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All started a few years back...
Had an MSSM model that predicted a spectrum
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All started a few years back...
Had an MSSM model that predicted a spectrum
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Surely this must be excluded!
The production cross section at the Tevatron is

�(pp̄� g̃g̃) � 2 nb



I went through the 25 years of squark and gluino searches
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They all came back to versions of this:

mSUGRA
(Five parameters to rule them all)
m 1

2
,m0, A0, tan�, sign µ

m 1
2
� mg̃

m0 � mq̃

but where is
mB̃ ?



mSugra has “Gaugino Mass Unification”
mg̃ : mW̃ : mB̃ = �3 : �2 : �1 � 6 : 2 : 1
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Most models look like this

A shocking lack of diversity (see the pMSSM)



Solution to Hierarchy Problem

Jets + MET

Dark Matter

Fewest requirements on spectroscopy

If the symmetry commutes with SU(3)C,
new colored top partners
(note twin Higgs exception)

Wimp Miracle: DM a thermal relic if
mass is 100 GeV to 1 TeV

Usually requires a dark sector,
frequently contains new colored particles

Doesn’t require squeezing in additional states to decay chains



Spectrum in Different Theories

MSSM Universal Extra Dimensions
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FIG. 6: The spectrum of the first KK level at (a) tree level and (b) one-loop, for R−1 = 500 GeV,

ΛR = 20, mh = 120 GeV, m2
H = 0, and assuming vanishing boundary terms at the cut-off scale Λ.

R−1 = 500 GeV, ΛR = 20, mh = 120 GeV, m2
H = 0 and assumed vanishing boundary

terms at the cut-off scale Λ. We see that the KK “photon” receives the smallest corrections

and is the lightest state at each KK level. Unbroken KK parity (−1)KK implies that the

lightest KK particle (LKP) at level one is stable. Hence the “photon” LKP γ1 provides an

interesting dark matter candidate. The corrections to the masses of the other first level KK

states are generally large enough that they will have prompt cascade decays down to γ1.3

Therefore KK production at colliders results in generic missing energy signatures, similar

to supersymmetric models with stable neutralino LSP. Collider searches for this scenario

appear to be rather challenging because of the KK mass degeneracy and will be discussed

in a separate publication [13].

V. CONCLUSIONS

Loop corrections to the masses of Kaluza-Klein excitations can play an important role

in the phenomenology of extra dimensional theories. This is because KK states of a given

level are all nearly degenerate, so that small corrections can determine which states decay

and which are stable.

3 The first level graviton G1 (or right-handed neutrino N1 if the theory includes right handed neutrinos N0)

could also be the LKP. However, the decay lifetime of γ1 to G1 or N1 would be comparable to cosmo-

logical scales. Therefore, G1 and N1 are irrelevant for collider phenomenology but may have interesting

consequences for cosmology.
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Captures specific models 

Simplified Models

Easy to notice & explore kinematic limits

Limits of specific theories

Not fully model independent, 
but greatly reduce model dependence

Removes superfluous model parameters

Only keep particles and couplings relevant for searches

Add in relevant modification to models (e.g. singlets)

Including ones that aren’t explicitly proposed

Masses, Cross Sections, Branching Ratios (e.g. MARMOSET)

Still a full Lagrangian description

Effective Field Theories for Collider Physics



Simplified Models

When an anomaly appears,
we want evidence of discovery for each particle

We want to know that we need

g̃, �̃±,�0

but nothing else to explain the anomaly

Then design searches to piece together 
the rest of the spectrum



Simplified Models
Direct Decays
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V. GLUINO EXCLUSION LIMITS

A. No Cascade Decays

For the remainder of the paper, we will discuss how model-independent jets + ET⇥ searches
can be used to set limits on the parameters in a particular theory. We will focus specifically
on the case of pair-produced gluinos at the Tevatron and begin by considering the simplified
scenario of a direct decay to the bino. The expected number of jets depends on the relative
mass di�erence between the gluino and bino. When the mass di�erence is small, the decay
jets are very soft and initial-state radiation is important; in this limit, the monojet search
is best. When the mass di�erence is large, the decay jets are hard and well-defined, so
the multijet search is most e�ective. The dijet and threejet searches are important in the
transition between these two limits.

As an example, let us consider the model spectrum with a 340 GeV gluino decaying
directly into a 100 GeV bino. In this case, the gluino is heavy and its mass di�erence with
the bino is relatively large, so we expect the multijet search to be most e�ective. Table III
shows the di�erential cross section grids for the 1-4+ jet searches for this simulated signal
point. The colors indicate the significance of the signal over the limits presented in Table II;
the multijet search has the strongest excesses.

Previously [28], we obtained exclusion limits by optimizing the ET⇥ and HT cuts, which
involves simulating each mass point beforehand to determine which cuts are most appropri-
ate. This is e�ectively like dealing with a 1� 1 grid, for which a 95% exclusion corresponds

Out[27]=
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FIG. 4: The 95% exclusion region for DO⇥ at 4 fb�1 assuming 50% systematic error on background.
The exclusion region for a directly decaying gluino is shown in light blue; the worst case scenario
for the cascade decay is shown in dark blue. The dashed line represents the CMSSM points and
the “X” is the current DO⇥ exclusion limit at 2 fb�1.
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Tevatron Reach

4 fb-1

2� sensitivity

g̃ � B̃jj

g̃ � �Wjj � (B̃jj)jj

mg̃
>� 120 GeV

Alwall, Le, Lisanti, Wacker 2008

Simplified Models showed a gap
in Tevatron coverage



Important to keep the cross section free

Easy to dilute signal with small branching ratios

� � (Br(g̃ � X))2

Br(g̃ � X) � 1
3

the rate drops by an order of magnitude

Rate ~

If

Dropping S/B by an order of magnitude
dramatically changes discovery prospects

All searches at LHC are model dependent

If     is a scalar,      drops by ~1/6g̃ �



Putting it all together

200 pb

300 pb

500 pb

1 nb

2 nb

100 pb

Tevatron

!prod  = 3!" NLO-QCD 

!prod  = !" NLO-QCD 

!prod  = 0.3 !" NLO-QCD 

!prod  = 0.1 !" NLO-QCD 

mSUGRA

g̃ � �qq̄

Sample theory

There could have been discoveries!

LHC 70 nb-1



Much easier to interpret!

18 

One plot 

summary 
mg̃ = 800 GeV m�0 = 50 GeV
mg̃ = 800 GeV m�0 = 600 GeV

� � Br � 20 fb
� � Br � 2 pb
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Two Examples
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Heavy Flavored Models

Future Directions
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High Multiplicity Searches

Quark/Gluon Tagging



Light Flavored Simplified Models

4 Topologies Studied Based On Gluino Pair Production 

Light Flavored Squark Pair Production Not Studied Yet

Squark Gluino Associated Production Not Studied Yet

m�̃

mg̃

mq̃

mg̃

mq̃

g g g g g g gq q q

q̃ q̃ q̃ q̃ q̃†g̃ g̃ g̃ g̃ g̃



Simplified Models
Direct Decays
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Simplified Models
One-Step Cascade Decays
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Simplified Models
Two-Step Cascade Decays
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Hunting for Optimal Cuts

QUESTION: Is there a single cut whose sensitivity is close
                       to optimal for all masses and decay modes?

ANSWER: No

Want to have good coverage 
for all these models 

for all kinematic ranges

Want to minimize:
�lim(cut)

�optimal lim



cu
t 

sp
ac

e

m
od

el
 s

pa
ce

model space
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�opt

Hunting for Optimal Cuts
TASK: Find the minimum set of cuts on MET and HT whose combined
            reach is close to optimal (within a given accuracy) for all models.

cut 1 cut 2

1.3

1



Hunting for Optimal Cuts
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E.g.,
reach of the search region

ET⇥ �150 GeV
& HT�750 GeV

2-body 3-body



Multiple Search Regions
• minimal set of cuts (multiple search regions) whose combined reach 

is within optimal to a given accuracy

for all masses and decay modes

• size of the set depends on the optimal accuracy
✦   5%         O( 30 cuts )
✦ 10%         O( 16 cuts )
✦ 30%         O( 6 cuts )
✦ 50%         O( 4 cuts )

• not sensitive to exact values of the cuts
• only comprehensive when combined

Set up a genetic algorithm to optimize search strategies



combined re
ach

within 30
% of op

timalMultiple Search Regions

• 6 search regions necessary:

Dijet high MET

Trijet high MET

Multijet moderate MET

Multijet high MET

Multijet low MET

Multijet very high HT

ET� > 500 GeV, HT > 750 GeV

ET� > 450 GeV, HT > 500 GeV

ET� > 100 GeV, HT > 450 GeV

ET� > 150 GeV, HT > 950 GeV

ET� > 250 GeV, HT > 300 GeV

ET� > 350 GeV, HT > 600 GeV



cut ch MET HT

2+j 500 750
3+j 450 500
4+j 100 450
4+j 100 650
4+j 150 950
4+j 250 300
4+j 350 600
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Multiple Search Regions
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Designing Optimal Regions

• Choice of multiple search regions 
depends upon

• Not something a theorist should be 
designing too closely

• Scans are expensive for 
experiments,  providing 
benchmark theories saves effort

• backgrounds 
• detector efficiencies & acceptances
• how good is good enough
• etc

• We’ve done rough exploration of 
corners of parameter space looking 
for



List of Benchmark Models

• Chosen to maximize differences in 
how they appear in given searches

• Simple and easy to define 

• Consistent theories on their own

m�± = m�0 + x(mg̃ �m�0)



Heavy Flavor Susy Jets+MET

�̃±

g̃mg̃

0

�̃0

GW̃

m�̃0

m�̃±

B : bb̄�0 M : tb̄�� J : qq̄�0T : tt̄�0

0

�̃0m�̃0

TB̃

t̃mt̃

BB̃

b̃mb̃

0

�̃0m�̃0

t : t�0

10 Topologies 2 Topologies

Gluinos Squarks

Have 3 Free Parameters in Each Topology
2 Masses & Cross Section x BR



What are these searches?

2 Normal Light Flavor

2 Normal Heavy Flavor

2 Low BG Heavy Flavor

(searches useful for 1/fb) 

Search Region Nj N� Nbjet E� T HT

High HT 1 2+ 0 0 300 700
High MET 2 4+ 0 0 500 900

1 b Low multiplicity 3 2+ 0 1+ 300 400
1 b High HT 4 4+ 0 1+ 300 600

3 b 8 4+ 0 3+ 150 400
b SSDL 9 2+ SSDL 1+ 0 200

Not surprising, not unique
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Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

GTT
B̃

500 115 592 129 44 2310

GTT
B̃

500 40 428 95 32 2310

GTT
B̃

650 40 139 65 26 335

GTT
B̃

800 415 469 129 44 61

GTT
B̃

800 40 92 27 13 61

GBB
B̃

100 40 353000 265000 226000 21.2x106

GBB
B̃

200 15 17800 11400 10400 625000

GBB
B̃

200 165 3360 3230 3210 625000

GBB
B̃

350 165 875 591 373 24200

GBB
B̃

500 40 94 37 24 2310

GBB
B̃

600 365 236 112 70 617

GBB
B̃

700 265 57 20 11 186

GBB
B̃

750 490 153 62 41 106

GBB
B̃

800 765 4056 1840 1490 61

GBB
B̃

800 40 42 11 5.2 61

GBB
B̃

900 540 65 23 13 21

GJJ
B̃

150 15 12900 128000 115000 2.86x106

GJJ
B̃

200 165 39300 25700 19900 625000

GJJ
B̃

300 115 6450 4970 4300 62100

GJJ
B̃

500 40 406 306 278 2310

GJJ
B̃

600 515 2590 1440 939 617

GJJ
B̃

650 115 129 82 67 335

GJJ
B̃

750 215 90 52 41 106

GJJ
B̃

800 765 3700 2750 2250 61

GJJ
B̃

850 40 517 351 244 36

GJJ
B̃

850 590 39 19 12 36

TABLE II: Benchmark models from the pure GB̃ simplified models. Also shown are the estimated
cross section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.
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Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

GTB
B̃

500 115 239 146 92 2310

GTB
B̃

500 40 175 100 63 2310

GTB
B̃

650 40 88 29 14 335

GTB
B̃

800 415 152 59 37 61

GTB
B̃

800 40 66 17 8.3 61

GTJ
B̃

450 65 1680 1320 1080 4760

GTJ
B̃

550 140 653 470 354 1170

GTJ
B̃

650 40 177 102 83 335

GTJ
B̃

800 415 349 234 183 61

GTJ
B̃

800 40 79 39 24 61

GBJ
B̃

200 165 25000 17900 13000 625000

GBJ
B̃

200 40 35100 25400 11800 625000

GBJ
B̃

500 40 311 197 179 2310

GBJ
B̃

800 765 4120 2960 2510 61

GBJ
B̃

800 40 58 29 17 61

TABLE III: Benchmark models from the hybrid GB̃ simplified models. Also shown are the estimated
cross section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.

Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

GTM
W̃

500 115 422 184 63 2310

GTM
W̃

500 40 324 126 44 2310

GTM
W̃

650 40 115 52 25 335

GTM
W̃

800 415 243 130 66 61

GTM
W̃

800 40 81 25 12 61

GBM
W̃

300 45 1370 1180 1010 62100

GBM
W̃

400 220 2660 1300 619 10400

GBM
W̃

600 170 113 40 25 617

GBM
W̃

800 595 1160 452 240 61

GBM
W̃

800 45 55 15 6.9 61

GMM
W̃

300 45 3230 695 272 62100

GMM
W̃

450 270 3190 1530 674 4760

GMM
W̃

550 45 150 86 51 1170

GMM
W̃

800 595 1290 727 413 61

GMM
W̃

800 45 69 21 10 61

TABLE IV: Benchmark models from the GW̃ simplified models. Also shown are the estimated cross
section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.
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Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

GTB
B̃

500 115 239 146 92 2310

GTB
B̃

500 40 175 100 63 2310

GTB
B̃

650 40 88 29 14 335

GTB
B̃

800 415 152 59 37 61

GTB
B̃

800 40 66 17 8.3 61

GTJ
B̃

450 65 1680 1320 1080 4760

GTJ
B̃

550 140 653 470 354 1170

GTJ
B̃

650 40 177 102 83 335

GTJ
B̃

800 415 349 234 183 61

GTJ
B̃

800 40 79 39 24 61

GBJ
B̃

200 165 25000 17900 13000 625000

GBJ
B̃

200 40 35100 25400 11800 625000

GBJ
B̃

500 40 311 197 179 2310

GBJ
B̃

800 765 4120 2960 2510 61

GBJ
B̃

800 40 58 29 17 61

TABLE III: Benchmark models from the hybrid GB̃ simplified models. Also shown are the estimated
cross section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.

Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

GTM
W̃

500 115 422 184 63 2310

GTM
W̃

500 40 324 126 44 2310

GTM
W̃

650 40 115 52 25 335

GTM
W̃

800 415 243 130 66 61

GTM
W̃

800 40 81 25 12 61

GBM
W̃

300 45 1370 1180 1010 62100

GBM
W̃

400 220 2660 1300 619 10400

GBM
W̃

600 170 113 40 25 617

GBM
W̃

800 595 1160 452 240 61

GBM
W̃

800 45 55 15 6.9 61

GMM
W̃

300 45 3230 695 272 62100

GMM
W̃

450 270 3190 1530 674 4760

GMM
W̃

550 45 150 86 51 1170

GMM
W̃

800 595 1290 727 413 61

GMM
W̃

800 45 69 21 10 61

TABLE IV: Benchmark models from the GW̃ simplified models. Also shown are the estimated cross
section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.
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Name mg̃ (GeV) m�0 (GeV) �reach

1 fb�1 (fb) �reach

5 fb�1 (fb) �reach

15 fb�1 (fb) �QCD

prod (fb)

TB̃ 250 0 15100 9960 5980 180000

TB̃ 350 50 1970 1500 1104 24200

TB̃ 500 200 536 349 289 2310

TB̃ 500 50 240 124 104 2310

TB̃ 650 350 321 178 144 335

TB̃ 650 50 96 49 32 335

BB̃ 100 0 219000 203000 124000 21.2x106

BB̃ 200 50 11200 8620 5370 625000

BB̃ 350 200 2260 1680 1260 24200

BB̃ 350 50 481 438 427 24200

BB̃ 400 50 263 209 171 10400

BB̃ 450 150 230 168 133 4760

BB̃ 500 350 989 586 348 2310

BB̃ 500 50 142 71 54 2310

BB̃ 550 0 121 65 45 1170

BB̃ 600 350 233 153 120 617

TABLE V: Benchmark models from the hybrid TB̃ and BB̃ simplified models. Also shown are the
estimated cross section reach for L = 1, 5, 15 fb�1 in addition to the NLO production cross section.

Benchmarks Distributed Over 10 Topologies



More Novel Simplified Models Being Discovered

Gluino-Squark-LSP Simplified Model not studied
Stealth Susy 

Stealth Supersymmetry

JiJi Fan and Joshua T. Ruderman
Department of Physics, Princeton University, Princeton, NJ, 08540

Matthew Reece
Princeton Center for Theoretical Science, Princeton University, Princeton, NJ, 08540

(Dated: May 17, 2011)

We present a broad class of supersymmetric models that preserve R-parity but lack missing
energy signatures. The key assumptions are a low fundamental SUSY breaking scale and new light
particles with weak-scale supersymmetric masses that feel SUSY breaking only through couplings to
the MSSM. Such particles are nearly-supersymmetric NLSPs, leading to missing ET only from soft
gravitinos. We emphasize that this scenario is natural, lacks artificial tunings to produce a squeezed
spectrum, and is consistent with gauge coupling unification. The resulting collider signals will be
jet-rich events containing false resonances that could resemble signatures of R-parity violation or
of other scenarios like technicolor. We discuss several concrete examples of the general idea, and
emphasize �jj resonances and very large numbers of b-jets as two possible discovery modes.

Introduction. The Large Hadron Collider (LHC) has
embarked on a broad campaign to discover weak scale
supersymmetry (SUSY). Many SUSY (see [1] for a re-
view) searches are now underway, hoping to discover en-
ergetic jets, leptons, and/or photons produced by the de-
cays of superpartners. A common feature of most SUSY
searches [2–5] is that they demand a large amount of
missing transverse energy as a strategy to reduce Stan-
dard Model (SM) backgrounds. This approach is moti-
vated by R-parity, which, if preserved, implies that the
lightest superpartner (LSP) is stable and contributes to
missing energy. In this paper, we introduce a new class of
SUSY models that preserve R-parity, yet lack missing en-
ergy signatures. These models of Stealth Supersymmetry
will be missed by standard SUSY searches.

Even when R-parity is preserved, the lightest SM (‘vis-
ible’ sector) superpartner (LVSP) can decay, as long as
there is a lighter state that is charged under R-parity.
This occurs, for example, when SUSY is broken at a low
scale (as in gauge mediated breaking, reviewed by [6]),
and the LVSP can decay to a gravitino, which is stable
and contributes to missing energy. Here, we consider the
additional possibility that there exists a new hidden sec-
tor of particles at the weak scale, but lighter than the
LVSP. If SUSY is broken at a low scale, it is natural for
the hidden sector to have a spectrum that is approxi-
mately supersymmetric, with a small amount of SUSY
breaking first introduced by interactions with SM fields.

The generic situation described above is all that is re-
quired to suppress missing energy in SUSY cascades. The
LVSP can decay into a hidden sector field, X̃, which we
take to be fermionic, and heavier than its scalar super-
partner, X. Then, X̃ decays to a stable gravitino and its
superpartner, X̃ ! G̃X, and X, which is even under R-
parity, can decay back to SM states like jets, X ! jj. Be-
cause the spectrum in the hidden sector is approximately
supersymmetric, the mass splitting is small within the X
supermultiplet, mX̃ � mX ⌧ mX̃ . Therefore, there is no

phase space for the gravitino to carry momentum: the
resulting gravitino is soft and missing energy is greatly
reduced. We illustrate the spectrum, and decay path,
in figure 1. We emphasize that this scenario requires no
special tuning of masses: the approximate degeneracy
between X and X̃ is enforced by a symmetry: supersym-
metry!
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FIG. 1. An example spectrum and decay chain for Stealth
SUSY with gluino LVSP.

A hidden sector may therefore eliminate missing en-
ergy, making the SUSY searches ine�ective at the LHC.
Moreover, the LEP and Tevatron limits on supersym-
metry mostly rely on missing energy, and do not apply
to these models. This raises the interesting possibility
of hidden SUSY: superpartners may be light enough to
have been produced copiously at LEP and the Tevatron,
yet missed, because their decays do not produce miss-
ing energy. Our proposal is morally similar, but more far
reaching, than the idea that the higgs boson may be light,
but hidden from LEP by exotic decay modes (see the ref-
erences within [7], and more recently [8, 9]). It also has a
great deal in common with SUSY models containing Hid-
den Valleys [10], though in previous discussions 6ET has
been suppressed by longer decay chains, rather than su-
persymmetric degenerate states. Fortunately, there are a
number of experimental handles that can be used to dis-
cover stealth supersymmetry. Possible discovery modes

FIG. 1. An example spectrum and decay chain for Stealth SUSY with gluino LVSP.

cascade, if its mass fits in the small available phase space: we can generalize to X̃ ! ÑX for

a variety of light neutral fermions Ñ . Because gravitino couplings are 1/F -suppressed, such

decays are often preferred if available. Then, we need not assume low-scale SUSY breaking;

gravity mediation can also give rise to this scenario, if a suppressed SUSY-breaking splitting

between X̃ and X is natural. This calls for sequestering, an idea that already plays a key

role in such scenarios as anomaly mediation [4].

A hidden sector may therefore eliminate missing energy, making the SUSY searches inef-

fective at the LHC. Moreover, the LEP and Tevatron limits on supersymmetry mostly rely

on missing energy, and do not apply to these models. This raises the interesting possibility

of hidden SUSY: superpartners may be light enough to have been produced copiously at

LEP and the Tevatron, yet missed, because their decays do not produce missing energy.

Our proposal is morally similar, but more far reaching, than the idea that the higgs boson

may be light, but hidden from LEP by exotic decay modes (see the references within [5],

and more recently [6]). It also has a great deal in common with SUSY models containing

Hidden Valleys [7], though in previous discussions 6ET has been suppressed by longer decay

chains, rather than supersymmetric degenerate states. Fortunately, there are a number of

experimental handles that can be used to discover stealth supersymmetry. Possible discovery

modes that we emphasize in this paper include highly displaced vertices, triple resonances

such as �jj, and the presence of a very large number of b-jets.
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Eviscerates MET even with stable LSP

Fan, Reece, Ruderman
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Outline

Simplified Models

Two Examples
Light Flavored Models

Heavy Flavored Models

Future Directions
Stops

High Multiplicity Searches

Quark/Gluon Tagging



Stops
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Stops look remarkably similar to tops
t̃� t�0
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FIG. 4: The e↵ect of matching is shown for a signal with a g̃ at 400 GeV and a �0 at 390 GeV in
the GBB

B̃
simplified model. The left plot shows the pT spectrum of the leading jet. The right plot

shows the e↵ect on the jet multiplicity.
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FIG. 5: NLO cross sections for gluinos and third generation squarks, with other squarks decoupled.

PGS 4 is used as a detector simulator [18]. We use the PGS 4 ATLAS card, which has
been shown to reproduce results to O(20%) accuracy.

One of the drawbacks of PGS 4 is that it uses a cone jet algorithm with �R = 0.7. This
is an infrared unsafe jet algorithm, but better represents the anti-kT algorithms used by the
experiments than the kT algorithm. The SM backgrounds change by at most O(10%) when
varying the cone size to �R = 0.4.

The signal o↵ers a more varied testing ground for the e↵ects of changing the jet algorithm.
Two competing e↵ects are found. The first is that there is more out-of-cone energy for
smaller cones, resulting in less energetic jets. The second e↵ect is that smaller cone jet
algorithms find more jets. The dependence of the kinematic cut e�ciencies on �R varies
with mass splitting between the g̃ and e�. For compressed spectra, when the pT of the jets
is reduced, the e�ciencies for the smaller cone size decrease because jets fall below the
minimum jet pT requirement. For widely spaced spectra, where jets are energetic, more
jets are found with a smaller cone size and the e�ciency to have multiple jets passing the

But with a low cross section

pp� tt̄
pp� t̃t̃�

Cut-and-Count not sufficient

Stop Searches



Stop Searches

It’s not clear whether this simplified model
will be effectively explored at the 7TeV LHC

Working groups are attempting multivariate analyses
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High Multiplicity Final States
Multi-Top Final States (4 tops ~ 12 jets)

Long Cascades (2 Step Cascade ~ 12 jets)

UDD R-Parity Violation (~ 10 jets)

Lowers Missing Energy

Can’t Calculate Backgrounds

Data-Driven Backgrounds have Large errors
d�(12j) � (�s(µ))12



Change Approach

Use Large Cone Jets e.g. CA w/ R =1.2

High Multiplicity Event
Turns into a Small Multiplicity Event

Grouping doesn’t necessarily represent topology



How to Distinguish

Jet Mass

Jet Masses are now becoming standard tools

Historically not used because of UE/PU sensitivity

Jet Filtering/Pruning/Trimming Solves Problem

Different methods for removing stray radiation

Stray radiation changes jet mass



Jet Filtering at ATLAS

19 

Pile-up (2) 

•  Filtering reduces effective jet area 

•  Should therefore reduce 
pile-up dependence 

•  Slope in fact consistent 
with zero after filtering 



Jet Masses are (mostly) Uncorrelated
The probability of getting 1st anomalously massive jet

nearly unrelated to getting the 2nd anomalously massive jet 

10% to 20% correlations in MC between jet masses

Can do data driven estimates of BGs
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Perform searches requiring several jets
with anomalously large mass/pTs

Top events have few events with mj > 180 GeV

Preliminarily looks like sizable gains in significance are possible

mj1 > 200 GeV removes 95%



Quark/Gluon Tagging
Recent work by Schwartz & Gallicchio

3

cles. Functions of this information, such as the average
or the spread (standard deviation) of their pT ’s were con-
sidered. We find that this class of observables provide the
best discrimination at high quark efficiency (mild cuts)
and high jet pT .
The average multiplicity of any type of particle, along

with its variance, are sensitive to the QCD charges of
the underlying gluon (CA = 3) or quark (CF = 4/3). To
leading order,

〈Ng〉
〈Nq〉

=
CA

CF
and

σ2
g

σ2
q

=
CA

CF
. (1)

The OPAL collaboration, among others, studied the
charged particle multiplicity in light-quark and gluon jets
of energy around 40GeV to 45GeV [14] and found dis-
tributions that agree well with the Monte Carlo event
generators and with analytic predictions.
We find that the strongest discrete observable is the

number of charged particles within the jet, where charged
particles were required to have pT > 500MeV. Lower
cuttoffs actually lead to better discrimination power, so
how well the LHC detectors will be able to resolve particle
pT will have important consequences for gluon tagging.
Another discrete observable is the subjet multiplicity,

which was also studied at LEP [15, 16]. Extremely small
subjets approach the limit of particles and are sensitive
to hadronization, but larger subjets probe the better
modeled, perturbative physics and give the largest ra-
tio between quark and gluon subjet multiplicities. For
the higher-energy jets of the LHC, the optimal jet size
is far smaller than the calorimeter resolution. We found
that counting Rsub=0.1 anti-kT jets was more powerful
than other subjet algorithms and larger sizes, but not
as powerful as counting the number of charged tracks.
Small subjet multiplicity can serve as a reasonable sub-
stitute if charged track multiplicity proves less reliable in
some circumstances (perhaps at very high η). Counting
all hadrons works even better than charged tracks.
Other observables in the discrete category that show

reasonable discrimination power include the average dis-
tance to jet axis 〈r〉, the pT fraction of the Nth hard-
est track or subjet, and the subjet splitting scale (when
the jet is reclustered with the kT algorithm). Finally,
there are observables that take advantage of the electri-
cal charge that quarks carry. Since the hardest hadrons
produced at the end of the shower have charges corre-
lated with the initiating quark, adding up the charges of
all tracks weighted by their pT gives some small discrim-
ination.
The second, more continuous, category of observables

includes jet mass, jet broadening [17], and the family of
radial moments like girth [18], angularities [19], and the
optimal moment which are described below. These tend
to perform better at lower jet pT and for achieving high
quark purity through harsh cuts. Other observables that

try to capture the 2D shape or color connections of the
jet, like pull [20], eccentricity, or planar flow [21], are less
powerful in this application.
We find the best single observable in the continuous

category is the linear radial moment – a measure of the
‘width’ or ‘girth’ of the jet – constructed by adding up
the pT deposits within the jet, weighted by distance from
jet axis. It is defined as

Linear Radial Moment (Girth): g =
∑

i∈jet

piT
pjetT

|ri| (2)

where ri =
√

∆y2i +∆φ2
i and where the true boost-

invariant rapidity y should be used for the (massive) jet
axis instead of the geometric pseudorapidity η. Under the
assumption of central jets with massless constituents at
small angles, this linear moment is identical to jet broad-
ening, defined as the sum of momenta transverse to the
jet axis normalized by the sum of momenta. While jet
broadening is natural at an e+e− collider, the linear ra-
dial moment is more natural and works a bit better at the
LHC. Other geometric moments involving different pow-
ers of r were not as powerful at discriminating quarks
from gluons, including the jet mass, which is equal to
the r2 geometric moment in the same limit.
By weighting the pT by other functions of r, whole

families of radial-kernel observables can be constructed:

Kernel Moment : K =
∑

i∈jet

piT
pjetT

K(ri) (3)

Angularities [19, 21] are one such example, where the pT
and r are usually replaced by energy and angle. Angu-
larities are often normalized by the jet mass rather than
the jet pT , and we considered both normalizations. Both
angularities and kernels which are powers of r suffer from
sensitivity to the edge of the jet where their kernels are
greatest. This becomes problematic in crowded environ-
ments with adjacent jets.
Rather than try to guess a useful kernel, we attempted

to optimize its shape numerically. By parameterizing the
kernel as a spline with 5 to 10 points, a genetic algorithm
was used to maximize gluon rejection for several differ-
ent quark efficiencies. In all cases, the optimal kernels
rose linearly from the axis of the jet out to r ∼ 0.3, then
turned over and decreased smoothly to zero at the edge
of the jet, but the gluon rejection in call cases was rather
insensitive to the region away from the center. These
optimal kernels performed slightly better than the lin-
ear radial moments, but not enough to justify additional
focus here.
By looking at combinations of observables, additional

quark/gluon discrimination is achieved. The 2D his-
tograms for the best discrete and continuous observables,
charged particle count and the linear radial moment, are
shown in Figure 2. While the two observables are corre-
lated, it is still helpful to use both. In the third panel
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FIG. 2: 2D Histograms of the two best observables, along with the likelihood formed by combining them bin-by-bin.

of this figure, we show the 2D bin-by-bin likelihood dis-
tribution. Given these variables, the discriminant that
achieves optimal gluon rejection for a fixed quark effi-
ciency is a simple cut on the appropriate likelihood con-
tour. Cutting out the top-right corner, for example, elim-
inates the most egregiously gluey jets. In practice, this
can be pre-computed or measured in each jet pT window.
As part of jet energy scale calibrations, Atlas [22] has
measured these two variables in dijet, γ-jet, and multi-
jet samples and used them individually to determine the
flavor composition to 10% precision.
The same method can be applied for more than 2 ob-

servables, but then the exact likelihood becomes impos-
sible to map efficiently with limited training samples. A
multivariate technique like Boosted Decision Trees can
be employed to approximate this multidimensional like-
lihood distribution, as explained in [18].
In summary, quite a number of single variables do com-

parably well, while some (like pull or planar flow) do
quite poorly at gluon tagging. We examined many com-
binations of observables, and found significant improve-
ment by looking at pairs, but only marginal gains be-
yond that. The results for the gluon rejection as a func-
tion of quark efficiency are shown for a number of the
more interesting observables and combinations in Fig-
ure 3 for 200GeV jets. The relative performance of
variables changed little with pT even though the op-
timal cuts do. Definitions and distributions of these
variables, and thousands of others, can be found on
http://jets.physics.harvard.edu/qvg. Good pairs
of variables included one from the discrete category de-
scribed above, such as particle count, and one more con-
tinuous shape variable, like the linear radial moment
(girth).
As an example using these curves to estimate the im-

provement in a search’s reach, consider X → WW →
qq̄qq̄ whose background is mostly 4-jets from QCD, each
of which is a gluon 80% of the time [3]. By operating at
60% quark efficiency, only 1/10th of gluons pass the tag-
ger, which means (20%)4 of the total QCD background
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FIG. 3: Gluon rejection curves for several observables as a
function of Quark Jet Acceptance. The results for 200GeV
Jets are shown, but other samples give similar results. The
best pair of observables is charged track multiplicity and lin-
ear radial moment (girth). The best group of five also includes
jet mass for the hardest subjet of size R=0.2, the average kT
of all Rsub=0.1 subjets, and the 3rd such small subjet’s pT
fraction.

passes. One measure of statistical significance in a count-
ing experiment is S/

√
B, perhaps within a particular in-

variant mass window. Any starting significance can be
improved by a factor of 3.2 using these cuts. The 60%
operating point was chosen to maximize this significance
improvement for this particular background composition,
which highlights the need to characterize background re-
jection for all signal efficiencies.

Measurements of these variables are underway, but it
would be very interesting to see distributions of and cor-
relations between as many of the variables in Figure 3
as possible. To this end, it has recently been observed
that 99% pure samples of quark jets can be obtained in
γ+2jet events, and 95% pure samples of gluon jets can be
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BSM Physics Produces Mostly Quark Jets

QCD Mostly Gluons

Z/W+jets Mostly Gluons

Tops Mostly Quarks

Can enhance S/B by a factor of 5 by requiring 
double Quark tags
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Outlook

We’re rapidly increasing our knowledge of
the TeV scale

 New physics can be subtle and hidden 
under backgrounds

Joint Theory-Experiment effort to ensure
we’re not letting physics hide

We don’t have a target to aim at

Lots of new techniques to use


