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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 com
dimensions of space, accessible to gravity but not to ordinary matter, which could be macroscopi
large. In this Letter, we argue that high-energy collider processes in which gravitons are radiated
these new dimensions place significant, model-independent constraints on this picture. We prese
constraints from anomalous single photon production ate1e2 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
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The standard model of strong, weak, and electrom
netic interactions has been dramatically successful in
plaining the rates of high-energye1e2 andpp reactions
and the properties of theW and Z bosons. This grea
success, however, has focused attention on the fact
the standard model (SM) requires a number of choices
its input parameters which are very difficult to understan
Among these are the value of the Higgs boson mass
rameterm2 and the value of the cosmological consta
l. If one assumes that the most fundamental scale in
ture is the Planck scale,MPl ­ G

21y2
N ­ 1019 GeV and

writes these parameters in terms of this scale, one fi
m2 , 10234M2

Pl, l , 102116M4
Pl.

The mystery of these small parameters has motiva
many authors to consider radical ideas for the manne
which gravity is unified with the other fundamental in
teractions. The introduction of supersymmetry can low
the natural mass scale form2 andl to 1 TeV. This ame-
liorates the problem of the Higgs mass but is not nea
enough of a reduction to solve the cosmological co
stant problem. Many authors have investigated whet
a string theory of quantum gravity can provide a furth
reduction. String theory includes the possibility of a
ditional microscopic space dimensions. In this conte
Antoniadis [1] has proposed that nature may contain ad
tional compact dimensions of sizēhyTeV [2].

Recently, several groups [3–5] have extended this p
posal using new ideas about the strong-coupling beh
ior of string theory. In this regime, string theory ma
contain solitons or mirror surfaces that occupy lowe
dimensional hypersurfaces, with some species of parti
restricted to these objects. One can then imagine that
quarks, leptons, and gauge bosons of the SM live o
four-dimensional hypersurface inside the full space tim
while gravity lives in the full, higher-dimensional spac
Arkani-Hamed, Dimopoulos, and Dvali (ADD) [4] hav
argued that, in these models, the fundamental gravitatio
scale can be as low as TeV energies, while the size of
extra dimensions can be as large as a millimeter.

If indeed gravity becomes strong at TeV energie
gravitons should be radiated at significant rates in hig
0031-9007y99y82(11)y2236(4)$15.00
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energy particle collisions. In collider experiments, highe
dimensional gravitonssGd appear as massive spin-2
neutral particles which are not observed by collide
detectors. As ADD pointed out,G radiation leads to
missing-energy signatures in which a photon or a j
is produced with no observable particle balancing i
transverse momentum. In this paper, we compute t
rates of the missing-energy processes,

e1e2 ! g 1 smissingd, pp ! jet 1 smissingd ,
(1)

and the corresponding experimental constraints. We sh
that these experiments actually give the strongest pres
constraints on the size of the extra dimensions, and th
future experiments will have even better sensitivity.

Conventions.—In this paper, we assume that the gravi
tational field is the only field that propagates in the extr
dimensions. It is likely that, in realistic models, the
extra dimensions will also contain scalar, vector, an
even fermion fields that couple to the SM particles wit
gravitational strength. These particles would produc
additional, model-dependent, missing-energy signatur
beyond those we consider here. We also assume t
the typical momenta with which gravitons are emitted ar
small relative to the thickness of the hypersurface on whic
the SM particles live and also relative to the fundament
gravitational scale. In this limit, the higher-dimensiona
gravitational field couples to the energy-momentum tens
of the SM, with precisely the coupling of standard four
dimensional gravity [6]. To compute the rate of emissio
of a singleG particle, we interpret theG momentum in
the extra dimensions as a four-dimensional mass for th
spin-2 particle and use the Lagrangian

dL ­ 2s8pGN d1y2GmnTmn . (2)

Under our assumptions, this coupling is mode
independent.

For definiteness, we will assume that there aren
extra dimensions, and that these are compactified on
n-dimensional torus of periodicity2pR. With our
choices, the gravitational potential forr just larger thanR
© 1999 The American Physical Society
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g

takes the form:V srd ­ 2sGNm1m2yrd s1 1 2ne2ryR 1

. . .d. Macroscopic measurements of the force of gravi
constrainR to be less than a millimeter; for example
for n ­ 2, R , 0.77 mm at 95% confidence [7,8]. For
r ø R, the potential goes over to ther2sn11d dependence
characteristic of the higher-dimensional space. Th
coefficient of this potential is proportional to a power o
fundamental gravitational scale. ADD define this sca
by the formula,

Mn12Rn ­ s4pGN d21. (3)

With this definition, M ­ 1 TeV corresponds toR ­
0.68 mm for n ­ 2 and to R ­ 3.0 3 10212 cm for
n ­ 6.

In computing the emission ofG particles, it is necessary
to sum over the possible values of the higher-dimension
momentak'. This is, equivalently, a sum or integral ove
t
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values of the four-dimensional mass,X
k'

­ Rn
Z

dnm ­
1
2

VnRn
Z

sm2dsn22dy2 dm2

­
Vn

8p
M2sn12d

Z
sm2dsn22dy2 dm2 G21

N , (4)

whereVn is the volume of the unit sphere inn dimensions
(­ 2p for n ­ 2).

Electron-positron collisions.—With these conventions,
it is now straightforward to compute the rate ofe1e2

annihilation into an anomalous single photon recoilin
against an unobservedG. This reaction could potentially
be observed at the CERNe1e2 collider LEP 2 or at a
higher-energye1e2 collider.

The differential cross section for the reactione2
L e1

R !
gG, considered in the center of mass system for aG of
massm, is given by
ds

d cosu
­

paGN

1 2 m2ys

(
s1 1 cos2 ud

"
1 1

√
m2

s

!4#
1
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1 2 3 cos2 u 1 4 cos4 u

1 2 cos2 u
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s

"
1 1

√
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s

!2#

1 6 cos2 u

√
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. (5)
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The same formula holds fore2
R e1

L ; the helicity-violating
cross sections are zero. These expressions mus
integrated over the phase space (4). The cross sec
behaves ass , sny2yMn12. Thus, the production of
anomalous single photons increases dramatically as
center-of-mass energy is raised.

In the SM, single photon events are produced in
reaction e1e2 ! gnn, which can proceed throughs-
channel Z0 exchange or (for the case ofne) through
t-channelW exchange [9]. The effect ofG emission
would be observable as an enhancement of the c
section for single-g production above that of this SM
source. The single-g cross section has been measured
the LEP 2 experimental groups at

p
s ­ 183 GeV [10].

The measurements agree with the SM prediction to
accuracy. If we integrate our prediction for theG signal
over the kinematic region studied in these experimen
we find, for the casen ­ 2, the limits R , 0.48 mm,
M . 1200 GeV at 95% confidence. Limits for highe
values ofn are given in Table I.

In Fig. 1, we show the energy distribution of sing
photons recoiling againstG particles for the casesn ­
con-
TABLE I. Current and future sensitivities to large extra dimensions, expressed as 95%
fidence limits on the size of extra dimensionsR (in cm) and the effective Planck scaleM (in
GeV). The assumptions of each analysis are explained in the text.

Collider RyM sn ­ 2d RyM sn ­ 4d RyM sn ­ 6d
Present: LEP 2 4.7 3 1022y1200 1.9 3 1029y730 6.9 3 10212y520

Tevatron 11.0 3 1022y750 2.4 3 1029y610 5.8 3 10212y610
Future: Tevatron 3.9 3 1022y1300 1.4 3 1029y900 4.0 3 10212y810

LC 1.2 3 1023y7700 1.2 3 10210y4500 6.5 3 10213y3100
LHC 3.4 3 1023y4500 1.9 3 10210y3400 6.1 3 10213y3300
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2 and n ­ 6, for the parameter values at our limi
compared to the single photon distribution from the S
process. The peak in the SM cross section results fr
the process in which theg recoils against an on-she
Z0 which decays invisibly. Some additional advanta
can be gained, then, in applying a cut which exclud
this peak. For the kinematic region20 , Eg , 50 GeV,
j cosugj , 0.95 and

p
s ­ 183 GeV, we find the cross

section for G production: s ­ 267yM4, 19yM6, and
0.65yM8 fb for n ­ 2, 4, and 6, withM in TeV.

Higher-energy studies ofe1e2 annihilation will be done
at a lineare1e2 collider (LC). We have already note
that higher energy alone should lead to much higher s
sitivity to G production. But the LC also offers anothe
advantage, the possibility of electron beam polarizati
which can be used to suppress the dominantt-channel
W exchange piece of the SM background process.p

s ­ 1 TeV, with electron polarizationP ­ 10.9 (right
handed), integrating over the kinematic region50 GeV ,

Eg , 400 GeV, j cosugj , 0.95, we find a SM back-
ground cross section of 82 fb and aG signal cross sec-
tion of s ­ 20yM4, 46yM6, and55yM8 pb, forn ­ 2, 4,
2237
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FIG. 1. Energy spectrum of single photons recoiling again
higher-dimensional gravitonsG, computed fore1e2 collisions
at

p
s ­ 183 GeV with an angular cutj cosuj , 0.95. The

dotted curve is the standard model expectation. The so
curves show the additional cross section expected in the mo
of Ref. [4] with (a) n ­ 2, M ­ 1200 GeV; (b) n ­ 6, M ­
520 GeV.
2238
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and 6, with M in TeV. To quantify the effect of this
measurement, we assume that this cross section ca
measured with 5% accuracy, and that the value to be fo
agrees with the SM. Then the measurement would g
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 wh
a single parton is produced at large transverse momen
recoiling against aG particle. This leads to a monoje
signature ofG production—a jet plus missing transver
energysET d—which may be visible at the Fermilab Tev
tron collider. The search for this reaction compleme
the search ine1e2 reactions in the familiar way, with
the higher energy available in hadron collisions comp
sating important losses in the definition of the signal.

The production of jets with largeET recoiling against
G particles can arise from the parton subproces
qq ! Gg, qg ! qG, qg ! qG, and gg ! gG. The
polarization- and color averaged cross section
qq ! gG can be obtained directly from Eq. (5)
ds

d cosu
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, (6)

wheres, t, andu are the Mandelstam variables:t, u ­ 2
1
2 ss1 2 m2ysd s1 7 cosud. The cross sections forqg ! qG

and qg ! qG can be obtained from this expression by crossings $ t. For the processgg ! gG, we find the
polarization- and color-averaged cross section,

ds

d cosu
­

3
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All of these formulas must be integrated over theG mass
spectrum using the measure (4). The rate of mono
production can then be found by integrating these cro
sections with appropriate parton distributions.

The processesqq ! gZ0, qg ! qZ0, followed by an
invisible decay of theZ0, give an irreducible physics
background toG production. We will refer to this process
as the “SM background,” and we will estimate the observ
ability of our signal by comparing its cross section to tha
of this reaction. There are other important backgroun
sources from mismeasured jets andW production with
forward leptons, but these backgrounds decrease shar
as the lower bound on missingET is increased. Unlike
the case ofe1e2 reactions, the detector does not mea
sure the imbalance in longitudinal momentum, and the
is not enough kinematic information from the single ob
served jet to exclude the kinematic region in which theZ0

is on shell. On the other hand, the parton center of ma
energies available at the Tevatron are higher than tho
of LEP 2, and we have seen that theG signal increases
rapidly with energy. It is therefore reasonable to look fo
jet
ss

-
t
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r

the monojet signal as an excess above the SM cross
tion for on-shellZ0 production.

The CDF Collaboration has presented a bound
monojet production based on its first4.7 pb21 of data
in pp collisions at

p
s ­ 1.8 TeV [11,12]. This analysis

searched for events with missingET greater than 30 GeV
and one jet in the rapidity regionj yj , 1.2. The result
was consistent with theZ0 background and can be repre
sented as a limit on the number of neutrinos into whi
the Z0 decays:Nn , 5.0 (95% confidence). We conver
this to a limit on G production by comparing the cros
sections for theG signal and the SM process, compute
in the same framework. For simplicity, we carry out th
calculations of both signal and background at the lea
ing order in QCD, using the CTEQ4 lowest-order (set
structure functions [13]. We find a SM background cro
section of 37 pb for the cuts listed above, and, forn ­ 2,
a signal cross section of20 pbyM4. This implies a limit
R , 1.2 mm, M . 750 GeV. Limits for higher values
of n are given in Table I. In Fig. 2, we show the missin
ET spectrum of the signal and background processes.
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FIG. 2. Spectrum of missing energy in events with on
jet, computed forpp collisions at

p
s ­ 1.8 TeV, with a

rapidity cut j yj , 2.4. The dotted curve is the standard
model expectation. The solid curves show the additional cro
section expected in the model of Ref. [4] with (a) n ­ 2,
M ­ 750 GeV; (b) n ­ 6, M ­ 610 GeV.

It is advantageous to make a tighter cut on missingET

to remove the backgrounds from mismeasured jets whi
were a problem for the CDF analysis [11]. Integratin
the signal and background rates over the region wi
missingET . 60 GeV and jet rapidityj yj , 2.4, we find
a SM background cross section forZ production of 10 pb,
and signal cross sections in the ratiosSyB ­ 0.85yM4,
0.15yM6, and0.052yM8, for n ­ 2, 4, and 6, withM in
TeV. Assuming that this measurement can be perform
with 20% accuracy, and that the value to be found agre
with the SM, we find the potential limits onR and M
listed in the third line of Table I.

Hadron-hadron collisions will be studied at a highe
energy at the CERN LHC. We find that both the
signal and the SM background processes are domina
by qq and qg collisions. Repeating the analysis a
the LHC energy of 14 TeV using the kinematic cut
ET . 200 GeV, j yj , 5, we find a SM background cross
section of 11 pb and signal cross sections in the rati
SyB ­ 110yM4, 420yM6, and 3600yM8, for n ­ 2, 4,
and 6, withM in TeV. With the same assumptions a
before, we find the potential limits listed in the last line
of Table I. It is important to note that, in the casen ­ 6,
the dominant parton-parton center of mass energies
comparable to the quoted limit onM, so the effective
coupling (2) might not be appropriate for this case.

In conclusion, in this paper, we have shown that
high-energy collider searches for events with missin
energy and transverse momentum provide a releva
model-independent test of theories with large extra spa
dimensions. Current high-energy experiments ate1e2

and pp colliders already place the strongest direct con
straints on these theories. Higher-energy experiments m
place much stronger constraints. Or, more optimisticall
they may allow us to observe an excess of missing-ener
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events above the SM expectation, providing direct e
dence for this remarkable extension of our conception
the universe.
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Note added.—As this paper was being completed, w
received a paper by Giudice, Rattazzi, and Wells th
carries out an analysis very similar to the one presen
here [14]. Other high-energy physics limits on ext
dimensions have been discussed recently in [15].
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