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Abstract

New physics signatures arising from different sources may be confused when
first observed at future colliders. Thus it is important to examine how various
scenarios may be differentiated given the availability of only limited informa-
tion. Here, we explore the capability of the high energy hadron and lepton
colliders, LHC and ILC, to distinguish spin-2 Kaluza-Klein towers of gravi-
tons exchange from other new physics effects which might be conveniently
parametrized by the four-fermion contact interactions. We find that the LHC
and ILC with planned energies and luminosities will be capable of discovering
and identifying graviton exchange effects in the ADD scenario with the cutoff
parameter of order 5-9 TeV depending on energy and luminosity.

Keywords: four-fermion contact interactions, models with extra dimensions, electron-
positron and hadron colliders.

1 INTRODUCTION

The concept of four-fermion contact interactions (CI) provides a convenient method
to investigate the interference of any new particle field predicted by many types of new
physics (NP) scenarios and associated to large scales A, with v and Z fields of the Standard
Model (SM). Some of these different scenarios are: composite models of quarks and leptons
[1]; exchanges of heavy Z' [2] and (scalar and vector) leptoquarks [3]; R-parity breaking
sneutrino exchange [4]; anomalous gauge boson couplings [5]; Kaluza—Klein graviton ex-
change, exchange of gauge boson KK towers or string excitations, etc. [6]. Unambiguous
confirmation of such dynamics would require the experimental discovery of the envisaged
new heavy objects and the measurement of their coupling constants to ordinary quarks
and leptons. There is a hope that new physics effects will be observed either directly, as
in the case of new particle production, e.g., Z’ and W’ vector bosons, SUSY or Kaluza-
Klein (KK) resonances, or indirectly through deviations, from the SM predictions, of
observables such as cross sections and asymmetries.
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Over the last years, intensive studies have been carried out, of how different scenarios
involving extra dimensions would manifest themselves at high energy colliders such as the
Large Hadron Collider (LHC) and an ete™ International Linear Collider (ILC) [6]. We
shall consider the possibility of distinguishing such effects of extra dimensions from other
NP scenarios at ILC and LHC, focusing on a model with large extra dimensions, namely
the Arkani-Hamed-Dimopoulos-Dvali (ADD) [7] scenario.

Here, we consider as basic observables the differential cross sections for the fermion
pair production processes

e = f+ 1, (f = e, 7,¢,b) (1)

at the International Linear Collider (ILC) with longitudinally polarized electron and
positron beams and the lepton pair production process

p+p— 1T+ X, (2)

at the LHC.

2 Indirect effects at ILC: graviton exchange

2.1 Polarized differential observables

The expression of the polarized differential cross section for the process ete™ — ff with
[ # e,t and in approximation where m; << /s can be expressed as [8]:

do(P~,P*) D {(1 _Pa) <daLL N daLR> 1+ Pg) (dgﬂ N dO’RL)} @)

dz 4 dz dz dz dz

In Eq. (3), z = cos 6 with 6 the angle between initial and final fermions in the C.M. frame,
and the subscripts L, R denote the respective helicities. Furthermore, with P~ and P*
denoting the degrees of longitudinal polarization of the e~ and e* beams, respectively,
one has - _ pt
1P P @)
The SM amplitudes for these processes are determined by v and Z exchanges in the
s-channel.

The polarized differential cross section for the Bhabha process ete™ — ete™, where v
and Z can be exchanged also in the t-channel, can be conveniently written as [9, 10, 11]:

DZl_P_P+7 Peff:

do(P~ P*) _ (14 P7)(L=P)dox (1= P7)(1+P") doy

dz N 4 dz 4 dz
(1+P_) (1+P+) dURL,t n (1—P_) (1—P+) dULR,t (5)
4 dz 4 dz ’

with the decomposition

dop,  dop n dorr,s dor  dogrr . dorr,s
dz  dz dz ’ dz  dz dz




In Egs. (5) and (6), the subscripts t and s denote helicity cross sections with SM ~ and
Z exchanges in the corresponding channels. In terms of helicity amplitudes:

do 2ral 2 do 27?043 m 2
d;L = ‘GLLS + GLLt| R s ‘GRR,S + GRR,tl ;
dO'LR t dO'RL t 27TCK2 2 dO’LR s dO'RL s 27T0é2 2
LA it em. | S em. |y S| 7
dz dz S | LR t} dz dz s | LR, ‘ (7)

The polarized differential cross section (3) for the leptonic channels ete™ — [T]~ with
[ = p, 7 can be obtained directly from Eq. (5), basically by dropping the ¢-channel poles.
The same is true, after some obvious adjustments, for the éc and bb final states.

According to the previous considerations the amplitudes G,g;, with a, 3 = L, R and
1 = s,t, are given by the sum of the SM ~, Z exchanges plus deviations representing the
effect of the novel, contactlike, effective interactions:

1 gt 1 9%
Girs = u |-+ 5 +AiLs ), Gug=u |-+ + Ay |,
s s—DM;

1 2 1 2
Grrs = U (— + IR +ARR,s> , Grrt=1u (— + I +ARR,t> )

s s— M2 t  t— M3

1 IR gL I groL
Girs = t |- Ars |, G = - A ) 8
LR, (s+s—M2+ LR) LR,t S(t+t—M§+ LR, (8)

Here u,t = —s(1+2)/2, gr = tan 0y and g, = — cot 2 Oy, with Oy the electroweak mixing
angle. The deviations A,p,; caused by the models of interest here have been tabulated
in earlier references, see for example Refs. [10, 12]. However, for convenience, we report
their explicit expressions and briefly comment on their properties in the next section.
The contactlike nonstandard interactions considered in the sequel are listed below:
a) The ADD scenario [7]. In the parameterization of Ref. [6], the exchange of such a
KK tower is represented by the effective interaction:

4
L= z—)\T’“’T

AL s A==+l 9)

In Eq. (9), T, denotes the energy-momentum tensor of the SM particles and Ay is an
ultraviolet cut-off on the summation over the KK spectrum, expected in the (multi) TeV
range. The corresponding corrections to the SM amplitudes for Bhabha scattering, see
Eq. (8), read:

A 3 A 3
ALL,S = ARR,S = —A4(U + —5) ALL,t = ARR,?& = —A4<u + t)
A 3 A 3
Argr,s = ——/\4(1f + =), Arry = —A4(S + t) (10)

b) The dimension-6 four-fermion contact interaction (CI) scenario [1]. With A.g
(a, 8 =L,R) the “compositeness” mass scales, and 0.5 =1 (0) for f =e (f # e):

dm Nap _
L=, Z Az, (Cauca) (for"fs) . map=%£1,0. (11)




The induced deviations in Eq. (8) are:

1 naﬁ
Apgs = Nogr = —. 12
B, B,t o 42[3 ( )

Rather generally, this kind of effective interactions applies to the cases of very massive
virtual exchanges, such as heavy Z's, leptoquarks, etc.

Current experimental lower bounds on As are mostly derived from nonobservation of
deviations at LEP and Tevatron colliders. At the 95% C.L., they are: Ay > 1.3 TeV and,
generically, A, > 10 — 15TeV, depending on the processes measured and the type of
analysis performed [13].

c) Models with TeV~'-scale extra dimensions [14, 15]. The effective interactions in
contact interaction approximation for efe™ — ff can be written as

£ = = Q0 (1)
+ (grever + grervuer) (907" fu + grfrr" fr))- (13)
The corresponding deviation can be written as

2

e
3 M2

Aaﬁ,s - Aa,@,t = _(Qle + gg gg) (14>

For the TeV '-scale extra dimension scenario the current limit, mostly determined by
LEP data, is Mc > 6.8 TeV.

2.2 Discovery and identification reaches

The basic objects are the relative deviations of observables from the SM predictions due

to the NP:

O(SM + NP) — O(SM)
O(SM) ’

and, as anticipated, we concentrate on the polarized differential cross section, O =

do/d cos 6.

To derive the constraints on the models, one has to compare the theoretical deviations
from the SM predictions, that are functions of As, to the foreseen experimental uncer-
tainties on the differential cross sections. To this purpose, taking the polarized angular
distributions as basic observables for the analysis, O = do(P~, P*)/dz, we introduce x?*:

- > >( wafn) - (16)

, Pt} bins

A(O) =

(15)

Here, for the individual processes, the cross sections for the different initial polarization
configurations are combined in the x?, and 6O denotes the expected experimental relative
uncertainty (statistical plus systematic one). As indicated in Eq. (16), we divide the
angular range into bins. For Bhabha scattering, the cut angular range |cosf| < 0.90 is
divided into ten equal-size bins. Similarly, for annihilation into muon, tau and quark pairs
we consider the analogous binning of the cut angular range | cos 6| < 0.98.
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For the Bhabha process, we combine the cross sections with the following initial elec-
tron and positron longitudinal polarizations: {P~, P*} = (|P~|,—|P*|); (—|P~|,|P*];
(|P~|,|P*]); (=|P~|,—|P*|). For the “annihilation” processes in Eq. (1), with f # e, t, we
limit to combining the (P~, P™) = (|P~|,—|P*|) and (—|P~|,|P*|) polarization configu-
rations. Numerically, we take the expected values |[P~| = 0.8, |P*| = 0.3 and |P*| = 0.6.

Regarding the ILC energy and time-integrated luminosity, we take /s = 0.5 TeV with
Line = 500 fo71 and /s = 1 TeV with Ly, = 1000 fb~!. The assumed reconstruction
efficiencies, that determine the expected statistical uncertainties, are 100% for e*e™ final
pairs; 95% for final I*1~ events (I = pu,7); 35% and 60% for c¢ and bb, respectively.
The major systematic uncertainties are found to originate from uncertainties on beams
polarizations and on the time-integrated luminosity: we assume §P~ /P~ = §P* /Pt =
0.1% and 0L/ Ling = 0.5%, respectively.

As theoretical inputs, for the SM amplitudes we use the effective Born approximation
[16] with myp, = 175 GeV and my = 120 GeV. Concerning the O(a) QED corrections, the
(numerically dominant) effects from initial-state radiation for Bhabha scattering and the
annihilation processes in (1) are accounted for by a structure function approach including
both hard and soft photon emission, and by a flux factor method, respectively. By a
calculation based on the ZFITTER code [17], other QED effects such as final-state and
initial-final state emission are found, in processes ete™ — [T~ and ete™ — qq (¢ = ¢,b),
to be numerically unimportant for the chosen kinematical cuts.

The expected discovery reaches on the contactlike effective interactions are assessed by
assuming a situation where no deviation from the SM predictions is observed within the
experimental uncertainty. Accordingly, the corresponding upper limits on the accessible
values of As are determined by the condition x?(0) < xZ;, and we take x%; = 3.84 for
a 95% C.L. In Table 1, we present the numerical results from the processes listed in the
caption. Here, [71~ denotes the combination of pu*u~ and 777~ final states, and pu — 7
universality has been assumed for the limits on the CI mass scales.

Continuing the previous y2-based analysis, we now assume that deviations has been
observed and are consistent with the ADD scenario (9) for some value of Ay. To assess
the level at which the ADD model can be discriminated from the general CI model as the
source of the deviations or, equivalently, to determine the “model-independent” identifi-
cation reach on the effective interaction (9), we introduce in analogy with Eq. (16) the
relative deviations A and the corresponding y2:

2
iy O(ALL, Agr, Arr, ALr) — O(ADD) 2 o)
{P—, Pt} bins

In Eq. (17), A(O) depends on all As, and somehow represents the “distance” between
the ADD and the CI model in the parameter space (Ag, A,z). Moreover, SOP ig the
expected relative uncertainty referred to the cross sections that include the ADD model
contributions: its statistical component is therefore determined from helicity amplitudes
with the deviations (10) predicted for the given value of Ag. In turn, the CI contributions
to the cross sections bring in the dependence of Eq. (17) on the parameters A,z of Eq. (12),
now considered as all independent. Therefore, for each of processes (1), x? is a function
of A/A} and in general, simultaneously of the four CI couplings 7,4/ (AZ};)Q

In this situation we can determine confusion regions in the parameter space, where
the CI model can be considered as consistent with the ADD model, in the sense that it



Table 1: 95% C.L. discovery reaches (in TeV). Left entry in each column refers to the unpo-
larized beams (|P~|,|P*"|)=(0,0) while the right entry corresponds to (|P~|,|P"|)=(0.8,
0.3) at /s = 0.5 TeV, Ly, = 500 fb~! and (|P~|,|P*])=(0.8, 0.6) at /s = 1 TeV,
Line = 1000 fb~!, respectively.

Processes
Model | eTe™ — ete™ ‘ ete” — 1T~ ‘ ete” — bb ‘ ete” — cc
/5= 0.5 TeV; Ly = 500 fb !
Ay 5.3; b.b 3.7, 3.8 3.7, 4.0 3.7, 3.8

A, 1 128.3; 136.7 | 136.4; 144.2 | 115.8; 137.4 | 128.3; 136.7
A, 76.1; 90.3 | 122.4; 129.5 | 116.7; 139.5 | 116.9; 124.8
A 66.2; 827 | 81.9; 98.6 | 96.9; 105.7 | 84.1; 96.6
A 64.0; 81.5 | 784; 97.7 | 64.4; 98.0 | 715 95.3
A, 94.9; 100.1 | 74.1; 90.2 | 76.0; 95.9 | 54.5; 79.0
A Apr =Arp | 74.0; 90.6 | 70.9; 855 | 78.2; 86.5

Mo 20.5; 22.1 | 30.7; 32.5 9.7, 149 | 158; 17.3
V5 =1 TeV; Ly = 1000 b
Ay 9.9: 10.2 6.8, 7.2 6.8, 7.6 6.8, 7.2

A, 1 223.3; 237.2|230.2; 2541 | 196.2; 245.5 | 216.7; 241.4
A9, 1133.6; 1875 |206.5; 228.0 | 196.6; 249.3 | 197.5; 220.2
A% 1119.3; 1519 | 138.3; 176.0 | 163.4; 187.5 | 141.7; 1718
A9, 1 114.9; 1505 | 132.3; 174.6 | 109.4; 180.1 | 120.7; 171.3
A 1160.0; 179.7 | 125.3; 1615 | 126.2; 171.3 | 94.2; 145.4
AL Apr=Arg | 125.0; 162.2 | 121.3; 153.1 | 131.8; 153.8
Me 36.2; 38.7 | 51.8 57.2 | 16.0; 26.8 | 26.8; 30.8

can mimic the differential cross sections of the individual processes (1) determined by the
latter one. At a given C.L., these confusion regions are determined by the condition

¥ < Xew- (18)

For 95% C.L. we choose x2; = 7.82 for Bhabha scattering and x%; = 9.49 for lepton
(uTp~, 7777) and quark (éc, bb) pair production processes. Eq. (18) defines a four-
dimensional surface enclosing a volume in the (A\/A%, nrr/A2L, mrr/Akg, Tr/A2R) Da-
rameter space. In Fig. 1, we show the planar surfaces that are obtained by projecting the
95% C.L. four-dimensional surface, hence the corresponding confusion region that results
from the condition x* = x&;.

As suggested by Fig. 1, the contour of the confusion region turns out to identify
a maximal value of |\/A%| (equivalently, a minimum value of Ag), for which the CI
scenario can be excluded at the 95 % C.L. for any value of n/Aiig. This value, AP is
the identification reach on the ADD scenario, namely, for Ay < AP the CI scenario can
be excluded as explanation of deviations from SM predictions attributed to the ADD
interaction, and the latter can therefore be identified.

Fig. 1 shows the dramatic role of initial beams polarization in obtaining a restricted
region of confusion in the parameter space or, in other words, in enhancing the iden-
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Figure 1: Two-dimensional projection of the 95% C.L. confusion region onto the planes
(mrn/A2p, A/A%,) (left panel) and (qpr/AZg , A/A}) (right panel) obtained from Bhabha
scattering with unpolarized beams (dot-dashed curve) and with both beams polarized
(solid curve).

tification sensitivity of the differential angular distributions to A}?. Table 2 shows the
numerical results for the foreseeable “model-independent” identification reaches on Ay.

Table 2: 95% C.L. identification reach on the ADD model parameter Ay obtained from
ete™ — ff at /s = 0.5 TeV, Ly = 500 fb~! with polarizations (|P~|,|PT|)=(0.8, 0.3)
and /s =1 TeV, L;,, = 1000fb~! with polarizations (|P~|,|P*[)=(0.8, 0.6).

Process
An (TeV) ete” —efe” | efe” = 1Tl | ete —bb | ete™ — éc
/5 =05 TeV 3.2 2.6 3.4 2.9
Vs =1.0TeV 6.5 4.7 6.2 5.4

3 LHC observables and constraints on extra dimen-
sion parameters

3.1 The center—edge asymmetry Acg

At hadron colliders, lepton pairs can in the SM be produced at tree-level via the following
sub-process

qq — v, Z — UM, (19)



where we shall use [ = e, u. If gravity can propagate in extra dimensions, the possibility
of KK graviton exchange opens up two tree-level channels at hadron colliders in addition
to the SM channels, namely

qq— G =17, 99— G—=1"", (20)

where G represents the gravitons of the KK tower.

Consider a lepton pair of invariant mass M at rapidity y (of the parton c.m. frame)
and with z = cos 0., where 0, is the angle, in the c.m. frame of the two leptons, between
the lepton (/) and the proton P;. The inclusive differential cross section for producing
such a pair, can at the LHC proton-proton collider be expressed as

dO'qq

dM dy dz
= Z{ fq|P1 517 f(I|P2(£27 )

Seven

+  far (&, M) fyp, (&2, M) dqj +

+ [fQ|P1 (517 M)f(ﬂpz(g?v M) -

dAogid
= a0 M) (o, M=}, (21)
dogg,
dM dydz
M do
= K2 fn 6 M) o M) (22)

Here, dog" /dz and dJOdd /dz are the even and odd parts (under z «» —z) of the partonic
dlfferentlal Cross sectlon daqq /dz, and the minus sign in the odd term allows us to interpret
the angle in the parton cross section as being relative to the quark momentum (rather
than P;). Furthermore, K is a factor accounting for higher order QCD corrections (we
take K = 1.3, which is a typical value), f;p,(§, M) are parton distribution functions in
the proton P;, and the &; are fractional parton momenta

f= e, = Lo (23)
We also made use of the relation d¢; d&, = dM(2M/s)dy and have M? = £,&,s, with s
the pp c.m. energy squared.

The center—edge and total cross sections can at the parton level be defined like for
initial-state electrons and positrons [18]:

(L ) Ee
/1_‘”’ (24)

OCE

o



These will play a central role in the center—edge asymmetry at the hadron level. At this
point, 0 < 2z* < 1 is just an arbitrary parameter which defines the border between the
“center” and the “edge” regions.

At hadron colliders, the center—edge asymmetry can for a given dilepton invariant

mass M be defined as 4 JanM
OCE
cr(M) do/dM

where we obtain docg/dM and do/dM from (21) by integrating over z according to
Eq. (24) and over rapidity between —Y and Y, with Y = log(y/s/M),

(25)

do  dog = dog,

dM — dM  dM

(26)

3.2 Acg in the SM and ADD scenario

We have the following parton differential cross sections, where double superscripts refer
to interference between the respective amplitudes (with z the cosine of the quark-lepton
angle in the dilepton c.m. frame, and averaged over quark and gluon colors):

dé’G )\2M6
% = ) (1 - 24)7
dz 64m M,
dé’G— )\2M6
9 _ 1—-3 2 4 4
T VA SR
A6y _AaQ,Q.M? 5
dz 6 M, ’
doCZ  NaM?
dqzq = o [aga.(1 — 32%) — 2v,v.2°]Re X,
H
doSM a2
d—‘;" = oI [S, (1 + 2%) + 24, 2]. (27)

Here, fermion masses are neglected, and we define

Se = Q2Q% +2Q,Qcvgve Re x
+ (V) 4 a) (W +a?) x|,
A, = 2Q,Qc.a.a.Rex + 4vqaqveaelx\2. (28)

We use a convention where ay = Ty, vy = Ty — 2Qsin® Oy and the Z propagator is

represented by
1 M?
= ) 29
X sin2(29w) M? —m?% +imzl'y (29)




From Eqgs. (24) and (27), we obtain the following parton level center—edge cross sections

) A2 M6 .
Ug,CE 407TM8 [1 (5_Z >_1]7
A2 M6 5
~G %5 * *2
= 2 —2*(1 — -1
94q,CE 607TM1§I[ Z0 22 ( Z"%) s
~G
Oqqce =0,
Aaa,a, M?
~GZ qe * *2
O cp = ———— Rex[z"(1 — 2*9)],
qq,CE ?’Mér
~SM dma® 1 %) %2
O4ace = g2 [32°(z"" +3) = 1]. (30)

For the SM contribution to the center—edge asymmetry, we see that the convolution
integrals, depending on the parton distribution functions, cancel, and the result is

ACE:% (2P +3) -1, (31)

which is independent of M and identical to the result for eTe™ colliders [18]. Hence, in
the case of no cuts, there is a unique value, 2, of z* for which A} vanishes:

=24+ 1)V = (V2 - 1)Y% ~0.59, (32)

corresponding to 0., = 53.4°.

The structure of the differential SM cross section of Eq. (27) is particularly interest-
ing in that it is equally valid for a wide variety of NP models: composite-like contact
interactions, Z’ models, TeV-scale gauge bosons, etc. Conventional four-fermion contact-
interaction effects of the vector—vector kind would yield the same center—edge asymmetry
as the SM. If however KK graviton exchange is possible, the tensor couplings would yield
a different angular distribution, hence a different dependence of Acg on z*. In particular,
the center—edge asymmetry would not vanish for the same choice of z* = 2§ and, more-
over, would show a non-trivial dependence on M. Thus, a value for Acg different from
A would indicate non-vector exchange NP.

3.3 Identification of spin-2 and concluding remarks

We define the bin-integrated center-edge asymmetry integrated over bins ¢ in M by in-
troducing such an integration,

Acgp(i) = / doce 1ypg / 7 dM. (33)

The deviation of the center-edge asymmetry from pure spin-1 exchange, A% (4), in
each bin, and statistical uncertainty are then given as

1 — Atg(i)

AAop(i) = Acp(i) — AT (i), §Ace(i) = Lo (i)

(34)
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Also, we take the efficiency for reconstruction of lepton pairs, ¢ = 90% and sum over
[ = e, u. The statistical significance, Scg(7) and x? function are defined as:

_ [AAce(®)|

Sci(i) = S Aon(i) X = XZ: [Scr(i))” (35)

where ¢ runs over the different bins in M.

At the LHC, with 100 fb™", we require M > 400 GeV and divide the data into 200 GeV
bins as long as the number of events in each bin, €, L;,o(i), is larger than 10. Therefore,
the number of bins will depend on the magnitude of the deviation from the SM. We
impose angular cuts relevant to the LHC detectors, in order to account for the fact that
detectors have a region of reduced or no efficiency close to the beam direction. The lepton
pseudorapidity cut is || < 1. = 2.5 for both leptons, and in addition to the angular
cuts, we impose on each lepton a transverse momentum cut p; > p§** = 20 GeV.

Table 3: Identification reach on Ay (in TeV) at 95% C.L. from p+p — (71~ + X at LHC
and from ete™ — ff (f =e,pu,7,¢,b) at ILC.

Collider A=+1 | A=-1
LHC 100 fb~! 4.8 5.0
LHC 300 fb~! 5.4 5.9
ILC(0.5 TeV) 500 fb~" 4.8
ILC(1 TeV) 1000 fb~! 8.8

In Table 3 we summarize the results including the ¢dentification reach on cut-off scale
Ag at the LHC and ILC. Table 3 shows the identification reach on Ay obtained from
combination of all final fermions (f = e,p,7,c,b) in process ete™ — ff at ILC. To
compare the potential of the LHC and ILC to identify graviton exchange signals, we
present in Table 3 the identification reach on the mass scale Ay at different options of
colliders. We see that LHC has advantage over ILC with /s = 0.5 TeV, while ILC with
Vs =1 TeV allows to substantially improve those bounds obtained at LHC.
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