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Abstract

The production of a charged lepton (£ = e, ) pair with a large missing energy at a linear collider is discussed as a means of distinguishing the
minimal supersymmetry (MSSM) scenario from that with large extra dimensions (ADD) for parameter ranges where the total cross-sections are
comparable for both. Analyses in terms of event shape variables, specifically sphericity and thrust, are shown to enable a clear discrimination in

this regard.
© 2006 Elsevier B.V. Open access under CC BY license.
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1. Introduction

A general expectation in high energy physics today is that
of physics beyond the standard model (BSM) emerging at TeV
energies. Supersymmetry (SUSY) [1] and extra dimensions [2]
are two alternative possibilities in this direction that are the
most exciting. They both address the naturalness/gauge hierar-
chy problem, arising from quantum corrections to the Higgs pa-
rameters, via the introduction of new physics at the TeV scale.
Moreover, their attractive phenomenological features, in partic-
ular their promise of new states a bit beyond the current exper-
imental lower mass bounds, put them in the limelight among
scenarios of BSM physics to be explored by search strategies
presently being designed. The latter, in fact, constitute the ma-
jor motivation for constructing the next generation of colliders.
If either SUSY or an extra-dimensional scenario should mani-
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fest itself at sub-TeV to TeV energies, its signals ought to show
up at the upcoming Large Hadron Collider (LHC) at CERN. It
is widely accepted, nonetheless, that the precise nature of the
BSM physics responsible for such signals may not always be
easily gleaned from analyses of the corresponding data on ac-
count of the complexity of the hadronic environment in any
LHC process. Indeed, in order to unambiguously identify the
nature and detailed properties of any such new physics, a high
energy and high-luminosity e*e™ machine [3]—such as the
proposed International Linear Collider (ILC) or the Compact
Linear Collider (CLIC)—uwill be very useful.

We consider the signal comprising unlike-sign dielectrons/
dimuons, produced in a linear collider together with a very
high amount of missing energy, seeking to distinguish between
SUSY and the Arkani-Hamed-Dimopoulos-Dvali (ADD) model
[4] of large extra dimensions.?:3 Such a process has already

2 Within the extra-dimensional paradigm, there are other scenarios such as
warped (Randall-Sundrum) or universal extra dimensions, which we do not
address here.

3 Another process where the two scenarios have been compared is ete™ —

yH;f, where yg is a hard photon. The reactions for the ADD and SUSY sce-
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been considered [7,8] in the context of the universal extra di-
mension (UED) scenario [9]. The mechanism for this reaction
is somewhat similar in SUSY and UED: a two-body production
of heavy entities, each of which then has a dominant two-body
decay. But the spins of the primarily produced entities are dif-
ferent in the two cases, leading to [8] distinguishable angular
distributions and asymmetries. There are also differences in the
lepton energy spectrum. We find, however that these quantities
are not very sensitive to a SUSY vs ADD discrimination. First
of all, the difference in these between the two scenarios is more
guantitative, being in detailed shape aspects, rather than be-
ing something qualitative; systematic uncertainties would tend
to wash out such quantitative differences. Secondly (and more
importantly), these quantities are quite ISR-sensitive so that
ISR-corrections significantly reduce the sensitivity to such a
discrimination.

Let us give an illustration to highlight the last point. The fa-
mous box-shaped lepton energy spectrum in the SUSY case has
been found (as shown in Fig. 5 of [8]) to be squeezed in energy,
looking more like a peak, after ISR corrections. When we com-
pare this corrected spectrum with the peaked one for the ADD
case, there does not seem a whole lot of difference. Similarly,
the angular distributions are flat in either case for the bulk of
the measurable range in the cosine of the angle between the
two leptons. We do not include these plots here since that will
detract from our central point which is the following. Distrib-
utions in event shape variables, such as sphericity and thrust,
are known to be ISR-stable and are yet found to be sensitive to
such a discrimination. They are qualitatively different between
SUSY and ADD, having a peak in sphericity or break in thrust
for the former and monotonic fall or rise for the latter. This is
owing to differences in the mechanisms leading to the ¢T¢~f
final state in the two cases. Of course, slepton pair-production
for SUSY will have a distinct threshold in /s unlike the gen-
eration of the corresponding ADD final state, the cross-section
for which increases smoothly with /s. So a careful scan of the
CM energy for a threshold will also help discriminate between
the two. However, that will require a more detailed step-by-step
analysis. It will be useful to have a discriminant just with the
first set of data at a particular /s (above the slepton pair pro-
duction threshold) and this is what we provide.

We work within the minimal weak-scale R-parity conserv-
ing supersymmetric standard model (MSSM) which predicts
the pair-production of charged sleptons [10], once the requisite
energy threshold is reached, in an eTe~ collider. Each pro-
duced slepton would perforce decay into a charged lepton and
the lightest supersymmetric particle (LSP). The latter is nor-
mally taken to be the lightest neutralino ;Zf which, being stable
and interacting only weakly, escapes unobserved through the
detector—carrying a considerable amount of missing energy.

narios in standard notation are ete™ — G,yy and eTe™ — GGyy [5] or
ete™ — 323%0yy [6], respectively. The energy spectrum of the hard photon
together with the scaling of the cross-section with CM energy and moment dis-
tributions of the transverse energy squared have been used for discrimination
purposes. However, since there is only one observable particle in the final state,
no event shape analysis is possible here.

In contrast, the ADD model has d extra dimensions compact-
ified on a d-torus. Together with time and the three spatial
dimensions of our world, these constitute the bulk spacetime.
The radius* R. of compactification of the extra dimensions
could be as large as a quarter of a millimetre [11]. However,
the SM fields are confined to a thin (thickness not more than
101" em [12]) Ds-brane, which is a soliton solution of the
underlying string theory on which the ends of open strings
are confined. A crucial feature of this model is that gravity,
which is a property of spacetime itself, is free to propagate
anywhere in the bulk. On compactification, a Kaluza—Klein
tower of closely spaced gravitons appear in our spacetime, a
large number of which (controlled by /s ) are producible® in a
collider process [13] but are then invisibly lost in the higher-
dimensional bulk. To an observer on the brane, they would
appear to be escaping unobserved with a large missing energy.
This is a direct production of a three-body final state unlike the
SUSY case where the decays of the heavy sleptons tend to gen-
erate more isotropic events.

2. Comparison of the two signals

Recall that our process is ete™ — ¢T¢~F where ¢ sums
over hoth e and w. Charged slepton (¢, r or iz r) pair pro-
duction in an ete™ collider with both unpolarised and po-
larised beams has been explored earlier [10]. Once produced,
the sleptons decay into either a chargino—neutrino pair or into
a neutralino—lepton pair. The partial decay widths are governed
by both the mass and the composition of the charginos (neutrali-
nos) as well as by the type (L or R) of slepton. We select the
channels yielding the final state of a same-flavour unlike-sign
dilepton associated with a missing energy,® namely
ete” — ZZ,RZZ,R — €+€7)~(f)~(f. 1)
In our analysis, we do not adhere to any particular SUSY-
breaking scenario and make no assumption related to any high
scale physics other than adopting gauge coupling unification.
Thus, whereas the slepton masses’ m ; are free parameters in
our analysis, the neutralino masses and couplings are com-
pletely specified by the respective SU(2) and U(1) gaugino
masses M, and M1, the higgsino mass parameter y and tan g,
which is the ratio [1] of the two Higgs vacuum expectation val-
ues arising in the MSSM.

The branching ratio for slepton decay into the lightest neu-
tralino and the corresponding lepton depends on quite a few
parameters: mj, u, tan B as well as the gaugino mass para-
meters M1 and M. Of these, the dependence on tan g is the

4 For simplicity, we take the same radius of compactification for each of the
d dimensions.

5 An alternative way of probing the ADD scenario is to consider virtual gravi-
ton exchange [13] in SM processes where a coherent sum over closely spaced
gravitons is involved, leading to deviations from SM predictions.

6 n case m; > M+, there is also the chain eTe™ — £} p; p —
Z 7 veve = 0107 72 72vev 0,0, However, it makes a very small contri-
bution, which we do take into account.

7 i i ici ~ — ~ — ~
Again, for simplicity, we take mg, =my, =mg.
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Table 1

Cross-sections (in fb), after the imposition of the cuts described in the text, for the ete™ — ZW‘ﬁ signal in both ADD and SUSY scenarios at a linear collider
with /s =500 GeV (upper panel) and /s = 3 TeV (lower panel). Parameter values are given in bold

osusy [fb] o apD [fb]

tang =10 m; [GeV] Mg [TeV] d
My, M1 [GeV] o [GeV] 155 205 225 245 0.75 1.0 15 2.0

200, 100 —400 427 164 59 7.8 1090 345 68 22 2
300, 150 —400 144 137 75 19 455 108 14 3.3 3
400, 200 —150 92 40 13 0.6 202 36 3.2 0.6 4
400, 200 —100 79 32 6.9 0.3 97 13 0.8 0.1 5
osusy [fb] o apD [fb]

tang =10 m; [GeV] Mg [TeV] d
Mo, M1 [GeV] 1 [GeV] 700 800 900 1000 45 5.0 55 6.0

200, 100 —500 24 19 15 11 124 81 56 39 2
400, 190 —500 22 18 15 11 58 34 21 14 3
600, 290 —500 21 16 13 10 31 16 9.2 5.5 4
800, 380 —500 21 18 12 8 17 8.3 4.2 2.3 5

least pronounced and therefore we shall henceforth use only
one value of it, namely, 10. Thus, only four parameters remain,
namely mj;, u, M and Mj. For a given slepton mass, the rel-
evant branching fraction is then governed essentially by two
factors: (i) the composition of the LSP and (ii) the energy-wise
accessibility of slepton decay channels into the heavier neutrali-
nos/charginos. The resulting dependence is still quite intricate
and can be followed from Ref. [14].

Turning to the ADD scenario, the production of a dielectron
or dimuon pair with missing energy has been considered [15,
16] earlier for probing its parameter space. The relevant reac-
tions are

ete”™ > TG, 2
where n is summed incoherently over the energy-wise accessi-
ble part of the tower of closely spaced gravitonic modes. Two
parameters, determining the relevant cross-sections, are: (i) the
number of extra dimensions d and (ii) Planck’s constant in the
bulk or the so-called higher-dimensional string scale Mg, ex-
pected to be in the TeV range.

The SM backgrounds to our signal (of a same-flavour,
unlike-sign dilepton pair plus a substantial amount of missing
energy) arise from all processes of the form
ete™ = LT v, (3)
where i can be any flavor. A significant portion of this back-
ground originates from the ¢¢Z final states, with the real Z
boson decaying into a neutrino pair carrying missing energy.
These can be easily removed by imposing a suitable cut on
the vv (missing) invariant mass. On the other hand, the back-
ground from ete™ — WTW~ — £+¢7 v, can be explicitly
subtracted by reconstructing (with a two-fold ambiguity) events
with the on-shell W-pair. Such a procedure is, of course, prob-
lematic if there is an accompanying photon or if one of the W’s
is off-shell. But then the use of appropriate longitudinally po-
larised beams would lead to a drastic reduction of this type
of background. Though we perform our present analysis with
unpolarised beams, we shall comment on the use of beam po-
larisation at the end.

Let us consider an eTe~ collider operating at a centre-of-
mass energy® of 500 GeV (3 TeV). The kinematic cuts used in
our analysis are as follows:

e Each of the final state charged leptons should be at least
10° away from the beam pipe. This tames collinear sin-
gularities arising from z-channel photon exchange. At the
same time, the elimination of any background effect from
bremsstrahlung is mostly ensured [17].

e Each charged lepton should have a transverse momentum
ph > 10 GeV (20 GeV).

e We demand a missing transverse momentum p?iss >
15 GeV (25 GeV) since this also helps® in reducing the
two-photon background.

e The tracks of the two unlike-sign leptons must be well-
separated, with AR > 0.2, where AR = /An2 + A¢2? in
terms of the differences of the lepton pseudorapidities An
and the azimuthal angles A¢.

e The opening angle between the lepton tracks is required to
be limited by 5° < 6y+,~ < 175°. This ensures not only a
sufficient missing energy, but also the elimination of possi-
ble cosmic ray backgrounds.

e The missing invariant mass Mpmjss has to satisfy the inequal-
ity | Mmiss — Mz| > 10 GeV in order to eliminate the back-
ground of two final state neutrinos arising from Z-decay.
A further increase in the value of the lower cut in Mmiss
will reduce other SM backgrounds (such as those from off-
shell Z and WTW™ production). On the other hand, too
high a value of Mpss will reduce the signal. We have cho-
sen a lower cut of 150 GeV (450 GeV) on Mpjss Which
should reduce the SM background and at the same time
yield a reasonable signal.

The total cross-sections for our signal in the SUSY and ADD
cases are presented in Table 1 (with sample choices of parame-

8 We here consider phase 1 of the ILC with CLIC taken up within brackets.

9 Cf. §lIl of Ref. [15].
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Fig. 1. Distributions of sphericity S (upper panels) and thrust 7 (lower panels) for the ete™ — ZW‘}E‘ signal at /s = 500 GeV both in the ADD (left panels) and
SUSY (right panels) scenarios. The distributions are shown for different choices of parameters (M3, M1, u, mj) in GeV for SUSY and (Mg, d) in the ADD case.

ters) after applying the event selection criteria described above.
We see that these can be comparable in magnitude for sizable
parametric regions. For the SUSY case, we have checked that
our selectron pair-production cross-sections match with what
are plotted by Freitas et al. [10] in their Fig. 3(a) and more-
over that the branching fractions for the decays of charged
sleptons into charged leptons plus LSP, used as multiplying
factors, agree with those of Choudhury et al. [14]. A similar
check for the ADD case has been made with the results of [15].
The total contribution from SM backgrounds after applying the
same event selection criteria comes out to be 36.4 fb (72 fh).
One can estimate the minimum value of the signal strength for
which significance, defined by S/+/B, where S(B) = number
of signal (background) events, takes the desired value of 3. Con-
sidering an integrated luminosity of 100 fb~1 (1000 fb~1), the
minimum signal strength needed for our analysis is found to be
os=1.81fb (0.8 fh).

3. Event shapevariables

Though event shape analyses have so far been fruitful with
many particle final states, even for two visible final state lep-
tons, associated with a large missing energy, we expect to utilise
the same to distinguish the signal of supersymmetry from the
one originating from large extra dimensions of the ADD model.
The underlying idea is the following. In the supersymmetric

scenario a pair of rather heavy sleptons (¢7¢~) are produced
not far from the threshold in the centre of mass energy of the
collider. Each of these then subsequently decays into a lepton
and a LSP. Because of the lack of any significant boost for each
slepton, the daughter leptons lead to more isotropic events in
the CM frame. The heavier the slepton, as compared to the LSP
mass, the more isotropic is the event. In the ADD scenario, on
the other hand, the two leptons are produced in association with
a single graviton; in fact, a significant part of the cross-section
comes from the production of heavier graviton modes which are
energy-wise accessible. Hence, the events here are more spiked.
It should be noted further that the event shape would also carry
some signature of the spin information of the graviton.

Event shape characteristics can be specified by constructing
variables like sphericity, thrust, oblateness [18] and circular-
ity [19]. It turns out to be sufficient for us to consider the first
two. Criteria, made with such variables, have earlier proved to
be promising, for instance, in reducing multiple jet backgrounds
to the 7 signal at the Tevatron [19]. Sphericity is constructed
from a normalised tensor,

_ Xy PaPa
> alPal?’

where p! is the ith component of the three-momentum p, of
the ath visible final state particle, with i, =1,2,3 and a

st @)
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Fig. 2. Distributions of sphericity S (upper panels) and thrust 7 (lower panels) for the eTe™ — ZW‘ﬁ signal at /s = 3 TeV both in the ADD (left panels) and
SUSY (right panels) scenarios. The distributions are shown for different choices of parameters (M2, M1, u, mj) in GeV for SUSY and (M, d) in the ADD case.

summed sum over all such particles. S/ has three eigenvalues
A123With A1 > X2 > A3 > 0and Ay + A2 + A3 = 1. Since only
two of the A’s are independent, the sphericity of an event can
be defined as S = %(Az + XA3). This is essentially a measure of
the summed square of transverse momenta with respect to the
event axis, two extreme cases being S = 1 for an ideal spheri-
cal event and S = 0 for a linear event. On the other hand, thrust
is defined by the quantity,

> alii - Pal
Yalbal

where |] = 1 and this vector # is the thrust axis for which
maximum is attained. The allowed range is % < T <1, where
a spiked shape event has T ~ 1 and an isotropic event corre-
sponds to 7 ~ 3.

()

T = max

4. Resultsand discussions

We now analyse the sphericity (S) and thrust (7') distrib-
utions for our signal computed with tree level diagrams. The
computation has been performed with the compHEP [20] pro-
gram package in the supersymmetric case and with the HELAS
subroutine [21] in the ADD case. In Figs. 1 and 2 we present
these distributions for different choices of parameters. First, we
note that, since there are only two visible particles here, the

events are planer (A3 = 0) with the shape being circular rather
than spherical for'® Smax = 3. The sphericity distributions in
the case of SUSY are seen to clearly depend on the slepton
mass m ;, events become more and more circular for larger and
larger values of m;, showing a peaked structure, the peak lo-
cation shifting towards the right as m; increases. On the other
hand, sphericity distributions in the ADD case show a strong
maximum at S = 0, monotonically falling faster with S, be-
ing largely insensitive to the values of Mg and d. We find in
the SUSY case also that the sphericity distribution which is
controlled!? by the slepton mass m;, is insensitive to varia-
tions in My, My, u. Coming to thrust distributions, we see
that they peak at 7 = 1 for the ADD case and again do not
change much if Mg and d are varied. In the SUSY case, the
thrust distributions are flatter except when m; is close to the
present lower bound in which case they tend to resemble the
ADD distributions. It is noteworthy that, even for m; as low as
110 GeV, the sphericity peak in the SUSY case is distinguish-
able from the maximum at S = 0 for ADD. It is, however, true
that the thrust distributions do not yield any additional advan-
tage over the sphericity ones in so far as the basic discrimination

10 with the ISR/FSR on, S can go all the way to 1.
11 Therefore, the value of the slepton mass m; can be extracted from a mea-
surement of the location of the sphericity peak.
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Fig. 3. Sphericity S (left panel) and thrust T (right panel) distributions for the ete™ — eﬂz—ﬁ‘ signal at /s =500 GeV in the SUSY case reproduced in PYTHIA
to include ISR and FSR effects (thin lines are without ISR and FSR effects). The different choices of parameters in the distributions are as in Fig. 1.

is concerned. We have also looked at oblateness and circularity
distributions which show similar features with no additional ad-
vantage. We have checked that similar features characterise the
/s =3 TeV case.

One shortcoming of the above analysis may be that it has
not included corrections due to the emission of collinear pho-
tons from the initial state (ISR) as well as the final state (FSR).
Any sphericity distribution is regarded as vulnerable to changes
caused by FSR because of the quadratic form of S%/. Such an
instability may be less pronounced for thrust which is linear in
the concerned momenta. Though these effects are expected to
be much smaller in leptonic processes than in hadronic ones
because of the smallness of agm in comparison with aqcp,
it is a concern that cannot be overlooked. We have, therefore,
analysed these distributions for the SUSY case using the event
generator PYTHIA [22] which has the provision of including
ISR and FSR contributions. The results (with and without ISR
and FSR) are shown in Fig. 3 for the /s = 500 GeV case.
Here the distribution of events, normalised by the total num-
ber of events times the bin size,'? are considered for sphericity
and thrust. We notice some small but visible changes in the
sphericity distributions with and without ISR plus FSR—but
not enough to adversely affect the discrimination from the ADD
case. As expected, all such changes are significantly less in the
thrust distributions.

A most important aspect of Fig. 3 is the following fact: un-
like the shape of the lepton energy spectrum [8], the locations
of the sphericity peaks for the SUSY case are unaffected by
ISR and FSR effects. Moreover these locations are the same®®
in Figs. 1 and 3. This location is therefore a robust discrim-
inant between the SUSY and ADD cases since, for the lat-
ter, the peak is always at S = 0. Fig. 4 shows a correlation
plot for /s = 500 GeV between the total cross-sections for
the process ete™ — ¢T¢~F and the locations of the spheric-
ity peaks shown as scatter points for some sample parametric

12 \We have chosen the same bin size for Figs. 1 and 3.

13 The agreement between the plots of Fig. 1 and the thin lines of Fig. 3 is
a cross-check on the consistency between the calculations with COMPHEP and
with PYTHIA.

choices. While the cross-sections for the SUSY and ADD sce-
narios overlap, the sphericity peaks are very distinctly apart.
The maximum for the ADD case is at S = 0, while for SUSY it
is at a nonzero value of S which is an increasing function of m;

moving towards the limit % when m; approaches */TE We have
rescaled this whole analysis by taking /s = 1 TeV with higher
values of the concerned parameters and have found very simi-
lar results. Thus even if SUSY or a model of extra dimensions
& la ADD is beyond the reach of the first phase of the ILC and
is only accessible to its second phase or to CLIC, our method
of discrimination should work.

As mentioned earlier, the use of appropriate longitudinally
polarised beams would suppress the WW background signifi-
cantly and one could have a reach for larger parameter spaces
in both the SUSY and ADD scenarios. However, the distinc-
tive features of sphericity and thrust distributions, as noted here,
would be unaffected since their origin has nothing to do with
beam polarisation. Let us also comment on bremsstrahlung [23]
effects which we have ignored. Because of our lower cut on
P, bremsstrahlung photons going down the beamlines will
not affect our analysis. Nevertheless, bremsstrahlung will cause
a degradation in the effective value of the CM energy +/s. This
will quantitatively affect precision measurements, such as the
extraction of m; from the location of the sphericity peak, caus-
ing a systematic error which will need to be taken into account.
However, from the estimates made in [23], we deem it unlikely
that this degradation will change the qualitative difference in
the sphericity distribution between the SUSY and ADD scenar-
ios, namely a peak structure in the former and a structureless
monotonic falloff in the latter.

5. Summary and conclusions

In the location of the maximum in the sphericity distrib-
ution of the process ete™ — ¢T¢~F, we have discovered a
sharp and robust discriminant between the SUSY with ADD
scenarios which should be utilisable either at ILC or at CLIC
wherever these scenarios become accessible. Longitudinally
polarised beams with appropriate helicities should help further
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by suppressing the SM background. Similar considerations can
be extended to the subprocess [24] ¢g — ¢t ¢~ Er, accessible
at the LHC. However, a careful calculation of QCD corrections
to it, with particular reference to ISR gluons, will be required
first.
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