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Many theoretical and experimental results on the reach of the Large Hadron Collider are based on the
minimal supergravity (mSUGRA)-inspired scenario with universal soft supersymmetry-breaking parame-
ters at the apparent gauge coupling unification scale. We study signals for supersymmetric models in
which the sparticle mass range is compressed compared to mSUGRA, using cuts like those employed by
ATLAS for 2010 data. The acceptance and the cross-section times acceptance are found for several model
lines that employ a compression parameter to smoothly interpolate between the mSUGRA case and the
extreme case of degenerate gaugino masses at the weak scale. For models with moderate compression, the
reach is not much worse, and can even be substantially better, than the mSUGRA case. For very
compressed mass spectra, the acceptances are drastically reduced, especially when a more stringent

effective mass cut is chosen.
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L. INTRODUCTION

The continuing explorations of the ATLAS [1] and CMS
[2] experiments at the Large Hadron Collider are testing
the idea that supersymmetry [3] (SUSY) is the solution to
the hierarchy problem associated with the small ratio of the
electroweak scale to the Planck scale and other high energy
scales. Already, there are significant bounds from both
ATLAS [4-7] and CMS [8-10] on certain supersymmetric
models, especially those formulated in terms of universal
soft supersymmetry-breaking parameters at the scale of
apparent gauge coupling unification, the so-called minimal
supergravity (“mSUGRA”) or constrained minimal super-
symmetric standard model (“CMSSM™) scenario.
However, the essential idea of supersymmetry is simply
that of a symmetry connecting fermion and boson degrees
of freedom, and the wunknown features of the
supersymmetry-breaking mechanism allow for a much
more diverse variety of possibilities. It is therefore always
important to consider the extent to which the limits ob-
tained from experimental searches depend on the specific
model assumptions.

The input parameters for mSUGRA models are a uni-
versal gaugino mass M|/, a universal scalar mass my, a
common scalar cubic coupling parameter A, the ratio of
the Higgs vacuum expectation values tan8 = (v,)/{v ),
and the sign of the supersymmetric Higgs mass parameter
. Existing model-dependent LHC searches exploit the
fact that supersymmetric particle production and decay in
mSUGRA-like models typically result in both energetic
jets from gluino or squark decays and large missing trans-
verse energy EMSS due to the presence in each superpartner
decay chain of a neutral, weakly interacting, stable lightest
supersymmetric particle (LSP). In mSUGRA models, there
is typically a hierarchy of a factor of 6 or so between the
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masses of the gluino and the neutralino LSP, leading to
robust signals. Along with the gluino, the dominant
production mechanisms involve squarks, which are never
much lighter than the gluino in viable mSUGRA models.

If the supersymmetric mass spectrum is compressed,
that is, if the ratio of the mass scale of the strongly
interacting superpartners (the gluino and squarks) and the
LSP mass is smaller, then one may expect that the detec-
tion efficiency and acceptance will be lowered, because
there will often be less energetic jets and leptons from the
decays, as well as less E‘}“i“. Cuts on the relevant kinematic
quantities are necessary for triggering and for reduction of
backgrounds, so that a sufficiently compressed supersym-
metric mass spectrum will have greatly reduced discovery
potential even if there is a large production cross section.
The purpose of this paper is to study this issue quantita-
tively, using as an example selections employed by ATLAS
in the study of 35 pb™! of data collected in 2010 at
Js =7 TeV [4-7]. Other recent! studies of non-
mSUGRA scenarios at the LHC from other viewpoints
can be found, for example, in [12—18].

In this paper we are interested in the consequences of a
compressed superpartner mass spectrum rather than the
model-building ideas that might be involved in such a
scenario. However, it is worth noting that in non-
mSUGRA models, it is perfectly sensible to choose the
three gaugino mass parameters to be in any desired pro-
portion at the apparent gauge coupling unification scale,
which in turn allows any desired ratio of gaugino masses at
the TeV scale after renormalization group running. A huge

"The reduced reach of hadron colliders for compressed super-
partner mass spectra was studied as long ago as the mid-1980s
[L1], in the context of <100 GeV gluino searches by the UA1
detector at the CERN Super Proton Synchrotron pp collider.
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number of different model-building ideas can realize this,
and one restricted class will be mentioned in Sec. IIID
below. Similarly, the squark and slepton mass parameters
can be chosen arbitrarily, with no problems as long as
flavor symmetries are respected (as in this paper).

The rest of this paper is organized as follows. Section II
describes our procedures. Section III presents results on the
acceptance and on the cross-section times acceptance, for
several classes of models defined with a compression
parameter that can be continuously dialed to vary the ratio
of gluino to LSP masses. Section III A gives results for
models with light squarks and winos, Sec. [II B for similar
models but with the wino mass parameter taken to be large
enough so that the squarks and gluinos do not decay to
winolike intermediate states, and Sec. III C similarly dis-
cusses models that have heavy squarks. All of these are
complete SUSY models, but are defined without reference
to dark matter or other indirect observable clues on the
superpartner spectrum. In Sec. III D, we discuss the reach
for a class of compressed SUSY models that have rela-
tively light top squarks and are specifically motivated by
the dark-matter relic abundance inferred from WMAP and
other experiments. Section IV contains some concluding
remarks.

II. PROCEDURES AND SIGNAL REQUIREMENTS

For this paper, we used MADGRAPH/MADEVENT 4.4.62
[19] to generate hard scattering events using CTEQGLI
[20] parton distribution functions, PYTHIA 6.422 [21] for
decays and showering and hadronization, and PGS 4 [22]
for detector simulation. In compressed SUSY models, it is
potentially important to match correctly (without over-
counting) between matrix-element and showering/
hadronization software generation of additional jets. We
do this by generating each lowest-order process together
with the same process with one additional jet at the
matrix-element level, followed by MLM matching with
Pr-ordered showers with the shower-K; scheme with
Q. = 100 GeV, as described in [23] and implemented
in the MADGRAPH/MADEVENT package. (Including up to
two extra jets at the matrix-element level is much more
time-consuming, and we found with some sample testing
that even for very compressed superpartner mass spectra it
did not make a significant difference with our setup.) For
the detector simulation, we used the default ATLAS-like
parameter card file provided with the PGS distribution,
but with a jet cone size of AR = 0.4. Cross sections were
normalized to the next-to-leading order output of
PROSPINO 2.1 [24].

To define signals, we follow (a slightly simplified ver-
sion of) the ATLAS cuts A, C, D for multijets + ErTniss from
Ref. [5], and the single lepton plus multijets + ET' signal
from Ref. [4], called L here. (We do not attempt to simulate
the Ref. [5] signal region B, which involves the kinematic
variable my,. The B region is intended to be intermediate
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between the A and D regions.) The signal requirements are
as follows. The minimum number of jets is 2 for signal A
and 3 for signals C, D, and L, each with py > 40 GeV for
A, C, D and py > 30 GeV for L. These jets must have
|| < 2.5. The p; of the leading jet must exceed 120 GeV
for A, C, D, and 60 GeV for L. The required number of
leptons € = (e, u) is exactly O for A, C, D and exactly 1 for
L. Here leptons are defined to have || < 2.4 (2.47) for
muons (electrons), and p‘} > 10 GeV in signals A, C, D,

and p‘; > 20 GeV in signal L, and to be farther than AR =

V(An)? + (Ag)?> > 0.4 from the nearest jet candidate with
[nl <4.9 and py > 20 GeV. The effective mass mgg is

defined as the scalar sum of the E‘}‘i“ and the p;’s of the
leading two jets for A, the leading three jets for C, D, and
the leading three jets and the leading lepton for L. The A,
C, D, L signals require m.; > 500, 500, 1000, 500 GeV,
respectively. The missing transverse energy ET'S* must
exceed a fraction of m.y in each event, given by 0.3 for
A and 0.25 for C, D, L. For the A, C, D signals, the jets with
pr >40 GeV, up to a maximum of 3, are required to
be isolated from the missing transverse momentum accord-
ing to Ap(piss, j) > 0.4. A similar but weaker require-
ment applies to L: A¢(prss, j)>0.2 for the three
highest-pr jets. For signal L only, the transverse mass

my = \/2(17§E‘Tmss — pYb - psS) is required to exceed
100 GeV for the single lepton €.

These signal requirements are summarized in Table I.
Note that these cuts automatically imply a lower limit on
ErTniss of 150, 125, 250, and 125 GeV for signals A, C, D,
and L, respectively.

The ATLAS searches using the 2010 data (35 pb™! at
Js =7 TeV) in [4,5] were given in terms of a grid of
mSUGRA models with tan8 = 3 and A, = 0 (which in the
mSUGRA framework are ruled out already based on the
LEP searches for a scalar Higgs boson). A realistic esti-
mate of the relevant backgrounds would require a dedi-
cated analysis taking into account specific detailed features
of the LHC detectors, and will not be attempted here. We
will therefore present results only for the SUSY signals
after the cuts listed above. However, ATLAS has also
presented limits on non-standard-model contributions to
the o X acceptance as < (1.3, 1.1, 0.11, and 0.138) pb for
signals (A, C, D, L), respectively. These can be considered
model independent, with the caveat that supersymmetry, if
present, could contribute to the control regions used to
estimate backgrounds from data in different ways, depend-
ing on the superpartner masses and decays. Also, it is very
likely that future searches will use modified signal require-
ments in order to extend the reach.

Since our tools for generating events and simulating
detector response are not the same as those used by
ATLAS, the cross-section and acceptance results found
below clearly cannot be interpreted in exact correspon-
dence to the ATLAS ones. However, we have checked
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Summary of cuts for the signals A, C, D, L simulated here, following ATLAS 2010 data analyses [4,5]. Also shown in the

last row are the ATLAS 95% C.L. bounds from 2010 data (35 pb~! at /s = 7 TeV) on the non—standard-model contribution to the

cross-section times acceptance in the four signal regions.

A C D L
Number of jets =2 =3 =3 =3
Leading jet p; (GeV) >120 >120 >120 >60
Other jet(s) py (GeV) >40 >40 >40 >30
AG(PFS, ji23) >0.4 >0.4 >0.4 >0.2
M (GeV) >500 >500 >1000 >500
EMSS /e >0.3 >0.25 >0.25 >0.25
Number of leptons = = = =
Lepton pr (GeV) - - - >20
my (GeV) - — — >100
ATLAS o X Acc (pb) <1.3 <1.1 <0.11 <0.138
that the results of our analysis methods correlate well to mg, =mg = m; = 0.96M,,
those in Refs. [4,5] for the grid of mSUGRA models used 5 2R 5 (3.2)
there. For the all-jets signals A, C, D, we find cross-section mg, = Ma, — cos(2B)myy,

times acceptances that typically agree with the ATLAS
results (as given in Figs. 17a, c, d of the website referred
to by [5]) to 20% or better, with some fluctuations that
appear to be statistical in nature. For the one-lepton signal
L, our results for the acceptance are similar but tend to be
systematically higher than those found in Figs. 6a, b of the
website referred to by [4], by typically 20% to 50%, again
with significant statistical fluctuations. Keeping these in
mind, at least an approximate estimate of the true detector
response may be gleaned from the results below, and the
general trends should be robust.

III. RESULTS FOR SEVERAL CLASSES OF
COMPRESSED SUSY MODELS

A. Models with light squarks and winos

In this section, we consider a model framework featur-
ing a quantity c¢ that parametrizes the compression of the
supersymmetric mass spectrum. Specifically, we parame-
trize the electroweak gaugino mass parameters at the TeV
scale in terms of the gluino physical mass as

1+ 5¢ 1+ 2¢

3

The value ¢ = 0 gives an mSUGRA-like mass spectrum
with gaugino masses equal at Mgyr = 2.5 X 10'® GeV,
and ¢ =1 gives a completely compressed spectrum in
which the gluino, wino, and bino masses are equal at the
TeV scale. The gluino mass M; is treated as a variable
input parameter. We also select tan8 = 10 and positive
n = Mz + 200 GeV to compute the physical masses of
charginos C; and neutralinos N;. The first- and second-
family squark masses are

and sleptons are degenerate with the squarks (so are too
heavy to appear in chargino and neutralino two-body de-
cays). The top-squark masses are taken to be m; = M; —
160 + (180 — 0.09M;) and m;, = M; + 25, in GeV. The
lightest Higgs mass is fixed at m;,0 = 115 GeV, and the
heavier Higgs masses have myo = 0.96M;. These values
are engineered to provide relatively smoothly varying
branching ratios as the compression parameter c is varied,
although transitions of N, and €, decays from on-shell to
off-shell weak bosons are inevitable as the compression
increases. The choices for tanf and w are essentially
arbitrary, and not very much would change if they were
modified (within some reasonable range). The reason for
the choice for the parametrization of the stop masses was
just to avoid suddenly turning on or off any two-body
decay modes as the parameter c¢ is varied within each
model line, notably by making sure that the gluinos cannot
decay to stops by kinematics along the entire model line.
The masses of the most relevant superpartners are shown in

Superpartner Mass (GeV)

. . . . .
0 0.2 04 06 08
¢ (compression parameter)

FIG. 1 (color online). The masses of the most relevant super-
partners for the class of models defined in Sec. III A, as a
function of the compression parameter c¢, for fixed M; =
700 GeV. The case ¢ = 0 corresponds to an mSUGRA-like
model.
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Fig. 1 for the case M; = 700 GeV, illustrating the effect of
the compression parameter ¢ on the spectrum. An orthogo-
nal direction in parameter space is obtained by varying Mg,
which moves the entire mass spectrum up or down for
fixed c.

In these models, gluino and squark production dominate
at the LHC. The gluino decays mostly by the two-body
mode § — §§ or qg, and right-handed squarks decay
mostly directly to the LSP, §z — ¢N,, while left-handed
squarks decay mostly to winolike charginos and neutrali-
nos, §; — ¢'C; and gN,. The latter decay through on-shell
or off-shell weak bosons: C; — W*¥N, and N, — Z®N |,
or N, — hN, when it is kinematically allowed. The visible
energy in each event from these decays clearly decreases as
the compression factor ¢ increases, because of the reduc-
tion in available kinematic phase space. To illustrate the
effect of this, we show in Fig. 2 the EF"S and m. distri-
butions for ¢ = 0.0, 0.3, 0.6, and 0.9 in the case M; =
700 GeV. The softening of these distributions becomes
drastic as ¢ approaches 1, leading to a more difficult
search, at least by the usual methods.

Figure 3 shows the acceptances for signals A, C, D, L for
M; = 300,400, ..., 1000 GeV, with the compression fac-
tor varying in the range —0.1 < ¢ < 0.9, as a function of
the gluino-LSP mass difference M; — My, . The accep-
tances for all four signals become sharply reduced when
the gluino-LSP mass difference decreases below 200 GeV
for the A and C signals, with an even stronger reduction for
signals D and L. The single cut most responsible for
decreasing the signal in each case is the requirement of a
minimum M.

An interesting feature seen in Fig. 3 is that for fixed Mg,
the acceptances often actually increase with ¢ for low c,
especially when M; is large and especially for signals A
and C. For a fixed gluino mass, this leads to a maximum
acceptance for models that are somewhat more compressed
than mSUGRA, which may seem counterintuitive. The
interplay between ¢ and the event kinematics is compli-
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FIG. 2 (color online). The distributions before cuts of E’}liss
(left panel) and m.y with three jets included (right panel) for
models described in Sec. III A with Mz = 700 GeV and ¢ = 0.0,
0.3, 0.6, and 0.9, from right to left. The cuts for signals C and D
are also shown. The myg distribution decreases more quickly
than EP'S does as c¢ increases.
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FIG. 3 (color online). The acceptances for model lines defined
in Sec. II A as a function of Mz — My , obtained by varying the
gaugino mass compression factor c. The lines from bottom to top
correspond to M i = 300, 400, ..., 1000 GeV. The dots on each
line correspond to, from right to left, c = —0.1,0,0.1, ..., 0.9,
with ¢ = 0 corresponding to the mSUGRA-like case and ¢ = 1
to a completely compressed gaugino spectrum. The four panels
are for the four sets of cuts A, C, D, and L.

cated for cascade decays. The relevant cut is the one on the
ratio ETS/myy; the meg distribution rapidly becomes
softer for increasing ¢, while the EP' distribution
decreases much more slowly (and can even increase),
allowing more events to pass the ratio cut. This effect
can be discerned in Fig. 2, for example. (A similar effect
was noted in [13].) The events responsible for this
effect are those with multistage decays of left-handed
squarks through the winolike states C; and N,, and the
largest effect comes specifically from those events in
which both winos move in the same direction and both
LSPs in the opposite direction relative to a fixed direction
perpendicular to the beam. For the component of the signal
coming from left-handed squark production, the EMiss
distribution actually becomes significantly harder for in-
creasing c, especially for heavier superpartners. In con-
trast, for events with single-stage decays gz — gN;, the
acceptance decreases monotonically with an increasing
compression factor c.

Figure 4 shows contours of the total cross-section times
acceptances for the same models, in the plane of M; and
Mg — My, . The dashed line indicates the mSUGRA-like
case of ¢ = 0, and a larger compression factor ¢ occurs
lower in each plot. The shaded region corresponds to the
case where the LSP is not a neutralino. From this, one
infers, for example, that (to the extent that background
levels can be established independent of the signal), if
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FIG. 4 (color online). Contours of cross-section times accep-
tance for the models defined in Sec. IIT A, in the Mz — My, vs
M; plane, obtained by varying the gaugino mass compression
parameter ¢ between —0.1 and 0.9. The dashed line corresponds
to the mSUGRA-like case ¢ = 0, with increased compression
lower in the plane. The four panels correspond to cuts A, C, D,
and L.

one can set a limit of 850 GeV on M; for mnSUGRA-like
models in this class with a given set of data using signal
D, then the limit would be less than 650 (500) GeV if
Mz — My, is as small as 300 (100) GeV. As a caveat, one
might suspect that the more compressed models could also
lead to a higher signal contamination of the background
control regions, so that the real-world limit would be even
weaker, but establishing this effect would require a dedi-
cated background analysis that is beyond the scope of this

paper.

B. Models with heavy winos

In the models of the previous subsection, the winolike
chargino and neutralino C; and N, played an important
role in the cascade decays of left-handed squarks. In this
section, we consider a variation on this class of models in
which the winolike states decouple from LHC phenome-
nology because they are heavier than the squarks and the
gluino. This is never a feature of mSUGRA models, but it
is actually motivated [25-27] as a solution to the super-
symmetric little hierarchy problem. The essential reason
for this is that in models with a larger ratio M, /M5 than in
mSUGRA, the renormalization group evolution provides
for Higgs potential parameters that require much less tun-
ing to obtain the observed electroweak breaking scale. We
therefore consider models just like the ones of the previous
section, but with
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FIG. 5 (color online). The acceptances for heavy-wino model
lines defined in Sec. IIIB with M; = 300, 400, ..., 1000 GeV,
as a function of Mz — My, , obtained by varying the compression
factor c. The dots on each line correspond to, from right to left,
c=-0.1,0,0.1,...,0.9, with ¢ =0 -corresponding to the
mSUGRA-like case and ¢ =1 to a degenerate gluino and
bino. The three panels are for the cuts A, C, and D.

1+ 5¢
M‘:( 6 )Mg’

M, = M + 100 GeV

(3.3)

(3.4)

replacing Eq. (3.1) at the TeV scale. Thus the gluino-LSP
compression is still parametrized by c¢ in the same way as
before, but the winos are heavy, so that the most important
superpartner masses are just as in Fig. 1 with N, and C,
removed. As a result, all first- and second-family squarks
now decay directly to the LSP: § — ¢N,. The gluino has
direct two-body decays to quarks and squarks as before.
This means that signals relying on isolated leptons are
absent.

The resulting acceptances for the all-jets signals A, C, D
for these heavy-wino models are shown in Fig. 5 for
M; = 300,400, ..., 1000 GeV, with the compression fac-
tor again varying in the range —0.1 = ¢ = 0.9, as a func-
tion of the mass difference M; — My . The acceptance for
signal L is found to be always extremely small for these
models, and so is not shown. Unlike the models in the
previous subsection, the acceptance is largest for low
compression and decreases (essentially) monotonically

%In variations on this type of model with larger M ¢ — Mj, in
which decays § — t7; dominate, leptonic signatures from the top
decays are important. See Sec. IIID for an example of this
alternative.
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for increasing c. This is because of the absence of cascade
decays here. At higher compression, the results are quali-
tatively similar to the light-wino models in the previous
subsection, with the main difference being somewhat
higher overall acceptances in Fig. 5 compared to Fig. 3.
This can be understood as due to the fact that with direct
decays there are more jets with individually high p; than in
the case of cascade decay chains through winos.
Nevertheless, in the most compressed limit, there is again
very low sensitivity from the signals A, C, and D.

The corresponding cross-section times acceptances are
shown in Fig. 6, in the plane of My and M; — My, as
before. The reach is slightly greater for these heavy-wino
models in the all-jets signals A, C, D than for the models in
Sec. IIT A. We note that although the greatest reach comes
from cuts D when the compression is low, the reduction in
the signal at high compression is less for cuts A and C. This
is because signal D has a much stronger cut on mg
(1000 GeV rather than 500 GeV), and again suggests that
an intermediate value for the m.y cut would yield a better
reach for compressed SUSY models.

C. Models with heavy squarks

In the models considered above, the squarks were taken
to be lighter than the gluino. However, much heavier
squarks may well be motivated by several factors. First,
there is the LEP2 constraint on the lightest Higgs scalar
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FIG. 6 (color online). Contours of cross-section times accep-
tance for the heavy-wino models defined in Sec. IIIB, in the
M; — My, vs M; plane, obtained by varying the compression
parameter ¢ between —0.1 and 0.9. The dashed line corresponds
to the mSUGRA-like case ¢ = 0, with increased compression
lower in the plane. The three panels correspond to cuts A, C,
and D.
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boson mass, which increases logarithmically with the top-
squark masses. Second, indirect constraints from flavor-
violating and CP-violating meson decay and oscillation
observables become weaker when squarks are heavier.
Third, the so-called focus-point [28,29] explanation [30]
for the WMAP-favored relic abundance of dark matter
relies on having heavier squarks.

Therefore, in this section we consider a variation on the
models in Sec. IIT A, but with all squarks taken heavy
enough to essentially decouple from the LHC, at least for
the purposes of the initial discovery process:

= M; + 1000 GeV. (3.5)

The gaugino mass parameters are still related to the com-
pression parameter ¢ as in Eq. (3.1), so that the most
important superpartner masses are just as depicted in
Fig. 1 but with the squarks (including 7,) removed. In these
models, the most important production cross section is
from gluino pair production, with subsequent gluino de-
cays § — C,qg' and N,qg and N,qg, with the first two
typically dominating. The winolike states then decay
through on-shell or off-shell weak bosons, depending on
the mass difference from the compression: C; — W N,
and N, — Z®'N, or hN,, with the last dominating if kine-
matically allowed.
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FIG. 7 (color online). The acceptances for the heavy-squark
model lines defined in Sec. HIC with M; = 300,
400, ..., 1000 GeV, as a function of Mz — MN,’ obtained by
varying the gaugino mass compression factor c. The dots on each
line correspond to, from right to left, c = —0.1,0,0.1, ..., 0.9,
with ¢ = 0 corresponding to the mSUGRA-like case and ¢ = 1
to a completely compressed gaugino spectrum. The four panels
are for the four sets of cuts A, C, D, and L.
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The acceptances for signals A, C, D, L are shown in
Fig. 7, for M; = 300, 400, ..., 1000 GeV, with the com-
pression factor varying in the range —0.1 = ¢ = 0.9, as a
function of the mass difference M; — My, . For each value
of the gluino mass, the maximum acceptance occurs at an
intermediate compression factor c. This occurs for essen-
tially the same reason as noted in Sec. III A; namely, the
decays through winos actually have increasingly harder
EMiss distributions with increasing ¢, as long as ¢ is not
too large, and increasingly softer m.g distributions, leading
to more events passing the EF* /m. ratio cut. In this case,
however, it is the gluino cascade decays that provide the
effect. Since the production is almost entirely due to gluino
pairs, and most gluinos decay through winos, the rise of
acceptance with compression for small ¢ is considerably
more pronounced than in the models of Sec. IIT A.

The contours of constant cross-section times acceptance
for these heavy-squark models are shown in Fig. 8.
Because squark pair production does not make a significant
contribution to the SUSY production, the reach is much
weaker than in the models of the previous subsections. The
high mgg cut signal D and the single lepton signal L are
weak here, and the latter turns off very quickly for higher
compression factors (lower in the plane). In fact, only
signals A and C provide any reach in the planes shown
with M; > 300 GeV for the 2010 data set of 35 pb~! at
s =7 TeV. Comparing with the ATLAS limits (see
Table I), one sees that the 2010 reach is only up to about
M = 425 GeV in the most favorable case, and is less than
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FIG. 8 (color online). Contours of cross-section times accep-
tance for the heavy-squark models defined in Sec. III C, in the
M; — My, vs M; plane, obtained by varying the compression
parameter ¢ between —0.1 and 0.9. The dashed line corresponds
to the mSUGRA-like case ¢ = 0, with increased compression
lower in the plane. The four panels correspond to cuts A, C, D,
and L.
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350 GeV for the most highly compressed case. We also
note again that a cut on m. that is intermediate between
the extremes of 500 GeV (C) and 1000 GeV (D) may be
more efficient in setting future limits or making a
discovery.

D. Models with light stops motivated by dark matter

In this subsection, we will consider a class of models
proposed previously in [25,26] as a simultaneous solution
to the supersymmetric little hierarchy problem and the
problem of obtaining a relic density of dark matter in
agreement with WMAP and other astrophysics data [31].
These models generalize mSUGRA to include nonuniver-
sal gaugino masses in a pattern corresponding to an F-term
vacuum expectation value in an adjoint representation
(rather than a singlet) of the global SU(5) group that
contains the standard model gauge group. Gaugino masses
are parametrized by

My = my (1 + Cy),

My = m (1 + 3Cy),
Mz = my (1 — 2Cy),

(3.6)

at Mgut, with Cyy = 0 corresponding to mSUGRA and
Cy4 > 0 to compressed SUSY. For C,4 ~ 0.18 to 0.28, the
lighter top squark can be the next-to-lightest superpartner,
and the WMAP-favored relic abundance of dark matter is
achieved by efficient annihilations NN, — t7, mediated
by 7; in the 7 channel, provided that m, < my =< m, +
100 GeV. (The region of parameter space where this
occurs is continuously connected to the more fine-tuned
case of stop coannihilation with dark matter.) The other
parameters are as in mSUGRA; we will use Ag = — M|,
tanB = 10, w >0, and m; chosen so as to obtain
Qpyvh? = 0.11. (In this section, we adopt a different atti-
tude towards the thermal dark-matter density than in pre-
vious sections by enforcing this requirement.) The masses
of the most relevant superpartners are shown in Fig. 9, for
the choices C,4 = 0.21 and 0.23. For brevity, we chose
here to consider only these two values of C,4, because at a

1000
1000

500
500

Superpartner Mass (GeV)
Superpartner Mass (GeV)

0 L L L L
500 600 700 800 900 1000
(GeV) M (GeV)

0 L L L L
500 600 700 800 900 1000
M

Giluino Gluino

FIG. 9 (color online). The masses of important superpartners
for models with C,, = 0.21 (left panel) and C,4 = 0.23 (right
panel), for varying M| = —A,, with tanB = 10, u > 0, with m,
determined by requiring Qpyh? = 0.11.
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FIG. 10 (color online). The cross-section times acceptance for
the same model lines in Fig. 9, as a function of the gluino mass,
for the four sets of cuts A, C, D, and L.

qualitative level many of the issues that impact the signal
are similar to those found in the previous sections.

In these models, the gluino decays according to § — 7]
and 77, each 50%. In turn, the lighter top squark decays
100% according to 7, — cN,, a flavor-violating two-body
decay.3 Although the pair production of light stops has
the largest cross section of all SUSY processes at the
LHC, it has a very low acceptance for all signals consid-
ered here, due to the small kinematic phase space of this
decay; the charm jets typically have very low py. The first-
and second-family squarks decay mostly according to
g, — qg and qg — gN,, with subdominant decays to the
neutralinos and charginos N 2 ]\73, and él, which are
Higgsino-like in these models. (The winolike states are
heavier and essentially decouple.)

The compression of the spectrum in these dark-matter
motivated models is not extreme, with a ratio M 2 /M N, of

roughly 2.7 for the C»4 = 0.21 model line and 2.9 for the
Cy4 = 0.23 model line, corresponding roughly to compres-
sion factors of ¢ = 0.21 and ¢ = 0.25 in the language of
Sec. IIT A. The most striking qualitatively different feature
is the presence of top quarks in all decays involving the
gluino.4

The cross-section times acceptance for signals A, C, D,
and L for these model lines is shown in Fig. 10 as a
function of the gluino mass. As might be expected from
the results of the previous section, the moderate compres-
sion of the spectrum in these examples is not enough to
strongly deplete the signal. For the C,, = 0.21 model line,
the 2010 ATLAS bounds in Table I should exclude up
to M; = 575 GeV with signal C (although this should
be considered approximate in the absence of a dedicated
study of backgrounds and detector responses), and perhaps

31t is also possible that the four-body decay 7, — bff'N, is
competitive [32]. We assume that there is sufficient flavor
violation in the soft supersymmetry-breaking sector to assure
that the two-body decay wins and is prompt.

“Since the gluino is of Majorana type, the charges of the two
top quarks in each event are uncorrelated, leading to a rare but
very low-background same-sign top-quark signal, not explored
here. See, for example, Refs. [26,33].

PHYSICAL REVIEW D 84, 015004 (2011)

about the same from signal L (taking into account the
fact, mentioned at the end of Sec. II above, that our
methodology tends to give 20% to 50% larger acceptances
for the one-lepton channel than were reported by ATLAS).
The exclusion obtainable from signal D is hard to estimate,
as the cross-section times acceptance is relatively flat over
a large range of gluino masses, but it may already be above
Mz =725 GeV with 2010 data. Obtaining a real estimate
of the exclusion would require a dedicated analysis of the
backgrounds and detector responses. The C,; = 0.23
model line has weaker signals, due to having heavier
squarks. Here, the signal D is not quite able to exclude
any models along the line, and the signal L reach is the
best but, with 2010 data, does not extend much beyond
Mz = 600 GeV.

Fortunately, with the greater integrated luminosity to
become available soon, these models will be confronted
out to much larger gluino masses. For high masses, the
signal D appears to have the best sensitivity, out of the ones
considered here, but it is likely that modified sets of cuts
will do even better. In particular, the large multiplicity of
jets in the two top decays suggests that m.g would be better
replaced by a variable that summed over more jets, to
better capture the distinction between these events and
QCD backgrounds. Also, bottom tagging could be helpful.

IV. OUTLOOK

In this paper, we have studied the reach of the /s =
7 TeV LHC for supersymmetric models with compressed
mass spectra. Such models are not just interesting ways to
hide SUSY, but can be motivated as providing a solution to
the supersymmetric little hierarchy problem. We found that
with mild to moderate compression, the acceptances are
good and sometimes even much better than in mSUGRA.
Acceptances drastically decrease for more severe compres-
sion, as expected due to the low visible energy in
each event. The mg; cut is typically more damaging to
the signal than the ET'*S cut, but even for the most extreme
compression there is some reach in the multijet channels.
For high compression, the one-lepton signal goes away
completely, due to the difficulty in getting high p7 leptons
and large transverse mass my from decays with small mass
differences.

These studies suggest that signals with an intermediate
(between the extremes of 500 and 1000 GeV) cut on mg
might be more useful in extending the reach. Also, signals
that cut on kinematic variables that augment mg; by in-
volving more than three jets may be better at probing
signals from models with three-body and cascade decays.
A question that should be addressed in future analyses is
whether compressed SUSY might contribute to QCD back-
ground control regions (used to estimate background from
data) in a dangerous way. We look forward to the data
currently being gathered at the LHC probing supersymme-
try in large regions of parameter space by using
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comprehensive search strategies involving a variety of
different signals.
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