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Traditional searches

Handles to look at new physics signals:

I Leptons
I Heavy flavor jets (b-tagging)
I Kinematic reconstruction (mT , MT2, . . .)
I Boosted jets: W or top tagging using jet substructure
I High pT jets, radius R = 0.4, 0.5
I Missing ET
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One target: natural SUSY

Decouple all particles not cancelling the top quadratic divergences
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High multiplicity signals

> 12 jet signals from natural SUSY

Other signals: RPV, strong dynamics, cascade decays, ...
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High multiplicity signals

I Dominating if the light particles are hard to see
I Low production rate
I Signatures distributed across many channels

I Exclusive searches are low efficiency
I Inclusive searches are high background
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High multiplicity signals

Traditional approaches
I Cluster thin jets, R = 0.4− 0.5, pT > 50 GeV
I Cut on the number of jets
I Cut on /E T

But
I Soft jets, pT ∼ 50 GeV
I Low /E T
I Discriminate hard structure from parton shower
I Complicated phase space (3Nj )
I High-multiplicity backgrounds hard to model
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High multiplicity signals

Jets hard to resolve individually...
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High multiplicity signals

...or accidental boost!
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Using fat jets: an organizational principle

>12 low pT thin jets ⇒ four high pT fat jets

I Lower phase space dimensionality
I Four hard objects, comparable pT
I QCD fat jets weakly correlated

⇒ Data-driven backgrounds
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Using fat jets: an organizational principle

>12 low pT thin jets ⇒ four high pT fat jets

I Lower phase space dimensionality
I Four hard objects, comparable pT
I QCD fat jets weakly correlated

⇒ Data-driven backgrounds

I Find new discriminating variables

⇒ Jet substructure techniques
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New observables: Jet mass

MJ =
∑
i

mi

Ht =

√
1+ (κR)2

κR MJ

QCD (κ =
√
αs), tt̄ (κ = 1)

II. JET MASS AS AN OBSERVABLE

Jet masses have historically been di�cult observables
at hadron colliders because pile-up and underlying event
contribute to the jet mass as R3 or R4. However, using
jet-grooming techniques such as filtering [30], pruning [31],
or trimming [32], the underlying event and pile up
contributions can be removed. The resulting jet is
an accurate measurement of the underlying partonic
event [33, 34]. Of these three methods, filtering is the least
optimal for high multiplicity signals because it requires
a fixed number of subjets to be identified in advance,
whereas the signals studied in this article do not have a
definite number of subjets per jet.

The jet-grooming techniques listed above are designed
to look for boosted hadronic resonances appearing under
a continuum background. The kinematics considered in
this article typically result from particles decaying at
rest and hence, the reconstructed jets do not group the
underlying partons together in any manner that represents
the underlying decay kinematics. As a result, the jet
masses do not correspond to a parent particle’s mass.
While jet-grooming with a variable number of subjets
may be useful or beneficial, it is not as necessary and the
details are not as important. For the remaining portion
of the article, no jet-grooming is used, but it should be
understood that jet-grooming can be applied so long as
the algorithm allows the number of subjets per fat jet to
vary on a jet-by-jet basis. In addition, it may be possible
to combine Qjets with jet pruning to even better improve
sensitivity over background [35].

When a jet is formed via a parton shower, its mean
squared invariant mass is hm2

ji
i / ↵sp

2
T,iR

2, where ↵s

is the strong coupling constant, pT,i is the transverse
momentum of the jet, and R is its radius [36, 37]. When
a jet is formed from independent partons through multi-
body decays of heavy particles, however, the typical jet
mass is larger. In high-multiplicity signal events, there is
not enough solid angle for the partons to be well-separated
and therefore multiple partons are clustered together. As
a result, partons will lie close to each other and may be
clustered together into the same jet. For these jets, the
mean squared invariant mass is hm2

ji
i / p2

T,iR
2, where

one does not pay the factor of ↵s.
The visible energy in the event, HT , can be related to

the total jet mass MJ . In particular,

HT =

nJX

i=1

(p2
T,i + m2

ji
)

1
2

/
nJX

i=1

q
hm2

ji
i((R)�2 + 1) ' MJ

p
1 + (R)2

R
,(2)

where  =
p
↵s for jets whose mass is generated by the
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FIG. 1: A plot of MJ versus HT after requiring Nj � 4 “fat”
jets with pT > 120 GeV and pT > 50 GeV on the leading and
sub-leading jets, respectively. QCD (orange) and top (green)
events are shown where the median value for a given HT is
shown in a solid line and the 68% and 95% inclusion bands
are shown in the dotted and dashed lines, respectively. The
higher values of MJ for top events arise from the top mass.
Signals with heavier parent particles than the top give even
larger MJ .

parton shower and 1 for jets whose mass arises from
multiple partons being grouped together. Eq. 2 is the
main reason why MJ is a more e↵ective discriminator than
HT for high-multiplicity signals. For high-multiplicity
signals, the jet masses do not usually result from parton
showering ( = 1), while for the QCD and V + jets
backgrounds (when V decays into missing energy) they
do ( =

p
↵s). For signal and background events with

similar HT , the value of MJ for the background will
always be lower than that for the signal. As a result,
the signal distribution always has a longer tail of high-jet
mass than the background, even if its HT distributions
are similar. The correlation between MJ and HT is shown
in Fig. 1 for QCD and top events. Top events typically
have higher values of MJ for a fixed HT , with a total jet
mass that asymptotes to 2mt. Signal events have even
larger values of MJ than top events and asymptote to
higher values.

The argument that MJ is preferable to HT relies on
two assumptions. The first is that the signal has a larger
MJ than top events, which requires that the signal is
at least as jet-rich as top events and has higher typical
visible energies than top events. This first assumption
is true in many signals of beyond the Standard Model
physics.

The second assumption implicit in Eq. 2 is that jet

2
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New observables: subjet counting

"Count" the number of subjets using jet substructure techniques

Signal Background

N =
∑
i

N subjets
i
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Data-driven background estimates

I From low multiplicity to high multiplicity
I Evaluate 4-jet QCD backgrounds using 2-jet samples
I Model each jet/MET using templates

ρjet(mjet, njet, pT )

I Combine templates, account for jet correlations

σ(pTi ,MJ ,NJ , /ET ) = σ4J(pTi )⊗ P(/ET )⊗ ρ1(m1, n1, pT1)⊗ . . .
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Preliminary analysis

Reduce the dimensionality – Assumptions
I Quark-gluon ratio similar in all jets
I Jet properties independent on the environment

mi , ni , pTi ⇒ ρJ

(mi
pTi

, ni ; pTi

)
I Jets independent from each other

σ
(
/ET ,MJ ,NJ

)
= σ4J(/ET , pTi )

∏
i
ρJ (xi , ni , pTi )

I /ET depends only on Ht

σ
(
/ET ,MJ ,NJ

)
= σ4J(pTi ) P

(
/ET ,Ht

) ∏
i
ρJ (xi , ni , pTi )
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Missing ET templates

I Detector smearing effects

I Scales as
√

Ht

I Orthogonal to jet
substructure properties
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Results

Preliminary: find ρJ(x , n; pT ) using 4-jet Monte-Carlo samples

I SHERPA sample: 4.8 million
weighted events

I Ht binning for /ET templates
I Construct 3D binned
ρJ(x , n; pT )

I MJ distribution for
/ET > 150 GeV
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Results

Preliminary: find ρJ(x , n; pT ) using 4-jet Monte-Carlo samples

I SHERPA sample: 4.8 million
weighted events

I Ht binning for /ET templates
I Construct 3D binned
ρJ(x , n; pT )

I NJ distribution for
/ET > 150 GeV
MJ > 200 GeV
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Outlook

I Good agreement between reconstructed and real distributions
I Need more statistics/data
I Take quark-gluon content into account
I Dependance of ρ to the environment
⇒ Less than 10%

I Take jet correlations into account, pile up effects
I Test data-driven methods on other topologies (γ+jets, etc...)
I More elaborated analysis: T. Cohen, M. Lisanti, T. Lou
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Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (1)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
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Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (2)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
I If pT s are imbalanced,

remove soft jet

23 / 49



Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (3)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
I If pT s are imbalanced,

remove soft jet
I If mj < mcut or d12 < Rmin,

j is a subjet
I Keep subjets with

pT > pTcut
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Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (4)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
I If pT s are imbalanced,

remove soft jet
I If mj < mcut or d12 < Rmin,

j is a subjet
I Keep subjets with

pT > pTcut

25 / 49



Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (5)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
I If pT s are imbalanced,

remove soft jet
I If mj < mcut or d12 < Rmin,

j is a subjet
I Keep subjets with

pT > pTcut
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Counting with the Cambridge-Aachen algorithm

dij = ∆R2
ij (6)

Cluster the jet with CA and go
down the clustering tree

I Uncluster j into j1 and j2
I If pT s are imbalanced,

remove soft jet
I If mj < mcut or d12 < Rmin,

j is a subjet
I Keep subjets with

pT > pTcut
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Counting with CA

I Subjets consistent with the decay of a massive particle
I Soft radiation discarded
I mcut = 30 GeV, ycut = 0.10, Rmin = 0.15, pTcut = 30 GeV
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Fastjet plugin

fastjet.hepforge.org/trac/browser/contrib/
contribs#SubjetCounting
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ATLAS high multiplicity search

ATLAS-CONF-2012-103

missing Et

I 8 TeV, 5.8 fb−1

I Anti-kt algorithm with R = 0.4
I 7, 8 or 9 jets with pT > 55 GeV
I 6, 7 or 8 jets with pT > 80 GeV
I

/E t√
Ht
> 4GeV1/2
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Searches

Njets cut + /E T cut (ATLAS)
vs

MJ cut + /E T cut
vs

MJ cut + /E T cut + Nsubjets cut
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Benchmark models

g̃ →

Tops jets?

tt̄χ0
i

+12 jets

Cascade decay?

χ0
i → VVχ0

1

+8 jets

RPV?

χ0
1 → jjj

+6 jets

I 8 possible topologies
I from 4 to 26 jets
I signals with and without /ET
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Benchmark models and searches

Optimal cuts depend on :
I Jet multiplicity
I /ET
I Presence of leptons
I Mass of the initial particle mg̃

Inclusive search:
I Leptons clustered in jets (no lepton cuts)
I Find minimal number of cuts on MJ + /ET + . . . so that the

bounds are close to optimal
I For each signal
I For each mass
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Gluino decay to light quarks, RPV

g̃ → jjχ0
1, χ0

1 → jjj

10 jets, no /ET
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Gluino decay to light quarks, RPV – 8TeV, 30 fb−1
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I Factor of 2 to 4 improvement over MJ + /ET
I MJ cut loosened
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Gluino 2 step decay, RPV

g̃ → tt̄χ0
2, χ0

2 → VV ′χ0
1, χ0

1 → jjj
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Gluino 2 step decay, RPV – 8TeV, 30 fb−1
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I MJ > 725 GeV,
/ET > 175 GeV

I MJ + /ET search
better at high mass
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Gluino 2 step decay, RPV – 8TeV, 30 fb−1

600 800 1000 1200 1400
mg̃( GeV)

100

101

102

103

�
⇥

B
r

(
fb

)
G7

MJ + /ET

MJ + /ET + NCA

MJ + /ET + NkT

ATLAS

CMS/5

MJ ≥ 425 GeV
/ET ≥ 125 GeV
NCA ≥ 14

I Factor of ∼ 4 improvement over MJ + MET
I Factor of ∼ 5 improvement over ATLAS at high mass
I MJ and /ET cuts significantly looser
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Summary

I Common new physics scenarios predict events with very high
multiplicity

I Standard handles not appropriate (not boosted, complicated
kinematics, low energy)

I QCD high multiplicity backgrounds hard to model
I Fat jet techniques: new organizational principle, but requires

finding new variables
I Lower dimensionality makes data-driven estimates of QCD

background easier
I Counting subjets in an event provides good discriminating

power
I MJ and /ET cuts loosened, could be used to probe /ET -less

signals
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Backup
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Signal and background distributions
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Scaling patterns
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Scaling patterns
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Correlations between NCA and NkT

0 1 2 3 4 5 6 7 8 9
nCA, nkT

−18

−16

−14

−12

−10

−8

−6

−4

−2
0

lo
g(
P
n
C
A
),

lo
g(
P
n
k
T
)

45 / 49



Correlations between NCA and NkT
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Correlations between NCA and NkT
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NCA vs MJ
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NCA vs MJ
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