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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 numbses): 04.50+h, 11.25.Mj, 13.10+q, 13.87-a

Conventionally, gravitation is assumed to have no effecposed scenario of2] this results from the existence of a
on TeV scale interactions since the Planck mads  (3+1) dimensional brane to which all known fermions
=Gy Y?=1.22x10°GeV is well above this scale. The fact and gauge fields are confined in the total of
that Mp is so large in comparison to the standard model(3+n+1)-dimensional space. Only gravitation can propa-
(SM) electroweak scale dd(100 GeV) does, however, lead 9at€ through the bulk and therefore may directly be sensitive
to the so called hierarchy problem as in the absence of intef© the effects of the new dimensions and the onset of gravi-
vening physical scales, fine tuning of the parameters of thiational effects would be evident at collisions of enehgy.

SM at the Planck scale are required to keep the electroweak To calculqte suc;h pertqrbatlve_ gravitational .effects, we
scale small. adopt the 4-dimensional point of view. Thus, we interpret the

Motivated by the fact that many string theories such as Mgrawton states which move parallel to the 4 dimensions of

. ; space time as the usual massless graviton. The graviton
theory[1] can only be consistent if there are more th . states with momentum components perpendicular to the

dimensions(the extra dimensions forming a compact Man-prane are observed as a continuum of massive objects. The
fold), it has been recently suggestg]3] that gravity may density of graviton states is given b2,3,6,7

become strong at the TeV scale. In particular, if thererare

compact dimensions of leng® at distances <R the New- dN mh—2

tonian inverse square law will faj2] and the gravitational p(m?)= am " e a2 («y

force will grow at a rate of H"*2. If Ris sufficiently large, GCxMs

even the weak strength of gravitational force at the macrognerem is the mass of the graviton.

scopic scale can lead to a strong force at distances of Gravitons with polarizations that lie entirely within the
1Tev''. The size of the extra dimension required is prane are effective spin 2 objects while scalar or vector states
877R“M§+”~ ME, whereMg is the effective Planck scale of result if the polarizations are partially or completely perpen-
the (4+n)-dimensional theory. Sinckl g is not far beyond dicular to the brane. In this paper, we will be concerned with
the electroweak scale, the hierarchy problem is eliminated.the effects dominated by the exchange of virtual spin 2
For instance, ifn=1 andMgs=1 TeV, then R is of the gravitons.
order of 18 km, large on the scale of the solar system and To perform perturbative calculations in this theory, Feyn-
clearly ruled out by astronomical observations. However, ifman rules for the coupling of graviton states to ordinary
n=2 andMg¢=1 TeV thenR<1 mm; there are no experi- particles can be formulated wheke= /167Gy is the expan-
mental constraints on the behavior of gravitation at such dission parametef6,7]; in particular, we adopt the conventions
tance scale§4]. This compactification is thus not ruled out of [7].
based on gravitational experiments. In the case of the exchange of virtual graviton states, one
Of course, in these theories all other forces and particlemust add coherently the effect of each graviton. In the case
appear to exist in the usual {3L)-dimensions. In the pro- of ans-channel exchange, the propagator is proportional to
i/(s— méx) wheremGA is the mass of the graviton staBg, .
Thus, when the effects of all the gravitons are taken together,
*Email address: atwood@iastate.edu the amplitude is proportional to
"Email address: Shaouly.BarShalom@Romal.infn.it
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There are however alternative schemes which can consistently 2 > =D(s). (2
allow one extra dimension such as[#. MoST me
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TABLE I. In this table, we give the value & and the function$(z), g(z) andh(z) which define the
differential cross section in Eq6) for each of the 2-2 processes relevant to dijet production in hadron
collisions. The variable is the scattering angle in the center of mass frame giveriby}/s and in all cases
the total cross section is given by integratingver the range- 1<z=<+ 1. Note that the differential cross

section forqaﬂgg is (64/9 times the differential cross section given in this table.

Process ks f(z)
qaﬂ q ’a’ 1/36 8 ( 1+ 22)
- — 5+2z+7°
a9’'—qq’; 99’ —qq’ 1/36 lﬁw
32 (2+11)(32%+1)
— 1/72 s e
qq—aq 3 2"
- 8 (7—4z+2)(5+4z+32)
N 1/36 =
qq—aq 3 =27
— 16 (922+7)(1+ 729
— 1/256 R A
99—qq 3 =
2 2
9004 1/96 3_2(5+22+z )(11+5z+2z%)
3 (1+2)(1-2)°
3+27%)3
99—99 1/512 288(,—2)2
(1-29
Process @ h(z)
a—a'a’ 0 9 2 4
qg9—aq ﬁ(l—Sz +4z%)
’ ’ . " 9
aq’—qq’; 99’ —qq 0 Soag\ 149+ 232+ 114+ 162°+ 2)
5-372 3
q9—dq _ 4ﬁé Toa 547+ 30622+ 32°)
- — 1(11-14z—7%)(1+2)? 3 5 5 .
a9—qq 12 1—7 2048(443+692+35L12 +1162°+1072%)
_ 5 3
9g9—qq —4(1+7) 3(1-2)
2 3
gg—gq 2(5+2z+2°) §(1+z)(5+22+22)
9 2
99—gg 120(3+2%) Z(3+ )
If n=2 this sum is formally divergent as; becomes The quantityF contains all the dependence arand is
large. We assume that the distribution has a cutoffigt ~ 9'Ven by
~Mg, where the underlying theory becomes manifest. Tak- Iog(s/Mé) for n=2,
ing this point of view, the value oD(s) is calculated in = (4

[6.7]: “|2(n-2) for n>2.

S In a 2—2 process, a similar expression will apply for
_2) (3) andu channel exchanges. if>2, D(s) is independent o$
Ms in this approximation and likewise the sum of the propaga-

5 167
k°D(s)=—i—7xF+0O
MS
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tors in thet andu channels will be identical. As pointed out Total D sigma/ D tau

U I T U IR
~

in [8], this will not necessarily be a good approximation in
the case oh=2 because of the logarithmic dependenc®of
ons. 108 —

The theory formulated in this way does not treat the cutoff
in detail but makes thad hocassumption that the cutoff is
Ms. However, bounds which are obtained in this way may &
be applied to a more specific theory by computing an effec-2
tive Mg which would follow from the parameters of a given § ' [~
theory. We can thus investigate the phenomenology whichﬁI r
may occur at various collidef8,9] as well as precision ex- 102 —
periments[10]. An example of a scenario where the cutoff
O(My) is realized in a natural way from recoil effects of the
brane is discussed [A1]. In this picture, the cutoff is related T
to the stiffness of the brane illustrating that in general, the 0.001 0.005 0.010
cutoff can result from new physics manifestMg.

To place limits on such theories at a hadron collider, it is  FiG. 1. The total differential cross sectiods/dr are shown as
natural to consider the prOdUCtion of real graVitonS. If Sucrh function ofr for n=4 where the acceptance dtsos has been
gravitons were produced in association with a jet, the monoimposed for various values &l 5. Solid lines represent the contri-
jet + large missingP+ signal should be unmistakable. In- bution at the LHC /s,= 14 TeV) if Mg=2 TeV (upper solid ling,
deed this process was consideredl]] where it was found 4 TeV, 6 TeV and the standard model aldi@ver solid lind. The
that a bound oMg=1.3, 0.9, 0.8 TeV may eventually be dashed lines represent the contributions at the Tevatrds, (
achieved at the Tevatron for=2, 4 and 6. At the LHC =2TeV) if Mg=0.75TeV (upper dashed ling 1.5 TeV and the
these bounds may be extendedvt@=4.5, 3.4 and 3.3 TeV. standard model alon€lower dashed line The circles indicate
The analogous process at the Next Linear CollideLC), whereM§= rsq.
e"e”—yG (G=graviton), was also considered [f2,13] ) _
giving a reach at/s=1 TeV of Mg=7.7, 4.5 and 3.1 Tev Whereq represents some flavor of quark agd#q is a dis-
forn=2, 4 and 6. Slightly better bounds may be obtained infinct flavor. _
the case of amy collider with the reactiorey—eG [14]. Of course each of these scattering processes has a SM

In processes which produce real gravitons, the cross Seggntnbutmn which the gravitational amplitudes will interfere
tion is proportional to E/Mg)"*2 so less stringent bounds with (where allpwed by colqr conservath)rt_Ne shall see
can be placed oM at largen. Stringent astrophysical con- however that since the amplitude grows with scattering
straints have also been found foe 2 both from the rate of through gravitons tend§ to be harder and is easily separated
supernova cooling15,16 which gives Mg>30TeV and T0M SM processes which drop with _
also the absence of a diffuse cosmic gamma ray background 1he tree-level hard cross-sectioas for a given subpro-
from relic gravitong15,17], which givesM ¢>130 TeV. The cessi, mcludmg the grawtatlc_)nal foects and their interfer-
latter bound, depends strongly on the assumption that all thg"C€ With the SM, can be written in the form:

u {fb)

el o\ Y
0.050 0.100 0.500 1.000
tau

decay of the graviton is dominated by perturbative modes. 2 5 2 4

In contrast to real graviton production which gives strin- %: Ks s (z _2mask s_4g(z)+ﬂ S—Sh(z)
gent bounds when=2, virtual graviton exchange whichwe ~ dz 2s s Mg s Mg
consider here in the case pfp—2 jets+X or pp—2 jets (6)

+ X gives similar bounds for alh as can be seen from Eq. \\harez=n..(p,—p-)/D.- D is the center of mass scatter-
4). It §hou|d also be kept ?n mind that these thepries imply}lxg an;epgm(spi(ppfl S:)zpzlr: the limit where the mass of
the existence of new physics at the scaldvbf which may the quarks is neglected, the formulas f¢r), g(z) andh(z)

also Igad to tvyo Jet Processes, such as dlscusse[dah andkg are given in Table | where the SM part agrees with the

Thus, in expe_rlmentally prob_lng_ the wo jet signal, one CaMcalculations given for example ifL9]. Note that in cases

only place limits on the gravitational effects common to all\here there are two identical particles in the final state, a

such models. . . factor of 1/2 is included irkg so in all cases phase space
At the parton level, two jet events are generated via pro

£ the f h : ¢ should be integrated over the rangel<z<+1.
cesses of the formpp,— p3ps, Wherep, are partons(o The total differential two jet cross section is shown in Fig.
momentump,). In particular, the possible parton level pro-

cesses are as follows: 1 at the CERN Large Hadron CollidgiHC) with +/sq
' =14TeV, forMg=2, 4, 6 TeV and at the Fermilab Teva-

(a) q0—q'q’ (b) qq’—qq'/qq’ —qq’ tron pp collider with \'sy=2 TeV, for Mg=0.75, 1.5TeV;
— — Fig. 1 also shows the prediction from the SM alone. Hsge,
(¢) ag—aq (d) ag—aq is the square of the center of mass energy of the hadronic

— — -~ (5 collision andr=s/s,. In all cases we have imposed the cut
() gg—adaa—0gg (f) ga—9d/ga—0q |z]<0.5 which tends to favor the graviton scattering pro-
(9) 99—9g9, cesses. The fraction of this differential cross section due to
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LHC: D sigma_i / D sigma for MS=2TeV Reach of LHC and Tevatron
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TEV: D sigma_i / D sigma for MS=0.5TeV

100 ¢ —— — — FIG. 3. The reach of the Tevatrgqdashed linpand LHC (solid

E .- E line) in the case oh=4 as a function of a lower cut in based on
the total cross section as in Fig. 1. In both cases a criterion of 3
sigma was used. In the LHC case an integrated luminosity of
30fb™! was assumed while in the case of the Tevatron an inte-
grated luminosity of 2 fb* was assumed.

1071 |

1072 the Tevatrongg—gg andqg—qg are dominant at lowr

while hereqg— qq will be dominant at larget-.
In order to get an idea of what the reach of these signals
are, we consider imposing cuts of the form» 7, since,
3 clearly, the SM backgrounds are more important at lower
L \ ] In Fig. 3 we show the maximum value & 5 for which the
ot b bnd b ol - difference between the standard model and the standard
(b) tau model with gravitation has a & significance both at the
LHC and at the Tevatron. In this graph we have taken an
FIG. 2. (doj/d7)/(do/d7) as a function ofr for each partonic integrated luminosity for the LHC of 30fd and for the

mode withn=4 is shown; in(a) the LHC is considered witthp  Tayatron of 2 fiy L. From this graph it is apparent that, for an
collisions atysy=14 TeV takingMs=2 TeV while in (b) the re- optimal 7, cut of ~0.2, the LHC reach according to this

sults for the Tevatron is considered wifhp collisions atvsy  criterion is~ 10 TeV, while, for the Tevatron it is- 1.5 TeV.
=2TeV takingMs=0.5TeV. In both cases a cut @0.5 is im- A stydy[21] of existing Collider Detector at Fermilai€DF)
posed. The subprocesses arg—q'q’ (thin dashed ling qq"  and DO two jet data gives a bound bfs>1.2 TeV.
—qq’ (thin dotted ling; qq’'—qq’ (thick dot dash ling qg—qq A related process which has been previously considered
(thin dot dash ling qg—qq (thick dotted ling; gg—qq (thick  [22] is the Drell-Yan process at hadron collideps or pp
long dashed ling qq—gg (thin solid line; qg—ag+ag—ag  —e*e +X. In that case, at a/s,=14 TeV LHC, with in-
(thick dashed ling gg—gg (thick solid ling). tegrated luminosity of 30 fb*, one obtains a reach of about
5.6 TeV, while at the Tevatron witk/'s,=2 TeV, given an
various partonic subprocesses for the LHC witg integrated luminosity of 2 fb' one obtains a reach of
=2 TeV and at the Tevatron withls=0.5TeV is shown in 1.3 TeV.
Figs. 2a) and 2b). Of course, the extrapolation of these It is interesting to compare these two jet results to those
curves beyond 5 is not valid since at that point new physi- which may be obtained at the NLC by studying-2 scat-
cal processes, such as the brane recoil effec{d 1 will tering processes. Many such processes have been considered
enter and suppress the effect. In Fig. 1 this point is indicatedh the literature[22—24. In particular it was pointed out in
by the black circles and so the portion of the curve to thg24] that thee"e” —e” e mode does somewhat better than
right of the circles may depend on the cutoff mechanism. Irthe e"e” modes at the same luminosity. For the sake of
these results we have used the CTEQ4M structure functionglefiniteness, let us consider the reach ‘@™ or e"e”
set 1[20]. collider with s=1TeV and integrated luminosity of
In the case of the LHC, one can see that the dominant00fb !, where we impose a cut on the two final state par-
contributions are fromgg—gg and qg—qg for 7<0.1, ticles of|z|<0.5. In this case we find that the reachNi is
which results from the dominance of gluons for lowerAt 7TeVforete  —utu,4TeVforete —2jets, 5.5TeV
7>0.1, qq— qq becomes important due to the hard compo-for e*e™ —yy, 8.5TeV fore*e"—e*e™ and 9.2 TeV for
nent of the structure functions of the constituent quarks. Ae"e"—e e

D sigma_i / D sigma

1073 |
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Another proposed mode of operation of an NLC is tothat in ayy collider based on a 500 GeV electron-positron
convert it into a gamma-gamma collider by scattering opticainachine, the sensitivity is (3.2,2.8) TeV far=(4,6) while
frequency laser beams off of the electron bed@8. This  the sensitivity is (11.1,9.4) TeV at a 2 TeV machine.
allows, for instance the study afy— yy, where there is no In conclusion then, two jet signals at the LHC can give a
tree level SM background. The leading SM contribution isreach of about 10 TeV foM g which is quite favorable com-
given by the box diagram discussed #6]. These processes pared to limits which may be obtained via Drell-Yan
were studied extensively ir8,27] where in[8] detailed con- (5.8 TeV) and monojet signalg.e. 4.5; 3.3 TeV fom=2;
sideration is given to optimization of the cuts and polariza-6). An NLC collider running ine” e~ mode could achieve
tion of the photons and the electrons. A reach of 3.5 TeV izomparable reaches i.e., 8.5TeV; however, it is unclear if
thus obtained fon=6 and likewise 3.8 TeV fon=4 based such a collider would run extensively in this mode.eihe™
on an NLC with electron-positron center of mass energymode, of the processes considered, the reacéoe
JSee=1 TeV. Of course one may also consider a NLC where—e"e™ gives the best reach of 6.8 TeV. Even though there
only one of the electron beams is converted into a photor@re large SM backgrounds to the dijet cross section at had-
beam. At such a collider, one may stuefjy—e™ y. For this  ronic colliders, the fact that graviton exchange dominantly
process a reach dfls~7.5TeV is found[28], again forn c_ontributes only at the highest valuesofnakes this signal
=4 based on an NLC with electron-positron center of mas¥iable.
energy vSee=1TeV and an integrated luminosity of
100fb .

The case of two photons going to two jet)s'y—>qaand
vy—4ag, has been considered in detail i29]. They find
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