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Direct searches
→ Sunil Somalwar’s talk

• Implications of a 125 GeV Higgs for
   the MSSM →Nima’s & Csaba Csaki’s talk
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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What have we learned about the susy 
spectrum after 5 1/fb ?

• 1st & 2nd generation squarks need to be 
heavy > 1.2-1.5 TeV from jets+MET 
searches with 5/fb

• gluino limits above ~900 GeV (also from 
various other channels)

Susy searches
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• 1st & 2nd generation squarks need to be 
heavy > 1.2-1.5 TeV from jets+MET 
searches with 5/fb
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Impact of LSP mass
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While limits are pushed we need to make 
sure that no stone is left unturned: 

• Globally scan SUSY parameter space 
(e.g. pMSSM, e.g. Hewett et al.,1205.5903)

• Modify CMSSM/mSUGRA, … 

• Focus the relevant kinematic features 
(this talk)

• Focus on theoretically-motivated models 
first (also this talk)

talk by H. Rzehak



1st and 2nd generation 
squark limits

work in progress with
Michele Papucci, Josh Ruderman,
Gilad Perez, Rakhi Mahbubani



1st & 2nd geneneration 
squark limits
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Light squarks > 1.4 TeV?

Assumptions? Necessary b/c
of flavor?

What is driving the limit?

Holes in the net?



Do 1st & 2nd gen’ squarks 
have to be degenerate?

• Because of flavor constraints?
Not really.

M

8 dof

(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

spectrum in ATLAS/CMS plots



Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables
Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K
(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K
(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|,⇤D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|,⇤D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

UTfit 08, Isidori, Perez, Nir ‘10→ Gino Isidori’s talk
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structure… 
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• E.g. CPV in K-K mixing, severe constraints:

                               → 

• Generic 1-2 squark mass splittings small

1

⇤2
(s̄RdL)(sLdR) ⇤ > 3.2⇥ 105 TeV

V. SUPERSYMMETRY

Supersymmetric models provide, in general, new sources of flavor violation, for both the quark

and the lepton sectors. The main new sources are the supersymmetry breaking soft mass terms

for squarks and sleptons, and the trilinear couplings of a Higgs field with a squark-antisquark, or

slepton-antislepton pairs. Let us focus on the squark sector. The new sources of flavor violation are

most commonly analyzed in the basis in which the corresponding (down or up) quark mass matrix

and the neutral gaugino vertices are diagonal. In this basis, the squark masses are not necessarily

flavor-diagonal, and have the form

q̃∗Mi(M
2
q̃ )

MN
ij q̃Nj = (q̃∗Li q̃

∗
Rk)



 (M2
q̃ )Lij Aq

ilvq

Aq
jkvq (M2

q̃ )Rkl







 q̃Lj

q̃Rl



 , (5.1)

where M,N = L,R label chirality, and i, j, k, l = 1, 2, 3 are generation indices. (M2
q̃ )L and (M2

q̃ )R

are the supersymmetry-breaking squark masses-squared. The Aq parameters enter in the trilinear

scalar couplings Aq
ijφq q̃Liq̃

∗
Rj, where φq (q = u, d) is the q-type Higgs boson and vq = 〈φq〉.

In this basis, flavor violation takes place through one or more squark mass insertion. Each mass

insertion brings with it a factor of (δqij)MN ≡ (M2
q̃ )

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

[(δqij)MN ]eff ∼ max[(δqij)MN , (δqik)MP (δ
q
kj)PN , . . . , (i↔ j)]. (5.2)

For example,

[(δd12)LR]eff ∼ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1↔ 2)]. (5.3)

Note that the contributions with two or more insertions may be less suppressed than those with

only one.

In terms of mass basis parameters, the (δqij)MM ’s stand for a combination of mass splittings

and mixing angles:

(δqij)MM =
1

m̃2
q

∑

α

(Kq
M )iα(K

q
M )∗jα∆m̃2

qα , (5.4)

where Kq
M is the mixing matrix in the coupling of the gluino (and similarly for the bino and neutral

wino) to qLi−q̃Mα; m̃2
q =

1
3

∑3
α=1 m̃

2
qMα

is the average squark mass-squared, and∆m̃2
qα = m̃2

qα−m̃
2
q.

Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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Generic light flavor squarks

Flavor Bounds (K, D, B, Bs mixing, …) controlled by
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where M,N = L,R label chirality, and i, j, k, l = 1, 2, 3 are generation indices. (M2
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are the supersymmetry-breaking squark masses-squared. The Aq parameters enter in the trilinear

scalar couplings Aq
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In this basis, flavor violation takes place through one or more squark mass insertion. Each mass

insertion brings with it a factor of (δqij)MN ≡ (M2
q̃ )

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

[(δqij)MN ]eff ∼ max[(δqij)MN , (δqik)MP (δ
q
kj)PN , . . . , (i↔ j)]. (5.2)

For example,

[(δd12)LR]eff ∼ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1↔ 2)]. (5.3)
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Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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q ij (δqij)MM 〈δqij〉

d 12 0.03 0.002

d 13 0.2 0.07

d 23 0.6 0.2

u 12 0.1 0.008

TABLE IV: The phenomenological upper bounds on (δqij)MM and on 〈δqij〉, where q = u, d and M = L,R.

The constraints are given for mq̃ = 1 TeV and x ≡ m2
g̃/m

2
q̃ = 1. We assume that the phases could suppress

the imaginary parts by a factor ∼ 0.3. The bound on (δd23)RR is about 3 times weaker than that on (δd23)LL

(given in table). The constraints on (δd12,13)MM , (δu12)MM and (δd23)MM are based on, respectively, Refs.

[44], [45] and [46].

q ij (δqij)LR

d 12 2× 10−4

d 13 0.08

d 23 0.01

d 11 4.7× 10−6

u 11 9.3× 10−6

u 12 0.02

TABLE V: The phenomenological upper bounds on chirality-mixing (δqij)LR, where q = u, d. The constraints

are given for mq̃ = 1 TeV and x ≡ m2
g̃/m

2
q̃ = 1. The constraints on δd12,13, δ

u
12, δ

d
23 and δqii are based on,

respectively, Refs. [44], [45], [46] and [49] (with the relation between the neutron and quark EDMs as in

[50]).

for MN = LR is 10 times weaker. Very strong constraints apply for the phase of (δq11)LR from

EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on (δu,d,!11 )LR are weakened

by a factor ∼ 6.

While, in general, the low energy flavor measurements constrain only the combinations of the

suppression factors from degeneracy and from alignment, such as Eq. (5.6), an interesting exception

occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the first two

generation squark doublets. Here, for masses below the TeV scale, some level of degeneracy is

unavoidable [16]:

mQ̃2
−mQ̃1

mQ̃2
+mQ̃1

≤






0.034 maximal phases

0.27 vanishing phases
(5.9)

20
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large mixing 
means splitting 
must be << 1



Yukawa matrices YU & YD encode flavor violation

A picture of flavor
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Minimal flavor violation

New particles/interactions, but flavor structure ~ VCKM
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Minimal Flavor Violation

• Trivial: Squark masses same for all three∝ 
generations but split between

• Split among generations but split like in SM: 

mass-differences ∝ YU,D ~ (0,0,1)

Q̃L, ũR, d̃R



M

8 dof

(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

Fully degenerate         



M

8 dof

(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

Fully degenerate         

M

ũR, c̃R

d̃R, s̃R

Vertical splitting, 
still MFV & no problem!

(ũ, d̃)L, (c̃, s̃)L



Dynamics (e.g. U(1)horiz.) generates hierarchies in 
masses & mixings. Consequence: partial alignment 
with SM

Flavor dynamics: alignment
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Flavor dynamics: alignment
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g̃

�0

ũL, d̃L
c̃L, s̃L

c̃R
d̃R

ũR

s̃R

• Right handed squarks can be 
strongly aligned → O(1) 
splitting possible 

• Left handed squarks can be 
aligned either to up or down 
quarks  

• Existence of VCKM → Left 
handed squarks contribute to 
K or D mixing 

• Left handed squark splitting 
mildly constrained (CP phases 
generically small) 

Leurer, Nir, Seiberg ’92



Alignment

V. SUPERSYMMETRY

Supersymmetric models provide, in general, new sources of flavor violation, for both the quark

and the lepton sectors. The main new sources are the supersymmetry breaking soft mass terms

for squarks and sleptons, and the trilinear couplings of a Higgs field with a squark-antisquark, or

slepton-antislepton pairs. Let us focus on the squark sector. The new sources of flavor violation are

most commonly analyzed in the basis in which the corresponding (down or up) quark mass matrix

and the neutral gaugino vertices are diagonal. In this basis, the squark masses are not necessarily

flavor-diagonal, and have the form
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 , (5.1)

where M,N = L,R label chirality, and i, j, k, l = 1, 2, 3 are generation indices. (M2
q̃ )L and (M2

q̃ )R

are the supersymmetry-breaking squark masses-squared. The Aq parameters enter in the trilinear

scalar couplings Aq
ijφq q̃Liq̃

∗
Rj, where φq (q = u, d) is the q-type Higgs boson and vq = 〈φq〉.

In this basis, flavor violation takes place through one or more squark mass insertion. Each mass

insertion brings with it a factor of (δqij)MN ≡ (M2
q̃ )

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

[(δqij)MN ]eff ∼ max[(δqij)MN , (δqik)MP (δ
q
kj)PN , . . . , (i↔ j)]. (5.2)

For example,

[(δd12)LR]eff ∼ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1↔ 2)]. (5.3)

Note that the contributions with two or more insertions may be less suppressed than those with

only one.

In terms of mass basis parameters, the (δqij)MM ’s stand for a combination of mass splittings

and mixing angles:

(δqij)MM =
1

m̃2
q

∑

α

(Kq
M )iα(K

q
M )∗jα∆m̃2

qα , (5.4)

where Kq
M is the mixing matrix in the coupling of the gluino (and similarly for the bino and neutral

wino) to qLi−q̃Mα; m̃2
q =

1
3

∑3
α=1 m̃

2
qMα

is the average squark mass-squared, and∆m̃2
qα = m̃2

qα−m̃
2
q.

Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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If by symmetry: Kij ~ diagonal  => O(1) mass splitting 
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FIG. 1: The bound on �

12
Q as a function of the angle ↵ (see text). The angle ↵ is plotted on a log scale in the basis �C = 0.23,

so that a value of 1 on the x axis corresponds to ↵ = �C (large angle), while a value of 5 gives ↵ = �

5
C (small angle — down

alignment). The vertical doted line shows the angle of optimal alignment (weakest bound). The red (blue) shaded region
corresponds to a gluino mass mg̃ of 1 (1.5) TeV, and inside each region the average squark mass m̄Q̃ is varied in the range
[0.8mg̃, 1.2mg̃]. The upper edge of each region (weakest bound) comes from the lowest m̄Q̃ . The two dashed lines correspond
to m̄Q̃ = mg̃ .

is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
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where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
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V. SUPERSYMMETRY

Supersymmetric models provide, in general, new sources of flavor violation, for both the quark

and the lepton sectors. The main new sources are the supersymmetry breaking soft mass terms

for squarks and sleptons, and the trilinear couplings of a Higgs field with a squark-antisquark, or

slepton-antislepton pairs. Let us focus on the squark sector. The new sources of flavor violation are

most commonly analyzed in the basis in which the corresponding (down or up) quark mass matrix

and the neutral gaugino vertices are diagonal. In this basis, the squark masses are not necessarily

flavor-diagonal, and have the form
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where M,N = L,R label chirality, and i, j, k, l = 1, 2, 3 are generation indices. (M2
q̃ )L and (M2
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are the supersymmetry-breaking squark masses-squared. The Aq parameters enter in the trilinear

scalar couplings Aq
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Rj, where φq (q = u, d) is the q-type Higgs boson and vq = 〈φq〉.

In this basis, flavor violation takes place through one or more squark mass insertion. Each mass
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Note that the contributions with two or more insertions may be less suppressed than those with

only one.

In terms of mass basis parameters, the (δqij)MM ’s stand for a combination of mass splittings

and mixing angles:
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Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
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Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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Example:  
mgluino = 1.3 TeV
mQ1 = 550 GeV
mQ2 = 950 GeV

+ right handed squarks split by arbitrary amount 



• Generic 1-2 splitting has to be small, BUT:

• Can split vertically: split irrep’s, MFV

• Can split horizontally, if squark flavor aligned

Flavor vs. squark masses: summary



1st & 2nd gen’ squarks 
degenerate

assumption in ATLAS/CMS plots

M

8 dof



Does it matter if 
we relax the degeneracy 

assumption?

Naive answer: not so much. 



Cross-sections vs. mass
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Cross-sections roughly scale like ~1/m^6.

Example: 8 light squarks → 2 light squarks
 

  Shift limit only by   

→ too naive!

Back of the envelope estimate

⇠ 41/6 � 1 ⇡ 25%



Dedicated study 
needed

• Production cross-section can be flavor 
dependent if gluino is not fully decoupled 
through p.d.f ’s (u vs. d, sea vs. valence)

• Experimental efficiencies for light squarks 
are not very good : efficiencies have hard 
thresholds and current limits are on the 
thresholds



How can we extract limits on non-
degenerate 1st and 2nd gen’ squarks from 

experimental searches?



“The experiments haven’t covered my
favorite model” 

Michele

Relax & Wait?

vs.

* not his real attitude.

*



“The experiments haven’t covered my
favorite model” 

Michele

Relax & Wait?

Josh

Let’s check!

vs.

* not his real attitude.

*
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A search for squarks and gluinos in events containing jets, missing transverse momentum and no electrons or muons is presented.
The data were recorded in 2011 by the ATLAS experiment in

√
s = 7 TeV proton-proton collisions at the Large Hadron Collider.

No excess above the Standard Model background expectation is observed in 1.04 fb−1 of data. Gluino and squark masses below
700 GeV and 875 GeV respectively are excluded at the 95% confidence level in simplified models containing only squarks of the
first two generations, a gluino octet and a massless neutralino. The exclusion limit increases to 1075 GeV for squarks and gluinos of
equal mass. In MSUGRA/CMSSM models with tan β = 10, A0 = 0 and µ > 0, squarks and gluinos of equal mass are excluded for
masses below 950 GeV. These limits extend the region of supersymmetric parameter space excluded by previous measurements.

1. Introduction

Many extensions of the Standard Model (SM) include heavy
coloured particles, some of which could be accessible at the
Large Hadron Collider (LHC) [1]. The squarks and gluinos of
supersymmetric (SUSY) theories [2] are one class of such par-
ticles. This Letter presents a new ATLAS search for squarks
and gluinos in final states containing only jets and large miss-
ing transverse momentum. This final state can be generated
by a large number of R-parity conserving models [3] in which
squarks, q̃, and gluinos, g̃, can be produced in pairs {g̃g̃, q̃q̃, q̃g̃}
and can decay via q̃→ qχ̃0

1 and g̃→ q  qχ̃0
1 to weakly interacting

neutralinos, χ̃0
1, which escape the detector unseen. The analysis

presented here is based on a purely hadronic selection; events
with reconstructed electrons or muons are vetoed to avoid over-
lap with a related ATLAS search [4]. This updated analysis
uses 1.04 fb−1of data recorded in 2011 and extends the sensi-
tivity of the previous search described in Ref. [5] by including
final state topologies with at least four jets, rather than three as
before. The statistical analysis benefits from an improved tech-
nique which uses a combined likelihood fit across all the control
regions used to determine the background contributions, in or-
der to take into account correlations among the measurements.
The search strategy is optimised for maximum discovery reach
in the (mg̃,mq̃)-plane for a set of simplified models in which
all other supersymmetric particles (except for the lightest neu-
tralino) are assigned masses beyond the reach of the LHC. Cur-
rently, the most stringent limits on squark and gluino masses
are obtained at the LHC [4, 5, 6].

2. The ATLAS Detector and Data Samples

The ATLAS detector [7] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical ge-

ometry and nearly 4π coverage in solid angle.1 The layout
of the detector is dominated by four superconducting mag-
net systems, which comprise a thin solenoid surrounding the
inner tracking detectors and three large toroids supporting a
large muon spectrometer. The calorimeters are of particu-
lar importance to this analysis. In the pseudorapidity region
|η| < 3.2, high-granularity liquid-argon (LAr) electromagnetic
(EM) sampling calorimeters are used. A steel-scintillator tile
calorimeter provides hadronic coverage over |η| < 1.7. The
end-cap and forward regions, spanning 1.5 < |η| < 4.9, are
instrumented with LAr calorimetry for both EM and hadronic
measurements.

The data used in this analysis were collected in the first half
of 2011 with the LHC operating at a centre-of-mass energy
of 7 TeV. Application of beam, detector and data-quality re-
quirements resulted in a total integrated luminosity of 1.04 ±
0.04 fb−1 [8]. The main trigger required events to contain a
leading jet with a transverse momentum (pT), measured at the
raw electromagnetic scale, above 75 GeV and missing trans-
verse momentum above 45 GeV. The details of the trigger spec-
ifications varied throughout the data-taking period, partly as a
consequence of the rapidly increasing LHC luminosity. The ef-
ficiency of the trigger is> 98 % for events selected by the offline
analysis. The average number of proton-proton interactions per
bunch crossing in the data sample was approximately six.

3. Object Reconstruction

The requirements used to select jets and leptons (objects)
are chosen to give sensitivity to a range of SUSY models. Jet

1 ATLAS uses a right-handed coordinate system with its origin at the nomi-
nal interaction point in the centre of the detector and the z-axis along the beam
pipe. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the
azimuthal angle around the beam pipe. The pseudorapidity η is defined in terms
of the polar angle θ as η = − ln tan(θ/2).

Preprint submitted to Physics Letters B September 30, 2011

Example:
jets+ MET 1.041/fb
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1. Introduction
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nique which uses a combined likelihood fit across all the control
regions used to determine the background contributions, in or-
der to take into account correlations among the measurements.
The search strategy is optimised for maximum discovery reach
in the (mg̃,mq̃)-plane for a set of simplified models in which
all other supersymmetric particles (except for the lightest neu-
tralino) are assigned masses beyond the reach of the LHC. Cur-
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are obtained at the LHC [4, 5, 6].

2. The ATLAS Detector and Data Samples

The ATLAS detector [7] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical ge-

ometry and nearly 4π coverage in solid angle.1 The layout
of the detector is dominated by four superconducting mag-
net systems, which comprise a thin solenoid surrounding the
inner tracking detectors and three large toroids supporting a
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lar importance to this analysis. In the pseudorapidity region
|η| < 3.2, high-granularity liquid-argon (LAr) electromagnetic
(EM) sampling calorimeters are used. A steel-scintillator tile
calorimeter provides hadronic coverage over |η| < 1.7. The
end-cap and forward regions, spanning 1.5 < |η| < 4.9, are
instrumented with LAr calorimetry for both EM and hadronic
measurements.

The data used in this analysis were collected in the first half
of 2011 with the LHC operating at a centre-of-mass energy
of 7 TeV. Application of beam, detector and data-quality re-
quirements resulted in a total integrated luminosity of 1.04 ±
0.04 fb−1 [8]. The main trigger required events to contain a
leading jet with a transverse momentum (pT), measured at the
raw electromagnetic scale, above 75 GeV and missing trans-
verse momentum above 45 GeV. The details of the trigger spec-
ifications varied throughout the data-taking period, partly as a
consequence of the rapidly increasing LHC luminosity. The ef-
ficiency of the trigger is> 98 % for events selected by the offline
analysis. The average number of proton-proton interactions per
bunch crossing in the data sample was approximately six.

3. Object Reconstruction

The requirements used to select jets and leptons (objects)
are chosen to give sensitivity to a range of SUSY models. Jet
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nal interaction point in the centre of the detector and the z-axis along the beam
pipe. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the
azimuthal angle around the beam pipe. The pseudorapidity η is defined in terms
of the polar angle θ as η = − ln tan(θ/2).

Preprint submitted to Physics Letters B September 30, 2011

Example:
jets+ MET 1.041/fb

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
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muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in
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Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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group generators and violation of P invariance,
JETP Lett. 13 (1971) 323-326.
A. Neveu and J.H. Schwartz, Factorizable dual model of pions,
Nucl. Phys. B31 (1971) 86-112.
A. Neveu and J.H. Schwartz, Quark model of dual pions,
Phys. Rev. D4 (1971) 1109-1111.
P. Ramond, Dual theory for free fermions,
Phys. Rev. D3 (1971) 2415-2418.
D.V. Volkov and V.P. Akulov, Diffractive dissociation of composite
particles, Phys. Lett. B46 (1973) 109-130.
J. Wess and B. Zumino, Light cone approach to positivity bounds on
structure functions for deep inelastic lepton scattering in Weinberg’s
theory, Phys. Lett. B49 (1974) 52-60.
J. Wess and B. Zumino, Supergauge transformations in four dimensions,
Nucl. Phys. B70 (1974) 39-50.

[3] P. Fayet, Spontaneously broken supersymmetric theories of weak,
electromagnetic and strong interactions, Phys. Lett. B69 (1977) 489.
G. R. Farrar and P. Fayet, Phenomenology of the production, decay, and
detection of new hadronic states associated with supersymmetry,
Phys. Lett. B76 (1978) 575.

[4] ATLAS Collaboration, Search for supersymmetry using final states with
one lepton, jets, and missing transverse momentum with the ATLAS
detector in

√
s = 7 TeV pp collisions,

Phys. Rev. Lett. 102 (2011) 131802, arXiv:1102.2357 [hep-ex].
[5] ATLAS Collaboration, Search for squarks and gluinos using final states

with jets and missing transverse momentum with the ATLAS detector in√
s = 7 TeV proton-proton collisions, Phys. Lett. B 701 (2011) 186,

arXiv:1102.5290 [hep-ex].
[6] CMS Collaboration, Search for Supersymmetry in pp Collisions at 7 TeV

in Events with Jets and Missing Transverse Energy,
Phys. Lett. B698 (2011) 196–218, arXiv:1101.1628 [hep-ex].
CMS Collaboration, Search for New Physics with Jets and Missing
Transverse Momentum in pp collisions at

√
s = 7 TeV ,

arXiv:1106.4503 [hep-ex].
CMS Collaboration, Inclusive search for squarks and gluinos in pp

7

upper
bound on
signal xsec



Bgd’s are left to the 
experimentalists…
stay out of control regions!

 “Only” need efficiency x Acceptance
 of the signal bins for your model… 

Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.

5

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.

9. Acknowledgements

We wish to thank CERN for the efficient commissioning and
operation of the LHC during this data-taking period as well as
the support staff from our institutions without whom ATLAS
could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina; Yer-

PhI, Armenia; ARC, Australia; BMWF, Austria; ANAS, Azer-
baijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC,
NRC and CFI, Canada; CERN; CONICYT, Chile; CAS, MOST
and NSFC, China; COLCIENCIAS, Colombia; MSMT CR,

MPO CR and VSC CR, Czech Republic; DNRF, DNSRC
and Lundbeck Foundation, Denmark; ARTEMIS, European
Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Geor-
gia; BMBF, DFG, HGF, MPG and AvH Foundation, Germany;
GSRT, Greece; ISF, MINERVA, GIF, DIP and Benoziyo Cen-
ter, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Mo-
rocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW,
Poland; GRICES and FCT, Portugal; MERYS (MECTS), Ro-
mania; MES of Russia and ROSATOM, Russian Federation;
JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,
Slovenia; DST/NRF, South Africa; MICINN, Spain; SRC and
Wallenberg Foundation, Sweden; SER, SNSF and Cantons of
Bern and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
STFC, the Royal Society and Leverhulme Trust, United King-
dom; DOE and NSF, United States of America.
The crucial computing support from all WLCG partners is

acknowledged gratefully, in particular from CERN and the
ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA
(Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC
(Spain), ASGC (Taiwan), RAL (UK) and BNL (USA) and in
the Tier-2 facilities worldwide.

References

[1] L.R. Evans (ed.) and P. Bryant (ed.), LHC Machine,
JINST 3 (2008) S08001.

[2] Yu.A. Golfand and E.P. Likhtman, Extension of the algebra of Poincaré
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jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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Bgd’s are left to the 
experimentalists…
stay out of control regions!

 “Only” need efficiency x Acceptance
 of the signal bins for your model… 

Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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A Acceptance times e�ciency plots
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Figure 9: Acceptance times e�ciency (A ⇥ "), defined as the fraction of signal events passing full event
selection in the q̃� �̃0

1 mass plane for direct squark decays q̃! q �̃0
1 for each of the five signal selections.

Points shown in white have less than 0.1% of events accepted.
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Simplified Models to the rescue!

• Luckily ATLAS and CMS provide efficiencies 
for simplified models (so far only for 1/fb)

simplified topologies
e.g. CMSPublic/PhysicsResultsSUS11004 or
ATLAS-CONF-2011-155/
Thanks for providing root files, HEPDATA,...  

 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS11004
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS11004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-155/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-155/
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Squark - Squark production:

u

u

q̃

q̃

g̃

Independent of 
squark flavor
(and gluino mass)

u

ū q̃

q̃⇤

g

Majorana nature of
gluino allows u u 
initial state! 

Simple d.o.f rescaling

What is driving the strong  
ATLAS/CMS limit?
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inefficient for light squarks
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Do no expect it to be much 
better for higher luminosity
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Todo
• No efficiency maps available yet for 5 /fb searches. 

We simulate and validate using Monte-Carlo 
mockups (see part 2 on how to do that) to check 
limits

• Associated prod’ of squarks of different mass 
important in various cases (b/c of efficiency 
behavior) → need to simulate also for 1/fb, cannot 
use Prospino NLO out-of-the-box for xsecs

• BUT: similar conclusions expected due to hard 
cuts on Meff / HT in 5 1/fb searches

work in progress with
Michele Papucci, Josh Ruderman (LBL Berkely)

Gilad Perez, Rakhi Mahbubani (CERN) 



Summary part 1

• Squarks spectra can be vertically and 
horizontally split.

• Limits for 1st gen’ squarks very dependent 
on gluino mass, for heavy gluino almost no 
limit

• Are there light squarks hiding in the data?

• Need dedicated light squark searches!

low mass



Natural SUSY



• Bottom-up naturalness reminder

• Current limits?

→ Csaba’s talk

→ Weber’s talk on 3rd gen squarks



h = linear combination of fields whose
vev breaks EW symmetry

how light should they be?

a general, bottom-up criterion: 

there should not be large cancellations in the quadratic term of the 
higgs potential

V = m2
H |h|2 + �

4
|h|4 m2

h = �v2 = �2m2
H

consider the potential in the direction that gets a VEV:

� =
2|�m2

H |
m2

h

measures fine-tuning



Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

MSSM,NMSSM, DMSSM, ...
→ Bertuzzo’s talk
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓
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◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
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+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh
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◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh
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◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.

6

1loop

2loop

stops, sbottomL

gluino

Higgsinos

MSSM,NMSSM, DMSSM, ...
→ Bertuzzo’s talk



• Amount of cancelation has not been 
directly probed yet! (experimental 
question) 

• Interesting to look first for those cases 
where this cancelation is not strong 
(naturalness)



• Minimal requirements for a "natural" weak-scale 
SUSY?

  2 light stops
  1 light “left-handed” sbottom (near the stops by  

       weak isospin) 
  light higgsinos, i.e. 2 neutralinos and 1 chargino
  a not-too-heavy gluino



• Minimal requirements for a "natural" weak-scale 
SUSY?

  2 light stops
  1 light “left-handed” sbottom (near the stops by  

       weak isospin) 
  light higgsinos, i.e. 2 neutralinos and 1 chargino
  a not-too-heavy gluino

 if  low scale mediation, a light gravitino
 if WIMP DM, another neutralino (bino?)

Model dependence:



• Minimal requirements for a "natural" weak-scale 
SUSY?

  2 light stops
  1 light “left-handed” sbottom (near the stops by  

       weak isospin) 
  light higgsinos, i.e. 2 neutralinos and 1 chargino
  a not-too-heavy gluino

What about numbers?Rest could be decoupled...

 if  low scale mediation, a light gravitino
 if WIMP DM, another neutralino (bino?)

Model dependence:



Difficult to make sharp quantitative statements (just a guidance): 
What is “natural”?  10-9=1? 100-99=1? 1000-999=1? 1 part in 

104? …





(e.g. Kitano & Nomura 2006)

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has
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where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation
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H |gluino = � 2
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)
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the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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Less problems w/ low 
scale mediation

(e.g. Kitano & Nomura 2006)

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has
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where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be
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<⇠ 890 GeV sin �
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)
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the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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Less problems w/ low 
scale mediation

bound ameliorated if physics 
beyond the MSSM increases the 

Higgs mass (e.g. NMSSM, …)

(e.g. Kitano & Nomura 2006)

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has
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where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)
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the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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Less problems w/ low 
scale mediation

bound ameliorated if physics 
beyond the MSSM increases the 

Higgs mass (e.g. NMSSM, …)

Higgsinos: 

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
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(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read
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at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

(e.g. Kitano & Nomura 2006)

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has
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where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be
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<⇠ 890 GeV sin �
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)
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the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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Less problems w/ low 
scale mediation

bound ameliorated if physics 
beyond the MSSM increases the 

Higgs mass (e.g. NMSSM, …)

Higgsinos: 

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ
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At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read
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at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

Gluinos:

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has
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where we defined xt = At/
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bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.
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but in principle can be tuned to provide further suppression.
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Higgsinos: 

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
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H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]
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where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ
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At loop level there are additional constraints. The Higgs potential in a SUSY theory
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eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.
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diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
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??. All the other radiative contributions to the Higgs potential from the other SM
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice
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For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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where we defined xt = At/
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eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can
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In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice
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the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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3rd gen spectrum:

Two Stops:

One Sbottom:

The other sbottom mass is basically free

Fixed by Isospin
m2

Q3
+ (70GeV )2

✓
m2

Q3
+ (165GeV )

2 mt(At � µ cot�)
mt(At � µ cot�) m2

U3
+ (170GeV )

2

◆

Xt = At � µ cot�
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• 1fb-1 is transition luminosity:

• L<1fb-1 forced to look only 
for cascades initiated by 
gluinos/first two generation 
squarks

•  L>1fb-1 direct production of 
stops, sbottoms and (later) 
EW-inos starts to be 
accessible
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ATLAS CMS

channel L [fb�1] ref. channel L [fb�1] ref.

jets + /ET

2-4 jets 1.04 [1] ↵T 1.14 [11]

6-8 jets 1.34 [2] HT , /HT 1.1 [12]

b-jets (+ l’s + /ET )

1b, 2b 0.83 [3] mT2 (+ b) 1.1 [13]

b + 1l 1.03 [4] 1b, 2b 1.1 [14]

b0b0 ! b + l±l±, 3l 1.14 [15]

t0t0 ! 2b + l+l� 1.14 [16]

multilepton (+ /ET )

1l 1.04 [5] 1l 1.1 [17]

µ±µ± 1.6 [6] SS dilepton 0.98 [18]

tt̄ ! 2l 1.04 [7] OS dilepton 0.98 [19]

tt̄ ! 1l 1.04 [8] Z ! l+l� 0.98 [20]

4l 1.02 [9] 3l, 4l + /ET 2.1 [21]

2l 1.04 [10] 3l, 4l 2.1 [22]

TABLE I: Searches by ATLAS and CMS, with about 1 fb�1, for signatures that are produced by

models of natural supersymmetry. We have categorized the searches into three categories, (1) fully

hadronic, (2) heavy flavor, with or without leptons, and (3) multileptons without heavy flavor. The

searches with blue labels have not been used by experimentalists to set limits on supersymmetry,

but we have included them because they overlap with SUSY signature space. We have simulated

all of the above searches and included them in our analysis, with the exception of the searches with

red labels, which were released while we were finalizing this study. We explored the possibility of

using the CMS search for t0 in the lepton plus jets channel [23], however this search uses a kinematic

fit on signal plus background and does not report enough information for us to extrapolate this fit

to other signals.

at or above 900 GeV � 1 TeV, imposing strong constraints on flavor universal models, as

explained in the previous section. There are however ways out of this result, as can be seen

from the CMS simplified model summary plot [53], which presents the dependence of the

CMS limits on the Lightest Supersymmetric Particle (LSP) mass: the bounds get obviously
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Bgd’s are left to the 
experimentalists…
stay out of control regions!

Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

upper
bound on
signal xsec

LIMIT!
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our pipelines

ATOM pgs

pythia / herwig / etc

fastjet 

truth leptons / photons /b’s

• l/gamma iso
• parameterized efficiencies

pythia

crude detector sim

truth 
muons/b’s

•  parameterized 
efficiencies

cone jets

crude 
simulated e/

gamma

Thursday, September 29, 2011

checks sensitivity of cut & 
leakage in control region

public code soon

+prospino +prospino



ATOM
an Automated Tester Of Models

QCD/Jets: C. Bauer (Berkeley), C. Vermillion (Berkeley)

BSM: M. Papucci (Berkeley), 
T. Volansky (Tel Aviv),  A. W. (DESY)

(soon to be) Public Tool developed by



Calibration
“theorist limits”

To calibrate compare:

1) key kinematical distributions
2) limits 



Calibration
“theorist limits”

To calibrate compare:

1) key kinematical distributions
2) limits 

simplified models work best!
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✏⇥A

+ compare to all available limit plots…

  ~ 50 GeV accuracy (usually better)



Compare limits

16 10 Summary and Conclusions

As a reference to other searches for SUSY, we interpret results in search region 1 in the context of
CMSSM model. The observed upper limits on the number of signal events reported in Section 8
are compared to the expected number of events in the CMSSM model in a plane of (m0, m1/2)
for tan � = 10, A0 = 0, and µ > 0. All points with mean expected values above this upper
limit are interpreted as excluded at the 95% CL. The observed exclusion region for the high-pT
dilepton selection is displayed in Fig. 5. The shaded region represents the uncertainty on the
position of the limit due to an uncertainty on the production cross section of CMSSM resulting
from PDF uncertainties and the NLO cross section uncertainty estimated from varying the
renormalization scale by a factor of two. The expected exclusion region is approximately the
same as the observed one. An exclusion region based on our previous analysis [9] is also shown
for a comparison. The new result extends to gluino masses of 825 GeV in the region with similar
values of squark masses and extends to gluino masses of 675 GeV for higher squark masses.
This can be compared to the exclusion of just around 500 GeV in the previous analysis. The
result for the inclusive dilepton selection is also shown in Fig. 6.
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Figure 5: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.0
events in the search region 1 of the high-pT dilepton selections. The result of the previous analy-
sis [9] is shown to illustrate the improvement since.

10 Summary and Conclusions
We have searched for new physics with same-sign dilepton events in the ee, µµ, eµ, e�, µ�, and
�� final states, and have seen no evidence for an excess over the background prediction. The �
leptons referred to here are reconstructed via their hadronic decays.

PGS

ATOM
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Figure 4: Observed and expected 95% C.L. exclusion limits in the (mg̃,mb̃1
) plane. Also shown

are the 68% and 99%C.L. expected exclusion curves. For each point in the plot, the signal region
selection providing the best expected limit is chosen. The neutralino mass is set to 60 GeV. The
result is compared to previous results from ATLAS and CDF searches which assume the same
gluino-sbottom decays hypotheses. Exclusion limits from the CDF and D0 experiments on
direct sbottom pair production are also shown.

are heavier than the gluino, which decays exclusively into three-body final states (bb̄!̃01 ) via
an off-shell sbottom. Such a scenario can be considered complementary to the previous one.
The exclusion limits obtained on the (mg̃,m!̃01

) plane are shown in Figure 5 for gluino masses

above 200 GeV. For each combination of masses, the analysis providing the best expected limit
is chosen. The selection 3JD leads to the best sensitivity for gluino masses above 400 GeV
and %M(g̃� !̃01 ) > 100 GeV. At low %M(g̃� !̃01 ), soft b-jets spectra and low EmissT are expected,
giving higher sensitivity to the signal regions 3JA and 3JB are preferred. Low gluino mass
scenarios present moderate meff and high b-jet multiplicity, thus favouring signal region 3JC.
Neutralinomasses below 200-250 GeV are excluded for gluinomasses in the range 200-660 GeV,
if %M(g̃� !̃01 ) >100 GeV.
The results can be generalised in terms of 95% C.L. upper cross section limits for gluino-

like pair production processes with produced particles decaying into bb̄!̃01 final states. The
cross section upper limits versus the gluino and neutralino mass are also given in Figure 5.
The results are finally employed to extract limits on the gluino mass in the two SO(10)

scenarios, DR3 and HS. Gluino masses below 570 GeV are excluded for the DR3 model. In this
case g̃! bb̄!̃01 decays dominate up to gluino masses of 550 GeV: above this range, high BR for
different decay modes decrease the sensitivity of the selected final states. A lower sensitivity,
mg̃ < 450GeV, is found for theHSmodel, where larger branching ratios of g̃! bb̄!̃02 are expected
and the efficiency of the selection is reduced with respect to the DR3 case (m

!̃02
⇡ 2⇥m

!̃01
).

7 Conclusions

An update on the search for supersymmetry in final states with missing transverse momen-
tum, b-jet candidates and no isolated leptons in proton-proton collisions at 7 TeV is presented.
The results are based on data corresponding to an integrated luminosity of 0.83 fb�1 collected

9

PGS

ATOM

FIG. 20: Validation of exclusion limit plots for ATOM and PGS. The left plot shows the CMSSM

limit for the Same-Sign dilepton search by CMS, and superimposed the PGS (green) and ATOM

(brown) curves. The dashed curve represent the PGS prediction before correcting for the di↵erence

in lepton identification e�ciencies between the code (90%) and the CMS analysis (roughly 70%),

while the solid line correspond to the final result. The right plot shows instead the exclusion limit for

the gluino-sbottom-neutralino simplified model presented in the b-jets+0`+ /ET ATLAS analyses.

PGS (ATOM) curves are shown in green (brown), where the dashed line is the limit before the

factor of 2 correction on the event yield due to the systematic uncertainties on the signal, and the

solid line is the final result.

yields may vary by a factor of two. Therefore we decided to apply this correction factor

everywhere in our study. Fig. A shows the e↵ects of this rescaling.

Appendix B: Brief description of “ATOM”

ATOM (“Automatic Test Of Models”) is the tentative name of a tool currently developed

by some of the authors and it is intended to be released in the future for the free use to the

community. The purpose of such tool is to provide, by running locally on the user’s com-

45

Example: Same-Sign dilepton by CMS

90% lepton eff.

70% lepton eff.



What we actually do

→ More recent results (>1/fb) not included 
    (update in progress)

• Simplified topologies to slice the natural SUSY 
parameter space 

• Highlight relevant kinematic features

• Which analyses give the most powerful 
constraints? Not necessarily those that are 
“designed” for the “signal”.



Stops (sbottom) + Higgsinos

H̃0

H̃±b

t̃L

b̃L

bt

t

t̃R

t

H̃0

H̃± b

Stops can act as “sbottom” (bjet+χ) !

Chargino-neutralino splitting irrelevant for present searches



For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small

20

LHC surpasses Tevatron:

Strongest bounds from jets + MET

Stops (sbottom) + Higgsinos



Un-Splitting the spectrum
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Adding gluinos
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Adding the gluinos
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Adding the squarks, too

• Bounds similar to the  
ATLAS/CMS plots 
(800GeV-1TeV)

• Decoupling not 
effective until 
1.2-1.4 TeV
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of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

(dist
ance)2  ~ fine-tu

ning

MSSM higgs: LEP2 tuning vs. direct stop



Sensitivity at 8 TeV & 20/fb

5

TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut !ET > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 # 1 # 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27
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FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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FIG. 5. Significance of excess computed by counting events
in mj2 ∈ [150 GeV, 230 GeV] and assuming a Poisson Distri-
bution. This is for

√
s = 7 TeV and L = 5 fb−1.

rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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FIG. 6. Same distribution as Figs. 3 and 4, but now
with

√
s = 8 TeV, L = 20 fb−1, and (mt̃,mχ) =
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FIG. 7. Same as Fig. 5 but with
√
s = 8 TeV and L = 20 fb−1.

Boxes with significance ≥ 8 all have the same color.

We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors
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Searching for Direct Stop Production in Hadronic Top Data at the LHC
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We argue that evidence can be uncovered for stops between 300-600 GeV in 5 fb−1 of 7 TeV
proton-proton collisions if they decay into top quarks and light neutral particles. We also show that
with 20 fb−1 of 8 TeV running, discovery or exclusion can be made in large regions of parameter
space. Events with a fully hadronic top/anti-top pair and a pair of invisible decay products can be
identified with the top-tagging of a fat jet, a single b-tag, a missing transverse energy cut, as well
as other kinematic cuts to reduce backgrounds with real top quarks in them. Such cuts obliterate
the background suggesting discovery can be made with a handful of events.

I. INTRODUCTION

One of the central questions in particle physics since
the 1970s has been whether or not he electroweak scale is
“natural” [1, 2]. A theory that is not fine-tuned should
have physics beyond the standard model that cuts off
quadratically divergent loop contributions to the Higgs
mass, and lives at roughly the same scale. Estimating
using a naive energy-momentum cut off, the top one-loop
contribution is the largest, and thus especially requires
new light states (or other physics) to cancel its effect. In
supersymmetric theories, it is the superpartner of the top
quark, the scalar stop, that cancels the top contribution
to the electroweak scale at one loop. Thus, if supersym-
metry is responsible for naturalness, the stop should be
accessible at the LHC, and there has been much theoret-
ical interest in determining the near-term prospects for
stop discovery [3–5].
Here we investigate methods of discovering stops which

are pair-produced and then promptly decay to tops and
long-lived neutral particles. It is natural for the stop to
be the lightest squark if the running masses of all of the
squarks are degenerate at a high scale. This is because
the large top Yukawa coupling causes the stop masses
to run down at lower energies. In addition, large mix-
ing between the two complex scalar stops (again due to
the large Yukawa coupling) suppresses one of the masses.
In the same vein, the neutralino is naturally the light-
est fermion - either the bino (superpartner of the hy-
percharge gauge boson), or perhaps the singlino.1 The
simplest way to explain a Higgs mass between 115-125
GeV in supersymmetry is to extend the minimal model
to include a gauge-singlet chiral superfield, the singlino
being the fermionic component. Thus, in this article,
we explore the LHC’s ability to discover a stop (‘right-
handed,’ for simplicity) which decays into a neutralino,
while all other superpartners are decoupled.
While the LHC has not published any direct stop

searches, the final state of tops with !ET has been

1 The neutral particle could also be a gravitino.

searched for with 1 fb−1 of data [6]. This search places
limits on the existence of fermionic top partners, but it is
insensitive to stops because their cross section is smaller.
This search, as well many others that would be sensitive
to stops [7–10] require at least one lepton in the final
state. Other more general searches, including, for exam-
ple, those for b’s, jets, and !ET [11, 12], and those for
jets and !ET [13, 14] will also be sensitive to direct stop
production, but they will certainly not be optimized.
Below, we present a method to find purely hadronic

stop decays with large !ET using fat jets and modern
top-tagging algorithms. Not requiring a lepton makes the
search sensitive to the final state with the largest branch-
ing ratio. By exploiting the properties of top decays, this
search will be more sensitive to stops than naive searches
with jets. Theoretical work looking at this final state
both without [15–18] and with leptons [19–21] studied
the 14 TeV LHC with a much larger data set. There is
also an analysis focusing on a lower energy LHC which
uses leptonic channels [22], and here we present a strat-
egy optimized for near-term discovery with fully hadronic
decays.
While completing this work, a similar analysis [3] was

published which uses many of the same methods. That
analysis uses quantitatively different cuts than we do
here, and it focuses mainly on 2012 LHC data, while
we will look at both 2011 and 2012 data.

II. RELEVANT PROCESSES

The signal we consider is

pp → t̃t̃∗ → (tχ0) (t̄χ0) → (bjjχ0) (b̄jjχ0), (1)

where χ0 is a neutral long lived particle and j is a light
flavor jet. We consider only one stop, with the second
one potentially much heavier. We simulate the signal us-
ing MadGraph 5 [23] and hadronize with Pythia 6 [24].
We use the tree level cross section from Madgraph for the
signal and background. We do not use k-factors to esti-
mate the next-to-leading order effects – the backgrounds
these searches are most sensitive to are in special corners
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Conclusions
• Non-degenerate 1st & 2nd generation 

squarks poorly constrained, surprises in 
data? Dedicated experimental study 
needed.

• Next frontier: Heavy flavor themed 
naturalness, EW-inos

• Natural SUSY not in trouble yet and won’t 
be for years to come

• Gluinos > 900 GeV, Stops > 200-300GeV, 
Higgsinos above 100GeV (LEP) is a 
completely viable spectrum


