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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 above ~ 900 GeV

• Impressive first limits on 3rd generation
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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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mSUSY > TeV ?

• Bottom-up natural spectrum!

• Stealth susy?

• Compressed susy?  (ISR?)

• R-parity violation?

*

* colored objects 
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We have already seen that a 1-2 vs. 3 splitting 
(natural susy) leads to weaker constraints:

• What if there is a splitting in 1-2 sector?

• Not covered even in most exhaustive 
scans: pMSSM assumes 1-2 degeneracy,
all of the constrained MSSMs (CMSSM, …) 
obviously assume 1-2 degeneracy

Any caveats beyond that?



Degenerate squarks?

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

Gilad Perez, Rakhi Mahbubani (CERN) 



Do the 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

Assumed spectrum in ATLAS/CMS plots

(3, 2)1/6 (3, 1)2/3 (3, 1)�1/3



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

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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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
analytically

1

↵s(MS)
=

1

↵s(⇤)
+

b
3

2⇡
ln

⇤

MS
, (25)

mg̃(⇤)

mg̃(MS)
= 1 + ↵s(⇤)

b
3

2⇡
ln

⇤

MS
, (26)

m2

˜Q1,2
(MS)�m2

˜Q1,2
(⇤) =

8

3b
3

⇥
mg̃(⇤)

2 �mg̃(MS)
2

⇤
, (27)

where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2

˜Q
(µ) = m2

˜Q1
(µ) +m2

˜Q2
(µ) and �m2

˜Q
(µ) = m2

˜Q2
(µ)�m2

˜Q1
(µ). Then in our approximation,

only
P

m2 has a nontrivial RGE evolution, while �m2 is invariant. Writing

�12Q (µ) =
�m2

˜Q
(µ)

P
m2

˜Q
(µ)

h
1 +

r
1�

⇣
�m2

˜Q
(µ)/

P
m2
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(µ)

⌘
2

i , (28)
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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
ijφq q̃Liq̃
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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
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Note that the contributions with two or more insertions may be less suppressed than those with
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and mixing angles:
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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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If by symmetry: Kij ~ diagonal, O(1) mass splittings ok.
                                                 

Seiberg & Nir

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 QL
i vs uR

i vs dL
i

• Can split horizontally, if squark mixing 
aligned

Flavor vs. squark masses: summary



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 
efficiencies have thresholds and current 
limits are on the thresholds



Efficiencies
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Figure 1: Exclusion limits in the q̃ � �̃0
1 mass plane for direct [top left] and one-step squark decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (�⇥BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
In the case of direct decays, the cross section for q̃L,R production is assumed, however, q̃R production
is neglected for the one-step cascade grids, e↵ectively halving the production cross section. This only
applies to the limit contours. For the one-step cascade grids, the nominal cross sections are too low for
any model points to be excluded at 95% C.L., hence no limit contours are drawn.

6

� ⇥A⇥ ✏ ⇡ const.

Searches might become inefficient 
for light squarks



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

experimental searches?



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!

• ATLAS and CMS provide efficiencies for 
simplified models (few for 5 fb-1)

simplified topology
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/


Comments on 
simplified models

• Works well for squark pair production T2 
only (also compared to our MC mockup)

• Need also squark - gluino associate for 
complete picture (only provided by ATLAS)

• Doesn’t cover more complicated 
kinematics:  e.g.                with pp ! d̃s̃ md̃ 6= ms̃

Need MC mockups → used ATOM & PGS



MFV example

M

[     ] uR, cR



�/�limit

Contours of 

Exclusion (at 95CL)
if this is = 1

Excluded

For mgluino > 1.2 TeV, limit can even 
disapear (mLSP =0 GeV)

Vertical non-degeneracy Pre-ICHEP



slow decoupling
of gluino

Why so sensitive to 
gluino mass? → 

Pre-ICHEP



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?

1

mg̃
q̃q̃ uRuR

� ⇠ 1/m2
g̃

dim5 op.

→ 

slow decoupling



Squark - Squark production:

u
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q̃

q̃
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Independent of 
squark flavor
(and gluino mass)

u

ū q̃

q̃⇤
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Majorana nature of
gluino allows u u 
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Simple d.o.f rescaling

What is driving the strong  
ATLAS/CMS limit?
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mg̃
q̃q̃ uRuR
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dim5 op.

→ 

slow decoupling



Squarks

Aligned LH squarks

2 d.o.f



No limit on LH 2nd gen’ squark

No bounds for Q2 in 1/fb of data 
(decoupled gluinos at 3TeV)

* Pre-ICHEP

*



Post-ICHEP

‘I have this great scenario’



Post-ICHEP

‘I have this great scenario’

ATLAS &
 CMS Ambulance!



Disclaimer

• Only used digitally accessible simplified 
results (e.g. ROOT or HEPDATA)

• More sensitive 5 fb-1 analyses might be 
available (and will be included later)
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• Limited efficiency maps available for 5 fb-1 searches. 
Currently simulate and validate using Monte-Carlo 
mockups to check limits (ATOM & pgs)

• 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
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Summary
• Squarks spectra can be vertically and 

horizontally split.

• Limits for 1st gen’ squarks (sea squarks) 
strongly dependent on gluino mass. 

• Valence squarks can still be ~ 400 GeV.

• Message to experimentalists: keep an eye 
on lighter squarks with smaller x-secs, keep 
softer signal bins around. 
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