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Why High Multiplicity

• Cascades involving tops

• Natural spectrum involve light stops and gluinos

• New Rho/Pi mesons

• R parity violation



g̃

t̄
t̃ χ̃0

t

W−

W+

b

b̄ q

q̄

q

q̄

g̃
t̄

t̃χ̃0

t

W−

W+

b

b̄q

q̄

q

q̄

An example 12 jet event



Problems with existing search 
strategies

• Large MET cuts

• Cascades distribute energy to many jets so 
lower MET

• Large number of jets - systematic errors

• jets may have small pt

• jets merged together

• large number of cuts to tune



“Fat” Jets
• Cluster event into several “fat” jets using anti-kt, 

R=1.2

• many fewer jets = less systematics, fewer tunes



“Fat” Jets
• Lost the large number of jets

• New backgrounds



“Fat” Jet Masses

m2
J ∼ p2T m2

J ∼ αsp
2
T

Mass from 
multiple partons

Mass from 
parton shower



Masses as a cut variable

• filtering/pruning/
trimming - Jet 
mass reliable

• underlying event 
and pile up are 
not a concern

19 

Pile-up (2) 

•  Filtering reduces effective jet area 

•  Should therefore reduce 
pile-up dependence 

•  Slope in fact consistent 
with zero after filtering 



Jet Mass vs HT
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higher multiplicity 
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Signal Topologies

• Multi-Top decay of 800 GeV gluino, 100 GeV LSP

• 2-step cascade decay with 600 GeV gluino 100 
GeV LSP

g̃ → tt+ χ

g̃ → qqχ± → qqW±χ�

→ qqW±Z0χ



MET

• MET is helpful and a 
basic cut of 150 GeV 
is used
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FIG. 3: Missing energy distributions for signal and background
after requiring four or more fat jets. Stacked histograms show
the SM backgrounds, which include tt̄ (light yellow), V + nj
(light red), and QCD (light purple). The distributions for an
800 GeV gluino in the multi-top topology and a 600 GeV gluino
in the 2-step cascade decay topology, both with a massless
LSP, are shown in black and purple, respectively. A 500 GeV
gluino in the stealth SUSY topology is shown in green.

anti-correlated jet masses, just like tt̄. Because MJ

involves a sum over masses, this anti-correlation is not
significant, and does not contribute large corrections
to Eq. 3. The jet masses for the QCD and V + jets
backgrounds are uncorrelated because they arise from
radiative processes; in this case, the corrections to Eq. 3
are also negligible.

III. SENSITIVITY OF JET MASS SEARCHES

To illustrate the improvement of MJ searches over HT

searches, we study two classes of signals, both arising from
pair-produced gluinos g̃ that give rise to a large number of
jets in the final state. The first class consists of topologies
with suppressed, but non-negligible missing energy, and
the second class has hardly any missing energy. Jet mass
searches for these two classes will differ in whether a
moderate missing energy requirement is necessary. We
consider each class separately in the following subsections.

A. Suppressed Missing Energy

As examples of signals with suppressed missing energy,
we consider a multi-top topology with

g̃ → tt̄+ χ (6)

and a 2-step cascade decay topology with

g̃ → qq
�χ± → qq

�
W

±χ� → qq
�
W

±
Z

0χ, (7)

where χ is the LSP, χ± is a chargino, and χ� is a neutralino.
For the cascade topology, the chargino (neutralino) mass
is halfway between that of the gluino (chargino) and LSP:

mχ± = mχ + (mg̃ −mχ)/2 (8)

mχ� = mχ + (mχ± −mχ)/2.

This spectrum suppresses the missing energy significantly
by reducing the available momentum to the LSP. For
this class of topologies, a modest cut on missing energy
(/ET > 100− 150GeV) is useful, in addition to a cut on
the jet masses.
The samples of background and signal events used

in the limit estimates were generated as follows. The
parton-level signals for the multi-top and two-step cascade
topologies were generated with MadGraph 4.4.44 [38] in
association with (up to) two jets

pp → g̃g̃ + nj , (9)

where nj = 2 for the highest multiplicity subprocess. The
importance of including additional radiation in signal
processes has been documented in [41, 42]. To properly
account for this initial-state radiation, we use the MLM
parton shower/matrix element matching scheme [43]
with a shower-k⊥ scheme [44–46]. The events are then
showered and hadronized in Pythia 6.4 [39]. PGS 5 [40]
is used as a detector mock-up and applies an anti-kT jet
clustering algorithm with R = 1.2 [27].
The dominant Standard Model backgrounds include

QCD, top production, and vector bosons plus jets. The
matched backgrounds are obtained for

nj , tt̄+ nt V + nv t+ nt� V V
� + nV �(10)

where nj = 4, nt = 2, nv = 3, nV � = 2, and
nt� = 3 are each the jet multiplicity of the highest-order
process for each sample. For V + jets, additional partons
have been shown to be reasonably approximated by the
parton shower [47]. The single-top and vector boson-pair
production are subdominant and are thus not shown in
the distributions in this paper, though they are included
in the limit calculations.
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/ET > 150 GeV
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FIG. 4: (Left) HT distributions and (Right) MJ distributions, after requiring four or more fat jets and /ET > 150 GeV. Signal
and background as in Fig. 3.

Next-to-leading-order (NLO) corrections affect the nor-
malization of both signal and background distributions.1

The largest corrections are to the inclusive production
cross section and can be absorbed into K-factors. The
leading order cross sections of the signal are normalized to
the NLO cross sections calculated in Prospino 2.1 [48].
The leading order production cross sections for tt̄+ jets,
W

±+jets, and Z
0+jets are scaled to the NLO ones from

[49].

For the remainder of this article, the leading fat jet is
required to have pT j1 > 120 GeV and the sub-leading fat
jets have pT > 50 GeV. Fig. 3 shows the missing energy
distributions for benchmark multi-top and cascade decay
topologies with massless LSPs after requiring Nj ≥ 4.
Both these signals have events with missing energy above
∼ 100− 200 GeV, but not enough to effectively separate
them from background.

Figure 4 shows the HT and MJ distributions for these
two benchmarks after a moderate missing energy cut
of 150 GeV. It is clear that the MJ variable provides
a far better discriminant against background than HT ,
as expected from our discussion in the previous section.
By requiring several widely separated jets, QCD must
produce these jets through an intrinsically 2 → 4 process,

1 With parton shower/matrix element matching, the shapes of
differential distributions are accurately described by tree level
predictions.

as opposed to producing additional jets through the
parton shower of a hard dijet event. Requiring three
or four fat jets plus a mild missing energy cut suffices
in keeping QCD under control. Electroweak vector
bosons plus jets are subdominant backgrounds at low
missing energy and are further reduced by the multiplicity
requirement, especially at large jet mass.

The dominant background comes from tt̄ production,
though the jet multiplicity and missing energy require-
ments help to keep it under control. To pass these
requirements, several of the jets must be grouped together
to get sufficiently large jet mass and it is unusual to have
two or more massive fat jets in top decays. As discussed
in Sect. II, the jet masses from top quarks are more signal-
like, in that they arise primarily from overlapping partons
in the top decay. Therefore, the total jet mass MJ is not
as suppressed as that for QCD. However, the top quark
events give rise to MJ

<∼ 2mt, especially when at least
one of the tops is forced to decay semileptonically by the
missing energy requirement. Therefore, a MJ

>∼ 400GeV
is typically sufficient in removing the majority of the top
background.

Figure 5 shows the expected 2σ sensitivity to the multi-
top and two-step cascade signals for a massless LSP, using
1.34 fb−1 of integrated luminosity. The expected limits
from optimal signal regions in HT are compared against
the sensitivity of a MJ search region. A 20% systematic
uncertainty on the backgrounds is assumed and is added
in quadrature with the statistical error. The cuts that
define each signal region are presented in Tab. I.
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ments help to keep it under control. To pass these
requirements, several of the jets must be grouped together
to get sufficiently large jet mass and it is unusual to have
two or more massive fat jets in top decays. As discussed
in Sect. II, the jet masses from top quarks are more signal-
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one of the tops is forced to decay semileptonically by the
missing energy requirement. Therefore, a MJ
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is typically sufficient in removing the majority of the top
background.

Figure 5 shows the expected 2σ sensitivity to the multi-
top and two-step cascade signals for a massless LSP, using
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FIG. 5: Expected limit on σ × Br with 1.34 fb
−1

of integrated luminosity for the multi-top (left) and cascade decaying (right)

topologies, assuming a massless LSP. The expected limit from an MJ search after requiring events to have at least four fat

jets with /ET > 150GeV and MJ > 450GeV is shown (solid black). The limit from ATLAS’ high multiplicity search appears

in orange [20]. The NLO production cross section for pair-produced gluinos is shown in grey. The expected sensitivity from

optimal signal regions in HT are shown and are described in Tab. I.

Search Nj R Leptons Nb /ET HT MJ

[GeV] [GeV] [GeV]

ATLAS 6-8
+

0.4 0 0
+

3.5
√
HT /0 /0

HT+SSDL-top 3
+

1.2 SSDL 1
+

/0 300 /0

HT -top 4
+

1.2 0
+

1
+

250 800 /0

HT -cascade 4
+

1.2 0
+

0
+

150 1000 /0

MJ search 4
+

1.2 0
+

0
+

150 /0 450

TABLE I: The specifications of the searches used in Fig. 5. A

superscript “+” indicates that the cut is inclusive. “SSDL”

denotes same-sign dileptons.

requirement that /ET /
√
HT > 3.5 GeV

1/2
is enforced.

The reach of this search is comparable to that for the

HT fat jet search, and is significantly weaker than that

for the jet mass analysis. The event yields in the signal

region from the tt̄ Monte Carlo calculations in [20] are in

good agreement with the tt̄ generated in this study.

While we have only shown the estimated reach for

the case of a massless LSP, we have found that the

jet mass search also enhances the reach for arbitrary

LSP masses. However, different selection criteria are

sometimes needed. For instance, maintaining sensitivity

for compressed spectra may require a weaker cut on MJ

and fewer massive jets.

B. /ET -less Signals

Next, we consider a class of topologies with hardly any

missing energy (<∼ 100 GeV). Such models are challenging

to separate from background because, without a missing

energy requirement, the QCD background swamps the

signal. Black hole searches at the LHC do not have

a missing energy requirement, but there, the signal

dominates over background at ST greater than several

TeV. The SUSY topologies considered here have much

lower ST and therefore would not be picked up by these

searches.

We will consider two examples of /ET -less signals here.

The first is a stealth SUSY topology [48, 49] with

g̃ → gS̃ → gG̃S → gG̃gg, (11)

where G̃ is the gravitino, and S and S̃ are the singlet and

singlino. For concreteness, we choose a spectrum where

the singlino mass is half the gluino mass, and the singlino

and singlet masses are split by only 30 GeV. The second

is an RPV SUSY topology with

g̃ → 3q. (12)

The stealth SUSY signal is generated using MadGraph,
while the RPV decaying gluinos are generated directly in

Pythia 6.4.

6

σNLO

ATLAS

MJ

HT − top
HT + SSDL − top

400 500 600 700 800 900 100010

50

100

500

1000

5000

Gluino Mass �GeV�

Σ
�
B
r�fb�

Multi-top

σNLO

ATLAS
HT − cascade

MJ

400 500 600 700 800 900 100010

50

100

500

1000

5000

Gluino Mass �GeV�

Σ
�
B
r�fb�

2-step cascade

FIG. 5: Expected limit on σ × Br with 1.34 fb
−1

of integrated luminosity for the multi-top (left) and cascade decaying (right)

topologies, assuming a massless LSP. The expected limit from an MJ search after requiring events to have at least four fat

jets with /ET > 150GeV and MJ > 450GeV is shown (solid black). The limit from ATLAS’ high multiplicity search appears

in orange [20]. The NLO production cross section for pair-produced gluinos is shown in grey. The expected sensitivity from

optimal signal regions in HT are shown and are described in Tab. I.

Search Nj R Leptons Nb /ET HT MJ

[GeV] [GeV] [GeV]

ATLAS 6-8
+

0.4 0 0
+

3.5
√
HT /0 /0

HT+SSDL-top 3
+

1.2 SSDL 1
+

/0 300 /0

HT -top 4
+

1.2 0
+

1
+

250 800 /0

HT -cascade 4
+

1.2 0
+

0
+

150 1000 /0

MJ search 4
+

1.2 0
+

0
+

150 /0 450

TABLE I: The specifications of the searches used in Fig. 5. A

superscript “+” indicates that the cut is inclusive. “SSDL”

denotes same-sign dileptons.

requirement that /ET /
√
HT > 3.5 GeV

1/2
is enforced.

The reach of this search is comparable to that for the

HT fat jet search, and is significantly weaker than that

for the jet mass analysis. The event yields in the signal

region from the tt̄ Monte Carlo calculations in [20] are in

good agreement with the tt̄ generated in this study.

While we have only shown the estimated reach for

the case of a massless LSP, we have found that the

jet mass search also enhances the reach for arbitrary

LSP masses. However, different selection criteria are

sometimes needed. For instance, maintaining sensitivity

for compressed spectra may require a weaker cut on MJ

and fewer massive jets.

B. /ET -less Signals

Next, we consider a class of topologies with hardly any

missing energy (<∼ 100 GeV). Such models are challenging

to separate from background because, without a missing
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signal. Black hole searches at the LHC do not have

a missing energy requirement, but there, the signal

dominates over background at ST greater than several
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lower ST and therefore would not be picked up by these
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We will consider two examples of /ET -less signals here.
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where G̃ is the gravitino, and S and S̃ are the singlet and
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Conclusions

• Many BSM scenarios have large number of jets

• Jet Mass is a powerful tool for high multiplicity 
when using fat jets


