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Dijet production at hadron colliders in theories with large extra dimensions
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We consider the production of high invariant mass jet pairs at hadron colliders as a test for TeV scale
gravitational effects. We find that this signal can probe effective Planck masses of about 10 TeV at the CERN
LHC with a center of mass energy of 14 TeV and 1.5 TeV at the Fermilab Tevatron with a center of mass
energy of 2 TeV. These results are compared to analogous scattering processes at leptonic colliders.

PACS number~s!: 04.50.1h, 11.25.Mj, 13.10.1q, 13.87.2a
ec

t
de
d
te
th
e

M

ni

e

l

ro

is
f

d

n
,
-
di
t

le
-

a
s
of
a-
tive
avi-

we
the

of
iton
the
The

e
ates
n-
ith

2

n-
ry

s

one
ase
l to

her,

n

Conventionally, gravitation is assumed to have no eff
on TeV scale interactions since the Planck massM P

5GN
21/251.2231019GeV is well above this scale. The fac

that M P is so large in comparison to the standard mo
~SM! electroweak scale ofO(100 GeV) does, however, lea
to the so called hierarchy problem as in the absence of in
vening physical scales, fine tuning of the parameters of
SM at the Planck scale are required to keep the electrow
scale small.

Motivated by the fact that many string theories such as
theory@1# can only be consistent if there are more than 311
dimensions~the extra dimensions forming a compact ma
fold!, it has been recently suggested@2,3# that gravity may
become strong at the TeV scale. In particular, if there arn
compact dimensions of lengthR, at distancesd,R the New-
tonian inverse square law will fail@2# and the gravitationa
force will grow at a rate of 1/dn12. If R is sufficiently large,
even the weak strength of gravitational force at the mac
scopic scale can lead to a strong force at distances
1 TeV21. The size of the extra dimension required
8pRnMS

21n;M P
2 whereMS is the effective Planck scale o

the (41n)-dimensional theory. SinceMS is not far beyond
the electroweak scale, the hierarchy problem is eliminate

For instance, ifn51 and MS51 TeV, then R is of the
order of 108 km, large on the scale of the solar system a
clearly ruled out by astronomical observations. However
n>2 and MS>1 TeV thenR,1 mm; there are no experi
mental constraints on the behavior of gravitation at such
tance scales@4#. This compactification is thus not ruled ou
based on gravitational experiments.1

Of course, in these theories all other forces and partic
appear to exist in the usual (311)-dimensions. In the pro
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1There are however alternative schemes which can consiste

allow one extra dimension such as in@5#.
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posed scenario of@2# this results from the existence of
~311! dimensional brane to which all known fermion
and gauge fields are confined in the total
(31n11)-dimensional space. Only gravitation can prop
gate through the bulk and therefore may directly be sensi
to the effects of the new dimensions and the onset of gr
tational effects would be evident at collisions of energyMS .

To calculate such perturbative gravitational effects,
adopt the 4-dimensional point of view. Thus, we interpret
graviton states which move parallel to the 4 dimensions
space time as the usual massless graviton. The grav
states with momentum components perpendicular to
brane are observed as a continuum of massive objects.
density of graviton states is given by@2,3,6,7#

r~m2!5
dN

dm2 5
mn22

GNMS
n12

~1!

wherem is the mass of the graviton.
Gravitons with polarizations that lie entirely within th

brane are effective spin 2 objects while scalar or vector st
result if the polarizations are partially or completely perpe
dicular to the brane. In this paper, we will be concerned w
the effects dominated by the exchange of virtual spin
gravitons.

To perform perturbative calculations in this theory, Fey
man rules for the coupling of graviton states to ordina
particles can be formulated wherek5A16pGN is the expan-
sion parameter@6,7#; in particular, we adopt the convention
of @7#.

In the case of the exchange of virtual graviton states,
must add coherently the effect of each graviton. In the c
of an s-channel exchange, the propagator is proportiona
i /(s2mGl

2 ) wheremGl
is the mass of the graviton stateGl .

Thus, when the effects of all the gravitons are taken toget
the amplitude is proportional to

(
l

i

s2mGl

2
5D~s!. ~2!tly
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TABLE I. In this table, we give the value ofks and the functionsf (z), g(z) andh(z) which define the
differential cross section in Eq.~6! for each of the 2→2 processes relevant to dijet production in hadr
collisions. The variablez is the scattering angle in the center of mass frame given by (t2u)/s and in all cases
the total cross section is given by integratingz over the range21<z<11. Note that the differential cross

section forqq̄→gg is ~64/9! times the differential cross section given in this table.

Process ks f (z)

qq̄→q8q̄8 1/36 8(11z2)

qq8→qq8; qq̄8→qq̄8 1/36 16
512z1z2

~12z!2

qq→qq 1/72
32

3

~z2111!~3z211!

~12z2!2

qq̄→qq̄ 1/36
8

3

~724z1z2!~514z13z2!

~12z!2

gg→qq̄ 1/256
16

3

~9z217!~11z2!

12z2

gq→gq 1/96
32

3

~512z1z2!~1115z12z2!

~11z!~12z!2

gg→gg 1/512 288
~31z2!3

~12z2!2

Process g~z! h~z!

qq̄→q8q̄8 0
9

256
~123z214z4!

qq8→qq8; qq̄8→qq̄8 0
9

2048
~1491232z1114z2116z31z4!

qq→qq 24
523z2

12z2

3

1024
~5471306z213z4!

qq̄→qq̄ 2
1

4

~11214z2z2!~11z!2

12z

3

2048
~4431692z1354z21116z31107z4!

gg→qq̄ 24(11z2)
3

8
~12z4!

gq→gq 2(512z1z2)
3

8
~11z!~512z1z2!

gg→gg 120(31z2)
9

4
~31z2!2
ak

a-
If n>2 this sum is formally divergent asmGl
becomes

large. We assume that the distribution has a cutoff atmGl

;MS , where the underlying theory becomes manifest. T
ing this point of view, the value ofD(s) is calculated in
@6,7#:

k2D~s!52 i
16p

MS
4 F1OS s

MS
2D . ~3!
05600
-

The quantityF contains all the dependence onn and is
given by

F5H log~s/MS
2! for n52,

2/~n22! for n.2.
~4!

In a 2→2 process, a similar expression will apply fort
andu channel exchanges. Ifn.2, D(s) is independent ofs
in this approximation and likewise the sum of the propag
8-2
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DIJET PRODUCTION AT HADRON COLLIDERS IN . . . PHYSICAL REVIEW D62 056008
tors in thet andu channels will be identical. As pointed ou
in @8#, this will not necessarily be a good approximation
the case ofn52 because of the logarithmic dependence oD
on s.

The theory formulated in this way does not treat the cut
in detail but makes thead hocassumption that the cutoff i
MS . However, bounds which are obtained in this way m
be applied to a more specific theory by computing an eff
tive MS which would follow from the parameters of a give
theory. We can thus investigate the phenomenology wh
may occur at various colliders@8,9# as well as precision ex
periments@10#. An example of a scenario where the cuto
O(MS) is realized in a natural way from recoil effects of th
brane is discussed in@11#. In this picture, the cutoff is related
to the stiffness of the brane illustrating that in general,
cutoff can result from new physics manifest atMS .

To place limits on such theories at a hadron collider, i
natural to consider the production of real gravitons. If su
gravitons were produced in association with a jet, the mo
jet 1 large missingPT signal should be unmistakable. In
deed this process was considered in@12# where it was found
that a bound ofMS51.3, 0.9, 0.8 TeV may eventually b
achieved at the Tevatron forn52, 4 and 6. At the LHC
these bounds may be extended toMS54.5, 3.4 and 3.3 TeV.
The analogous process at the Next Linear Collider~NLC!,
e1e2→gG (G5graviton), was also considered in@12,13#
giving a reach atAs51 TeV of MS57.7, 4.5 and 3.1 TeV
for n52, 4 and 6. Slightly better bounds may be obtained
the case of aneg collider with the reactioneg→eG @14#.

In processes which produce real gravitons, the cross
tion is proportional to (E/MS)n12 so less stringent bound
can be placed onMS at largen. Stringent astrophysical con
straints have also been found forn52 both from the rate of
supernova cooling@15,16# which gives MS.30 TeV and
also the absence of a diffuse cosmic gamma ray backgro
from relic gravitons@15,17#, which givesMS.130 TeV. The
latter bound, depends strongly on the assumption that al
decay of the graviton is dominated by perturbative mode

In contrast to real graviton production which gives str
gent bounds whenn52, virtual graviton exchange which w
consider here in the case ofpp→2 jets1X or pp̄→2 jets
1X gives similar bounds for alln as can be seen from Eq
~4!. It should also be kept in mind that these theories im
the existence of new physics at the scale ofMS which may
also lead to two jet processes, such as discussed in@18#.
Thus, in experimentally probing the two jet signal, one c
only place limits on the gravitational effects common to
such models.

At the parton level, two jet events are generated via p
cesses of the formr1r2→r3r4, where r l are partons~of
momentumpl). In particular, the possible parton level pr
cesses are as follows:

~a! qq̄→q8q̄8 ~b! qq8→qq8/qq̄8→qq̄8

~c! qq→qq ~d! qq̄→qq̄
~5!

~e! gg→qq̄/qq̄→gg ~ f ! gq→gq/gq̄→gq̄

~g! gg→gg,
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whereq represents some flavor of quark andq8Þq is a dis-
tinct flavor.

Of course each of these scattering processes has a
contribution which the gravitational amplitudes will interfe
with ~where allowed by color conservation!. We shall see
however that since the amplitude grows withs2, scattering
through gravitons tends to be harder and is easily separ
from SM processes which drop withs.

The tree-level hard cross-sectionss i for a given subpro-
cessi, including the gravitational effects and their interfe
ence with the SM, can be written in the form:

ds i

dz
5ksFpas

2

2s
f ~z!2

2pasF

s

s2

MS
4 g~z!1

8pF2

s

s4

MS
8 h~z!G

~6!

wherez5p1•(p42p3)/p1•p2 is the center of mass scatte
ing angle ands5(p11p2)2. In the limit where the mass o
the quarks is neglected, the formulas forf (z), g(z) andh(z)
andks are given in Table I where the SM part agrees with t
calculations given for example in@19#. Note that in cases
where there are two identical particles in the final state
factor of 1/2 is included inks so in all cases phase spac
should be integrated over the range21<z<11.

The total differential two jet cross section is shown in F
1 at the CERN Large Hadron Collider~LHC! with As0
514 TeV, for MS52, 4, 6 TeV and at the Fermilab Teva
tron pp̄ collider with As052 TeV, for MS50.75, 1.5 TeV;
Fig. 1 also shows the prediction from the SM alone. Heres0
is the square of the center of mass energy of the hadr
collision andt5s/s0. In all cases we have imposed the c
uzu,0.5 which tends to favor the graviton scattering pr
cesses. The fraction of this differential cross section due

FIG. 1. The total differential cross sectionsds/dt are shown as
a function oft for n54 where the acceptance cutuzu<0.5 has been
imposed for various values ofMS . Solid lines represent the contri
bution at the LHC (As0514 TeV) if MS52 TeV ~upper solid line!,
4 TeV, 6 TeV and the standard model alone~lower solid line!. The
dashed lines represent the contributions at the Tevatron (As0

52 TeV) if MS50.75 TeV ~upper dashed line!, 1.5 TeV and the
standard model alone~lower dashed line!. The circles indicate
whereMS

25ts0.
8-3
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various partonic subprocesses for the LHC withMS
52 TeV and at the Tevatron withMS50.5 TeV is shown in
Figs. 2~a! and 2~b!. Of course, the extrapolation of thes
curves beyondMS is not valid since at that point new phys
cal processes, such as the brane recoil effects in@11#, will
enter and suppress the effect. In Fig. 1 this point is indica
by the black circles and so the portion of the curve to
right of the circles may depend on the cutoff mechanism
these results we have used the CTEQ4M structure functi
set 1@20#.

In the case of the LHC, one can see that the domin
contributions are fromgg→gg and qg→qg for t,0.1,
which results from the dominance of gluons for lowert. At
t.0.1, qq→qq becomes important due to the hard comp
nent of the structure functions of the constituent quarks.

FIG. 2. (ds i /dt)/(ds/dt) as a function oft for each partonic
mode withn54 is shown; in~a! the LHC is considered withpp
collisions atAs0514 TeV takingMS52 TeV while in ~b! the re-

sults for the Tevatron is considered withpp̄ collisions at As0

52 TeV takingMS50.5 TeV. In both cases a cut ofz,0.5 is im-

posed. The subprocesses areqq̄→q8q̄8 ~thin dashed line!; qq8

→qq8 ~thin dotted line!; qq̄8→qq̄8 ~thick dot dash line!; qq→qq

~thin dot dash line!; qq̄→qq̄ ~thick dotted line!; gg→qq̄ ~thick

long dashed line!; qq̄→gg ~thin solid line!; qg→qg1q̄g→q̄g
~thick dashed line!; gg→gg ~thick solid line!.
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the Tevatron,gg→gg and qg→qg are dominant at lowt

while hereqq̄→qq̄ will be dominant at largert.
In order to get an idea of what the reach of these sign

are, we consider imposing cuts of the formt.t0 since,
clearly, the SM backgrounds are more important at lowert.
In Fig. 3 we show the maximum value ofMS for which the
difference between the standard model and the stan
model with gravitation has a 3s significance both at the
LHC and at the Tevatron. In this graph we have taken
integrated luminosity for the LHC of 30 fb21 and for the
Tevatron of 2 fb21. From this graph it is apparent that, for a
optimal t0 cut of ;0.2, the LHC reach according to thi
criterion is;10 TeV, while, for the Tevatron it is;1.5 TeV.
A study@21# of existing Collider Detector at Fermilab~CDF!
and D0 two jet data gives a bound ofMS.1.2 TeV.

A related process which has been previously conside
@22# is the Drell-Yan process at hadron colliders,pp or pp̄
→e1e21X. In that case, at aAs0514 TeV LHC, with in-
tegrated luminosity of 30 fb21, one obtains a reach of abou
5.6 TeV, while at the Tevatron withAs052 TeV, given an
integrated luminosity of 2 fb21 one obtains a reach o
1.3 TeV.

It is interesting to compare these two jet results to tho
which may be obtained at the NLC by studying 2→2 scat-
tering processes. Many such processes have been consi
in the literature@22–24#. In particular it was pointed out in
@24# that thee2e2→e2e2 mode does somewhat better tha
the e1e2 modes at the same luminosity. For the sake
definiteness, let us consider the reach of ae1e2 or e2e2

collider with As51 TeV and integrated luminosity o
100 fb21, where we impose a cut on the two final state p
ticles of uzu,0.5. In this case we find that the reach inMS is
7 TeV for e1e2→m1m2, 4 TeV fore1e2→2 jets, 5.5 TeV
for e1e2→gg, 8.5 TeV fore1e2→e1e2 and 9.2 TeV for
e2e2→e2e2.

FIG. 3. The reach of the Tevatron~dashed line! and LHC~solid
line! in the case ofn54 as a function of a lower cut int based on
the total cross section as in Fig. 1. In both cases a criterion o
sigma was used. In the LHC case an integrated luminosity
30 fb21 was assumed while in the case of the Tevatron an in
grated luminosity of 2 fb21 was assumed.
8-4
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Another proposed mode of operation of an NLC is
convert it into a gamma-gamma collider by scattering opti
frequency laser beams off of the electron beams@25#. This
allows, for instance the study ofgg→gg, where there is no
tree level SM background. The leading SM contribution
given by the box diagram discussed in@26#. These processe
were studied extensively in@8,27# where in@8# detailed con-
sideration is given to optimization of the cuts and polariz
tion of the photons and the electrons. A reach of 3.5 TeV
thus obtained forn56 and likewise 3.8 TeV forn54 based
on an NLC with electron-positron center of mass ene
Asee51 TeV. Of course one may also consider a NLC whe
only one of the electron beams is converted into a pho
beam. At such a collider, one may studye6g→e6g. For this
process a reach ofMS;7.5 TeV is found@28#, again forn
54 based on an NLC with electron-positron center of m
energy Asee51 TeV and an integrated luminosity o
100 fb21.

The case of two photons going to two jets,gg→qq̄ and
gg→gg, has been considered in detail in@29#. They find
B

,

n-

.

h

ev

05600
l

-
s

y
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n

s

that in agg collider based on a 500 GeV electron-positr
machine, the sensitivity is (3.2,2.8) TeV forn5(4,6) while
the sensitivity is (11.1,9.4) TeV at a 2 TeV machine.

In conclusion then, two jet signals at the LHC can give
reach of about 10 TeV forMS which is quite favorable com-
pared to limits which may be obtained via Drell-Ya
(5.8 TeV) and monojet signals~i.e. 4.5; 3.3 TeV forn52;
6). An NLC collider running ine2e2 mode could achieve
comparable reaches i.e., 8.5 TeV; however, it is unclea
such a collider would run extensively in this mode. Ine1e2

mode, of the processes considered, the reactione1e2

→e1e2 gives the best reach of 6.8 TeV. Even though th
are large SM backgrounds to the dijet cross section at h
ronic colliders, the fact that graviton exchange dominan
contributes only at the highest values oft makes this signal
viable.
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