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theorists are trouble



outline

• interpreting a discovery

• dark matter at the LHC

• missing energy look-alikes

• discriminating look-alikes at the moment of discovery

• case study: discriminating SUSY from not-SUSY 

• mT2 on steroids

• what about neutrinos?



• much detailed work has been done on the zeroeth order 
characterization of new physics

• and on the second order characterization of new physics

• not enough has been done on the first order characterization 

• i.e. how much can you say about the new underlying theory at, or 
close to, the moment of discovery?

interpreting a discovery



• any signal in the first data ->many possible explanations

• dataset+analysis ->signal-> a set of “look-alike” models

• our initial job, post-discovery, is to begin discriminating 
these look-alikes

the LHC look-alike problem

“lots of models now, most will be Dead On Arrival 
after the first data”    (Ian Hinchliffe)



• if there are N models in the theory space, do we need N-1 successful 
binary comparisons to find the true model?

• as the game “20 questions” illustrates, a reasonably clever person 
can find the true answer with of order Log(N) comparisons

• to do this efficiently at the LHC, we will need to know a lot about 
both the theory space and the data 

• as in the game “20 questions”, the answers to the first few 
questions determines what questions you ask later

• design the first few questions!!

“20 questions” at the LHC



• the LHC was designed to find the Higgs boson and look for 

other new TeV scale physics like supersymmetry

• however dark matter has become as important a part of 

the LHC physics program as the Higgs

• in particular, we hope to use the LHC to manufacture dark 

matter particles from high energy collisions, and thus to 

study their properties as we do ordinary elementary 

particles

what is the LHC for?



• one possibility is that dark matter 
particles are WIMPs (Michael S. Turner)

• this would explain why they are cold 
and dark

• we can say more by assuming that the 
WIMPs were produced thermally from a 
standard Big Bang cosmology:

Michael S. Turner
(actual size)

Triumph of the WIMP?



By integrating the Boltzmann equation for the WIMP density 
through this era of ‘freeze-out’, it is possible to work out  
how much WIMP matter is left over:

We know the parameters.  Put in the numbers:

The cross section for WIMP annihilation is

                                         for m = 100 GeV 

This points to the length scale of weak interactions.
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this is a completely independent 

cosmological argument for the LHC!



• WIMP dark matter particles are the lightest particles 

carrying some (new) conserved quantum number

• this means that at LHC you will always produce dark 

matter particles in pairs

• probably the LHC will produce heavier unstable relatives of 

the dark matter particles, that decay into them

• study it all to figure out the role of dark matter in the 

bigger picture of particle physics and the big bang

producing dark matter at LHC



• this opportunity for the LHC is largely independent of 
the underlying theory for the dark matter particles

• could be some form of SUSY

• or it could be an extra dimensional model

• or it could be a “little” Higgs or composite Higgs model

• or ... 



• one small problem: even if you produce WIMP dark matter 

particles as the LHC, they won’t interact with the LHC 

detectors

• in this sense they are like neutrinos in collider experiments, 

whose presence is inferred by measuring the visible 

products of the collision

• the smoking gun of WIMP dark matter particles at the LHC 

is collisions with large missing transverse energy

missing energy
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• how many invisible particles per event?

• are they massive or nearly massless?

• are they associated with top, W, or Z decays?

• how many kinds of parent particles?

• how many kinds of decay chains?

first questions for a missing energy signal



• SUSY models already provide too many possibilities

• several choices for the WIMP LSP: bino, wino, higgsino, 
singlino, the spin 3/2 gravitino, or a spin 0 sneutrino

• at the LHC, an invisibly decaying or long-lived NLSP can be 
mistaken for an LSP

• with R-parity breaking, can still get a missing energy signal 
from neutrinos

missing energy from SUSY



many not-SUSY models also have WIMPs, stabilized by the same discrete 
symmetry that suppresses tree level contributions to precision 
electroweak and flavor-changing processes

missing energy from not-SUSY

•Little Higgs: the dark matter candidate is a spin 1 vector boson partner 
stabilized by T parity; 

•5-dimensional Universal Extra Dimensions: the dark matter candidate 
is a spin 1 vector boson partner stabilized by KK parity

•6-dimensional UED: the dark matter candidate is a spin 0 vector boson 
partner stabilized by KK parity



• models with large extra dimensions produce missing energy from 
single emission of a massive graviton

• hidden valley or unparticle models can produce missing energy 
from multiple hidden sector particles

• models with new heavy particles decaying to neutrinos, either 
directly or via top quarks, W’s or Z’s

more missing energy from not-SUSY



• a discovery plan for the LHC should include strategies to begin 
discriminating missing energy look-alikes

• “look-alike” is defined by a particular experimental analysis, not by 
comparing lagrangians or mass spectra

• direct measurements of spins, charges, and couplings at the LHC 
can definitively resolve most look-alike questions, but these could 
come roughly a decade later, as they did e.g. for top quarks

• the “20 questions” process will not wait around for these 
measurements! 

missing energy look-alikes



•our recent study indicates that, at the moment of an early missing 
energy discovery at the LHC, it will be possible to discriminate many 
SUSY from not-SUSY look-alikes 

•this will not provide a definitive answer to “is it SUSY?”, but it can 
provide essential early guidance 

•since other look-alikes may not be immediately eliminated, better 
measurements and more clever strategies will certainly be called for

discriminating look-alikes             
at the moment of discovery

J. Hubisz, JL, M. Pierini, M. Spiropulu, arXiv:0805:2398



• we will assume that a >5 sigma excess is observed in an inclusive missing 
transverse energy (MET) analysis with the first 100 pb-1 or less of 
understood LHC data

• this should be the case if there is a BSM source of large missing energy + 
energetic jets with a cross section of at least a few pb.

• we want to design a strategy to rapidly narrow the list of candidate 
theories at, or close to, the moment of discovery

• we want to do this taking into account uncertainties of  the LHC 
experiments during the 100 pb-1 era

missing energy discovery scenario with ~100 pb-1



4.2. Benchmark Channel: low mass supersymmetry 103

signature. The rest of the analysis path is designed based on elimination of the major classes
of backgrounds: the QCD production, top-anti-top pairs and the W/Z-QCD associated pro-
duction. In Table 4.2 the path is shown with a remark indicating the reason and aim of each
selection step.

Table 4.2: The Emiss
T + multi-jet SUSY search analysis path

Requirement Remark
Level 1 Level-1 trigger eff. parameter.
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup
Nj ≥ 3,|η1j

d | < 1.7 signal signature
δφmin(Emiss

T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,
δφ(Emiss

T − j(2)) > 20◦ QCD rejection
Isoltrk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection
ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT > 500 GeV signal/background optimisation

SUSY LM1 signal efficiency 13%

In the following sections the motivation and details of the analysis path are discussed.

4.2.5 Missing transverse energy in QCD production

Due the very high QCD production cross section the Standard Model background to a large
missing transverse energy plus jets data-sample is dominated by QCD events. The observed
missing transverse energy in QCD jet production is largely a result of jet mis-measurements
and detector resolution. In Figure 4.9 the missing transverse energy full spectrum is shown
for QCD 3-jet events in the p̂T region between 120 GeV/c and 1.8 TeV/c.
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Figure 4.9: Emiss
T distribution in QCD 3-jet events.

It is to be noted that due to finite computing resources and the large production cross sec-
tion it is unrealistic to fully simulate and reconstruct samples with adequate Monte Carlo

• we will assume that the discovery is made with this analysis; the 
look-alike analysis depends on the form of the discovery analysis

• the signature is large MET plus  >= 3 jets; no leptons are required

CMS Physics TDR Vol. II, CERN/LHCC 2006-021
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Fig. 4. (top) Emiss
T and HT distributions in the all-

hadronic CMS analysis. (bottom) The Meff distributions
for no-lepton (left) and single lepton (right ) signatures in
ATLAS. All for integrated luminosity of 1fb−1.

Table 2. Cumulative selection efficiency after each
requirement in the Emiss

T +multijets analysis path for
major Standard Model backgrounds. (EWK refers to
W/Z,WW/ZZ/ZW ).

Cut/Sample Signal tt̄ Z(→ νν̄)+ jets EWK + jets
All (%) 100 100 100 100

Level-1 92 40 99 57
HLT 54 0.57 54 0.9
PV 53.8 0.56 53 0.9
Nj ≥3 39 0.36 4 0.1

|η1st,j
d

≥ 1.7 34 0.30 3 0.07

EEMF ≥ 0.175 34 0.30 3 0.07
ECHF ≥ 0.1 33.5 0.29 3 0.06

QCD angular 26 0.17 2.5 0.04

Isolead trk = 0 23 0.09 2.3 0.02
EMF (j1),
EMF (j2) ≥ 0.9 22 0.086 2.2 0.02

PT,1 > 180 GeV,
PT,2 > 110 GeV 14 0.015 0.5 0.003
HT > 500 GeV 13 0.01 0.4 0.002

1/fb

HT > 500 GeV 6319 53.9 48 33

Table 3. All-hadronic selected low mass SUSY and Stan-
dard Model background events for 1 fb−1 from CMS

Signal (LM1) 6319
tt̄/single t 56.5
Z(→ νν̄)+ jets 48
(W/Z,WW/ZZ/ZW ) + jets 33
QCD 107

gluinos and the composition of the LSP. Tradition-
ally invariant masses that involve dileptons and lep-
tons+jets have been used at the LHC for the mass re-
construction using large integrated luminosity. These
studies are currently being worked for the early data
and additional measurables are being introduced. The
measurement and understanding of the trigger, lep-
ton identification efficiencies and acceptance as well
as fake rates are prerequisites for the lepton involving

signatures to be rendered useful beyond the discovery
stage. In Figure 5 an ATLAS low mass SUSY study
is demonstrating the kinematic edge of the dilepton
invariant mass M!!. The edge is a measure of mass
differences between the sparticles that are involved
in the decay (here the χ̃0

2, "̃R and χ̃0
1 with Mmax

!! =

M(χ̃0
2)

√
1− M2(!̃R)

M2(χ̃0
2)

√
1− M2(χ̃0

1)

M2(!̃R)
). Similar edges are shown

in Figure 7 from CMS and ATLAS in different parts
of the mSUGRA parameter space.

Fig. 5. The dilepton invariant mass distribution for a
full simulation sample of an ATLAS low mass benchmark
SUSY point with an integrated luminosity of 350 pb−1. A
triangular function convoluted with a Gaussian is used in
the fit to estimate the edge position. Note that the signal
significance is well over 5σ significance with only 100 pb−1

[24].

Note that top, bottom, Z and W in the decays of
sparticles (i.e. non-direct Standard Model production)
in leptonic final states can also point towards rates and
mass hierarchies of the SUSY (or other BSM) particles
produced.

4 The LHC SUSY Search, Orientation and
Navigation Tool-Kit

4.1 Excesses as a function of luminosity

The CMS and ATLAS collaborations have published
their physics performance reviews [23], [25]. A rough
summary of the 5σ reach and the corresponding chan-
nels/analyses are given below (using the results from
the most recent available results) in a format of what
a publication might look like if/when such an excess is
observed 2:

2 There is a level of absurdity in the listing as presented
here, however it is illustrative of the daunting task that
the experiments will be faced with when trying to inter-
pret and cross-interpret the possible variety of signals they
might observe, as these emerge; note that the luminosity
values in parenthesis are rounded for the purposes of illus-
tration and calculated with assumptions on the systematics

• having assumed this analysis we can also use this estimate of the 
residual SM backgrounds after all cuts

• these backgrounds and the background rejection are in line with 
what was actually observed at the Tevatron



detector simulation

•the results shown here used a parametrized generator-level simulation 
tuned to reproduce the published cut-by-cut signal efficiencies in the 
CMS Physics TDR
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Table 2. Comparison of cut-by-cut selection efficiencies for our Emiss
T analysis applied to the SUSY benchmark model

LM1. “Full” refers to the full simulation study [10,11]; “Fast” is what we obtain from our parameterized fast simulation.

Cut/Software Full Fast

Trigger and
Emiss

T > 200 GeV 53.9% 54.5%

Nj ≥3 72.1% 71.6%

|ηj1
d | ≥ 1.7 88.1% 90.0%

QCD angular 75.6% 77.6%

Isolead trk = 0 85.3% 85.5%

ET,1 > 180 GeV,
ET,2 > 110 GeV 63.0% 63.0%

HT > 500 GeV 92.8% 93.9%

Total efficiency 12.9% 13.8%

Table 3. Summary of software chains used in this study. The little Higgs spectrum is based on [29]. PGSCMS is a variation
of PGS v4 [27].

Software/Models Group 1 models Group 2 models

Spectrum generator Isajet v7.69 [30] or private little Higgs
or SUSY-HIT v1.1 [31] or SUSY-HIT v1.1

Matrix element calculator Pythia v6.4 [32] MadGraph v4 [33]

Event generator Pythia v6.4 MadEvent v4 [34]
with BRIDGE [35]

Showering and hadronization Pythia v6.4 Pythia v6.4

Detector simulation PGSCMS v1.2.5 PGSCMS v1.2.5

plus parameterized plus parameterized
corrections corrections

ered here. For example, models with strong production
of heavy particles that decay to boosted top quarks can
produce higher ET jets and larger Emiss

T from neutri-
nos than does Standard Model top production. Such
look-alike possibilities also require study, but they are
not a major worry since our results show that we have
some ability to discriminate heavy WIMPS from neu-
trinos even in small data sets.

3.1 SUSY

In a large class of supersymmetry models with con-
served R parity, the LSP is either the lightest neu-
tralino or a sneutrino. In addition, if the NLSP is a
neutralino or sneutrino and the LSP is a gravitino, the
Emiss

T signature is the same. Models based on gravity-
mediated, gauge-mediated or anomaly-mediated SUSY
breaking all provide many candidate models.

Because this relevant portion of SUSY theory space
is already so vast, there is a temptation to reduce the
scope of the LHC Inverse Problem by making explicit
or implicit theoretical assumptions. To take an ex-
treme, one could approach an early LHC discovery in
the Emiss

T channel having already made the assump-

tions that (i) the signal is SUSY, (ii) it has a mini-
mal Higgs sector (MSSM), (iii) it has gravity-mediated
SUSY breaking (SUGRA), (iv) the breaking is mini-
mal (mSUGRA) and (v) 100% of dark matter is ther-
mal relic LSPs with an abundance given by extrapolat-
ing standard cosmology back to the decoupling epoch.
We don’t want to make any such assumptions; rather
we want to test theoretical hypotheses in the LHC dis-
covery data set combined with other measurements.

For SUSY we have the benefit of more than one
spectrum calculator that can handle general models,
more than one matrix element calculator and event
generation scheme, and a standardized interface via
the SUSY Les Houches Accord (SLHA) [36]. There
are still a few bugs in this grand edifice, but the exist-
ing functionality combined with the ability to perform
multiple cross-checks puts us within sight of where we
need to be when the data arrives.

3.2 Little Higgs

Little Higgs models are a promising alternative to weak
scale supersymmetry [37]-[41]. In little Higgs models,
the Higgs is an approximate Goldstone boson, with



reconstructed objects

Look-alike studies designed for LHC after 10, 100, or 1000 fb-1 
have the luxury of assuming that everything in an event is 
reconstructable. This may not realistic for the 100 pb-1 era.

We will assume the robust availability only of those physics objects 
necessary for the discovery itself:

•MET,  in the range roughly 200 GeV <~ MET <~ 700 GeV  

•jets, with uncorrected ET>30 GeV and |eta| < 3

•muons, not necessarily isolated but with pT > 20 GeV

Multi-lepton techniques will give powerful handles on the underlying 
physics; we are intentionally orthogonalizing from these to look at the 
most difficult case



populating the theory space

•ideally, the look-alike models should be drawn from a sampling of the 
entire volume of theory space relevant to an early LHC missing energy 
discovery

•we don’t really know how to do this!

•a practical approach is to draw from as many different classes of 
models as we can, limited by the available event generators



for our study we used three classes of models

•the CMS mSUGRA benchmarks generated by              
Isajet 7.69 + Pythia 6.4

•general low scale MSSM models generated by       
Suspect 2.3.4 + MadGraph 4.2 + Pythia 6.4

•Little Higgs with T parity implemented in 
MadGraph 4.2 + Pythia 6.4



defining the look-alikes

We define a look-alike by first defining:

•an inclusive signature or, more simply, a trigger sample

•a set of analysis cuts

•an integrated luminosity

•a detector in which all this is happening

•estimated backgrounds + systematics for this analysis 

•Two models that give the same signal (within 2 sigma) are defined to 
be look-alikes



what are the discriminating observables?

•we want to identify experimental observables that are the best and 
most robust discriminators of a group of look-alikes

• we tried out a large number of observables, but required that all of 
them be defined as ratios of inclusive counts, e.g.

r(4j)(3j) = ratio of the number of events (after selection) 
with at least 4 jets to the number of events with at least 3 
jets
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•kinematic distributions like Meff and HT have peaks and tails, but the 
details of theses shapes have uncertainties that are hard to estimate

•so we divide these up into a few bins, and define ratios:

r(Meff1400) = ratio of the number of events (after selection) with 
Meff>1400 GeV to the total number of events (after selection)
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hemisphere separation

✦ we use an algorithm that attempts to separate the reconstructed 
objects into two hemispheres, corresponding to the two heavy 
particles produced in the event and their decay products

unselected ttbar SUSY model LM5 after selection



•in a 2-body decay, the transverse mass is bounded from above by 
the mass of the parent particle

the stransverse mass mT2

m2
P = m2

dm + m2
X + 2

(

EX

T Edm
T cosh(∆y) − p

X

T · p
dm
T

)

parent  particle P

invisible particle dm

visible particle X

mT ≤ mP

m
2
T = m

2
dm + m

2
X + 2

(

E
X

T E
dm
T − p

X

T · p
dm
T

)

A. Barr, C. Lester, D. Summers, P. Stephens
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P2

•pair-produce parent particles of the same mass 

•if we could measure everything, then we would get two        ‘s per event; 
both would be bounded by       , so                              is also bounded above

•suppose we don’t know the pT of each dm particle separately, but we 
measure            = the sum of the two dm particle pT’s

•consider all possible decompositions of           into two pT’s; one of these 
decompositions is the correct one. now define:
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invisible

X

invisible

X2

P1

P2
X1

X3

• we can just as well apply mT2 to cascade decays, adding up all the 4-
vectors of the visible particles

• however this assumes we know which visible particle goes with which 
parent particle decay chain, i.e. perfect “hemisphere” separation

• we also need to input a value for the invisible particle mass
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• the upper endpoint is around the parent particle mass, 589 GeV here

• the endpoint is not sharp because of imperfect hemisphere 
separation, initial state radiation, the underlying event, finite decay 
widths, and detector resolution

• also, with 100 pb-1 we don’t populate the endpoint well enough to 
extract it directly



uncertainties

• experimental statistical uncertainty:                                            
the Poissonian error on the number of “events” in the inclusive 
counts that define a given ratio, after rescaling to 100 pb-1

• theoretical statistical uncertainty (small)

• experimental systematic uncertainty:                                        
from detector effects that only partly cancel in the ratios

• theoretical systematic uncertainty:                                              
pdf errors crudely estimated directly for each observable by 
using three different pdfs; QCD scale uncertainty in the ratios

Since we don’t have data we take one model as the “data” and 
compare it pairwise to look-alike “theory” models
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•Group 1 consists of 6 SUSY 
models

•all 6 models are look-alikes of 
our MET analysis, producing 
~200 signal events in 100 pb-1

•the first three are mSUGRA 
SUSY models

•CS4d is a “compressed SUSY” 
model

•CS6 is a general MSSM model 
with a light gluino and heavy 
squarks

Models

S. Martin



] 
  

2
m

a
ss

 [
G

eV
/c

0

100

200

300

400

500

600

700

800

900

1000
LH2 NM6 NM4 CS7

HA

H
WHZ

H

idH
iu

0

1
!"

!

1
!"

0

2
!"

R
d
~

L
u~

R
u~

L
d
~

0

1
!"

!

1
!"

0

2
!"

R
u~

R
d
~ L

u~
1
#"

L
d
~

R
l
~

0

1
!"

1
#"R

l
~

!

1
!"

0

2
!"

g~

•Group 2 consists of 3 SUSY models 
and one not-SUSY

•LH2 is a Little Higgs with T-parity 
model

•SUSY model NM6 has the same 
spectrum as non-SUSY LH2, 
modulo a 2 TeV gluino

•however NM6 turns out NOT to be 
a look-alike of LH2 in our analysis

Models
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• red line = pT distribution of 
parent heavy quark partners in LH2

•blue line = pT distribution of 
parent squarks in NM6

Little Higgs model LH2:  LO cross section = 6.5 pb
SUSY model NM6: LO cross section = 2.3 pb

model LH2:  signal efficiency after our MET selection = 14%
model NM6: signal efficiency after our MET selection = 19%

Lesson: cross sections and signal efficiencies depend on the matrix 
elements, and the matrix elements depend on masses, charges, and 
spins of the parent particles
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•LH2, NM4, and CS7 are look-alikes 
of our MET analysis, producing 
~100 signal events in 100 pb-1

Models
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results: 
SUSY versus 

not-SUSY



results: SUSY versus not-SUSY

Take not-SUSY model LH2 as the “data”, compare to 
the SUSY look-alike NM4:
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don’t match: the ratio r(4j)(3j) is almost twice as large
for CS7 as for the “data”, a 4σ discrepancy with 100
pb−1.

Figures 27 and 28 demonstrate the robustness of
these results, by showing the breakdown of the exper-
imental and theoretical uncertainties for the relevant
ratios. With the exception of r(4j)(3j), the uncertain-
ties on all of the ratios that we have been discussing
are completely dominated by the low statistics of our
small “data” sample. Thus, for example, doubling the
pdf uncertainties would not alter any of the conclu-
sions reached above.

It seems unlikely that our SUSY diehard can fix
up a SUSY candidate to falsely explain the non-SUSY
“data”, while surviving the scrutiny of our look-alike
analysis. This applies even for small data sets on the
order of a few hundred inverse picobarns. The key ob-
servation is that although SUSY models have many
adjustable parameters, the number of adjustable pa-
rameters relevant to this look-alike analysis is small
compared to the number of robust discriminators.

LH2 vs. NM4 [100 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 4.87
r(mT2-400) 0.44 0.21 4.84
r(mT2-300) 0.75 0.54 3.49
r(Meff1400) 0.11 0.25 2.99
r(mT2-500/300) 0.21 0.09 2.98
r(M1400) 0.07 0.19 2.69
r(mT2-400/300) 0.58 0.40 2.48
r(HT900) 0.13 0.24 2.34
r(MET420) 0.48 0.37 2.00
r(mT2-500/400) 0.36 0.22 1.47

Table 21. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.

9 Discussion and outlook

We have presented a concrete strategy for determining
the underlying theory model of an early missing energy
discovery at the LHC. Applying this look-alike analy-
sis to a realistic simulation, we were able to distinguish
a non-SUSY model from its SUSY look-alikes essen-
tially at the moment of discovery, with little more than
100 pb−1 of integrated luminosity. In 23 of 26 pair-
wise comparisons, mostly SUSY with SUSY, we were
able to discriminate look-alikes at better than 5σ sig-
nificance with at least one robust observable and 1000
pb−1 or less of integrated luminosity. Even in the three
cases with the worst discrimination we found strong
hints of the key properties of the underlying model;

LH2 vs. CS7 [100 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 6.68
r(MET420) 0.48 0.20 6.49
r(MET520) 0.21 0.07 5.06
r(MET320) 0.78 0.53 4.29
r(mT2-500/300) 0.32 0.12 4.24
r(4j)(3j) 0.36 0.61 4.04
r(mT2-400) 0.63 0.40 4.00
r(mT2-300) 0.85 0.62 3.55
r(mT2-500/400) 0.43 0.19 3.52
r(Hem1) 0.79 0.63 2.59

Table 22. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.
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Fig. 27. Breakdown of estimated uncertainties for dis-
criminating ratios with 100 pb−1, in the comparison of
look-alike models LH2 and NM4, with LH2 treated as the
“data”.

these would be confirmed with more data and/or by
our improving the look-alike analysis.

One surprise of our study (at least to us) was the
sensitivity and robustness of the ratios based on the
stransverse mass mT2. Keep in mind that we did not
apply the mT2 distributions to their originally intended
use i.e. extracting masses from endpoints and kinks,
and we applied our mT2 ratios to data sets 100 times
smaller than used in previous studies. Nevertheless we
found that the mT2 ratios are among our best dis-
criminators. One of the most important features of the
mT2 ratios is that to first approximation they do not
depend on the spins of the parent particles. Since ra-
tios based on more traditional kinematic distributions
like HT and Meff have a large dependence on the spins
of the parent particles, comparing mT2 ratios to these
ratios is a powerful discriminator for spin.
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LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52

DiJet

r(mT2-400) 0.32 0.12 7.89
r(mT2-300) 0.64 0.32 7.79
r(DiJet) 0.11 0.22 5.94

TriJet

r(mT2-300) 0.62 0.19 10.96
r(mT2-400) 0.34 0.07 10.91
r(TriJet) 0.06 0.15 5.94

Muon20

r(mT2-400) 0.38 0.14 5.03
r(mT2-300) 0.72 0.42 4.30
r(Meff1400) 0.10 0.34 3.50

Table 35. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52
r(Meff1400) 0.11 0.25 7.24
r(M1400) 0.07 0.19 6.57
r(mT2-300) 0.75 0.54 6.26
r(mT2-400/300) 0.58 0.40 5.77
r(HT900) 0.13 0.24 5.67
r(M1800) 0.02 0.07 4.82
r(MET420) 0.48 0.37 4.32

Table 36. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

for NM4 represented by r(Meff1400), r(M1400) and
r(HT900) are all too hard, with > 5σ significance.

The other impressive feature of these tables is that
with 1000 pb−1 we acquire several highly discriminat-
ing ratios in the DiJet and TriJet boxes. With real data
this would provide an impressive redundancy of cross-
checks, still within the original design of our look-alike
analysis.

The large number of independent highly discrimi-
nating robust ratios seen here provide a powerful tool
to resolve SUSY look-alikes from non-SUSY look-alikes.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49

DiJet

r(4j)(3j) 0.20 0.67 7.30
r(mT2-300) 0.72 0.31 6.73
r(mT2-400) 0.53 0.22 6.26

TriJet

r(mT2-500) 0.20 0.04 8.83
r(mT2-300) 0.68 0.32 7.43
r(mT2-400) 0.53 0.22 7.18

Muon20

r(mT2-300) 0.84 0.35 1.57
r(mT2-400) 0.60 0.24 1.32

Table 37. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49
r(mT2-600) 0.05 0.01 14.11
r(mT2-500/300) 0.32 0.12 11.17
r(mT2-500/400) 0.43 0.19 9.77
r(mT2-600/300) 0.06 0.01 9.77
r(mT2-400) 0.63 0.40 8.46
r(MET320) 0.78 0.53 8.17

Table 38. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

C Comparison of squark production with
heavy quark production

C.1 smuon production versus muon production

Let’s compare the QED processes e+e− → µ+µ− and
e+e− → µ̃R

¯̃µR. We will use the conventions and no-
tation of Peskin and Schroeder (PS) [84], and work in
the approximation that the electron and positron are
massless. In this notation p and p′ denote the incom-
ing 4-momenta of the electron and positron, while k
and k′ denote the outgoing 4-momenta of the muons
or smuons. The photon 4-momentum is denoted by
q = p+p′. We will use m interchangably to denote the
mass of the muon or smuon.



the mT2 ratios for LH2 are larger, reflecting the fact that the parent 
particles in LH2 are ~700 GeV vs ~550 GeV in NM4

however the Meff and HT ratios in LH2 are smaller; this is from the spin 
differences in the matrix elements, and enhanced production in NM4 
from t-channel exchange of the very heavy gluino
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don’t match: the ratio r(4j)(3j) is almost twice as large
for CS7 as for the “data”, a 4σ discrepancy with 100
pb−1.

Figures 27 and 28 demonstrate the robustness of
these results, by showing the breakdown of the exper-
imental and theoretical uncertainties for the relevant
ratios. With the exception of r(4j)(3j), the uncertain-
ties on all of the ratios that we have been discussing
are completely dominated by the low statistics of our
small “data” sample. Thus, for example, doubling the
pdf uncertainties would not alter any of the conclu-
sions reached above.

It seems unlikely that our SUSY diehard can fix
up a SUSY candidate to falsely explain the non-SUSY
“data”, while surviving the scrutiny of our look-alike
analysis. This applies even for small data sets on the
order of a few hundred inverse picobarns. The key ob-
servation is that although SUSY models have many
adjustable parameters, the number of adjustable pa-
rameters relevant to this look-alike analysis is small
compared to the number of robust discriminators.

LH2 vs. NM4 [100 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 4.87
r(mT2-400) 0.44 0.21 4.84
r(mT2-300) 0.75 0.54 3.49
r(Meff1400) 0.11 0.25 2.99
r(mT2-500/300) 0.21 0.09 2.98
r(M1400) 0.07 0.19 2.69
r(mT2-400/300) 0.58 0.40 2.48
r(HT900) 0.13 0.24 2.34
r(MET420) 0.48 0.37 2.00
r(mT2-500/400) 0.36 0.22 1.47

Table 21. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.

9 Discussion and outlook

We have presented a concrete strategy for determining
the underlying theory model of an early missing energy
discovery at the LHC. Applying this look-alike analy-
sis to a realistic simulation, we were able to distinguish
a non-SUSY model from its SUSY look-alikes essen-
tially at the moment of discovery, with little more than
100 pb−1 of integrated luminosity. In 23 of 26 pair-
wise comparisons, mostly SUSY with SUSY, we were
able to discriminate look-alikes at better than 5σ sig-
nificance with at least one robust observable and 1000
pb−1 or less of integrated luminosity. Even in the three
cases with the worst discrimination we found strong
hints of the key properties of the underlying model;

LH2 vs. CS7 [100 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 6.68
r(MET420) 0.48 0.20 6.49
r(MET520) 0.21 0.07 5.06
r(MET320) 0.78 0.53 4.29
r(mT2-500/300) 0.32 0.12 4.24
r(4j)(3j) 0.36 0.61 4.04
r(mT2-400) 0.63 0.40 4.00
r(mT2-300) 0.85 0.62 3.55
r(mT2-500/400) 0.43 0.19 3.52
r(Hem1) 0.79 0.63 2.59

Table 22. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.
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Fig. 27. Breakdown of estimated uncertainties for dis-
criminating ratios with 100 pb−1, in the comparison of
look-alike models LH2 and NM4, with LH2 treated as the
“data”.

these would be confirmed with more data and/or by
our improving the look-alike analysis.

One surprise of our study (at least to us) was the
sensitivity and robustness of the ratios based on the
stransverse mass mT2. Keep in mind that we did not
apply the mT2 distributions to their originally intended
use i.e. extracting masses from endpoints and kinks,
and we applied our mT2 ratios to data sets 100 times
smaller than used in previous studies. Nevertheless we
found that the mT2 ratios are among our best dis-
criminators. One of the most important features of the
mT2 ratios is that to first approximation they do not
depend on the spins of the parent particles. Since ra-
tios based on more traditional kinematic distributions
like HT and Meff have a large dependence on the spins
of the parent particles, comparing mT2 ratios to these
ratios is a powerful discriminator for spin.
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LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52

DiJet

r(mT2-400) 0.32 0.12 7.89
r(mT2-300) 0.64 0.32 7.79
r(DiJet) 0.11 0.22 5.94

TriJet

r(mT2-300) 0.62 0.19 10.96
r(mT2-400) 0.34 0.07 10.91
r(TriJet) 0.06 0.15 5.94

Muon20

r(mT2-400) 0.38 0.14 5.03
r(mT2-300) 0.72 0.42 4.30
r(Meff1400) 0.10 0.34 3.50

Table 35. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52
r(Meff1400) 0.11 0.25 7.24
r(M1400) 0.07 0.19 6.57
r(mT2-300) 0.75 0.54 6.26
r(mT2-400/300) 0.58 0.40 5.77
r(HT900) 0.13 0.24 5.67
r(M1800) 0.02 0.07 4.82
r(MET420) 0.48 0.37 4.32

Table 36. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

for NM4 represented by r(Meff1400), r(M1400) and
r(HT900) are all too hard, with > 5σ significance.

The other impressive feature of these tables is that
with 1000 pb−1 we acquire several highly discriminat-
ing ratios in the DiJet and TriJet boxes. With real data
this would provide an impressive redundancy of cross-
checks, still within the original design of our look-alike
analysis.

The large number of independent highly discrimi-
nating robust ratios seen here provide a powerful tool
to resolve SUSY look-alikes from non-SUSY look-alikes.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49

DiJet

r(4j)(3j) 0.20 0.67 7.30
r(mT2-300) 0.72 0.31 6.73
r(mT2-400) 0.53 0.22 6.26

TriJet

r(mT2-500) 0.20 0.04 8.83
r(mT2-300) 0.68 0.32 7.43
r(mT2-400) 0.53 0.22 7.18

Muon20

r(mT2-300) 0.84 0.35 1.57
r(mT2-400) 0.60 0.24 1.32

Table 37. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49
r(mT2-600) 0.05 0.01 14.11
r(mT2-500/300) 0.32 0.12 11.17
r(mT2-500/400) 0.43 0.19 9.77
r(mT2-600/300) 0.06 0.01 9.77
r(mT2-400) 0.63 0.40 8.46
r(MET320) 0.78 0.53 8.17

Table 38. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

C Comparison of squark production with
heavy quark production

C.1 smuon production versus muon production

Let’s compare the QED processes e+e− → µ+µ− and
e+e− → µ̃R

¯̃µR. We will use the conventions and no-
tation of Peskin and Schroeder (PS) [84], and work in
the approximation that the electron and positron are
massless. In this notation p and p′ denote the incom-
ing 4-momenta of the electron and positron, while k
and k′ denote the outgoing 4-momenta of the muons
or smuons. The photon 4-momentum is denoted by
q = p+p′. We will use m interchangably to denote the
mass of the muon or smuon.
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don’t match: the ratio r(4j)(3j) is almost twice as large
for CS7 as for the “data”, a 4σ discrepancy with 100
pb−1.

Figures 27 and 28 demonstrate the robustness of
these results, by showing the breakdown of the exper-
imental and theoretical uncertainties for the relevant
ratios. With the exception of r(4j)(3j), the uncertain-
ties on all of the ratios that we have been discussing
are completely dominated by the low statistics of our
small “data” sample. Thus, for example, doubling the
pdf uncertainties would not alter any of the conclu-
sions reached above.

It seems unlikely that our SUSY diehard can fix
up a SUSY candidate to falsely explain the non-SUSY
“data”, while surviving the scrutiny of our look-alike
analysis. This applies even for small data sets on the
order of a few hundred inverse picobarns. The key ob-
servation is that although SUSY models have many
adjustable parameters, the number of adjustable pa-
rameters relevant to this look-alike analysis is small
compared to the number of robust discriminators.

LH2 vs. NM4 [100 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 4.87
r(mT2-400) 0.44 0.21 4.84
r(mT2-300) 0.75 0.54 3.49
r(Meff1400) 0.11 0.25 2.99
r(mT2-500/300) 0.21 0.09 2.98
r(M1400) 0.07 0.19 2.69
r(mT2-400/300) 0.58 0.40 2.48
r(HT900) 0.13 0.24 2.34
r(MET420) 0.48 0.37 2.00
r(mT2-500/400) 0.36 0.22 1.47

Table 21. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.

9 Discussion and outlook

We have presented a concrete strategy for determining
the underlying theory model of an early missing energy
discovery at the LHC. Applying this look-alike analy-
sis to a realistic simulation, we were able to distinguish
a non-SUSY model from its SUSY look-alikes essen-
tially at the moment of discovery, with little more than
100 pb−1 of integrated luminosity. In 23 of 26 pair-
wise comparisons, mostly SUSY with SUSY, we were
able to discriminate look-alikes at better than 5σ sig-
nificance with at least one robust observable and 1000
pb−1 or less of integrated luminosity. Even in the three
cases with the worst discrimination we found strong
hints of the key properties of the underlying model;

LH2 vs. CS7 [100 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 6.68
r(MET420) 0.48 0.20 6.49
r(MET520) 0.21 0.07 5.06
r(MET320) 0.78 0.53 4.29
r(mT2-500/300) 0.32 0.12 4.24
r(4j)(3j) 0.36 0.61 4.04
r(mT2-400) 0.63 0.40 4.00
r(mT2-300) 0.85 0.62 3.55
r(mT2-500/400) 0.43 0.19 3.52
r(Hem1) 0.79 0.63 2.59

Table 22. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.
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Fig. 27. Breakdown of estimated uncertainties for dis-
criminating ratios with 100 pb−1, in the comparison of
look-alike models LH2 and NM4, with LH2 treated as the
“data”.

these would be confirmed with more data and/or by
our improving the look-alike analysis.

One surprise of our study (at least to us) was the
sensitivity and robustness of the ratios based on the
stransverse mass mT2. Keep in mind that we did not
apply the mT2 distributions to their originally intended
use i.e. extracting masses from endpoints and kinks,
and we applied our mT2 ratios to data sets 100 times
smaller than used in previous studies. Nevertheless we
found that the mT2 ratios are among our best dis-
criminators. One of the most important features of the
mT2 ratios is that to first approximation they do not
depend on the spins of the parent particles. Since ra-
tios based on more traditional kinematic distributions
like HT and Meff have a large dependence on the spins
of the parent particles, comparing mT2 ratios to these
ratios is a powerful discriminator for spin.
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LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52

DiJet

r(mT2-400) 0.32 0.12 7.89
r(mT2-300) 0.64 0.32 7.79
r(DiJet) 0.11 0.22 5.94

TriJet

r(mT2-300) 0.62 0.19 10.96
r(mT2-400) 0.34 0.07 10.91
r(TriJet) 0.06 0.15 5.94

Muon20

r(mT2-400) 0.38 0.14 5.03
r(mT2-300) 0.72 0.42 4.30
r(Meff1400) 0.10 0.34 3.50

Table 35. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52
r(Meff1400) 0.11 0.25 7.24
r(M1400) 0.07 0.19 6.57
r(mT2-300) 0.75 0.54 6.26
r(mT2-400/300) 0.58 0.40 5.77
r(HT900) 0.13 0.24 5.67
r(M1800) 0.02 0.07 4.82
r(MET420) 0.48 0.37 4.32

Table 36. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

for NM4 represented by r(Meff1400), r(M1400) and
r(HT900) are all too hard, with > 5σ significance.

The other impressive feature of these tables is that
with 1000 pb−1 we acquire several highly discriminat-
ing ratios in the DiJet and TriJet boxes. With real data
this would provide an impressive redundancy of cross-
checks, still within the original design of our look-alike
analysis.

The large number of independent highly discrimi-
nating robust ratios seen here provide a powerful tool
to resolve SUSY look-alikes from non-SUSY look-alikes.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49

DiJet

r(4j)(3j) 0.20 0.67 7.30
r(mT2-300) 0.72 0.31 6.73
r(mT2-400) 0.53 0.22 6.26

TriJet

r(mT2-500) 0.20 0.04 8.83
r(mT2-300) 0.68 0.32 7.43
r(mT2-400) 0.53 0.22 7.18

Muon20

r(mT2-300) 0.84 0.35 1.57
r(mT2-400) 0.60 0.24 1.32

Table 37. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49
r(mT2-600) 0.05 0.01 14.11
r(mT2-500/300) 0.32 0.12 11.17
r(mT2-500/400) 0.43 0.19 9.77
r(mT2-600/300) 0.06 0.01 9.77
r(mT2-400) 0.63 0.40 8.46
r(MET320) 0.78 0.53 8.17

Table 38. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

C Comparison of squark production with
heavy quark production

C.1 smuon production versus muon production

Let’s compare the QED processes e+e− → µ+µ− and
e+e− → µ̃R

¯̃µR. We will use the conventions and no-
tation of Peskin and Schroeder (PS) [84], and work in
the approximation that the electron and positron are
massless. In this notation p and p′ denote the incom-
ing 4-momenta of the electron and positron, while k
and k′ denote the outgoing 4-momenta of the muons
or smuons. The photon 4-momentum is denoted by
q = p+p′. We will use m interchangably to denote the
mass of the muon or smuon.

LH2 versus CS7: though a look-alike of LH2, CS7 is almost 100% gluino 
pair production, which is qualitatively quite different

Meff and HT do not discriminate, but mT2 does;
also the CS7 gluino events have higher jet multiplicity and are more 
symmetrical between hemispheres than the LH2 “data”



did we prove that the signal was non-SUSY?

• no

• but we got clues about the underlying theory model 
at, or close to, the moment of discovery

• part of this guidance traces back to the spins of the 
parent partners in the 2->2 process

• mT2 is very helpful is this regard, because to first 
approximation the mT2 ratios don’t care about the 
spin of the parents, while the other kinematic 
observables do care



ongoing improvements

• mT2 on steroids

• mapping theory space

• what about those neutrinos?

• NLO signals

• the LHC background look-alike problem



mT2 on steroids

• many improvements of mT2

• the mT2 upper endpoint as a function of m_dm has 
a “kink”at the true value of m_dm

• can generalize mT2 to intermediate particles in sub-
decay chains

• can find new mT2-like observables, e.g. shat_min

W.S Cho, K. Choi, Y.G Kim, C.B. Park, arXiv:0709.0288

P. Konar, KC Kong, K. Matchev, arXiv:0812.1042

M. Burns, KC Kong, K. Matchev, M. Park, arXiv:0810.5576



mapping theory space

• don’t know how to parametrize the theory space of 
viable BSM models that can produce missing energy 
signals at the LHC

• but at LHC startup the problem is much easier, 
because we can coarse-grain the theory space

• not crazy to try to simulate all known possibilities 
on a unified platform, e.g. Madgraph



mapping theory space

• the Cornell group improved on our look-alike 
analysis by doing a scan over Little Higgs models

• they get worse results

• however most of the difference could be because 
they didn’t use mT2 in their analysis

G. Hallenbeck, M. Perelstein, C. Spethmann, J. Thom, J. Vaughan, arXiv:0812.3135



mapping theory space

• another approach is to introduce a stripped-down set of 
simplified models, “OSETs”, characterized by just a 
couple of masses and branching ratios

• this is certainly simple, and an event generator exists

• but it is a shame to give up the matrix element 
information, even at LHC startup

J. Alwall, P. Schuster, N. Toro, arXiv:0810.3921



what about those neutrinos?

• Chang and de Gouvea have constucted a number of 
models with new pair-produced heavy particles 
whose dominant decay modes have large missing 
energy...

• ...but all the missing energy is from neutrinos

S. Chang and A. de Gouvea, arXiv:0901.4796



• a simple not-SUSY example is a leptoquark doublet

• assume that the -1/3 LQ is lighter than the +2/3 LQ

• EWPT want the mass difference to be <~ 50 GeV

• if the coupling is small enough, the +2/3 LQ decays 
primarily to the -1/3 LQ + W*

• and the -1/3 LQ decays to a d and an antineutrino

2

˜SM

LSP

SM

˜SM

LSP

SM

n ν

ii)

˜SM

ν

SM
i)

FIG. 1: Different decay modes of new, charged/colored heavy

degrees of freedom gSM. The left panel depicts the “standard”
BSM scenario with a WIMP candidate where gSM → SM+LSP
(LSP is a new collider-stable particle). The right panels depict
different manifestations of fake dark matter. In i) the role
of the LSP is played by a neutrino while in ii) the LSP is
unstable, decaying into n neutrinos.

II. FAKE DARK MATTER

The traditional WIMP signature we will attempt to
mimic, with fake dark matter (FDM), is depicted in
Fig. 1(left): a new colored/charged degree of freedom

(S̃M) is produced at a collider, promptly decaying into
standard model degrees of freedom (denoted by SM) plus
a collider stable particle (LSP).1 Since most BSMs ensure
the stability of DM via a parity-like symmetry (e.g., R-
parity), such new states are often pair-produced, yielding
two such cascades in every event.

The FDM scenarios we wish to study fall into two dis-
tinct classes. In the first class, depicted in Fig. 1(top-
right), the phenomenology is very similar to the WIMP
cascade-case, but the LSP is replaced by a neutrino.
Thus the neutrino plays the role of what looks like the
true LSP. In the second class, depicted in Fig. 1(bottom-
right), there is a potential LSP candidate that is unsta-
ble and decays into a number of neutrinos within collider
time scales. The first class is more prevalent in the theo-
retical literature, and provides the most handles as far as
disentangling fake from real dark matter. On the other
hand, the second class seems to be rarer but is potentially
more difficult to debunk.

We will restrict our discussion to experimentally

1 We warn readers that given its familiarity and our inability to
avoid it, we will often use SUSY lingo and analogies in our dis-
cussions, even when the discussion does not specifically apply to
a supersymmetric extension of the SM.

“tricky” manifestations of FDM where the event sam-
ple with Emiss

T cannot be easily identified with neutrino
production. For this purpose, we define two FDM re-
quirements. Our first requirement for FDM is that the
new physics should not lead to too many events with
little or no missing energy. If the new physics leads
to a large sample with little or no missing energy, we
assume that it will be rendered distinct enough for ex-
perimental analyses to associate the Emiss

T to neutrinos,
either through reconstructing mass peaks or event count-
ing. This eliminates, for example, scenarios where new
particles cascade-decay to SM particles through W or Z-
bosons and the source of large Emiss

T are neutrinos from
W/Z-boson decays. Such scenarios can be identified ex-
perimentally by comparing the relative size of different
event samples with the hypothesis that zero, one, and
two electroweak gauge bosons have decayed into neutri-
nos. The constraints due to this requirement on FDM
models will become clear in the next section.

The other of our FDM requirements is the absence of
displaced vertices. The presence of displaced vertices of-
ten makes event reconstruction easier and will reveal that
one is not dealing with a characteristic collider-stable
WIMP signature. For example, displaced vertices are
commonly associated with super weakly interacting mas-
sive particles that are not thermal relics [10]. We will also
comment on this requirement in the upcoming section.

III. EXAMPLES OF FAKE DARK MATTER

Here we discuss examples of scenarios that may lead
to an FDM signal.

A. WIMPless New Physics – Leptoquark FDM

Before discussing complete BSMs, it is instructive to
present a simple FDM scenario. This can be accom-
plished by adding to the SM a new heavy charged degree
of freedom whose decay into SM particles always contains
neutrinos.

We will consider one scalar SU(2)L-doublet leptoquark
[1], Xd,2 which couples to standard model fermions via

λdXdd
cL. (1)

Here L = (", ν)T , dc are the left-chiral SU(2)L lep-
ton doublet and down-type antiquark singlet, respec-

2 A very similar picture can be drawn with a (3, 2)+7/6 leptoquark
Xu which couples to SM fields via λuXuucL, where uc is the up-
type antiquark singlet field. In this case, we would also need to
impose that the coupling associated to the interaction X∗

uecQ,
where Q and ec are the left-chiral SU(2)L quark doublet and
antilepton singlet respectively, is significantly smaller than λu

in order to construct an FDM scenario with few events with no
missing energy.

S. Chang and A. de Gouvea, arXiv:0901.4796



• they also have SUSY versions with R-parity violation, 
right-handed neutrinos, low scale see-saw, etc

• these are all models in which neutrinos fake the 
“smoking gun” signature of WIMP dark matter

• can we tell that the missing energy comes from 
pairs of (nearly) massless neutrinos?

S. Chang and A. de Gouvea, arXiv:0901.4796



• mT2 on steroids is the obvious way to do this

• a good warm-up is to look at ttbar production: what 
upper bound can we put on the neutrino masses in 
ttbar dilepton samples?

• in a simulation, Chang and de Gouvea got 17 GeV

• increase the top mass to 400 GeV and the upper 
bound gets worse:  46 GeV

S. Chang and A. de Gouvea, arXiv:0901.4796



NLO signals

• NLO corrections have a strong effect on the signal cross 
sections; for SUSY, included already in Group 1 using 
Prospino2; for LH, can fake it using MCFM

• affects the shapes of the squark/gluino/heavy quark pT 
distributions, but the effects are pretty small; probably OK to 
just determine the error bar

• needed for correct modeling of extra hard jet emission

e.g. W. Beenakker, R. Hopker, M. Spira, P. Zerwas
S. Dawson, RK Ellis, P. Nason

J. Alwall, M-P Le, M. Lisanti, J. Wacker et al, arXiv:0809.3264



the LHC background look-alike problem

• in order to make a missing energy discovery at LHC, 
we first have to sort out the relevant SM backgrounds

• ttbar, Z+jets, W+jets, and QCD

• need to calibrate these without normalizing away any 
possible signals

• this is a complicated bootstrapping problem



• we are at the beginning of a new era

• new ideas for understanding the LHC data are coming from all directions

• expect the unexpected

beginning


