models, the
liorates the problem of the Higgs mass but is not nearlyextra dimensions will also contain scalar, vector, and
enough of a reduction to solve the cosmological coneven fermion fields that couple to the SM particles with
stant problem. Many authors have investigated whethegravitational strength. These particles would produce
a string theory of quantum gravity can provide a furtheradditional, model-dependent, missing-energy signatures
reduction. String theory includes the possibility of ad-beyond those we consider here. We also assume that
ditional microscopic space dimensions. In this contextthe typical momenta with which gravitons are emitted are
Antoniadis [1] has proposed that nature may contain addismall relative to the thickness of the hypersurface on which
tional compact dimensions of sizg TeV [2]. the SM particles live and also relative to the fundamental

Recently, several groups [3—5] have extended this progravitational scale. In this limit, the higher-dimensional
posal using new ideas about the strong-coupling behawravitational field couples to the energy-momentum tensor
ior of string theory. In this regime, string theory may of the SM, with precisely the coupling of standard four-
contain solitons or mirror surfaces that occupy lower-dimensional gravity [6]. To compute the rate of emission
dimensional hypersurfaces, with some species of particlesf a singleG particle, we interpret th& momentum in
restricted to these objects. One can then imagine that thae extra dimensions as a four-dimensional mass for this
quarks, leptons, and gauge bosons of the SM live on gpin-2 particle and use the Lagrangian
four-dimensional hypersurface inside the full space time, B 1/2 Y
while gravity lives in the full, higher-dimensional space. 8L = ~(87Gy)" GurTH" (2)
Arkani-Hamed, Dimopoulos, and Dvali (ADD) [4] have Under our assumptions, this coupling is model
argued that, in these models, the fundamental gravitationahdependent.
scale can be as low as TeV energies, while the size of the For definiteness, we will assume that there are
extra dimensions can be as large as a millimeter. extra dimensions, and that these are compactified on an

If indeed gravity becomes strong at TeV energiesp-dimensional torus of periodicity27R. With our
gravitons should be radiated at significant rates in highehoices, the gravitational potential fefjust larger tharR

— y + (missing, pp — jet + (missing,
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takes the form¥V (r) = —(Gymimz/r) (1 + 2ne™"/® +  values of the four-dimensional mass,

...). Macroscopic measurements of the force of gravity 1

constrainR to be less than a millimeter; for example, > = R"] d"m = —QnR”f(mz)(”’z)/2 dm?
for n = 2, R < 0.77 mm at 95% confidence [7,8]. For ky 2

r < R, the potential goes over to the "1 dependence LR [(mz)("_z)/z i G,

characteristic of the higher-dimensional space. The 877
coefficient of this potential is proportional to a power of hereQ). is th | f1h it sohere indi :
fundamental gravitational scale. ADD define this scalegVNEresl, IS the volume of the unit sphere mndimensions

= 277 for n = 2).
by the formula, ( : - . .
y Electron-positron collisions—With these conventions,

(4)

M""?R" = (4wGy) ™. (3) it is now straightforward to compute the rate of ¢~
With this definition, M = 1 TeV corresponds taR = annihilation into an anomalous single photon recoiling
0.68 mm for n =2 and to R = 3.0 X 10~!2 cm for @dainstan unobserved. This reaction could potentially
n = 6. be observed at the CERN'e~ collider LEP 2 or at a

In computing the emission @ particles, it is necessary Nigher-energy e~ collider. S
to sum over the possible values of the higher-dimensional The differential cross section for the reactioneg —

momentak ;. This is, equivalently, a sum or integral over %gé;;”issi%?\iﬂ L”ythe center of mass system fa& af

4 2
do _ waGy m? 1 —3cos6 +4cos6)m* m?
dCOSH_l—mz/s{(1+cosz6)|:l+<s>:|+< 1 — cog6 s b+ s

2 2
+ 6c0§0(m) ] (5)

N

The same formula holds farz ¢/ ; the helicity-violating | 2 and n = 6, for the parameter values at our limit,
cross sections are zero. These expressions must lsempared to the single photon distribution from the SM
integrated over the phase space (4). The cross sectigmmocess. The peak in the SM cross section results from
behaves asr ~ s"/2/M"*2. Thus, the production of the process in which the recoils against an on-shell
anomalous single photons increases dramatically as th&’ which decays invisibly. Some additional advantage
center-of-mass energy is raised. can be gained, then, in applying a cut which excludes
In the SM, single photon events are produced in thehis peak. For the kinematic regi@0 < E, < 50 GeV,
reactione”e” — yvw, which can proceed through- |cosé,| < 0.95 and /s = 183 GeV, we find the cross
channel Z° exchange or (for the case of,) through section for G production: o = 267/M*, 19/M°, and
r-channelW exchange [9]. The effect o& emission 0.65/M8 fb for n = 2, 4, and 6, withM in TeV.
would be observable as an enhancement of the cross Higher-energy studies ef" ¢~ annihilation will be done
section for singley production above that of this SM at a lineare™ e~ collider (LC). We have already noted
source. The single- cross section has been measured bythat higher energy alone should lead to much higher sen-
the LEP 2 experimental groups afs = 183 GeV [10].  sitivity to G production. But the LC also offers another
The measurements agree with the SM prediction to 6% dvantage, the possibility of electron beam polarization,
accuracy. If we integrate our prediction for tliesignal  which can be used to suppress the dominanhannel
over the kinematic region studied in these experimentsi¥ exchange piece of the SM background process. At
we find, for the case: = 2, the limits R < 0.48 mm, /s = 1 TeV, with electron polarizatio® = +0.9 (right
M > 1200 GeV at 95% confidence. Limits for higher handed), integrating over the kinematic regignGeV <

values ofn are given in Table |I. E, <400 GeV, |cosd,| < 0.95, we find a SM back-
In Fig. 1, we show the energy distribution of single ground cross section of 82 fb and@ signal cross sec-
photons recoiling against particles for the cases =  tion of ¢ = 20/M*, 46/M®, and55/M? pb, forn = 2, 4,

TABLE I. Current and future sensitivities to large extra dimensions, expressed as 95% con-
fidence limits on the size of extra dimensioRgin cm) and the effective Planck scal (in
GeV). The assumptions of each analysis are explained in the text.

Collider R/M (n =2) R/M (n = 4) R/M (n = 6)
Present: LEP 2 4.7 X 1072/1200 1.9 X 107%/730 6.9 X 107'2/520
Tevatron 11.0 X 1072/750 24 X 107°/610 5.8 X 10712/610
Future: Tevatron 3.9 X 1072/1300 1.4 X 107°/900 4.0 X 107'2/810
LC 1.2 X 1073/7700 1.2 X 10719/4500 6.5 X 107'3/3100
LHC 3.4 X 1073/4500 1.9 X 10719/3400 6.1 X 10713/3300
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and 6, withM in TeV. To quantify the effect of this
measurement, we assume that this cross section can be
measured with 5% accuracy, and that the value to be found
agrees with the SM. Then the measurement would give
very strong limits onR andM which are listed in Table I.
Proton-antiproton collisions—In a similar way,
proton-antiproton collisions can lead to processes in which
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do/dEy (fb/GeV)
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20 a single parton is produced at large transverse momentum
10 recoiling against aG particle. This leads to a monojet
0 4 signature ofG production—a jet plus missing transverse
0 80 energy(Er)—which may be visible at the Fermilab Teva-

Ey (GeV) tron collider. The search for this reaction complements
, . _ the search ine"e™ reactions in the familiar way, with
FIG. 1. Energy spectrum of single photons recoiling againsine higher energy available in hadron collisions compen-

higher-dimensional graviton§, computed fore "¢~ collisions Lo I in th finiti fthe si |
at /s = 183 GeV with an angular cufcosé| < 0.95. The sating important losses in the definition of the signal.

dotted curve is the standard model expectation. The solid The production of jets with largé&r recoiling against
curves show the additional cross section expected in the mod€F particles can arise from the parton subprocesses

ev. polarization- and color averaged cross section for
qq — gG can be obtained directly from Eq. (5)

do =£ Ta,Gy 5 dut L+ m_2 !
d cosf 91— m?/s (s — m2)? s

2 2 2
e st [ () ] i) (7)) e

wheres, 7, andu are the Mandelstam variablesu = —3s(1 — m?/s) (1 ¥ cos#). The cross sections forg — ¢G
and gg — ¢G can be obtained from this expression by crossing> ¢. For the procesgg — ¢G, we find the
polarization- and color-averaged cross section,

do 3 Ta;Gy 29\ m? ! ¢ m? m? ?
dcosf 16 (1 — m2/s)(1 — cog9) {(3 + cos 6) [1 * (T) } — 47 +co G)T[l * (T) }

2
+ 6(9 — 2 cos 0 +co§‘0)(mT2> ] (7)

All of these formulas must be integrated over thenass | the monojet signal as an excess above the SM cross sec-
spectrum using the measure (4). The rate of monojeion for on-shellZ® production.
production can then be found by integrating these cross The CDF Collaboration has presented a bound on
sections with appropriate parton distributions. monojet production based on its firdt7 pb~! of data
The processesq — gZ°, qg — ¢Z°, followed by an in pp collisions at,/s = 1.8 TeV [11,12]. This analysis
invisible decay of thez®, give an irreducible physics searched for events with missiy greater than 30 GeV
background tas production. We will refer to this process and one jet in the rapidity regiohy| < 1.2. The result
as the “SM background,” and we will estimate the observawas consistent with th#° background and can be repre-
ability of our signal by comparing its cross section to thatsented as a limit on the number of neutrinos into which
of this reaction. There are other important backgroundhe Z° decays:N, < 5.0 (95% confidence). We convert
sources from mismeasured jets aiWd production with  this to a limit onG production by comparing the cross
forward leptons, but these backgrounds decrease sharpbgctions for theG signal and the SM process, computed
as the lower bound on missingy is increased. Unlike in the same framework. For simplicity, we carry out the
the case ofe*e™ reactions, the detector does not mea-calculations of both signal and background at the lead-
sure the imbalance in longitudinal momentum, and theréng order in QCD, using the CTEQ4 lowest-order (set 3)
is not enough kinematic information from the single ob-structure functions [13]. We find a SM background cross
served jet to exclude the kinematic region in which #fe  section of 37 pb for the cuts listed above, and,foe 2,
is on shell. On the other hand, the parton center of masa signal cross section @) pb/M*. This implies a limit
energies available at the Tevatron are higher than those < 1.2 mm, M > 750 GeV. Limits for higher values
of LEP 2, and we have seen that tBesignal increases of n are given in Table I. In Fig. 2, we show the missing
rapidly with energy. It is therefore reasonable to look for E; spectrum of the signal and background processes.
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6 T events above the SM expectation, providing direct evi-
= dence for this remarkable extension of our conception of
5 the universe.
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Note added—As this paper was being completed, we
received a paper by Giudice, Rattazzi, and Wells that
carries out an analysis very similar to the one presented
here [14]. Other high-energy physics limits on extra
dimensions have been discussed recently in [15].
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FIG. 2. Spectrum of missing energy in events with one
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