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g̃χ̃

How does the LHC cast the widest net 
possible for new physics?



Jets + MET

Dark Matter
Wimp Miracle: DM a thermal relic if

mass is 100 GeV to 1 TeV

Usually requires a dark sector
that frequently contains new colored particles

Large production rates 
Reason to be optimistic for seeing excesses



Outline

Jets + MET Simplified Models

Early ATLAS results and interpretations

Prospects for 1 fb−1



Captures many specific models (MSSM, UED, etc)

Simplified Models

Easy to notice & explore kinematic limits

Limits of specific theories

Models are created to solve problems or demonstrate mechanisms
Realistic ones tend to be complicated and most details are irrelevant for 

searches

Only keep particles and couplings relevant for searches

Simplified Model: Minimal particle content and free parameters



Two Simplified Models
pp → �g�g

Alwall, Le, Lisanti, Wacker. 
arXiv:0809.3264, arXiv0803.0019

Alwall, Schuster, Toro.
arXiv:0810.3921

�g

�χ0

“Gluino” Directly Decaying to LSP

�g → qq̄�χ0

Free parameters     
meg meχ0 B × σpp→egeg

Mass of produced particle Mass of invisible particle Cross section x Branching Ratio

�g

�χ0

g̃ → gχ0

3 body decay 2 body decay
(e.g. heavy squarks) (e.g. gauge mediation w/ squarks)



mSugra has “Gaugino Mass Unification”

mg̃ : mW̃ : mB̃ = α3 : α2 : α1 � 6 : 2 : 1

g̃

�W

B̃

q̃

�̃

H

H̃

h

Benchmarks miss some important kinematics

Lack of diversity (contrast with pMSSM)
Berger, Gainer, Hewett, Rizzo. arXiv:0812.0980,1009.2539



ATLAS NOTE
ATLAS-CONF-2010-065

20 July, 2010

Early supersymmetry searches in channels with jets and missing
transverse momentum with the ATLAS detector

ATLAS collaboration

Abstract

This note describes a first set of measurements of supersymmetry-sensitive variables in
the final states with jets, missing transverse momentum and no leptons from the

√
s= 7 TeV

proton-proton collisions at the LHC. The data were collected during the period March 2010
to July 2010 and correspond to a total integrated luminosity of 70±8nb−1. We find agree-
ment between data and Monte Carlo simulations indicating that the Standard Model back-
grounds to searches for new physics in these channels are under control.
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First Search for SUSY



Sets limit on 
σ(pp→ g̃g̃X) �

3+j + ET�

2

Cut Topology 1j + ET� 2+j + ET� 3+j + ET� 4+j + ET�
1 pT1 > 70GeV > 70GeV > 70GeV > 70GeV

2 pTn ≤ 30GeV > 30GeV(n = 2) > 30GeV(n = 2, 3) > 30GeV(n = 2− 4)

3 ET� EM > 40GeV > 40GeV > 40GeV > 40GeV

4 pT � ≤ 10GeV ≤ 10GeV ≤ 10GeV ≤ 10GeV

5 ∆φ(jn, ET� EM) none [> 0.2, > 0.2] [> 0.2, > 0.2, > 0.2] [> 0.2, > 0.2, > 0.2, none]

6 ET� EM/Meff none > 0.3 > 0.25 > 0.2

NPred 46+22

−14
6.6 ± 3.0 1.9 ± 0.9 1.0 ± 0.6

NObs 73 4 0 1

σ(pp→ g̃g̃X)�|95% C.L. 663 pb 46.4 pb 20.0 pb 56.9 pb

TABLE I: Searches in [1] used to set limits in this article. The 95% C.L. on the production cross section times efficiency of the
cuts, σ(pp→ g̃g̃X)�, derive from folding in the uncertainties in the luminosity and background.

which can be generated by integrating out a color triplet
scalar. The lifetime of g̃ is approximately

Γg̃ �
(mg̃ −mχ)5

4πΛ4
(2)

which leads to a prompt decay so long as Λ <∼ 10 TeV
for mg̃

>∼ mχ + 10 GeV. There is no a priori relation
between the masses of χ or g̃. χ may be very light without
any constraints arising from LEP, and the only model
independent constraint on g̃ is that it should be heavier
than 51 GeV.

Models with approximate g̃-χ mass degeneracy are par-
ticularly challenging for jet plus ET� searches. In this case,
the decay products of g̃ are soft and not particularly spec-
tacular. In the degenerate limit, the most efficient way
to detect g̃ production is by looking for radiation of addi-
tional jets along with the pair of g̃. At the Tevatron, pair
produced g̃’s plus radiation gives rise to events with low
multiplicity jets plus ET� . In particular, monojet searches
can be effective at discovering these topologies [8]. How-
ever, monojet searches are typically exclusive and place
poor bounds away from the degenerate limit. For in-
stance, CDF places a second jet veto of ET j2 ≤ 60 GeV
and a third jet veto of ET j3 ≤ 20 GeV [20]. As the
mass difference between g̃ and χ increases, the efficiency
of such cuts diminishes. In the non-degenerate limit,
the most suitable searches have higher jet multiplicity.
However, the cuts applied on the monojet and multi-
jet searches performed are sufficiently strong that they
leave a gap in the coverage of the intermediate mass-
splitting region [8]. The present bound on mg̃ only ex-
tends above 130 GeV for mχ

<∼ 100 GeV. The LHC cross
section for gluinos just above this limit is of the order of
a few nanobarns. Therefore, limits can be improved with
remarkably low luminosity and early discovery is poten-
tially achievable. Unfortunately, no excesses are observed
in [1], so only new limits can be inferred.

In this work, the efficiencies of the cuts applied by
ATLAS’ recent search are extracted through a Monte
Carlo study. These efficiencies depend on mg̃ and mχ

and are necessary to calculate limits. The signal is

calculated using MadGraph 4.4.32 [9], matching parton
shower (PS) to additional radiation generated through
matrix elements (ME) using the MLM PS/ME match-
ing prescription from [10]. In the region where g̃ and
χ are nearly-degenerate, the additional radiation is cru-
cial in determining the shape of the ET� distribution and
hence how efficiently the signal is found. A matching
scale of Qcut = 100 GeV is adopted for the signal and
the matrix elements for the following subprocesses are
generated: 2g̃ + 0j, 2g̃ + 1j and 2g̃ + 2+

j. When per-
forming MLM matching all higher multiplicity jet events
are generated through parton showering.

The parton showering is performed in PYTHIA 6.4 [11].
PYTHIA also decays g̃ → qq̄χ, hadronizes the events and
produces the final exclusive events. These events are then
clustered using a cone-jet algorithm with R = 0.7 with
PGS4 [12] which also performs elementary fiducial vol-
ume cuts and modestly smears the jet energy using the
ATLAS-detector card.

ATLAS’ search does not use proper ET� in their analy-
sis, instead it uses missing energy at the electromagnetic
scale, ET� EM. The relation between ET� and ET� EM is
shown in Fig. 7 of [13] and is approximated as

ET� EM �
ET�

1.5−HT /2100 GeV
, (3)

where HT is the sum of the energies of the jets in the
event. This effectively raises the ET� cut to approximately
50 GeV.

In order to validate this modeling of ET� EM, the SU4
mSUGRA model shown in [1] is reproduced. The SUSY
Les Houches Accord parameter card [14] for SU4 is cre-
ated with a spectrum calculated with SuSpect 2.41 [15]
which matches the spectrum reported in [16] to 5% accu-
racy. The decay card for SU4 is calculated with SDECAY

[17], interfaced with SUSY-HIT [18], and finally the cross
sections are generated with MadGraph and decayed, show-
ered and hadronized in PYTHIA. The total SUSY produc-
tion cross section is normalized to the NLO value used
in [1] in order to compare efficiencies and shapes of dis-
tributions.

effective for most of  parameter space

efficiency for passing cuts
L = 70 nb−1



Madgraph Pythia PGS→ → → Cuts

(MLM matched)

pp→ g̃g̃+ ≤ 2j

�g → qq��χ± → qq�(W ∗χ0)

�g → qq̄�χ0

Sensitivity Estimate
How well does this search do on general models?

Challenge is calculating efficiencies for passing cuts

Radiation important
for degenerate spectra

Fraction of events
passing cuts� =

σ ≤ NMax Sig

L �
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Putting it all together
g̃ → χqq̄

Shaded contours are maximum cross section allowed
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Putting it all together
g̃ → χqq̄

Tevatron expected

Shaded contours are maximum cross section allowed
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Putting it all together
g̃ → χqq̄

Tevatron expected

σprod = σQCD-NLO

g̃

Shaded contours are maximum cross section allowed
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Putting it all together
g̃ → χqq̄

Tevatron expected

σprod = σQCD-NLO

g̃

σprod = 3σQCD-NLO

g̃

Shaded contours are maximum cross section allowed
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Putting it all together
g̃ → χqq̄

Tevatron expected

σprod = σQCD-NLO

g̃

σprod = 3σQCD-NLO

g̃

σprod = 0.1σQCD-NLO

g̃

Shaded contours are maximum cross section allowed
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Putting it all together
g̃ → χqq̄

Tevatron expected

σprod = σQCD-NLO

g̃

σprod = 3σQCD-NLO

g̃

σprod = 0.1σQCD-NLO
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mSUGRA benchmark

Shaded contours are maximum cross section allowed
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Tevatron expected

Putting it all together
g̃ → χqq̄

For 100% branching ratio, the reach is extended



Going Forward to 1fb-1

2

Cut Topology 1j + ET� 2+
j + ET� 3+

j + ET� 4+
j + ET�

1 pT1 > 70GeV > 70GeV > 70GeV > 70GeV

2 pTn ≤ 30GeV > 30GeV(n = 2) > 30GeV(n = 2, 3) > 30GeV(n = 2− 4)

3 ET� EM > 40GeV > 40GeV > 40GeV > 40GeV

4 pT � ≤ 10GeV ≤ 10GeV ≤ 10GeV ≤ 10GeV

5 ∆φ(jn, ET� EM) none [> 0.2, > 0.2] [> 0.2, > 0.2, > 0.2] [> 0.2, > 0.2, > 0.2, none]

6 ET� EM/Meff none > 0.3 > 0.25 > 0.2

NPred 46+22

−14
6.6 ± 3.0 1.9 ± 0.9 1.0 ± 0.6

NObs 73 4 0 1

σ(pp→ g̃g̃X)�|95% C.L. 663 pb 46.4 pb 20.0 pb 56.9 pb

TABLE I: Searches in [1] used to set limits in this article. The 95% C.L. on the production cross section times efficiency of the
cuts, σ(pp→ g̃g̃X)�, derive from folding in the uncertainties in the luminosity and background.

Cut Topology 1j + ET� 2+
j + ET� 3+

j + ET� 4+
j + ET�

1 pT1 > 100GeV > 100GeV > 100GeV > 100GeV

2 pTn ≤ 50GeV > 50GeV > 50GeV > 50GeV

3 ET�
4 HT

5 ET� /Meff none > 0.3 > 0.25 > 0.2

TABLE II: Searches in [1] used to set limits in this article. The 95% C.L. on the production cross section times efficiency of
the cuts, σ(pp→ g̃g̃X)�, derive from folding in the uncertainties in the luminosity and background.

which can be generated by integrating out a color triplet

scalar. The lifetime of g̃ is approximately

Γg̃ �
(mg̃ −mχ)

5

4πΛ4
(2)

which leads to a prompt decay so long as Λ <∼ 10 TeV

for mg̃
>∼ mχ + 10 GeV. There is no a priori relation

between the masses of χ or g̃. χ may be very light without

any constraints arising from LEP, and the only model

independent constraint on g̃ is that it should be heavier

than 51 GeV.

Models with approximate g̃-χ mass degeneracy are par-

ticularly challenging for jet plus ET� searches. In this case,

the decay products of g̃ are soft and not particularly spec-

tacular. In the degenerate limit, the most efficient way

to detect g̃ production is by looking for radiation of addi-

tional jets along with the pair of g̃. At the Tevatron, pair

produced g̃’s plus radiation gives rise to events with low

multiplicity jets plus ET� . In particular, monojet searches

can be effective at discovering these topologies [8]. How-

ever, monojet searches are typically exclusive and place

poor bounds away from the degenerate limit. For in-

stance, CDF places a second jet veto of ET j2 ≤ 60 GeV

and a third jet veto of ET j3 ≤ 20 GeV [20]. As the

mass difference between g̃ and χ increases, the efficiency

of such cuts diminishes. In the non-degenerate limit,

the most suitable searches have higher jet multiplicity.

However, the cuts applied on the monojet and multi-

jet searches performed are sufficiently strong that they

leave a gap in the coverage of the intermediate mass-

splitting region [8]. The present bound on mg̃ only ex-

tends above 130 GeV for mχ
<∼ 100 GeV. The LHC cross

section for gluinos just above this limit is of the order of

a few nanobarns. Therefore, limits can be improved with

remarkably low luminosity and early discovery is poten-

tially achievable. Unfortunately, no excesses are observed

in [1], so only new limits can be inferred.

In this work, the efficiencies of the cuts applied by

ATLAS’ recent search are extracted through a Monte

Carlo study. These efficiencies depend on mg̃ and mχ

and are necessary to calculate limits. The signal is

calculated using MadGraph 4.4.32 [9], matching parton

shower (PS) to additional radiation generated through

matrix elements (ME) using the MLM PS/ME match-

ing prescription from [10]. In the region where g̃ and

χ are nearly-degenerate, the additional radiation is cru-

cial in determining the shape of the ET� distribution and

hence how efficiently the signal is found. A matching

scale of Qcut = 100 GeV is adopted for the signal and

the matrix elements for the following subprocesses are

generated: 2g̃ + 0j, 2g̃ + 1j and 2g̃ + 2
+j. When per-

forming MLM matching all higher multiplicity jet events

are generated through parton showering.

The parton showering is performed in PYTHIA 6.4 [11].

PYTHIA also decays g̃ → qq̄χ, hadronizes the events and

produces the final exclusive events. These events are then

clustered using a cone-jet algorithm with R = 0.7 with

PGS4 [12] which also performs elementary fiducial vol-

ume cuts and modestly smears the jet energy using the

ATLAS-detector card.

How sensitive are searches to 

Optimize cuts ET�HT for simplified models



Strategy Strategies

Find the minimal set of searches  (HT,i, ET� i)

covering the parameter space for simplified models

L
=

1000
pb
−

1

i.e. These contours are the optimal searches we found
How many different searches are necessary to cover it?
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An Example
g̃ → χqq̄

ET� > 100 GeV
HT > 500 GeV
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An Example
g̃ → χqq̄

ET� > 150 GeV
HT > 250 GeV
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An Example
g̃ → χqq̄

ET� > 200 GeV
HT > 500 GeV



200 400 600 800
0

200

400

600

800

mg� �GeV�

m
Χ
�GeV

�
MET�200, HT �750

An Example
g̃ → χqq̄

ET� > 200 GeV
HT > 750 GeV
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An Example
g̃ → χqq̄

ET� > 250 GeV
HT > 1000 GeV
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An Example
g̃ → χqq̄

ET� > 300 GeV
HT > 400 GeV
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An Example
g̃ → χqq̄

ET� > 300 GeV
HT > 800 GeV
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An Example
g̃ → χqq̄

ET� > 400 GeV
HT > 550 GeV
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Answer:

g̃ → χqq̄

ET� > 100 GeV
HT > 500 GeV

ET� > 150 GeV
HT > 250 GeV

ET� > 200 GeV
HT > 500 GeV

ET� > 200 GeV
HT > 750 GeV

ET� > 250 GeV
HT > 1000 GeV
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8 searches
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Answer:

g̃ → χqq̄

σBr = σQCD−NLO

ET� > 100 GeV
HT > 500 GeV

ET� > 150 GeV
HT > 250 GeV
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HT > 750 GeV
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HT > 550 GeV

8 searches
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Answer:

g̃ → χqq̄

σBr = σQCD−NLO

σBr = 0.3 ∗ σQCD−NLO

ET� > 100 GeV
HT > 500 GeV

ET� > 150 GeV
HT > 250 GeV

ET� > 200 GeV
HT > 500 GeV

ET� > 200 GeV
HT > 750 GeV

ET� > 250 GeV
HT > 1000 GeV

ET� > 300 GeV
HT > 400 GeV

ET� > 300 GeV
HT > 800 GeV

ET� > 400 GeV
HT > 550 GeV

8 searches



Lessons Learned

Simplified models require broadening 
acceptances of Jets and MET searches

 Early LHC searches are capable 
of reaching uncharted territory

Every update has the potential for discovery!

Other simplified models to be studied
squarks (particularly for matching)

heavy flavor, 
longer cascade decays,

lepton rich decays chains, 
etc.



Thank You



Back Up Slides



Matching: An Example

150 GeV particle going to 140 GeV LSP and 2 jets

In rest frame of each gluino: 
two 3 GeV “jets” and a LSP with 3 GeV momentum

j1

j2

j3

j4

B̃
B̃

g̃
g̃

ET�

j1

j2

j3
j4

Parton level Detector level

Obscured by QCD with 
√

ŝBG ∼ 20 GeV

j1j2

B̃

g̃



Radiate off additional jet

q q̄

g̃ g̃g

j1

j2

j3

j4

g̃
g̃

B̃

B̃

j5

j1

j2

ET�
j3

Unbalances momentum of gluinosRadiation
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Matching
g̃ → χqq̄



One Step Decays

�χ±

�g

�χ0

�g → qq��χ± → qq�(W ∗χ0)
Free parameters     

meg meχ0 mχ±B × σpp→egeg



Second Example
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�g → qq��χ± → qq�(W ∗χ0)



Second Example
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Second Example

200 400 600 800
0

200

400

600

800

mg� �GeV�

m
Χ
�GeV

�
points missed by these cuts: 0
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Cascade Decays

g̃ → qq̄�χ± → qq̄� (χ0 W±(∗))

Harder to see these events, lower MET, higher HT

Chose a slice through the parameter space

Missing energy changes dramatically between

W± vs W±∗

mχ0

pχ0

mχ± = mχ0 + mW±

W W ∗

mχ± = mχ0 +
1
2
(meg −mχ0)
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How we used this result
Ns = L σ(pp→ g̃g̃X) �(mg̃, mχ)

P (Ns+b ≤ Nobs) ≥ 5%

P (Ns+b ≤ Nobs) =
Nobs�

n

Poisson(n; Ns+b)

Poisson(n; λ) =
λn

n!
e−λ



How we used this result
Ns = L σ(pp→ g̃g̃X) �(mg̃, mχ)

P (Ns+b ≤ Nobs) ≥ 5%

P (Ns+b ≤ Nobs) =
Nobs�

n

Poisson(n; Ns+b)

Poisson(n; λ) =
λn

n!
e−λ
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µ = 1.9
σ = 0.9

Fold in uncertainties:
�

dL f �(L;µL, σL)· L = 70± 8 nb−1

Nb 3+j = 1.9± 0.9

Normal distribution

Log Normal distribution (keeps background positive)

�
dNB f(Nb;µb,σb)·



3 jet channel most important

Best limit on cross section
σ3+j � ≤ 20 pb σ4+j � ≤ 57 pbvs

Efficiency lower to get 4 jets with pT > 30 GeV

for (mg̃, mχ) � (300, 0) GeV

Ej ∼ 100 GeV

only 50% of the events that pass pT j3 > 30 GeV,
pass pT j4 >30 GeV

leads to jet with energies of



Our validation procedure
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PGS MET mock up

• If a jet has 90% of their energy contained in fewer than six cells and less than 5% of their
energy in the electromagnetic calorimeter it is consistent with the signal from cosmic ray or
beam halo muons. Events containing such jets are vetoed in the monojet channel (defined
later in Section 5) which would otherwise be sensitive to these effects.

The final cut is designed to remove cosmic ray events and is used only for the monojet channel
which (as discussed in Section 6.2) is the most sensitive to non-collision backgrounds. The com-
bined effect of these cleaning cuts is to remove a fraction approximately 1% of triggered events.
Two jet acceptance cuts are required in addition: pT > 20 GeV and |η | < 2.5. Any jets passing
this loose selection are considered when applying the object identification described in Section 4.2.
Higher pT cuts are required for jets entering the final selections described in Section 5.

Electrons are reconstructed and identified with the medium-purity cuts defined in Ref. [29] and are
required to be isolated in the calorimeter. The electron isolation criterion is that the calorimeter
energy around the electron is required to be less than 10GeV within a cone of radius !R= 0.2. In
addition to those cuts, the pT of electrons should exceed 10 GeV and |η | should be less than 2.47.

Muons are reconstructed by an algorithm which performs a combination of a track reconstructed in the
muon spectrometer with its corresponding track in the inner detector [24].
In order to select isolated muons, the total calorimeter energy within a cone of radius !R = 0.2
around the muon should be less than 10 GeV. Finally the acceptance cuts of pT > 10 GeV and
|η | < 2.5 are used.

Missing transverse momentum is computed from calorimeter cells belonging to topological clusters
at the electromagnetic scale [30]. No corrections for the different calorimeter response of hadrons
and electrons/photons or for dead material losses are applied. The transverse missing momentum
components are defined by

Emissx ≡ −
Ncell

"
i=1

Ei sinθi cosφi

Emissy ≡ −
Ncell

"
i=1

Ei sinθi sinφi

EmissT ≡
�

(Emissx )2+
�
Emissy

�2
, (1)

where the sum is over topological cluster cells within the pseudorapidity range |η | < 4.5. In the
following definitions the missing transverse momentum two-vector is defined by

�EmissT ≡ (Emissx , Emissy ). (2)

The performance of the missing transverse momentum reconstruction during the data-taking period
is described in Ref. [30]. Events in which undetectable particles are produced can be expected to
have large EmissT .

4.2 Resolving overlapping objects

When candidates passing the object selection overlap with each other, a classification is required to
remove all but one of the overlapping objects. All overlap criteria are based on the simple geometric
!R=

�
!φ 2+!η2 variable and based on previous studies [24] are applied in the following order:
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The slight loss of sensitivity at lower LSP mass 
from fractional MET cut

f =
ET�

HT + ET�

f > 0.3

f > 0.25

f > 0.2

mχ/mg̃

�
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In limit mχ → mg̃ pχ = Ej,
maximizes f, and drops for lighter LSP
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