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Abstract The branching fraction for the decays of gluinos
to third generation quarks is expected to be enhanced in
classes of supersymmetric models where either third gen-
eration squarks are lighter than other squarks, or in mixed-
higgsino dark matter models constructed so as to be in con-
cordance with the measured density of cold dark matter. In
such scenarios, gluino production events at the CERN Large
Hadron Collider should be rich in top and bottom quark jets.
Requiring b jets in addition to E?iss should, therefore, en-
hance the supersymmetry signal relative to Standard Model
backgrounds from V + jet, VV and QCD backgrounds
(V =W, Z). We quantify the increase in the supersymme-
try reach of the LHC from b-tagging in a variety of well-
motivated models of supersymmetry. We also explore “top
tagging” at the LHC. We find that while the efficiency for
this turns out to be too low to give an increase in reach be-
yond that obtained via b-tagging, top tagging can indeed
provide a confirmatory signal if gluinos are not too heavy.
We also examine c jet tagging but find that it is not useful
at the LHC. Finally, we explore the prospects for detecting
the direct production of third generation squarks in mod-
els with an inverted squark mass hierarchy. This is signaled
by b jets + E?iss events being harder than in the Standard
Model, but softer than those from the production of gluinos
and heavier squarks. We find that while these events can be
readily separated from the SM background (for third gen-
eration squark masses ~300-500 GeV), the contamination
from the much heavier gluinos and squarks remains formi-
dable if these are also accessible.
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1 Introduction

Weak scale supersymmetry (SUSY) [1-4] is the best mo-
tivated and most carefully studied extension of the Stan-
dard Model (SM). The hypothesis of TeV scale superpart-
ners of SM particles simultaneously stabilizes the gauge hi-
erarchy, accounts for gauge coupling unification, and natu-
rally accommodates the measured relic density in the mini-
mal extension of the SM. This is especially exciting because
squarks and gluinos will be produced at observable rates at
the Large Hadron Collider (LHC) if their masses are smaller
than 2-3 TeV [5-13]. Supersymmetric models generically
allow for renormalizable baryon- and lepton-number violat-
ing operators that lead to proton decay at the typical weak
interaction rate, and they would be strongly excluded un-
less there is an additional symmetry that forbids these inter-
actions. Assuming that R-parity serves this purpose, heavy
superpartners must decay into lighter sparticles until the de-
cay terminates in the lightest supersymmetric particle (LSP),
which must be stable. Cosmological considerations require
that the LSP is electrically and color neutral so that it es-
capes the experimental apparatus without significant depo-
sition of energy. Then, superpartner production at colliders
is generically signaled by multi-jet plus multi-lepton events
with large amounts of E?iss carried off by the escaping
LSPs. We will assume that the lightest neutralino is the LSP
as is the case in many models.

Remarkably, weak scale SUSY models with a stable neu-
tralino LSP naturally lead to the right magnitude for the
measured relic density of thermally produced cold dark mat-
ter [14],

(20), ey

2cpmh* =0.11175011

if superpartner masses are ~100 GeV. Assuming thermal
production and standard Big Bang cosmology, the upper

@ Springer


mailto:kadala@phys.hawaii.edu
mailto:mercadan@fnal.gov
mailto:mizuka@ufabc.edu.br
mailto:tata@phys.hawaii.edu

512

Eur. Phys. J. C (2008) 56: 511-528

limit from (1) provides a stringent constraint on any the-
ory with stable weakly interacting particles, in particular on
weak scale SUSY theories. Since dark matter may well con-
sist of several components, the contribution from any single
component may well be insufficient to saturate the observed
value, so that strictly speaking the relic density measurement
serves as an upper bound,

Q3 h* <0.12, )

on the relic density of neutralinos, or, for that matter, on the
density of any other stable particle.

Direct searches for charged sparticles at LEP 2 have re-
sulted in lower limits of about 100 GeV on chargino and
selectron masses, and slightly lower limits on the masses
of smuons and staus [15]. Since neutralinos can annihilate
via t-channel sfermion exchange, the measured value of the
relic density, on the other hand, favors sfermions lighter
than about 100 GeV, resulting in some tension with the
LEP 2 bounds. In many constrained models where all sparti-
cle masses and couplings are fixed by just a few parameters,
such light sparticles often also lead to measurable deviations
in other observables and hence are disfavored. If the SUSY
mass scale is raised to avoid these constraints, the annihi-
lation cross section which is proportional to le is cor-

respondingly reduced, and the neutralino relic dzzlrjlsg(ity turns
out to be too large. One way to fix this is by invoking non-
thermal relics or non-standard cosmology to dilute the relic
density. However, it seems much more economical to invoke
SUSY mechanisms that enhance the neutralino annihilation
rate to bring their thermal relic density in line with (1).

The primary reason for the low neutralino annihilation
rate lies in the fact that the LSP is dominantly a bino in
many models with assumed gaugino mass unification, where
the bino and wino masses are related by M| =~ 1M;. The
annihilation of bino pairs to gauge bosons is forbidden, be-
cause SU(2) x U (1) precludes the couplings of binos to the
gaugino—gauge boson system, while annihilation to fermi-
ons may be suppressed by large sfermion masses and the
relatively small hypercharge coupling. Finally, annihilation
to Higgs boson pairs is suppressed by the (usually large) hig-
gsino mass, as well as by the relatively small hypercharge
gauge coupling. This suggests several ways in which the
neutralino annihilation rate may be enhanced to bring their
thermal relic density in accord with (1).

— We can arrange the mass of a charged or colored sparticle
to be close to that of the LSP. Since these colored/charged
sparticles can annihilate efficiently, interactions between
them and the neutralino which maintain thermal equi-
librium will necessarily also reduce the neutralino relic
density [16-18]. Within the mSUGRA model, the co-
annihilating sparticle is usually either the scalar tau [19-
24] or the scalar top [25-27], but different choices are
possible in other models.

@ Springer

— We can arrange 2m 7, XmaXmyg, SO that neutralino
annihilation is resonantly enhanced through s-channel
heavy Higgs boson exchange [28-35]. The large widths
of A and H together with the thermal motion of the LSPs
in the early universe then enhances the annihilation cross
section over a considerable range of parameters. Within
the mSUGRA model, this is possible only if tan 8 is very
large. However, in models with non-universal Higgs mass
(NUHM) parameters, where the Higgs scalar mass para-
meters do not unify with matter scalar parameters as in
mSUGRA [36-45], agreement with (1) may be obtained
via resonant A/H annihilation for any value of tan 8. We
mention that resonantly enhanced annihilation may also
occur via i exchange, albeit for a much smaller range of
parameters [46, 47].

— Itis also possible to obtain an enhanced neutralino annihi-
lation rate if the light top squark, 71, is relatively light, so
that the neutralinos efficiently annihilate via 4 1 7 | =t
[48-50], or in NUHM models via ZZ; — uii or c¢,
via t-channel top- or right-squark exchanges, respectively
[44, 45].

Instead of adjusting sparticle masses, we can also ad-
just the composition of the neutralino. More specifically, we
have the following options.

— We can increase the higgsino content of the neutralino
so that its coupling to electroweak gauge bosons is in-
creased, leading to mixed-higgsino dark matter (MHDM).
Within the mSUGRA framework, we can only do so in
the so-called hyperbolic branch/focus point (HB/FP) re-
gion where mq takes on multi-TeV values [51-53], but in
NUHM models this is possible for all values of mq [44,
45]. The higgsino content may also be increased by re-
laxing the assumed high scale universality between gaug-
ino masses. The usually assumed universality of gaug-
ino masses follows if the auxiliary field that breaks su-
persymmetry does not break the underlying grand uni-
fication symmetry; if this is not the case, non-universal
gaugino masses may result. It has been shown that if the
GUT scale gluino mass is smaller than the other gaugino

masses, m%{ does not run as negative as usual, yielding
u

a smaller value of ;2, resulting in an increased higgsino
content of 21 [54-57]. This has been dubbed “low M3
dark matter” (LM3DM). Very recently [58] it has been
pointed out that increasing the GUT scale wino mass pa-
rameter from its unified value also results in a low value
of ||, resulting in consistency with (1) via MHDM.

— Finally, depending on the gauge transformation property
of the SUSY breaking auxiliary field, it may also be possi-
ble to enhance the wino content of the neutralino leading
to mixed wino dark matter (MWDM) [59-61]. This re-
quires that the weak scale values of bino and wino masses
to be approximately equal. If instead these are roughly
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equal in magnitude but differ in sign, bino—wino mixing
is suppressed, but agreement with the observed relic den-
sity is possible via bino—-wino co-annihilation (BWCA)
[62].

These various mechanisms result in characteristic modi-
fications of supersymmetry signals at the LHC, at the pro-
posed linear electron—positron collider (LC) or at experi-
ments for direct and indirect detection of the relic neutrali-
nos in our galactic halo [63]. Of interest to us here is the po-
tential for an enhanced rate for bottom quark production in
SUSY events that occurs for MHDM, as exemplified by (but
not limited to) the HB/FP region of the mSUGRA model
[64, 65], or models where third generation squarks are sig-
nificantly lighter than other squarks as, for instance, in the
stop co-annihilation region of mSUGRA, in so-called in-
verted hierarchy models in which third generation sfermi-
ons are much lighter than those of the first two generations
[66-70], or in the framework suggested in Refs. [48-50].

We have multiple goals for this study. First, we follow
up an earlier investigation [65] by three of us, where it was
shown that using b jet tagging techniques that are available
at the LHC, the SUSY reach may be enhanced by as much as
20% for parameters in the HB/FP of the mSUGRA model.
Toward this end, we examine the reach of the LHC with and
without b jet tagging, in several models motivated by the
relic density measurement just discussed' as well as by other
considerations. We find that the reach is increased by differ-
ent amounts, and that sometimes requiring b-tagging even
reduces the reach. One aim of this study is to precisely delin-
eate the circumstances under which b jet tagging will signif-
icantly enhance the LHC reach. Second, since SUSY events
are frequently also enriched in ¢ jets, we examine prospects
for top jet tagging in SUSY events at the LHC. Third, mo-
tivated by the fact that c-tagging has been suggested [71] as
a way to enhance the ¢-squark SUSY signal at the Femilab
Tevatron, we also examine whether tagging charm jets may
serve to increase the SUSY reach of the LHC. Finally, since
third generation squarks are expected to be lighter than other
squarks in many models, we explore the prospects for using
b-tagging to isolate signals from their direct production from
SM backgrounds as well as from other sparticle production
processes.

The rest of this paper is organized as follows. In Sect. 2
we introduce the various models that offer the potential for
an enhanced b jet signal, and we discuss the parameter space
for each of these models. In Sect. 3, we discuss our event
simulation using ISAJET [72], and we see how we may use

"More precisely, when we refer to models satisfying (1) below, we re-
quire the neutralino relic density to be close to its measured central
value so that the neutralino is the dominant DM component, but strictly
satisfying (2). The impact on the LHC reach from b jet tagging is in-
sensitive to the precise value of 27 2.

this to model the LHC environment. In Sect. 4 we examine
a large set of selection cuts that may be used to optimize the
SUSY signal and design a set of cuts that we believe should
work for a wide class of models over their entire parameter
range: we then use these to obtain projections for how b jet
tagging would enhance the LHC reach for these models. We
discuss the prospects for top tagging in Sect. 5. In Sect. 6,
we describe our strategy for isolating the signal for the di-
rect production of third generation squarks from SM back-
grounds as well as from contamination from the production
of gluinos and heavier squarks, since the observation of such
a signal would unequivocally point to models with an in-
verted mass hierarchy. Finally, we report on our (negative)
results for using charm tagging to enhance the SUSY signal
at the LHC in Sect. 7. We summarize our findings in Sect. 8.

2 Models

In this section, we discuss several models in which we
may expect third generation fermions to be preferentially
produced in SUSY models. We begin with the familiar
mSUGRA model and work our way through various other
models, motivated either by the relic density observation
discussed in Sect. 1 or by other considerations.

2.1 The mSUGRA model

The mSUGRA model [73-78], whose hallmark is the unifi-
cation of soft SUSY breaking (SSB) parameters renormal-
ized at a scale Q >~ Mgurt to Mplanck, has served as the
paradigm for many phenomenological analyses of SUSY.
Assuming that the radiative electroweak symmetry break-
ing mechanism is operative [79-85], the observed value of
M% can be used to fix 12, and the framework is completely
specified by the well-known parameter set

mo, mi,2, tanB, Ag and sign(i). 3)

Typically, the weak scale value of || is similar in magni-
tude to mg, and the bino is the LSP. However, for any cho-
sen value of m 2, the requirement that electroweak symme-
try be correctly broken imposes an upper bound on m, since
the value of 11> becomes negative for yet larger values of m.
There is thus a contour in the mo—m /> plane where uz =0.
For values of m just below this bound, w K m% and 4 may
be comparable to the SSB bino mass parameter, M1, so that
the lightest neutralino is a mixed bino—higgsino state that
can annihilate rapidly in the early universe, mainly via its
higgsino content. This is the celebrated HB/FP region of the
mSUGRA model [51-53], one of the regions of mSUGRA
parameter space where the expected neutralino relic density
is consistent with (1) [86, 87]. For parameters in this region,
squark masses are in the multi-TeV range, and the reach of
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the LHC is determined by final states from gluino pair pro-
duction: although the higgsino-like chargino may be light,
the mass difference my, —m7, is small, so that leptons from
its decays are too soft to increase the reach beyond that ob-
tained via the E rT“iSS signal from gluino pair production [52,
53, 88]. Since the LSP couples preferentially to the third
family via its higgsino component, cascade decays of the
gluino to third generation fermions tend to be enhanced. As
a result, the requirement of a b-tagged jet in SUSY events
reduces SM backgrounds and enhances the LHC reach by
15-20% beyond the reach via the inclusive E %‘iss channel in
the HB/FP region of the mSUGRA model [65].

We should also mention that the b jet multiplicity may
also be enhanced in the mSUGRA model if third generation
squarks happen to be light, either because of large bottom
quark Yukawa couplings when tan g is large, or because the
A; parameter happens to be “jufsvt right” S0 that m; < mg,
and 7, mainly decays via7; — bW andtZy,ort; — bW Zj.

2.2 Inverted mass hierarchy models

The evidence for neutrino oscillations [89-94] and its inter-
pretation in terms of neutrino masses provides strong mo-
tivation for considering SO(10) SUSY grand unified theo-
ries (GUTS) [95-98]. Each generation of matter (including
the sterile neutrino) can be unified into a single 16 dimen-
sional representation of SO(10), while the Higgs superfields
ﬁu and I-}d are both contained in a single 10 dimensional
representation, allowing for the unification of both gauge
(and separately) Yukawa couplings. SO(10) may either be
directly broken to the SM gauge group or by a two step
process via an intermediate stage of SU(5) unification. The
spontaneous breakdown of SO(10) with the concomitant re-
duction of rank leaves an imprint on the SSB masses which
is captured by one additional parameter M% with a weak
scale magnitude but which can take either sign [99-107].
The model is then completely specified by the parameter set

mig, mio, mis2, Mp, tanp, Ao and sign(), “
where we have assumed a common SSB mass parameter
mie and a different parameter mo for matter and Higgs
fields in the 16 and 10 dimensional representations, respec-

tively. The GUT scale SSB masses for MSSM fields then
take the form [99-107]

)
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Unification of the Yukawa couplings is possible for very
large values of tan 8 [108-1 14).2

The SO(10) framework that we have just introduced nat-
urally allows for a phenomenologically interesting class of
models in which the ordering of matter sfermion masses
is inverted with respect to the order for the corresponding
fermions [66—68]. Specifically, in models with Yukawa cou-
pling unification, the choice

Af=2m7, = 4m7 (6)

for the SSB parameters serves to drive third generation
sfermion mass parameters to sub-TeV values, leaving us
with first and second generation scalars as heavy as 2—
3 TeV. A positive value of M%) < (m16/3)? is necessary
to obtain radiative electroweak symmetry breaking [69, 70].
The multi-TeV values of first and second generation scalar
masses ameliorate the SUSY C P and flavor problems with-
out destroying the SUSY resolution of the gauge hierarchy
problem, since the fields with substantial direct couplings
to the Higgs sector (gauginos and third generation scalars)
have masses below the TeV scale. Because third genera-
tion sfermions are significantly lighter than their first/second
generation cousins, we may expect that SUSY events are en-
riched in b- (and possibly #-) quark jets in this scenario.

2.3 Non-universal Higgs mass models

Within the mSUGRA model, if m§ = m7, (GUT) is smaller
than or comparable to m% 20 m%,u runs to a large negative
value at the weak scale. The minimization condition for the
(tree level) Higgs scalar potential, which reads

) 2 2 2
o My, —myancp oMz o, Mg

= ~—m? — L 7
” @n2f — 1 2 — M ™

(where the last approximation is valid for moderate to large
values of tan §8), then implies that || 3> |M 2|, so that the
LSP is essentially a bino, while the heavier -inos are mainly
higgsino-like. A way of avoiding this conclusion is to choose
m%{“ (GUT) such that m%iu runs to small negative values at
the weak scale. Within the mSUGRA model, this can only
be realized by choosing mg > my,2, which gives us the
well-studied HB/FP region with MHDM discussed above.
A different way would be to relax the assumed univer-
sality [36—43] between the matter scalar and Higgs boson

2These studies require only approximate unification of third generation
quark Yukawa couplings to allow for threshold effects. It has been ar-
gued that exact unification of these Yukawa couplings leads to a tension
with flavor violation in the B and Bs meson systems, unless sparticles
are significantly heavier than ~1 TeV, or a more complicated flavor
structure is introduced into the SUSY-breaking sector [115]. This ten-
sion is alleviated if small deviations from exact Yukawa coupling uni-
fication are admitted [116].
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SSB mass parameters in what has been dubbed the “non-
universal Higgs mass” (NUHM) models and adopt a large
value for m%,u (GUT). In order to avoid unwanted flavor
changing neutral currents, we maintain a universal value m
for matter scalars. The GUT scale value of the SSB down
Higgs mass parameter may (may not) be equal to m%lu lead-
ing to a one (two) parameter extension of the mSUGRA
framework that we will refer to as the NUHM1 (NUHM?2)
model [44, 45]. The NUHM1 model is thus completely spec-
ified by the mSUGRA parameter set together with mgy =

. 2 2 .
51gn(mHu,d) |mHu,d |, i.e. by,

mo, mg, my;2, Ao, tanB and sign(n) (NUHMI). (8)

If my is chosen to be sufficiently larger than my, the para-
meter m%{u runs down to negative values but remains small
in magnitude so that we obtain MHDM for any value of m
and m 1 /2.3

Curiously, the NUHM1 model accommodates another
possibility of getting agreement with (1). If mg < 0, m%{u
and m%,d both run to large, negative values at the weak scale
so that

m% = m%,u + msz + 2u2 o~ m%,d — m%,u - M% &)
may be small enough for neutralinos to annihilate via the
A and H resonances. Within the NUHM1 framework, the
Higgs funnel thus occurs for all values of tan 8. Since the
Higgs bosons A and H with relatively small masses are ex-
pected to be produced via cascade decays of gluinos and
squarks, and since these decay preferentially to third gener-
ation fermions, we may once again expect an enhancement
of the b and, perhaps also, ¢ jet multiplicity.

The NUHM2 model requires two more parameters than
the mSUGRA framework for its complete specification.
While these may be taken to be the GUT scale values of
m%iu and m%{d , it is customary and more convenient to elim-
inate these in favor of m 4 and p, and work with the hybrid
parameter set

mo, mi/2, ma, U, Ao, tan,B (NUHMZ). (10)

This then allows us to adjust the higgsino content of the
charginos and neutralinos at will, and furthermore allows
for as much freedom in the (tree-level) Higgs sector as in
the unconstrained MSSM.

2.4 Low |M3| dark matter model

Instead of relaxing the universality between scalar masses
as in the NUHM model, we may also relax the universal-
ity between the gaugino mass parameters. If we adjust the

30f course, if mg is chosen to be too large, then m%i” does not run

to negative values and electroweak symmetry breaking is no longer
obtained.

GUT scale value of M1/M>, so that M| >~ M> at the weak
scale, we obtain mixed wino DM [59-61]. Since there is no
principle that forces M/M; to be positive, we can instead
adjust this ratio so that M| >~ —M, at the weak scale. In
this case the LSP remains a bino with charged and neutral
winos close in mass to it and agreement with (1) is obtained
via bino—wino co-annihilation [62]. Although collider sig-
natures are indeed altered from mSUGRA expectations, we
do not expect any enrichment of the b jet multiplicity in this
case.

Although it is not immediately obvious, agreement with
(1) is also obtained if we maintain M| = M3 at Q = Mgur,
but instead reduce the value of | M3|. Specifically, for smaller
values of |M3], the (top)-squark mass parameters and also
A? are driven to smaller values at the weak scale. These
smaller values of top-squark masses and of A,z, in turn, slow
down the evolution of m%{u, so that it runs to negative val-
ues more slowly than in the mSUGRA model. As a result,
the weak scale value of m%{u , though negative, has a smaller
magnitude than in the mSUGRA case, so that the value of uz
is correspondingly reduced [see (7)] and the LSP becomes
MHDM [54-57]. This is referred to as the “low |M3| DM"
(LM3DM) model, and the corresponding parameter space is
given by

mo, mij2, M3, Ao, tanp, sign(n) (LM3DM). Y

Here m1,2 > 0 denotes the GUT scale value of My = M>,
while M3 (which is either positive or negative) denotes the
corresponding value of M3 at the GUT scale. For mgy ~
mi <1 TeV, the GUT scale value of |M3| must be re-
duced from its mSUGRA value in order to obtain MHDM,
as discussed above. In contrast, if we fix mj; >~ 1 TeV
and take mg to be multi-TeV, MHDM is obtained for values
|M3|/m1,2 > 1. To simplify fine tuning issues, we will con-
fine ourselves to mg < 1 TeV, where we can obtain agree-
ment with (1) by reducing the value of | M3|. We may expect
an increase in the b-multiplicity from SUSY events at the
LHC, because of the enhanced higgsino content of the LSP.

2.5 High M, dark matter model

Very recently, it has been pointed out [58] that raising the
GUT scale value of M, from its unified value of my,, to
about (2.5-3)my,2 for M > 0, or to between —2 and —2.5
times m1,, for My < 0, also leads to a small value of |u|,
giving rise to a relic density in agreement with (1). The para-
meter space of this high |M3| dark matter (HM2DM) model
is given by

mo, mij2, Ma, Ao, tan g, sign(u) (HM2DM), (12)

where |M>|, the GUT scale value of the wino mass para-
meter, is dialed to large magnitudes to obtain MHDM. The
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large value of |M>| causes the Higgs SSB m%ly to initially in-

crease from its GUT scale value of m(z) as Q is reduced from
Mgurt. Ultimately, however, the usual top quark Yukawa
coupling effects take over, causing m%iu to evolve to neg-
ative values, resulting in the well-known radiative breaking
of electroweak symmetry. However, because of its initial up-
ward evolution, the weak scale value of m%lu is not as nega-
tive as in models with unified gaugino masses, and the value
of u? is correspondingly smaller. The neutralino LSP then
has a significant higgsino component, and we may expect an

enhancement of b jets in SUSY events at the LHC.

3 Event simulation and calculational details

We use ISAJET 7.74 [72] with the toy calorimeter de-
scribed in Refs. [5-7] for the calculation of the SUSY sig-
nal as well as of SM backgrounds in the experimental en-
vironment of the LHC. We define jets using a cone algo-
rithm with a cone size AR =/ An? + A¢? = 0.7. Hadronic
clusters with E7 > 40 GeV and |n(jet)| < 3 are classi-
fied as jets. Muons (electrons) are classified as isolated if
they have E7 > 10 GeV (20 GeV) and visible activity in
a cone with AR = 0.3 about the lepton direction smaller
than E7 < 5 GeV. We identify a hadronic cluster with
Er > 40 GeV and |n(j)| < 1.5 as a b jet if it also has a
B hadron, with pr(B) > 15 GeV and |n(B)| < 3, within a
cone with AR = (.5 of the jet axis. We conservatively take
the tagging efficiency* €, = 0.5 at the LHC design lumi-
nosity of 100 fb~!/y, and we assume that gluon and light
quark jets can be rejected as b jets by a factor R, = 150 (50)
if Er <100 GeV (E7 > 250 GeV) and a linear interpola-
tion in between.’ For jets not tagged as a b jet, we require
E7r(j) =50 GeV.

“Notice that we assume that 50% of b jets with E7 > 40 GeV and in
the central region will be tagged. This is in contrast to a recent study
[117] where the 50% efficiency refers to all b jets. Effectively, the effi-
ciency in their study is significantly higher than in this paper. Assum-
ing that this larger tagging efficiency will be attained at the LHC, these
authors conclude that requiring three tagged b jets provides the best
discrimination between the SM background and the SUSY signal in
the HB/FP region of the mSUGRA model.

SWe have been guided by ATLAS studies of b-tagging efficiencies and
corresponding rejection factors in 17 H and W H production processes.
See e.g. [118, 119]. It appears that in the low luminosity environment
(L =2x10% cm? s~ 1), a tagging efficiency of 60% with rejection fac-
tors comparable to or better than those we have used appear possible
for gluon and light quark jets. While we are not aware of correspond-
ingly detailed studies in the high luminosity environment, there appear
to be indications in these same studies that comparable tagging effi-
ciency with a rejection rate that is reduced by a factor <2 may be pos-
sible. In our analysis, we have also ignored the fact that ¢ jets (which
should occur in backgrounds at considerably lower rates than gluon or
light quark jets) will be much more difficult to discriminate from b jets
than light quark and gluon jets.
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Gluino and squark production is the dominant sparticle
production mechanism at the LHC for gluino and squark
masses up to about 1.8 TeV, if mz >~ mj. If instead squarks
are very heavy, gluino pair production will dominate the
sparticle production rate up to about mz ~ 0.8 TeV. Cascade
decays of the parent gluinos and squarks then lead to sig-
nals in various multi-jet plus multi-lepton plus E ?i“ topolo-
gies [120-123]. In some scenarios isolated photons from ra-
diative decays of neutralinos to lighter neutralinos or to an
ultra-light gravitino may also be present. Our focus, how-
ever, is not on these scenarios, but instead on models of the
type discussed in Sect. 2 where b- and/or ¢-quarks are pro-
duced in these cascades at a large rate.

Since SUSY particles are expected to be heavy (rela-
tive to SM particles) sparticle production is expected to be
signaled by events with hard jets, possibly with hard, iso-
lated leptons and large E%ﬁss. The dominant physics back-
grounds to these events with hard jets come from ¢¢ pro-
duction, V + j production (V = W, Z), V'V production and
QCD production of light jets, where the E ?iss comes from
neutrinos produced by the decays of W or Z bosons or of
heavy flavors. Missing E7 may also arise from mismeasure-
ment of jet or lepton transverse momenta and from uninstru-
mented regions of the detector. These non-physics sources
of E ?iss are detector-dependent, and only qualitatively ac-
counted for in our simulation with the toy calorimeter. With
the hard cuts that we use to obtain the reach, we expect
that the physics backgrounds will dominate the difficult-to-
simulate detector-dependent backgrounds, and the results of
our analyses of the SUSY reach will be reliable. This ex-
pectation is indeed borne out, since results of previous the-
oretical analyses of the SUSY reach [5-7, 13] compare well
with the projected reaches obtained by the CMS [9-11] and
ATLAS [8] collaborations. The gain in reach, if any, that
we obtain from b jet tagging should, if anything, be more
reliable than the absolute value of the reach.®

In the analysis detailed in the next section, we have ex-
amined the reach of the LHC for a wide range of sparticle
masses, for the different models introduced in Sect. 2. To fa-
cilitate this, we generate signals and backgrounds (calcula-
tional details are described below) and only write out events
that include at least two jets with E7(j) > 100 GeV and
E?igs > 100 GeV, which we refer to as our basic cuts. The
corresponding cross sections for SM events are shown in the
second column of Table 1. For low to medium values of the
sparticle masses, the sparticle production cross sections are
large enough for us to extract the signal above SM back-
grounds with relatively soft analysis cuts. For very heavy

5The absolute reach may also suffer from the fact that SM backgrounds
may be somewhat larger than those obtained using shower Monte Carlo
programs when proper matrix elements for multi-jet production are in-
cluded. We expect though that the gain in the reach from b-tagging may
again be less sensitive to the inclusion of the proper matrix elements.
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Table 1 Cross sections in fb for the SM production of t7, W + j,
Z + j, VV, and QCD jet events that form the dominant backgrounds
to the multi-jet plus E ?i“ signal from sparticle production at the LHC.
The second column gives the cross section for events with the basic re-
quirements of two jets with E7(j) > 100 GeV and E?i“ > 100 GeV.
The last three columns give the corresponding cross sections for the
softest of the final set of cuts (listed in the bottom part of Table 2)
that we actually use in our analysis, with no requirement of b jet tag-
ging (column 3), requiring at least one tagged b jet (column 4) and
at least two tagged b jets (column 5). For illustration, we also list the
corresponding signal cross sections for two points in the HB/FP region
of the mSUGRA model, with A9 =0, tang = 10 and m; >~ 1 TeV,
mg ~ 3 TeV (mSUGRALI) and mz >~ 1.5 TeV and mgz ~ 3.9 TeV
(mSUGRAZ2)

Source Obasic ocut(0D) ocur(10) ocut(2D)
it 19900 2.16 1.41 0.365
W+ 21400 12.0 1.36 0.133
Z+j 8850 5.11 0.059 0.0052
Vv 89.8 0.0248 0.0020 0.0001
QCD 93700 11.6 3.11 0.467
Total 1.44 x 10° 30.9 5.94 0.97
mSUGRAL1 261 12.0 9.26 3.86
mSUGRA2 48.4 2.44 1.95 0.87

sparticles, however, the production rate is small, but essen-
tially all events contain very energetic jets and large E ?iss.
The detection of the signal is then optimized by using very
hard cuts that strongly suppress SM backgrounds, while re-
taining the bulk of the SUSY signal. Since our aim is to de-
velop a strategy that can be applied to essentially the entire
interesting mass range of a wide variety of models, we are
led to evaluate the signal together with the SM background
for a wide range of cuts, listed in detail in the next section.
To understand the relative importance of the different back-
ground sources, in the last three columns of Table 1 we list
the corresponding cross sections for the softest set of cuts
that we use in our analysis, as described in detail in Sect. 4.

In the last two rows we also list the corresponding signal
cross sections for two WMAP-consistent cases in the HB/FP
region of the mSUGRA model. Several comments are worth
noting.

— We see that with the basic requirements of two jets with
Er > 100 GeV and E?isg > 100 GeV, the background is
two (three) orders of magnitude larger than the signal for
mg =~ 1 (1.5) TeV; however, the analysis cuts very effi-
ciently reduce the background, while reducing the signal
by a much smaller factor.

— After these analysis cuts we see that QCD, followed by
V + j production, are the leading backgrounds to the in-
clusive E?iss signal. Top pair production, while signifi-
cant, is considerably smaller. Since we do not require the
presence of leptons, the background from V'V production
is negligible.

— The backgrounds from QCD and V + j production may
be sharply reduced by the use of b jet tagging with a rela-
tively small loss of the signal. In contrast, since top events
necessarily contain b jets, b-tagging reduces the ¢7 back-
ground only by a modest amount.

Table 1 highlights the importance of a careful evaluation
of the QCD and the V 4 j backgrounds. This is technically
complicated, because the large size of the cross sections
necessitates simulations of a very large number of events
to obtain a reliable estimate for the backgrounds after the
very hard cuts that are needed for optimizing the reach of
the LHC.” Moreover, since the cross section is a rapidly
falling function of the center of mass energy, or equivalently,
the hard-scattering pr of the initial partons, we must en-
sure that our procedure generates events even for very large
values of P}{S where the matrix element is very small, so
that these events, which have much smaller weights, are in-
cluded in the analysis. To facilitate this, we have generated
the various backgrounds using different numbers, NI.HS, of
hard-scattering bins: the bin intervals are finely spaced for
low values of P;IS, where event weights are very large. We
choose NiHS =53,13,8 and 7 for i = QCD, V + j, ¢t and
V'V, respectively, where the choice Ngg D' — 53 reflects the
largeness of the QCD cross section. We have generated a to-
tal of about 10M QCD events, about IM W + j events and
about 500-700K events for each of the other backgrounds.
If, for any set of cuts, we find zero events in our simulation
of a particular background, we set this background cross sec-
tion to a value corresponding to the one event level in the bin
with the smallest weight in our simulation.

4 Bottom jet tagging and the reach of the LHC
4.1 Simulation of the signal and the LHC reach

Simulation of the signal events is technically much easier
than that of the background. This is largely because the sig-
nal typically originates in heavy sparticles and so passes the
hard analysis cuts with relative ease, compared to the back-
ground. To assess how much b jet tagging extends the SUSY
reach of any particular model, rather than perform extensive
and time-consuming scans of the parameter space, we have
defined “model lines” along which the sparticle mass scale
increases. We then choose parameters along these lines, and
for every such parameter set use ISAJET 7.74 to gener-
ate a SUSY event sample. Next, we pass this event sample
through the set of analysis cuts defined below, and we define

7Of course, the fact that we are far into the tails of these backgrounds
where the simulations (which will be tuned to the data when these be-
come available) require possibly unjustified extrapolations is a differ-
ent matter.
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the signal to be observable at the LHC if for any choice of
cuts

— the signal exceeds 10 events, assuming an integrated lu-
minosity of 100 b1,

— the statistical significance of the
/' Npack > 5, and

— the signal to background ratio, Ngjgnal/Npack = 0.25.

signal  Ngignal/

We also require a minimum of 15 events after cuts in our
simulation of the signal. We obtain the reach for each model
line by comparing the corresponding signal with the back-
ground, and ascertaining where the signal just fails our ob-
servability criteria for the entire set of cuts in Table 2 below.

4.2 Analysis cuts

The inverted mass hierarchy model based on SO(10) SUSY
GUTs, whose hallmark is the light third generation, serves
as the prototypical case where we expect enhanced b jet
multiplicity in SUSY events. We have used this framework
to guide us to the set of analysis cuts that can be used for the
optimization of the SUSY signal for a wide range of spar-
ticle masses in a wide class of models. Toward this end,
we fix u <0, Ag < 0, and tan 8 = 47 (a large value is
needed for the unification of Yukawa couplings) and choose
mig = ﬁmlﬁ, Ag = —2m e to obtain the hierarchy be-

tween the first/second and third generation scalars as dis-

cussed above. The choice Mp = 0.25m ¢ facilitates elec-

troweak symmetry breaking. We vary the gluino mass along

the “model line” with m,, = 0.36m¢ + 48 GeV, which

maintains a hierarchy between the generations. The value
of

2 2

3(mﬁL +m i

2 2 2 2 2 2 2

3(mp +my +mp +mp ) +mz Ame +my

+my +n13R)+mg +mZ +ml

erL eR

S

is typically around 3.5-4.1 along this model line.

The optimal choice of cuts depends on the (a priori un-
known) sparticle spectrum, and to a smaller extent on their
decay patterns. While hard cuts optimize the signal if sparti-
cles are heavy, these would drastically reduce (or even elim-
inate) the signal if sparticles happen to be light. In order to
obtain a general strategy that can be used for a wide variety
of models, we have used the SO(10) model with © < 0 to
devise a universal set of cuts that can be used for SUSY dis-
covery in any of the various models that we have introduced,
and likely, also for a wider class of models.

Toward this end, we generate a sample of signal events
for this “test model line” and run this, as well as the SM
backgrounds that we discussed above, through each one of
the large set of analysis cuts detailed in the upper part of
Table 2. Here, me¢r is the scalar sum of the transverse ener-

Table 2 The complete set of

cuts that we examined for Variable

0b,

1 2b

extraction of the SUSY signal
over the SM backgrounds is
shown in the upper part of the
Table. The 0b, 1b and 2b entries
respectively denote

ENiSS (GeV) >
Er(b1) (GeV) >
megr (GeV) >

requirements for events without Ag <
any restriction on b jet tagging, App <
with at least one tagged b jet, ni>
and with at least two tagged b /=
St >

jets. The lower part of the table
shows the final set of cuts that
we recommend for the
extraction of the SUSY signal
over the entire range of masses
and models that we have

[ET(j1), ET(j2)] (GeV) >

300, 450, 600, 750, 900, 1050

40,

1500, 2000, 2500, . .., 4000
180°, 160°, 140°

300, 450, 600, 750, 900, 1050

40, 100, 200, 300, 400

1500, 1750, 2000, 2250, 2500, 2750
180°, 160°, 140°

100, 200, 300, 400

n/a 180°, 150°, 120°
4,5,6,7,8 4,5,6,7,8
0.1,0.2 0.1,0.2

(300, 100), (300, 200), (400, 200), (400, 300), (500, 200), (500, 300),
(500, 400), (600, 200), (600, 300), (600, 400), (600, 500),
(700, 200), (700, 300), (700, 400), (700, 500), (700, 600),
(800, 200), (800, 300), (800, 400), (800, 500), (800, 600)

explored in the paper

Final cuts

EMsS (GeV) >
E7r(b1) (GeV) >
mesf (GeV) >
Ag <

Adp <

nj >

Sr >

[ET(j1), ET(j2)] (GeV) >

450, 600, 750, 900,

40,

1500, 2000, 2500, . .., 4000

450, 600, 750
40, 100, 200, 300
1500, 1750, 2000, 2250

100, 200

180°, 160°, 140° 180°

n/a 180°, 150°, 120°
4,5,6,7,8 4,5,6,7

0.1 0.1

(300, 200), (400, 200), (500, 200), (500, 300), (500, 400), (600, 200),
(600, 500), (700, 300), (700, 600), (800, 300), (800, 600)
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gies of the four hardest jets in the event combined with the
missing transverse energy, A¢ is the transverse plane open-
ing angle between the two hardest jets, and A¢;, the cor-
responding angle between the two tagged b jets in events
with n, > 2. To clarify, the softest set of cuts that we
use for the 0b signal has [EPS, E7(j1), E7(j2), Er(b1),
megr] > [300, 300, 100, 40, 1500] GeV, n; > 4 and trans-
verse sphericity St > 0.1, with no restriction on jet opening
angles. Next, we harden the cut on one of these observables
to the next level, keeping the others at the same value, etc.,
until the complete set of 6 X 5 x 6 x 3 x 3 x5 x 2 x 21
combinations has been examined for n;, > 2. Since there are
no tagged b jets (or there is just one) in the np =0 (np = 1)
case, there are correspondingly fewer combinations for these
analyses.

For each of these cut choices, we analyzed the observabil-
ity and statistical significance of the LHC signal for our test
SO(10) model line for an integrated luminosity of 100 fb=1.
We found that the subset of cuts shown in the lower part of
Table 2 (and labeled “Final Cuts”) is sufficient to ensure the
observability of the SUSY signal over the entire mass range.
Restricting the analysis to this subset has no impact on either
the observability or the statistical significance of the signal
over the entire sparticle mass range. In the remainder of this
paper we, therefore, confine ourselves to this limited subset
of cuts, as this speeds up the analysis considerably.

4.3 Results

In this section, we evaluate prospects for increasing the
reach of the LHC by the use of b-tagging to reduce SM back-
grounds, thereby increasing the statistical significance of the
SUSY signal, for each of the models introduced in Sect. 2.
We confine ourselves to various one-parameter model lines
(introduced below) along which sparticle masses increase
and run the signal and backgrounds through each of the fi-
nal set of cuts in Table 2, and we optimize the signal by
selecting the cut choice that yields an observable signal with
the highest statistical significance. To assess the gain from
b-tagging, for each model line we first do so without any
requirement on b-tagging, and then repeat it requiring, in
addition, at least one and at least two tagged b jets.

4.3.1 The HB/FP region of the nSUGRA model

The possibility of increasing the LHC reach was first stud-
ied in the HB/FP region of the framework of mSUGRA [65],
where it was found that the reach could be increased by up
to 15-20%. We have repeated this study, albeit with a some-
what different model line with

my2 =0.295mgy — 507.5 GeV,
tan 8 = 30, Ap=0,

in the HB/FP region that saturates the relic density in (1)
and, of course, with the different set of cuts that we use
here. We find an increased reach from b-tagging in quali-
tative agreement with Ref. [65].

4.3.2 Inverted mass hierarchy model

As discussed in Sect. 4.2, we have already used the SO(10)
model with © < 0 and parameters related by (6), where we
obtain an inverted mass hierarchy to choose the final set of
cuts for our analysis. Here, we show results for the reach of
the LHC with and without requirements of b jet tagging for
two model lines with a significant inversion of the sfermion
mass hierarchy; one for each sign of . For both of these,
we choose

—Ag=2mi1s=+2myy,  tanf =47, (13)
with
Mp =0.25m¢ and

(14)
my2=0.36mic+48 GeV for u <0,
Mp =0.20m1s and

(15)

my2 =0.30m6 +39 GeV  for u > 0.

Of course, to determine the reach for the u < 0 model line
we generate sets of signal events different from those used
in Sect. 4.2.

Our results are shown in Fig. 1, where we plot the largest
statistical significance of the signal, Ngignai/~/Npack, versus
the corresponding gluino mass for (a) u < 0, and (b) u > 0,
assuming an integrated luminosity of 100 fb~!. The maxi-
mal Ngignal /+/Noack Was obtained running over all the cuts in
Table 2, subject to the requirement that the Ngignal/ Npack >
0.25 and Njignal > 10 event criteria are satisfied. The solid
(red) curves show this significance for the inclusive E%‘iss
signal with no requirement of b jet tagging, while the dashed
(black) curve and the dotted (blue) curves correspond to
cases in which we require at least one and two tagged b
jets, respectively. The wiggles in these curves reflect the sta-
tistical errors in our simulation. We attribute the somewhat
larger reach in the left frame to the fact that the mass hierar-
chy (as measured by the value of §) is somewhat smaller for
© < 0, so that gg makes a larger contribution in this case.
We also see that for u < 0, b-tagging leads to an increase of
the LHC reach by ~200 GeV, or about 10%, while the cor-
responding increase is somewhat smaller for the model line
with positive w.

This difference (which may well be not very significant in
view of the wiggles) is evidently due to the increased reach
in the 2b channel and could arise from a complicated inter-
play between the effect of cuts and the sparticle spectrum:
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Fig. 1 The statistical significance of the SUSY signal satisfying our
observability criteria at the LHC for the inverted hierarchy SO(10)
model lines introduced in the text, assuming an integrated luminos-
ity of 100 fb=! for (a) n <0, and (b) u > 0. The solid (red) line is for
the signal with no requirement on b-tagging, the dashed (black) line is
with the requirement of at least one tagged b jet, and the dotted (blue)
line is with at least two tagged b jets. The signal is observable if the sta-
tistical significance is above the horizontal line at Ngjgnal/~/ Noack = 5

for instance, for mg ~ 1960 GeV, m B is significantly lighter
inthe 0 < 0 case, while m; is considerably heavier. As a re-
sult, the branching fraction for the decays g — bl;i, which
likely leads to a harder spectrum for b jets (compared to
g — tf, which constitutes the bulk of the remaining decays
of the gluino), falls from 38% for negative u to 28% for
positive .

4.3.3 Non-universal Higgs mass models

Next we turn to the impact of b-tagging on the reach in
NUHM models with just one additional parameter m that
is adjusted so that agreement with the observed relic den-
sity is obtained. This may be done either by tempering the
LSP content so that it is MHDM (mg > my), or by adjust-
ing the masses so that the LSP annihilation rate is resonantly
enhanced by the exchange of neutral A or H bosons in the
s-channel (mg < 0). We did not study the NUHM model in
which both Higgs SSB mass parameters are arbitrary—the
so-called NUHM2 models in the nomenclature of Ref. [44,
45]—because this meant that both m 4 and p are arbitrary,
resulting in too much freedom for a definitive analysis. Be-
ginning with the MHDM cases of the LSP where sparti-
cle decays to third generation quarks are enhanced by the
higgsino content of the LSP, we introduce two model lines

@ Springer

with Ag =0, tan8 = 10 and n > 0, with (1) mg = mi/2,
and (2) mg = 3my 2, for which we have to choose my >~
1.7mg and mgy >~ 1.12my, respectively, in order to obtain
the observed relic density. In the former case, the squarks
of the first two generations are roughly degenerate with the
gluinos, whereas in the latter case mg ~ 1.6mg.

Our results for the statistical significance of the LHC
SUSY signal, with and without b jet tagging, are shown
in Fig. 2 for (a) mo = my,2, and (b) mo = 3my,2. We see
that, while b-tagging clearly improves the reach by ~10%
in the case shown in frame (b), it leads to a degradation of
the reach in frame (a). We have traced this to the fact that
for this case, where squark and gluino masses are compara-
ble, squark production (particularly first generation squark
production) makes a significant contribution to the signal
after the hard cuts. Since these squarks dominantly de-
cay to charginos and neutralinos (remember that because
mg ~ mg, the decay ¢ — ¢g is suppressed by phase space)
plus quarks of their own generation, there are essentially
no b-quarks produced in squark decays, and a sizable frac-
tion of the inclusive E ‘}‘iss signal is actually cut out by any
b-tagging requirement. In frame (b), the squarks are much
heavier than gluinos and so contribute a smaller fraction of
the signal, but more relevantly, ¢ — g g with a large branch-
ing fraction, so that b-tagging helps in this case. These con-
siderations also explain why the increase in reach from b-
tagging is not as large as in the case of the HB/FP region of
the mSUGRA model where m; >> mg [65].

We now turn to the mg < 0 model line shown in Fig. 2¢
for which we have chosen mg = 5m,2 (to ensure squark
contributions to the signal do not dilute the effect of b
tagging as in the case that we just discussed), Ag = 0,
tanB = 20 and u > 0, and my is adjusted to be about
—1.47mg to give agreement with (1) via resonant annihi-
lation of LSPs through A/H exchanges in the s-channel.
This means that A and H must be relatively light and ac-
cessible in cascade decays of gluinos and squarks. However,
we see no enhancement of the LHC reach in this case. We
understand this in hindsight. In this case |u| is large, so the
lighter neutralinos produced in gluino cascade decays are
gaugino-like, with my; ~mz ~2m7 . Then the very con-
dition 2mz ~ my that makes the LSP annihilation cross
section resonant suppresses the phase space for the decays
of Zy — A or H+ Zy, so that these are not significantly pro-
duced in cascade decays of gluinos. Since squarks are very
heavy, they are essentially irrelevant to this discussion.

4.3.4 Low M3 dark matter model

As explained above, we can also obtain MHDM, and hence
a potential increase in reach via b-tagging, in models with
non-universal gaugino mass parameters, where |M3(GUT)|
is taken to be reduced compared to its value in models with
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Fig. 2 The statistical
significance of the SUSY signal 50 —

NUHM 1

NUHM1 NUHM1

satisfying our observability F 2
criteria at the LHC for the three [
NUHM model lines introduced
in the text, assuming an
integrated luminosity of

100 fb~!. All the model lines
have Ag =0 and u > 0, with
(a) mg >0, tan B = 10,
mo=mj2, (b) my >0,

tan B = 10, mg = 3m1/2, and
(¢) my <0, tan B = 20,

mqo = 5my 2. The solid (red)
line is for the signal with no
requirement on b-tagging, the
dashed (black) line is with the
requirement of at least one
tagged b jet, and the dotted
(blue) line is with at least two
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gaugino mass unification. To study the gain in the reach that
we may obtain in this case, we have explored an LM3DM
model line with
my=nmji2, Ag=0, tan 8 = 10, n >0,
where the GUT scale value of M3 (which we take to be pos-
itive) is adjusted to saturate the measured CDM relic den-
sity.®

The corresponding dependence of the statistical signif-
icance of the SUSY signal on m; is shown in Fig. 3. We
see that in this case b-tagging leads to an increase in reach
close to 15%. This is because though gluinos and squarks
are both reduced in mass relative to their uncolored cousins,
the reduced value of the gluino mass parameter leads to
mg ~ (1.4-1.5)m; even for mg = mj 2, to be compared to
mg ~ mg that we obtained for models with unified gaugino
masses as e.g. in the NUHM case just discussed. The large
value of mg relative to mg then leads to an enhanced reach
via b-tagging just as before.

4.3.5 High My dark matter model

As a final example, we consider the LHC reach in the
HM2DM model, where agreement with (1) is obtained by
raising |M>(GUT)| from its canonical value of m1 > in mod-
els with gaugino mass unification, so that the lightest neu-

8Roughly speaking, for mo = m ;2 = 700 GeV, M3(GUT) = 277 GeV,
and for an increase of ém in mo = my 2, the GUT scale value of M3
has to be raised by about § M3 ~ §mg/2.25.

3000
me (GevV)

1600 1800 2000 2200 2400
me (GeV)

1250 1500 1750 2000
mgz(GeV)

tralino is MHDM. Since the LSP contains a substantial hig-
gsino component, it is again reasonable to expect that b jet

LM3DM
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Fig. 3 The statistical significance of the SUSY signal satisfying our
observability criteria at the LHC for the LM3DM model line with
moy =mi, Ap =0, tanf = 10 and pu > 0, where M3(GUT) is ad-
justed to saturate the measured CDM relic density, assuming an inte-
grated luminosity of 100 fb~!. The solid (red) line is for the signal
with no requirement on b-tagging, the dashed (black) line is with the
requirement of at least one tagged b jet, and the dotted (blue) line is
with at least two tagged b jets. The signal is observable if the statistical
significance is above the horizontal line at Nsjgnal/+/ Npack = 5
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tagging may increase the SUSY reach of the LHC. As we
have already seen in other examples, the increased reach
from b jet tagging depends on the value of the squark mass
relative to mg. This led us to consider two model lines
with, (a) mo = m12, and (b) mo = M>(GUT), for both of
which we take tan 8 = 10, u > 0 and Ag = 0. Since the cor-
rect relic density is obtained by raising M>, model line (b),
which gives heavier squarks than model line (a), will give
a smaller reach as measured in terms of m;. The increase
in the reach from b jet tagging will, however, be larger for
model line (b), since squark contributions to sparticle pro-
duction are kinematically suppressed.

The statistical significance of the SUSY signal in the
HM2DM model is shown for the two model lines in the two
frames of Fig. 4. Indeed we see that while the reach in the
left frame for mo = m; extends to mz < 2.5 TeV (as com-
pared to 2.1 TeV in the right frame), there is very little gain
in the reach from b jet tagging in this case, where squark and
gluino masses are comparable. This is in contrast to the gain
in reach of ~8% for the case of heavier squarks in the right
hand frame.

HM2DM
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Fig. 4 The statistical significance of the SUSY signal satisfy-
ing our observability criteria at the LHC for the HM2DM model
line with Ap =0, tang = 10, u > 0 and (a) mo = my;2, and
(b) mp = M2(GUT). In both frames, M>(GUT) is adjusted to a pos-
itive value so as to saturate the measured CDM relic density, and an in-
tegrated luminosity of 100 fb~! is assumed. The solid (red) line is for
the signal with no requirement on b-tagging, the dashed (black) line is
with the requirement of at least one tagged b jet, and the dotted (blue)
line is with at least two tagged b jets. The signal is observable if the sta-
tistical significance is above the horizontal line at Ngjgnal/~/ Nback = 5
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5 Top tagging and the reach of the LHC

We have seen that requiring a b-tagged jet reduces the SM
background relative to the SUSY signal in a wide variety of
models, and so increases the SUSY reach of the LHC. This
then raises the question of whether it is possible to further
increase this reach by requiring a top-tagged jet, since the
mechanisms that serve to enhance the decays of SUSY par-
ticles to b-quarks frequently tend to enhance decays to the
entire third generation of SM fermions. SM backgrounds to
E %‘i“ events with ¢-quarks should, of course, be smaller than
those for events with b-quarks. In this section, we study the
prospects for top tagging, once again using the inverted mass
hierarchy model line (14) to guide our thinking.

Top tagging in SUSY events has been suggested previ-
ously for the reconstruction of SUSY events, assuming that
7| or by are light enough so that § — t7] — tbW; and/or
bl;l — tiT’l occur with large branching fractions [124,
125]. Using a top reconstruction procedure described be-
low, together with an estimate of fake tops from an analy-
sis of side-bands, it was shown that for m; ~ 700 GeV, for
which the SUSY event rate is very large, partial reconstruc-
tion of SUSY events with gluinos decaying to third genera-
tion squarks was possible at the LHC.

We follow the approach developed in this study to re-
construct the top quark via its hadronic decay mode. In a
sample of multi-jet + E ?isg events with at least one tagged b
jet, we identified a hadronically decaying top by first iden-
tifying all pairs of jets (constructed from those jets that
are not tagged as b jets) as a hadronically decaying W if
|mj; — Mw| <15 GeV. We then pair each such W with
the tagged b jet(s) and identify any combination as a top
if [mpw —m;| <30 GeV. If we can reconstruct such a “top”,
we defined the event to be a top-tagged event. The efficiency
for tagging tops in this way turns out to be small.’

For our examination of the impact of top tagging on the
SUSY reach of the LHC, we have again chosen the SO(10)
model line (14) with © < 0 as a test case. In this case,

°In a simulated sample of about 90K 7 pairs with a hard-scattering E
between 50—400 GeV, we found only 6,255 top tags even with €, = 1.
To understand this large loss of efficiency we note that first, leptoni-
cally decaying tops (branching fraction of ~1/3) are clearly not iden-
tified. Second, b jets are within their fiducial region (E7; > 40 GeV,
[nj| < 1.5, with a B-hadron with pr(B) > 15 GeV within a cone of
AR = 0.5 of the jet axis) only about 5/8 of the time. Third, it is nec-
essary for the top with the b jet inside the fiducial region to decay
hadronically in order to make the top mass window, since the wrong
combination mostly falls outside it. Finally, if the jets from the W from
the top with the tagged b merge or radiate a separate jet at a large an-
gle, this W is lost, and hence the top is not tagged. We have checked
with our synthetic top sample that the choice of mass bins of £15 GeV
about My and £30 GeV about m, suggested in Refs. [124, 125] does
not lead to loss of signal from events where the top decays hadronically
into well separated jets: most of the loss in efficiency comes from the
other factors given details of above.
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Table 3 The complete set of cuts examined for the extraction of the
SUSY signal with tagged ¢ jets. In addition to the basic cuts detailed in
the text, we require that S > 0.1

Variable Values

300, 400, ..., 900
800, 900, ..., 2000
3,4,...,8

np > 1

ENSS(GeV) >
mefr(GeV) >

n;j=>

since other squarks are heavy, the gluino mainly decays with
roughly equal likelihood via § — 77 and § — bb, where
subsequent decays of the third generation squarks can lead
to yet more top quarks in SUSY events. As for the case of b
jet tagging, we have run the SUSY sample through a set of
cuts shown in Table 3 to optimize our top-tagged signal rel-
ative to SM background. Because of the small efficiency for
top tagging we cannot, however, afford a large reduction of
the signal from multiple cuts. We have, therefore, restricted

Table 4 A comparison of the statistical significance of the LHC signal
using top tagging described in the text, for three different cases along
the SO(10) model line (14), with other parameters as fixed by (13). The
first few lines show the value of m ¢ along with sample particle masses
and branching fractions. The next three lines show the choice of cuts
for the variables in Table 3 that maximizes the statistical significance
of the top-tagged signal. The signal and SM background cross sections
for these cuts are shown on the next two lines for the cut choice that
leads to an observable signal with the greatest statistical significance.
The last three rows compare the statistical significance of the signal
using top tagging with that obtained using b jet tagging discussed in
Sect. 4

Case 1 Case 2 Case 3

mig (GeV) 1650 1770 1820
mz (GeV) 1522 1614 1661
mi, (GeV) 2108 2255 2319
mj, (GeV) 714 766 792
mj, (GeV) 744 842 876
myg, (GeV) 533 570 589
mz, (GeV) 279 299 309
B(F — tZ) 0.64 0.69 0.70
B(by — tWy) 0.37 0.31 0.30
EMisS (GeV) > 300 500 n/a
megr (GeV > 1700 800 n/a
nj> 8 3 n/a
osusy (fb) 0.138 0.108 n/a
Opack (1b) 0.0117 0.0306 n/a
Nsusy/~/Noack

top tag 12.7 6.14 0.00
1b 62.8 52.5 447
2b 935 64.0 46.4

our optimization to cuts on just the three variables E%‘i“,
megr and 7 j, imposing the basic requirements on the observ-
ability of the signal discussed in Sect. 3.

The results of our SUSY reach analysis with top tag-
ging are summarized in Table 4. Here, we show the opti-
mized statistical significance of the SUSY signal for three
cases in the vicinity of the ultimate reach using this tech-
nique. In this table, we show representative sparticle masses
along with branching fractions for sparticle decays that lead
to top quark production in SUSY cascades. We then give
details on the final choice of cuts that optimizes the top-
tagged SUSY signal. We also show the top-tagged signal
cross section after these cuts along with the corresponding
SM background, and the statistical significance of the top-
tagged signal achieved in cases 1 and 2; for case 3, the signal
is not observable by our criteria. Finally, in the last two rows
we show the corresponding statistical significance using b
jet tagging discussed in Sect. 4. We see from the table that,
while top tagging allows an LHC reach for mg just above
1600 GeV, the top-tagged rate becomes too low for heavier
gluinos. In contrast, b jet tagging yields a statistical signifi-
cance in excess of 50 close to the top-tagged reach. We thus
conclude that while top tagging can be used as a diagnostic
tool, or even for a reconstruction of SUSY events [124, 125]
in favorable cases, it will not extend the SUSY reach of the
LHC.

6 Can we directly detect third generation squarks?

In models in which the third generation is significantly
lighter than the other generations, it is natural to ask whether
it is possible to detect signals from the direct production of
third generation squarks. As already mentioned, their detec-
tion as secondaries from production and subsequent decays
of gluinos is possible if the gluino itself is not very heavy
[124, 125]. Our goal, therefore, is to examine whether the
signal from the direct production of third generation squarks
can be separated both from SM backgrounds, as well as from
production of other SUSY particles. Clearly, this is a model-
dependent question, since the SUSY “contamination” to the
third generation signal will depend strongly on the masses
of the other squarks and the gluino. In this section, we will
study this issue within the context of the inverted mass hier-
archy model with i < 0, which we have used as our canon-
ical test case.

Since there are essentially no third generation quarks in
the proton, the cross section for third generation squarks
falls rapidly with the squark mass, and the signal becomes
rapidly rate-limited. Therefore, we confine ourselves to the
signal from third generation squarks with masses around
300-500 GeV, where the signal is likely to be the largest. To
unequivocally separate out the third generation signal, we
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Table 5 The set of cuts

imposed from below that we Variable

Values

examined for our study of the
extraction of the third
generation squark signal at the
LHC. Additional cuts were also
imposed from above to optimize
the third generation squark
signal relative to that from the
production of heavier gluinos
and squarks of the first two

EMSS (GeV) >
[ET(j1), ET(j2)] (GeV) =

E7(j3), ET(ja) (GeV) >
E7(by) (GeV) >
mesr (GeV) >

generations, as discussed in the njz
text and detailed in Table 6 np >
Sr >

100, 150, 200, 250

(100, 100), (200, 100), (200, 150), (300, 100), (300, 150),
(300, 200), (400, 100), (400, 150), (400, 200)

100

40, 100, 200, 300, 400

500, 600, ..., 1500

4,5,6,7

1

0.1

must use cuts that are hard enough to reduce the SM back-
grounds to acceptable levels, yet not so hard as to enhance
the “contamination” from heavier sparticles that, though
they are produced with (much) smaller cross sections than
third generation squarks, would pass these hard cuts with a
much larger efficiency.

Since third generation sfermions decay preferentially to
third generation fermions (we focus on the case where 7] —
bVTfl is accessible), we study the signal with at least one
tagged b jet. We found, however, that even the softest set
of cuts in Table 2 that we actually use for our analysis of the
SUSY b-tagged signal are too hard for the purpose of ex-
tracting the signal from third generation squarks. We, there-
fore, returned to our basic cuts,

EMS > 100 GeV, E7r(j1, j») > 100 GeV

and augmented these with the requirements

E1(j3, ja) > 100 GeV, St >0.1, np>1,

and ran the third generation signal through the analysis cuts
in Table 5 to extract the optimal Ngignal/Npack ratio (where
the background includes the SM and the SUSY contamina-
tion as we discussed). These cuts, which are applied “from
below”, primarily serve to control the SM background which
is very large after just the basic cuts (see Table 1) but re-
duced by the additional requirements of a tagged b jet and
two additional 100 GeV jets.

We show the results of our analysis in Table 6. The para-
meters are shown in the first four rows of the table, while the
next few rows show representative sparticle masses. The first
two cases are along the i < 0 model line that we had intro-
duced previously. In the first two cases B(f; — bWy =1,
while in Case 3, B(f; — bV%) = 0.74, with the remainder
being made up by the decay 71 — tZ1. The next several rows
list the optimized choice of cuts fromthe 4 x 9 x 5 x 11 x 4
possibilities in Table 5, along with the cross sections for
(1) the third generation signal, (ii) the SM background, and
(iii) the “SUSY contamination” defined as the SUSY sig-
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Table 6 Optimized cuts, along with cross sections for the signal from
direct production of light third generation squarks, for SM background,
and for SUSY contamination to the third generation squark signal. In-
put parameters and selected sparticle masses are shown in the first ten
rows. The next several rows give details on our choice of cuts from
the set in Table 5, along with cross sections for the third generation
signal, for SUSY contamination, and for the SM background after
these cuts. The last six rows show the cut “from above” discussed in
the text, along with our final results for the observability of the third
generation signal over total backgrounds, including SUSY contamina-
tion

Case 1 Case 2 Case 3
mis (GeV) 717 854 739
m1 2 (GeV) 306 355 361
Ag (GeV) —1434 —1708 —1478
tanf 47 47 47
[3pt] 11 (GeV) —372 —428 —477
mz (GeV) 764 879 886
M, (GeV) 966 1127 1070
m;, (GeV) 274 316 460
mj, (GeV) 442 559 400
my, (GeV) 236 279 287
[3pt] EMS (GeV) > 150 100 150
LEr (1), Er(j2)] (GeV) > (100,100)  (100,100) (200, 100)
E7(by) (GeV) > 40 40 40
mege (GeV) > 500 500 600
nj> 5 6 4
O3rd gen. (1) 120.2 74.1 80.6
OSUSY cont. (fb) 1176.3 590.6 828.9
osm (fb) 432.6 454.1 580.4
[3pt] megr (GeV) < 1000 1000 1000
O3rd gen. (fb) 472 30.9 20.5
OSUSY cont. (fb) 109.5 42.0 40.0
osm (fb) 141.7 180.6 155.1
O3td gen. /Otot. bke 0.188 0.14 0.105
Nsignal/v/Nback 29.8 20.7 14.7
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nal from production of sparticles other than third generation
squarks, after these cuts. We see from these cross sections
that both the event rates and the statistical significance of the
third generation signal (even with the SUSY contamination
included in the background) are very large. The problem,
however, is that the signal to background ratio is smaller
than 0.1 if the SUSY contamination is included in the back-
ground, and it fails to satisfy our observability criterion.!”
We can, however, reduce the SUSY contamination (primar-
ily from heavier sparticles) relative to the third generation
signal by requiring that the signal is not too hard. Toward
this end, we impose an upper limit, megr < 1000 GeV, which
efficiently reduces the contamination from heavy sparticles
with correspondingly modest reduction of the cross sections
from the softer third generation and SM processes. The cor-
responding cross sections after this cut are shown on the next
three rows of the table, while the last row shows the final two
signal to total background ratios that we are able to obtain,
along with the statistical significance of the third generation
signal with an integrated luminosity of 100 fb=!.
Several features about the table are worth noting.

— We see from the table that before the cut restricting the
value of megr from above, the background was domi-
nated by SUSY contamination. In contrast, after this cut,
the dominant source to the background comes from SM
processes.

— With the cuts that we have devised, the event rates for
the third generation signal as well as its statistical signifi-
cance are large. For reasons already discussed, we do not,
however, believe that it will be easy to unequivocally as-
certain the direct production of third generation squarks
in the signal. For this to be unambiguously possible, it
will be necessary to have an understanding of the contri-
butions from other SUSY sources to the event rate after
our cuts. This may well be possible because with hard
cuts it should be possible to isolate the signal from heavy
squarks and gluinos where contamination from both SM
and the lighter third generation squarks is small. Just how

10Many authors do not impose such a requirement on the observability
of the signal. We believe that some requirement on the Ngignal/ Noack
ratio is necessary, since otherwise a signal with 5K events above a
background of 1M events would be considered significant. This would
indeed be the case if the background were known to a very high preci-
sion; however, a systematic uncertainty of 0.5% on the background
could clearly wipe out the signal, at least if the signal is extracted
by subtracting the theoretically calculated background! In the case at
hand, where the SUSY model is not a priori known and has to be ar-
rived at using the same data, it is clear that subtraction of the SUSY
contamination will suffer from considerable uncertainty until the data
and theory both become mature enough for such a subtraction to be
carried out. While our criterion requiring Nsignal/ Nback > 0.25 is ad-
mittedly arbitrary, we believe that it is necessary to impose some lower
limit on the signal to background ratio for a semi-realistic assessment.

well it will be possible to extrapolate this measured sig-
nal into “softer kinematic regions” will determine the pre-
cision with which the SUSY contamination can be sub-
tracted. This issue is beyond the scope of the present
analysis.

— We examined additional cuts on E7(j1, j2) and n; to see
if we could raise the signal to background ratio. We found
that a small increase (~10%) may indeed be possible by
restricting ; from above to be smaller than 8 or 9. Since
our calculation of the background with high jet multiplic-
ity is carried out only in the shower approximation, we did
not feel that our estimate of this improvement is reliable
and choose not to include it in the table.

— We stress again that the SUSY contamination is model-
dependent. We can see from the table that if gluinos and
other squarks are indeed decoupled at the LHC, and only
third generation squarks are light, their signal should be
readily observable in all three cases.

7 Charm jet tagging

Charm jet tagging offers a different possibility for en-
hancing the SUSY signal, especially in the case where a
light top squark dominantly decays via 7] — ¢Z;. Charm
jets may be tagged via the detection of a soft muon
within the jet. Muons inside jets also arise from semi-
leptonic decays of b-quarks and from accidental overlaps
of unrelated muons with jets. Since my is significantly

larger than m., the variables |ﬁrTe1| = |pr(n) x pj| and

AR(u, j) =/ Ad (i, j)* + An(u, j)? can serve to distin-
guish muon-tagged ¢ jets from correspondingly tagged b
jets or accidental overlap of an unrelated muon with jets.
Charm jet tagging with soft muons was first examined in
Refs. [126, 127] as a way of enhancing the ¢-squark signal
from pp — fiX — cc + EM 4+ X production at Run I
of the Fermilab Tevatron, but it was found to have a reach
smaller than the reach obtained via the conventional E?iss
analysis because the muon-tagged signal was severely rate-
limited. Tt was, however, subsequently shown that using
soft muons to tag the ¢ jet indeed enhances the top-squark
reach [71] but only for an integrated luminosity larger than
~1 fb~!, available today after the upgrade of the Main
Injector.

These considerations led us to examine whether charm
tagging may be similarly used at the LHC, at least for the
case where 7 — ¢Z,. Since the goal is to separate the charm
jets from the decay of 7; from other SUSY sources (which
are frequently rich in b jets), it is crucial to be able to sep-
arate the ¢ and b jets with at least moderate efficiency and
purity. Following Ref. [71], we examined many strategies to
obtain this separation in the plane formed by the variables
|p%!] and AR(u, j) but without any success. The differ-
ence between the situation at the Fermilab Tevatron, where
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this strategy appears to be moderately successful, and the
LHC is the kinematics of the events. In contrast to the Teva-
tron, where jets with E7 > 25 GeV are readily detectable, at
the LHC we have required E7(j) > 50 GeV in order not to
be overwhelmed by mini-jet production. For this harder jet
kinematics, the difference between m;, and m . appears to be
too small to yield significant separation between ¢ and b jets
that are not vertex-tagged. The larger contamination from b
jets at the LHC only exacerbates this situation.

Before closing this section, we also mention one other
(also unsuccessful) strategy that we tried for c-tagging. The
idea was to utilize the difference in the distributions of
z = E,/E. for muons of a fixed sign of the charge from b
or ¢ decays. While the expected distributions from the quark
decays are indeed significantly different, this strategy also
fails because these quarks hadronize before they decay, and
the z-distributions of the muons from the corresponding bot-
tom or charm meson decays are essentially the same.

8 Summary

The search for gluinos and squarks of supersymmetry is an
important item on the agenda of LHC experiments. In most
models mg < mg, so that, except when squarks and gluinos
are close in mass, we expect squarks to decay mainly to
gluinos. The decay patterns of the gluino will then deter-
mine the topologies of the bulk of SUSY events at the LHC.
Generally speaking, we expect that sparticle production at
the LHC will be signaled by an excess of n jet + m iso-
lated leptons + E ?i“ events (possibly together with isolated
hard photons), with the relative rates for the various topolo-
gies determined by the sparticle decay patterns. However,
there are a number of well-motivated models (see Sect. 2) in
which gluinos preferentially decay to third generation fermi-
ons, so that SUSY events are likely to include b or even
t jets. Since a large part of the SM background to the in-
clusive jets + E;‘Jiss SUSY signal comes from V + E?iss
production (V = W, Z) and from QCD, b jet tagging should
serve to discriminate between the SM and SUSY sources of
missing transverse energy events at the LHC. In the HB/FP
region of the mSUGRA model favored by the WMAP deter-
mination of the relic density, b-tagging increases the LHC
reach for gluinos by ~20% [65, 117] depending on the tag-
ging efficiency and purity that is ultimately attained. Though
this does not appear to be a large enhancement, we must re-
member that we are probing the gluino mass range where
the production cross section is already small due to kine-
matic considerations.

In Sect. 4, we have examined the impact of b-tagging
on the LHC reach for a variety of models introduced in
Sect. 2. We use a conservative projection for the tagging
efficiency of b jets in the high luminosity LHC environ-
ment: 50% for central b jets with E7 > 40 GeV. We find
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that while b-tagging does indeed increase the SUSY reach
of the LHC, the enhancement is typically smaller than that
found for the HB/FP region of the mSUGRA model. In this
model, squarks are in the multi-TeV range; consequently,
the SUSY signal (after selection cuts) comes mainly from
the pair production of gluinos, whose decays are “b-rich”
as we mentioned above. This same enhancement is not ob-
tained in models in which squarks and gluinos have com-
parable masses. Then, the branching fraction for the de-
cay g — ¢g is kinematically suppressed, and the squarks
mainly decay viag — qZ- andg — q’ W;, where the daugh-
ter quark (mostly) belongs to the same generation as the
parent squark. Since (for values of mg 2 1 TeV) first gen-
eration squarks are much more abundantly produced at the
LHC than squarks of other generations by the collisions of
(first generation) valence quarks in the proton, their decays
do not lead to b jets. As a result, (and this is confirmed by
our results in Sect. 4) b-tagging enhances the LHC reach the
most in models in which squarks are significantly heavier
than gluinos: if instead squark production is the origin of a
substantial portion of the SUSY E %ﬁss signal, b-tagging will
not be helpful and could even lead to a degradation of the
reach of the LHC.

Since the mechanisms that lead to enhanced decays of
gluinos to b-quarks mostly revolve around the large third
generation Yukawa couplings, these typically also enhance
sparticle decays to t-quarks (if these are not kinematically
suppressed). This led us to examine in Sect. 5 whether tag-
ging ¢ jets (which potentially reduces SM backgrounds even
more efficiently than b jet tagging does) could lead to an in-
creased reach for SUSY. We found, however, that this is not
the case, because the top-tagging efficiency is very low. Top-
tagging may, however, facilitate the reconstruction of SUSY
events in favorable cases [124, 125] and, furthermore, can be
used to confirm a SUSY signal first detected in other chan-
nels.

There are well-motivated models with an inverted squark
mass hierarchy, in which third generation squarks are much
lighter than other squarks and gluinos. These models would
be strikingly confirmed if signals from the direct produc-
tion of these relatively light top and sbottom squarks as well
as from their production as secondaries from gluino decays
could be separately identified. Since the latter possibility has
already been studied in Refs. [124, 125], we concentrated on
the signal from direct production of third generation squark
pairs in Sect. 6. We found that, while these may be readily
separated from SM backgrounds, it may be more difficult
to discriminate between them and the signal from the pro-
duction of heavier gluinos and first generation squarks. This
is, however, clearly a model-dependent question. It could be
that gluinos and first generation squarks are so heavy that the
SUSY contamination is not an issue at all. Alternatively, if
gluinos and first generation squarks are not extremely heavy,
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it may be possible to determine their properties by studying
the event sample with very hard cuts to remove contribu-
tions from the production of the much lighter third genera-
tion squarks; we can then use these to subtract the contami-
nation from gluino and first generation squark production in
the analysis of the signal from the direct production of third
generation squarks.

Finally, in Sect. 7 we have examined whether charm tag-
ging (using muons inside a jet) may be useful to enhance the
SUSY signal at the LHC. Our conclusions are pessimistic.
The kinematics of events at the LHC (in contrast to the kine-
matics at the Fermilab Tevatron) makes it very difficult to
distinguish between b jets and c jets using the soft-muon-
tagging technique.

In summary, we have found that the use of b-tagging en-
hances the SUSY reach of the LHC by up to 20% in a variety
of well-motivated models, with the largest increase in reach
being obtained in models with m; >> mg, and no increase (or
even a reduction in reach) if squark production is an impor-
tant part of the signal after the final cuts. For many models,
but not all, tagging b- and ¢-quark jets improves the sig-
nal to background ratio, resulting in a cleaner SUSY event
sample, which can then be used either to reconstruct SUSY
event chains [124, 125] or, as has recently been suggested,
possibly to determine the gluino mass [128].!! In contrast,
we find that charm-jet tagging does not appear to be useful
at the LHC.
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