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A hint?10 CHAPTER 2. THE STANDARD MODEL AND ITS SUSY EXTENSION

In this case, the integral of the D component is invariant. The component vµ(x)
will act as a gauge field, and the neutral fermion λ is known as gaugino. A
composite term that transforms like a vector superfield is given by

Φ∗ exp (2gAV
a
AT

a
A)Φ (2.18)

where we have generalized to an arbitrary semisimple gauge group with gauge
couplings gA and generators T a

A. Furthermore it is useful to define the chiral
spinor fields

2gAT
a
AW

a
A =

1

4
D̄D̄ exp (−2gAT

a
AV

a
A)D exp (2gAT

a
AV

a
A) (2.19)

where now

W a
A(θ, y) = λa

A(y) +
(
Da

A(y)−
i

2
σµσ̄νvaAµν

)
θ + iθθσµ∂µλ̄

a
A(y). (2.20)

The most general gauge and supersymmetry invariant action is then given via

S =
∫

d4x
(
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi +

{
d2θ

[
W({Φi}) +

1

4
W a

AW
a
A

]
+ h.c.

})
.

(2.21)
We remark that the D and F component fields are auxiliary since they do not
have a kinetic term, so they can be eliminated in favor of polynomials in the
scalar fields φ by the equations of motion. Before doing this, in order to interpret
the terms in (2.21), we spell them out in terms of component fields. First,

∫
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi =

∑

i

|Dµφi|2 + iψiσ
µDµψi − g

√
2
(
φ∗
iT

a
Aλ

a
Aψi + λ̄a

AψiT
a
Aφi

)

+F ∗
i Fi + gAD

a
Ad

a
A (2.22)

where
daA = φ∗

iT
a
Aφi (2.23)

Thus this term describes gauge kinetic terms for the scalars and fermions of
the chiral multiplets. Furthermore, it contains a coupling between a fermion, a
sfermion and a gaugino. There is also a contribution to the scalar potential.

The superpotential term gives Yukawa couplings between fermions and sfermions
as well as another contribution to the scalar potential:

∫
d2θW({Φi})

∣∣∣∣
θθ

= −Yij({φi})ψiψj + Fifi (2.24)

where

Yij({φi}) =
∂2W

∂Φi∂Φj
({φi}), (2.25)

fi =
∂W
∂Φi

({φi}). (2.26)

Elegance

Unification below Planck scale, 
high enough for proton stability

gauge coupling running at 2 loops
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair
 qqq : 3-jet resonance pair→ g~

,missTE : 4 lep + 
e
νµ,eµνee→

0
1
χ∼, 0

1
χ∼l→Ll

~, 
-
Ll

~+
Ll

~ ,missTE : 4 lep + 
e
νµ,eµνee→

0
1
χ∼, 0

1
χ∼W→

+
1
χ∼, -

1
χ∼

+
1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

τ∼GMSB : stable 
 (full detector)γβ, β R-hadrons : low t~Stable 
 (full detector)γβ, β R-hadrons : low g~Stable 

±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0
1
χ∼

)*(Z0
1
χ∼

)*( W→ 0
2
χ∼
±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼
±

1
χ∼

,missTE : 2 lep + 0
1
χ∼νl→)ν∼(lνl~→+

1
χ∼, -

1
χ∼

+
1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + → (natural GMSB) : Z(t~t~ ,missTE : 0/1/2 lep (+ b-jets) + 0

1
χ∼t→t~, t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~, t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~ ,missTE : 3 lep + j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE) : 0 lep + 3 b-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + multi-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 3 lep + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 2 lep (SS) + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + b~ (virtual 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + ,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + 0-1 lep + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±
χ∼qq→g~ (±

χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 massl~  > 0)122λ or 121λ), τl
~
(m)=µl

~
(m)=el

~
(m) > 100 GeV, 0

1
χ
∼(m(430 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 mass+
1
χ∼
∼

 > 0)122λ or 121λ) > 300 GeV, 0

1
χ
∼(m(700 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ, 1 mm < c-510× < 1.5211
,
λ < -510×(0.3700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 masst~683 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ
∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ
∼(m), 0

2
χ
∼(m) = ±

1
χ
∼(m(140-295 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ ) as above)ν

∼,l
~
(m) = 0, 0

1
χ
∼(m), 0

2
χ
∼(m) = ±

1
χ
∼(m(580 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ )))0

1
χ
∼(m) + ±

1
χ
∼(m(2

1) = ν
∼,l

~
(m) < 10 GeV, 0

1
χ
∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl~ ) = 0)0

1
χ
∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 masst~ ) < 230 GeV)0

1
χ
∼(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst~ ) = 0)0

1
χ
∼(m(230-465 GeV , 7 TeV [1208.1447,1208.2590,1209.4186]-1=4.7 fbL

 masst~ ) = 0)0

1
χ
∼(m(230-560 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst~ ) = 10 GeV)±

1
χ
∼(m)-t~(m) = 0 GeV, 0

1
χ
∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst~ ) = 150 GeV)±

1
χ
∼(m) = 0 GeV, 0

1
χ
∼(m(160-350 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst~ ) = 55 GeV)0

1
χ
∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb~ ))0

1
χ
∼(m) = 2 ±

1
χ
∼(m(405 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massb~ ) < 120 GeV)0

1
χ
∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)0

1
χ
∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(860 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 200 GeV)0

1
χ
∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G
~

(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H
~

(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0

1
χ
∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0

1
χ
∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 20)β(tan1.20 TeV , 7 TeV [1210.1314]-1=4.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ
∼(m(2

1) = ±
χ
∼(m) < 200 GeV, 0

1
χ
∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0

1
χ
∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0

1
χ
∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL
 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (2.1 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV results

8 TeV results

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: Dec 2012)

An anti-hint?
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair
 qqq : 3-jet resonance pair→ g~

,missTE : 4 lep + 
e
νµ,eµνee→

0
1
χ∼, 0

1
χ∼l→Ll

~, 
-
Ll

~+
Ll

~ ,missTE : 4 lep + 
e
νµ,eµνee→

0
1
χ∼, 0

1
χ∼W→

+
1
χ∼, -

1
χ∼

+
1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

τ∼GMSB : stable 
 (full detector)γβ, β R-hadrons : low t~Stable 
 (full detector)γβ, β R-hadrons : low g~Stable 

±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0
1
χ∼

)*(Z0
1
χ∼

)*( W→ 0
2
χ∼
±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼
±

1
χ∼

,missTE : 2 lep + 0
1
χ∼νl→)ν∼(lνl~→+

1
χ∼, -

1
χ∼

+
1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + → (natural GMSB) : Z(t~t~ ,missTE : 0/1/2 lep (+ b-jets) + 0

1
χ∼t→t~, t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~, t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~ ,missTE : 3 lep + j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE) : 0 lep + 3 b-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + multi-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 3 lep + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 2 lep (SS) + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + b~ (virtual 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + ,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + 0-1 lep + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±
χ∼qq→g~ (±

χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 massl~  > 0)122λ or 121λ), τl
~
(m)=µl

~
(m)=el

~
(m) > 100 GeV, 0

1
χ
∼(m(430 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 mass+
1
χ∼
∼

 > 0)122λ or 121λ) > 300 GeV, 0

1
χ
∼(m(700 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ, 1 mm < c-510× < 1.5211
,
λ < -510×(0.3700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 masst~683 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ
∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ
∼(m), 0

2
χ
∼(m) = ±

1
χ
∼(m(140-295 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ ) as above)ν

∼,l
~
(m) = 0, 0

1
χ
∼(m), 0

2
χ
∼(m) = ±

1
χ
∼(m(580 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ )))0

1
χ
∼(m) + ±

1
χ
∼(m(2

1) = ν
∼,l

~
(m) < 10 GeV, 0

1
χ
∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl~ ) = 0)0

1
χ
∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 masst~ ) < 230 GeV)0

1
χ
∼(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst~ ) = 0)0

1
χ
∼(m(230-465 GeV , 7 TeV [1208.1447,1208.2590,1209.4186]-1=4.7 fbL

 masst~ ) = 0)0

1
χ
∼(m(230-560 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst~ ) = 10 GeV)±

1
χ
∼(m)-t~(m) = 0 GeV, 0

1
χ
∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst~ ) = 150 GeV)±

1
χ
∼(m) = 0 GeV, 0

1
χ
∼(m(160-350 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst~ ) = 55 GeV)0

1
χ
∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb~ ))0

1
χ
∼(m) = 2 ±

1
χ
∼(m(405 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massb~ ) < 120 GeV)0

1
χ
∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)0

1
χ
∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(860 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 200 GeV)0

1
χ
∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G
~

(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H
~

(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0

1
χ
∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0

1
χ
∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 20)β(tan1.20 TeV , 7 TeV [1210.1314]-1=4.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ
∼(m(2

1) = ±
χ
∼(m) < 200 GeV, 0

1
χ
∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0

1
χ
∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0

1
χ
∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL
 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (2.1 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV results

8 TeV results

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: Dec 2012)

Colored susy > TeV ?  
colored sparticles

Fermi scale TeV
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair
 qqq : 3-jet resonance pair→ g~

,missTE : 4 lep + 
e
νµ,eµνee→

0
1
χ∼, 0

1
χ∼l→Ll

~, 
-
Ll

~+
Ll

~ ,missTE : 4 lep + 
e
νµ,eµνee→
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Why expect susy to be 
light?

• Gauge coupling unification? û

• Dark matter? û

• Higgs mass? û

• Naturalness? ü



Gauge coupling unification

Gauge Coupling Unification 

But does not usefully constrain the superparticle masses
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Logarithmic evolution!

Weak scale susy improves the precision:
✏g = 0.12 ! ✏g = 0.014

Hall et al.
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✏g = 0.014 ✏g = 0.017

we present an updated, model-independent, study of the parameter space of the well-tempered

neutralino [27], including recent lattice values for the strange quark content of the nucleon [28].

2 Model-Independent Analysis of Threshold Corrections

In any scheme that embeds the SM in a supersymmetric theory at scale m̃ and has quark-lepton

and gauge coupling unification at scale MU , the couplings will receive threshold corrections at

both the supersymmetric and unified scales. In this section we present a general analysis of the

necessary size of the threshold corrections, without appealing to specific supersymmetric spectra.

Armed with the model-independent results of this section, we will consider explicit spectra in

section 4.

We match the gauge couplings, ga, with a = 3, 2, 1 for SU(3), SU(2), U(1) and the third

generation Yukawa couplings, yi with i = t, b, ⌧ of the SM to those of the MSSM by introducing

threshold corrections �i,a

yMSSM
t (MZ) =

ySM
t (MZ)

sin �
(1 + �t), yMSSM

b,⌧ (MZ) =
ySM
b,⌧ (MZ)

cos �
(1 + �b,⌧ ) (2.1)

gMSSM
a (MZ) = gSM

a (MZ)(1 + �a). (2.2)

Although we are interested in m̃ up to three orders of magnitude above the weak scale, for

simplicity we define the above thresholds at the reference scale MZ . The unified couplings result

from matching to the MSSM couplings at MU

y(MU) = yMSSM
b (MU)(1 + ✏) = yMSSM

⌧ (MU) (2.3)

and
1

ḡ2(MU)
=

1

g2
a(MU)

(1 + ✏a) (2.4)

where 1/ḡ2 is the average of 1/g2
a. The unified scale, MU , is defined by minimizing ✏2g =

P
a ✏2a.

Between the matching scales we evolve the couplings using two-loop MSSM renormalization

group equations [18], so that b � ⌧ unification leads to a constraint between the thresholds

✏ = ✏(�i,a, tan �). (2.5)

When specializing to t � b � ⌧ unification, tan � is fixed by setting yt = yb at MU .

The SUSY threshold corrections, �i,a, depend on the superpartner spectrum and at one-loop

are the sum of terms proportional to the log of superpartner masses, �logi,a , and terms that are

independent of logarithms of superpartner masses, �fini,a . Setting all superpartner masses equal,

gauge coupling unification is very precise, with ✏g = 0.013(0.017) for m̃ = 0.1(100) TeV. For

7

Required threshold correction at GUT scale

Compare to ✏SMg = 0.12



Higgs mass vs. susy scale
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Natural Ascetic susySUSY In the Era of Austerity
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• “Ascetic” SUSY spectrum is 
completely consistent with the 
5 fb-1 constraints, and helps 
with SUSY flavor problem

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
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.

 [GeV]g~m
400 500 600 700 800 900

 [
G

e
V

]
1t~

m

200

250

300

350

400

450

500

550

600

650
CLs observed limit
CLs expected limit

σ1±Expected CLs limit 
-11 lepton plus b-jets 2.05 fb

 fo
rb

id
de

n

0

1χ∼tt
→g~

±

1
χ∼b+→1t

~
+t, 1t

~
→g~ production, g~-g~ ∫ =7 TeVs,  -1 L dt = 2.05 fb

2-lepton SS, 4 jets

 = 60 GeV0

1
χ∼

m

0

1
χ∼

 2 m≈ ±

1
χ∼m

g~ >> m
1,2

q~m

ATLAS Preliminary

Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that mχ̃±
1
= 2mχ̃0

1
. The lower part of the ±1σ band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino
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1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino
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Natural EWSB in times of austerity
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
✓

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

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

120 GeV

◆ 
��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

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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MSSM stops vs. mH
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Figure 3: Renormalization group evolution from
the unification scale to the weak scale of gaug-
ino masses M

1

, M

2

, M

3

(green curves), of
the stop mass parameters m

˜tL
and m

˜tR
(full

and dashed blue curves, respectively), ytAt (red
dashed curve), mHu (black curve), in a configu-
ration leading to m

˜tR
⌧ m

˜tL
at the weak scale.

All masses are in GeV units and we assumed
the MSSM.

Figure 4: Gluino and light-stop masses result-
ing from a scan of the parameter space assum-
ing universal scalar and gaugino masses, and
the condition |At| < 3m

0

, at the GUT scale.
All points satisfy the mh ⇡ 126 GeV con-
straint and are colored according to the value of
m

˜t2
/m

˜t1
, as indicated on the right-handed axis.

For illustrative purposes lines corresponding to
M

3

/m

˜t1
= 1, 2, 3, 4 are also shown.

2.2 Constraints from the RG evolution

A numerically large splitting between m
˜tL

and m
˜tR

naturally arises from the evolution under

renormalization-group equations (RGE), provided scalar masses are significantly larger than

gaugino masses at the high scale. This can be understood by looking at the one-loop RGE

for third generation squark masses and mHu . Neglecting o↵-diagonal flavor-mixing terms we

have

8⇡2

dm2

˜tL

d log µ
= y2t Yt � 16

3
g2
3

M2

3

� 3g
2

M2

2

� 1

15
g2
1

M2

1

, (8)

8⇡2

dm2

˜tR

d log µ
= 2 y2t Yt � 16

3
g2
3

M2

3

� 16

15
g2
1

M2

1

, (9)

8⇡2

dm2

Hu

d log µ
= 3 y2t Yt � 3g

2

M2

2

� 3

5
g2
1

M2

1

, (10)

where µ is the renormalization scale, and

Yt = m2

˜tL
+m2

˜tR
+m2

Hu
+ A2

t . (11)
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Direct stop searches
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Leads to
the right
relic abundance

mLSP
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(mt̃1 �mLSP ) < 30� 40GeV
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Figure 7: A simplified MSSM scenario with only strong production of gluinos and first- and second-
generation squarks, with direct decays to jets and neutralinos. Exclusion limits are obtained by using the
signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� experimental uncertainties. Observed
limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit,
and the dotted lines are obtained by varying the cross section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) area. Results at 7 TeV
are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

set to 0.96 times the mass of the gluino.
In the CMSSM/MSUGRA case, the limit on m1/2 is above 340 GeV at high m0 and reaches 710 GeV

for low values of m0. Equal mass light-flavor squarks and gluinos are excluded below 1500 GeV in
this scenario. The same limit of 1500 GeV for equal mass of light-flavor squarks and gluinos is found
for the simplified MSSM scenario shown in Fig. 7. In the simplified model cases of Fig. 8 (a) and (c),
when the lightest neutralino is massless the limit on the gluino mass (case (a)) is 1100 GeV, and that
on the light-flavor squark mass (case (c)) is 630 GeV. Mass limits for the direct production of light-
flavor squarks (case (c)) hardly improve with respect to the 7 TeV data analysis because of increased
background predictions and uncertainties at 8 TeV in the low me↵ and low jet multiplicity channels used
to provide exclusions for these models.

8 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 a 5.8 fb�1dataset recorded by the ATLAS experiment at
the LHC in 2012. 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 both in terms of MSUGRA/CMSSM models with tan � = 10, A0 = 0 and
µ > 0, and in terms of simplified models with only light-flavor squarks, or gluinos, or both, together
with a neutralino LSP, with the other SUSY particles decoupled. In the MSUGRA/CMSSM models,
values of m1/2 < 350 GeV are excluded at the 95% confidence level for all values of m0, and m1/2 < 740
GeV for low m0. Equal mass squarks and gluinos are excluded below 1500 GeV in this scenario. When
the neutralino is massless, gluino masses below 1100 GeV are excluded at the 95% confidence level in
a simplified model with only gluinos and the lightest neutralino. For a simplified model involving the
strong production of squarks of the first two generations, with decays to a massless neutralino, squark
masses below 630 GeV are excluded.
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Naturalness requires 
split squarks

M

8 dof
(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

t̃1

t̃2 b̃L

b̃R



• two stops and one (left-handed) sbottom, both below 500 � 700 GeV.

• two higgsinos, i.e., one chargino and two neutralinos below 200 � 350 GeV. In the

absence of other chargino/neutralinos, their spectrum is quasi-degenerate.

• a not too heavy gluino, below 900 GeV � 1.5 TeV.

There are some model-dependent motivations for augmenting this minimal spectrum with

additional light states. For example, there could also be a light gravitino at the bottom of the

spectrum because a low mediation scale is motivated by reducing the size of the logarithm

in Eqs. 6 and 7. Or, there could be an extra light neutralino (such as a bino or singlino)

motivated by dark matter. The rest of the superparticles may all be decoupled.

The relevant task is to determine the lower bounds on the masses of third generation

squarks, the gluino, and higgsinos, coming from direct collider searches, such as the searches

that have been performed so far at the 7 TeV LHC. This will be the subject of the following

sections.

As we will summarize in the next section, the LHC presently sets the strongest bounds

on the production of gluinos and the squarks of the first two generations. Therefore it is

worth discussing scenarios where the spectrum of the third generation squarks is lighter

than that of the first two generations [28, 38]. Scenarios of this type have less tension with

naturalness only if the squark masses are introduced in a flavor non-universal way at the

scale where SUSY breaking is mediated to the SSM sector. In fact, squark mass splittings

induced by renormalization group evolution originate from the same top Yukawa interactions

that correct the Higgs potential. Therefore, in flavor-blind SUSY mediation models, large

splittings between squarks in the IR actually increases the fine-tuning in the Higgs potential.

In particular, at one loop one has,

�m2
H ' 3

⇣
m2

Q3
� m2

Q1,2

⌘
' 3

2

⇣
m2

U3
� m2

U1,2

⌘
, (11)

where the squark mass splittings pose a lower bound on the amount of fine-tuning. The

implications of the LHC results on this class of models will be further discussed in Section V.

general, the phenomenology of SUSY searches. However the modifications caused by an extended Higgs

sector are most important for searches looking at direct electroweak-ino production, which is beyond the

LHC capabilities with 1fb�1. We therefore neglect this issue in the rest of the paper.

11

Splitting via renormalization group does not help

Higgs fine-tuning = RGE mass splitting

1-loop, LLog, 
tanß moderate

Papucci, Ruderman, AW ’11

Splitting via RGE?
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What if first 2 generation squark not degenerate?
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, ũR, d̃R,
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, (c̃, s̃)L

M

8 dof
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Producing Top Quarks 
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Degenerate Minimal Flavor Anarchy!

mSugra, CMSSM, 
pMSSM, … 



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 through p.d.f ’s (u vs. d, sea vs. 
valence)

• Experimental efficiencies have thresholds 
and current limits are on the thresholds



Squark searches

Effect of the efficiency threshold:

M. Papucci, J. Ruderman 
G. Perez, R. Mahbubani, AW



Pythia/MadEvent
+Prospino/NLLfast
+checks with MLM matched sample



Pythia/MadEvent
+Prospino/NLLfast
+checks with MLM matched sample
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1 Analytical expressions in SUSY Alignment Models

The relevant e↵ective Hamiltonian in models with complete alignment is

He↵ = C1 (ui�µPL ci) (uj�µPL cj) , xD ' 2.6⇥ 1010 Re C1, (1)

where PR,L = (1 ± �5)/2 and i, j are colour indices and 0.23 ⇥ 10�2 < xD < 1.01 ⇥ 10�2.
Working within a two-generation framework, which is an excellent approximation, one can find
the following analytical result
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Figure 1: Left: Comparison of the numerical vs. analytical calculations of �MD where the an-
alytical calculation is based on eq. 2. Right: Comparison of the numerical vs. MIA calculations.
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SSM SUSY
GSM ⇥ SU(3)F

FIG. 1: A depiction of flavor mediation where SUSY breaking is communicated to the SSM by both SM and flavor gauge
groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the GSM ⇥ SU(3)F ⌘
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ SU(3)F gauge superfields, and at two loops to the SSM chiral superfields charged under these
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain
comparable soft mass contributions from all gauge groups.

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY.

A complete model of flavor mediation is shown in Fig. 1, where both the flavor gauge group and SM gauge groups
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After
accounting for renormalization group (RG) e↵ects, the gluinos end up being a bit heavier than the third-generation
squarks, perfect for a natural SUSY spectrum.

The uniqueness of the anomaly-free SU(3)F leads to a number of interesting predictions. First, because the flavor
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)F to be anomaly-free, both leptons
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising
from SM gauge mediation and RG e↵ects. Finally, flavor mediation preserves many of the desired features of SUSY
grand unified theories (GUTs). Since the anomaly-free SU(3)F does not require any new SM-charged chiral matter
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is
the dominant source for gaugino masses, then SM gaugino masses also unify.

The outline for the remainder of this paper is as follows. In Sec. II, we introduce the anomaly-free SU(3)F flavor
gauge group and describe how it is broken. In Sec. III, we describe the physics of flavor mediation, and how the
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete
model in Sec. IV, detailing the generation of gaugino masses in Sec. IVA, the Higgs sector in Sec. IVB, and typical
sparticle spectra in Sec. IVC. We verify in Sec. V that flavor bounds are satisfied in this model. We sketch the key
predictions of our model in Sec. VI and conclude in Sec. VII.

II. THE GAUGED FLAVOR SYMMETRY

A. Motivating SU(3)F

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure.

Second, the flavor symmetry should act equally on lepton and quark multiplets in order to allow for a GUT
structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(1), SU(2),

Gauge Mediation

GSM = SU(3)⇥ SU(2)⇥ U(1)

GSM

see e.g. Giudice/Rattazzi
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A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
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Q Uc Dc L Ec Hu Hd Nc Su Sd

SU(3)F 3 3 3 3 3 1 1 3̄ 6̄ 6̄

TABLE I: The SU(3)F charges of the minimal chiral matter representations required for anomaly-free flavor mediation. The
fields Nc,Su,Sd are all neutral under GSM; their role will be discussed in Sec. II B. Additional pairs of massive vector-like
representations may be included to generate Yukawa interactions, mediate supersymmetry breaking, and generate lepton flavor
structures.

or U(2) flavor symmetries make it di�cult to explain the near maximal neutrino mixing between the second and third
generations. Of course, one can always imagine split GUT multiplets where quarks and leptons do not live in the
same GUT multiplet, but we choose not to consider that possibility.

Third and finally, we wish to avoid adding additional chiral matter with SM gauge charges in the infrared (IR), in
order to maintain SUSY gauge coupling unification in the UV. Many candidate flavor symmetries, particularly ones
involving U(1)s, are anomalous, requiring the addition of further matter with SM charges to cancel the anomalies. We
can avoid extra charged multiplets if the flavor symmetry has no SM gauge anomalies. In essence, this corresponds
to taking the MSSM in the limit of zero Yukawas and gauging any anomaly-free symmetry compatible with GUT
structures.2

Fortunately, there is a well-known flavor symmetry satisfying all of these requirements: an SU(3)F flavor symmetry
under which all SSM matter supermultiplets are fundamentals. The charge assignments of SSM supermultiplets under
SU(3)F are shown in Table I. In fact, this is the maximal group involving SU(3) factors that is anomaly-free and treats
all matter multiplets equally.3 A number of successful flavor models employing this symmetry have been constructed
[43–54], including models that allow for GUT multiplets in the UV.

B. Yukawa Couplings

In order to generate SM Yukawa couplings, the flavor group must be spontaneously broken. Clearly, the Yukawas
must transform as a 3 ⌦ 3 under the SU(3)F symmetry. They could arise as the sum of pairs of fundamental
representations, in which case the SM Yukawa coupling will be generated through a dimension-six operator and will
depend on the square of vacuum expectation values (vevs). Alternatively, the Yukawas could arise from a dimension-
five operator through a symmetric or antisymmetric two-index representation.

As we will see, the e↵ects of flavor mediation are enhanced by having a large hierarchy between the flavor boson
masses, which is desirable to achieve a natural SUSY spectrum. With pairs of fundamentals, the flavor boson masses
will be parametrically proportional to the square root of the SM Yukawas. With a two-index representation, the flavor
boson masses will be linear in the SM Yukawas. Therefore, in order to generate the largest possible mass hierarchy, we
will employ two-index representations. This also comes with the advantage of requiring fewer messenger superfields
in order to generate the Yukawas. A single antisymmetric representation does not have su�cient rank to generate the
SM Yukawas, so from now on we will consider symmetric representations.

First considering just quark superfields, we add two symmetric 6 representations of SU(3)F to the SSM, which we
denote as Su,d. The cubic SU(3)F anomalies vanish if we also add right-handed neutrino superfields Nc transforming
as a 3.4 The SM quark Yukawas can be generated through the higher-dimensional superpotential operators

W =
1

MSu

SuHuQUc +
1

MSd

SdHdQDc, (1)

where flavor indices have been suppressed. These operators can arise by integrating out heavy vector-like Higgs pairs
also in the 6, 6 of SU(3)F with mass MS ; unification is preserved in the usual way if these Higgses live in complete
multiplets of SU(5)GUT. In particular, all SM quark Yukawas may be generated by integrating out fields transforming

2 If we add right-handed neutrinos, we could also gauge U(1)B�L consistent with this philosophy.
3 Extending this group to U(3) is not possible as the additional U(1) factor is anomalous. As will be discussed later, the fact that we are
forced to employ an SU(3), rather than U(3), symmetry is very appealing for the generation of a natural SUSY spectrum through flavor
mediation. A remaining U(1) factor would generate additional, undesirable, splittings between first- and second-generation squarks.

4 This renders SU(3)F IR-free. If the Landau pole in the gauge coupling lies below the scale of UV physics such as the GUT or Planck
scale, a dual description would be required in order to UV-complete the model. However, the scale of SU(3)F breaking may readily lie
at or above the GUT scale, thereby avoiding any Landau poles beneath the gauge cuto↵.

4

as (5̄, 6)� (5, 6̄)� (5, 6)� (5̄, 6̄) under SU(5)GUT ⇥ SU(3)F . This suggests the scale MS should be high enough to
avoid inducing Landau poles in the SM gauge couplings below the unification scale, and an O(1) top Yukawa then
implies that the flavor symmetry breaking scale should also be high.

One can also introduce additional anomaly-free representations of SU(3)F in order to generate charged lepton
Yukawas and neutrino masses. However, without committing to a particular model of neutrino mass generation, the
less constrained leptonic flavor structure means that it is di�cult to extract general features of the role lepton masses
and mixings play in the breaking of SU(3)F , and subsequently the flavor-mediated soft masses. Henceforth, we will
assume that the dominant breaking of the flavor symmetry lies in the generation of the quark Yukawas. We will see
in Sec. III B that this is in fact a good approximation, and so for now it su�ces to only consider the quark sector.

C. Flavor Breaking

To have a realistic model, the vevs of Su,d must generate the SM quark flavor structures. As the goal of this
work is to connect the SM fermion flavor structure to sfermion flavor structure, and numerous patterns of SU(3)F
breaking already exist in the literature (see e.g. [51]), we simply treat Su,d as flavor spurions which obtain vevs in a
supersymmetric manor along a D-flat direction.5 After performing an SU(3)F rotation, we can assume vevs of

hSui =

0

B@
vu1 0 0

0 vu2 0

0 0 vu3

1

CA , hSdi = VCKM

0

B@
vd1 0 0

0 vd2 0

0 0 vd3

1

CAV T
CKM. (2)

Here, the CKM mixing matrix VCKM arises due to the initial misalignment of the two vevs, and we assume the
hierarchy vu3 � vu2 � vu1 and vd3 � vd2 � vd1.

In this vacuum, the gauge symmetry is fully broken and SSM quark Yukawa couplings are generated. There is
some freedom in choosing the relative scales of the up and down flavor symmetry breaking vevs. In particular, MSu

need not equal MSd , and there is freedom in the Yukawas through the ratio of the up- and down-type Higgs vevs
tan� ⌘ hHui/hHdi. We can parameterize both freedoms with one parameter ↵, since

mt

mb
=

vu3
vd3

↵, ↵ ⌘ MSd

MSu

tan�. (3)

Varying ↵ then leads to di↵erent flavor boson spectra.
For small ↵ the breaking of SU(3)F ! SU(2)F ! ; is determined dominantly by the hierarchies in the up-quark

mass matrix, whereas for large ↵ the down-quark mass matrix dominates the breaking pattern. In Fig. 2, we plot
how the relative spectrum of flavor boson masses varies as a function of ↵. To achieve the largest hierarchy in the
sfermion masses, ↵ . 100 is preferred for the generation of a natural SUSY soft spectrum. For this reason, and to
limit the free parameters, we choose to set ↵ = 1 for the remainder of this paper, simply noting that other values are
also valid.

To understand the flavor boson hierarchies, consider only the flavor breaking from Su. To second order in vu2, the
spectrum of flavor bosons is

M2
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⇢
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2, v2u3, v
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u3, (vu3 � vu2)

2, 2v2u2, v
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�
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where gF is the flavor gauge coupling. The hierarchy vu3 � vu2 leads to a flavor gauge boson hiearchy with five
heavy gauge bosons (corresponding roughly to the generators of SU(3)F /SU(2)F ) and three light gauge bosons (the
remaining SU(2)F generators).

For simplicity, we will use the notation vu3 ⌘ vF , since the dominant breaking is by the top Yukawa coupling.
Including the down-type Yukawas and fixing ↵ = 1, the other parameters are now fixed by the measured fermion

5 The hierarchical structure of vevs could arise from higher-dimensional operators, gauge dynamics, radiative e↵ects, or some other
mechanism. In general, one expects that in an explicit model, there will be additional matter charged under SU(3)F beyond Table I.
The following analysis assumes that vevs of the additional fields are either proportional to hSu,di or give a subdominant contribution to
SU(3)F breaking. However, the qualitative conclusions are typically not changed by the presence of additional vevs, provided the primary
breaking SU(3)F ! SU(2)F is still aligned with the top Yukawa and the subsequent breaking SU(2)F ! ; occurs at a parametrically
lower scale.
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Figure 6.4: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

order Mmess ∼ yI〈S〉 for I = 2, 3. The running mass parameters can then be RG-evolved down to the
electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 6.4, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (6.55)

with the quadratic Casimir invariants Ca(i) as in eqs. (5.27)-(5.30). The squared masses in eq. (6.55)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (6.56)

a significantly stronger condition than eq. (5.19). Again, eqs. (6.55) and (6.56) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 5.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (5.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 7.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (6.53) and (6.55) correspond to the estimate eq. (6.27) for msoft, with
Mmess ∼ yI〈S〉. Equations (6.53) and (6.55) hold in the limit of small 〈FS〉/yI〈S〉2, corresponding to
mass splittings within each messenger supermultiplet that are small compared to the overall messenger
mass scale. The sub-leading corrections in an expansion in 〈FS〉/yI〈S〉2 turn out [143] to be quite small
unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
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FIG. 3: The SU(3)F flavor-mediated sfermion soft mass spectrum relative to the unbroken case as a function of � = g2F v
2
F /M

2.
The mass-squared is plotted linearly in the left panel, and logarithmically in the right. There is an overall suppression
which occurs whenever the flavor-breaking scale becomes comparable to the messenger scale. The suppression of the third-
generation sfermion soft masses relative to the first two generations is also clear, arising from the fact that the dominant flavor
symmetry breaking lies in the top-quark direction. The first two generations are highly degenerate, as expected from the
SU(3)F ! SU(2)F ! ; breaking structure.

Once the gauge symmetry is broken, we can simultaneously diagonalize the (SUSY) gauge boson mass matrix and
corresponding group generators, such that an eigenstate with mass Ma

V is associated with the generator T a. After
performing this diagonalization, the resulting expression for sfermion soft masses at two loops is

�
em2

q

�
ij
= C(�)

↵2
F

(2⇡)2

����
F

M

����
2X

a

f(�a) (T a
q T

a
q ){ij}, �a ⌘ Ma

V
2

M2
, (7)

where {ij} indicates that these indices have been symmetrized, ↵F ⌘ g2F /4⇡ is the fine structure constant for the
flavor gauge group, and C(�) is the Dynkin index of the messenger superfield representation. The suppression factor
f(�a) tracks the di↵erence between Higgsed gauge mediation and ordinary gauge mediation, and is given explicitly by

f(�) = 2
�(4� �)((4� �) + (� + 2) log(�)) + 2(� � 1)⌦(�)

�(4� �)3
, (8)

with

⌦(�) =
p

�(� � 4)
�
2⇣(2) + log2 (↵) + 4Li2 [�↵]

�
, ↵ =

 r
�

4
+

r
�

4
� 1

!�2

. (9)

When � = 0, f(0) = 1 gives the results from ordinary gauge mediation. For large �, f(�) ' 2(log � � 1)/�.
Applying these results to the flavor group and breaking pattern described in Sec. II, the soft mass-squared for the

i-th flavor of squark or slepton in a representation of SU(3)F is

�
em2

q

�
ii
= �i(�)C(�)C2(q)

↵2
F

(2⇡)2

����
F

M

����
2

, � =
g2F v

2
F

M2
, (10)

where C2(q) is the quadratic Casimir of the quark superfield q, and �i(�) is a generation-dependent suppression factor
arising due to the breaking of the mediating gauge group, with the limiting behavior

lim
vF!0

�i(�) = 1. (11)

In Fig. 3, we plot the suppression of the sfermion soft masses compared to the case where the gauge group is
unbroken, for a range of values of �. In the limit where the gauge group is largely unbroken, the suppression of all

3rd gen’ flavor gauge
bosons are heaviest
=> smallest soft-masses
→ natural stops

M2
V

M2

�m̃
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RPV SUSY

• R parity violated: LSP can decay

• Typically also the proton decays…



MFV RPV SUSY
• R parity violated: LSP can decay

• Typically also the proton decays… 

• If minimal flavor violating, only one 
holomorphic RPV term:•Single superpotential term at renormalizable level

•Could have Kähler and soft breaking corrections 
of form

•Of course not B,L violating. Small flavor violating 
terms suppressed by MFV (GIM mechanism)

Since, in the absence of light unflavored fermions, proton decay requires lepton number
violation, we conclude that the proton is e�ectively stable for massless neutrinos. Thus,
proton stability will only constrain the neutrino sector, as discussed in §6.3

In addition to the R-parity conserving terms (2.1), MFV allows only one additional
renormalizable correction to the superpotential:

WBNV =
1

2
w��(Yu ū)(Yd d̄)(Yd d̄) , (2.4)

where w�� is an unknown O(1) coe⇥cient. In combination with the MFV structure of the soft
terms, most of the interesting phenomenology of our model arises from this baryon-number
and R-parity violating term.

The allowed A and B terms are in direct correspondence with the allowed superpotential
terms, and carry the same flavor structure. The Kähler potential need not be canonical, and
is subject to non-universal corrections. At the renormalizable level, these take the form:

K = Q†
⇤
1 + fQ(YuY

†
u , YdY

†
d )

T + h.c.
⌅
Q+ ū†

⇤
1 + Y †

u fu(YuY
†
u , YdY

†
d )Yu + h.c.

⌅
ū

+d̄†
⇤
1 + Y †

d fu(YuY
†
u , YdY

†
d )Yd + h.c.

⌅
d̄

+L† �1 + fL(YeY
†
e )

T + h.c.
⇥
L+ ē†

�
1 + fe(Y

†
e Ye) + h.c.

⇥
ē , (2.5)

where the fi are polynomials in the indicated (Hermitean) matrices. While the renormal-
izable Kähler potential can be made canonical by an appropriate change of basis, such a
change of basis is not compatible with the holomorphy of the spurions. The situation is
analogous to that of the supersymmetric beta function, where the one-loop NSVZ result
can be shown to be exact in an appropriate holomorphic basis, but the “physical” all-loop
beta function is still subject to wave function renormalization, since the gauge boson kinetic
term is non-canonical in the holomorphic basis. Similarly, in MFV SUSY the form of the
superpotential is highly constrained, but the Kähler potential is still subject to a large num-
ber of unknown corrections. Fortunately, these unknown corrections are suppressed by the
smallness of the Yukawa couplings.

The soft breaking scalar masses have the same basic flavor structure as the Kähler terms
listed above. This implies in particular that, while FCNCs can occur via squark exchange,
they are suppressed by the GIM mechanism [15], just as in the standard model. This
automatic suppression of FCNCs is a universal feature of MFV scenarios. We will quantify
the flavor-changing squark mass-mixings in §4.1.

We defer consideration of higher-dimensional operators to Appendix D, where we show
that such operators will give subdominant contributions to baryon-number violating pro-
cesses.

3The situation changes if the gravitino (or another unflavored fermion, such as an axino) is lighter than
mp. We discuss the resulting constraints on m3/2 in §6.

6

Since, in the absence of light unflavored fermions, proton decay requires lepton number
violation, we conclude that the proton is e�ectively stable for massless neutrinos. Thus,
proton stability will only constrain the neutrino sector, as discussed in §6.3

In addition to the R-parity conserving terms (2.1), MFV allows only one additional
renormalizable correction to the superpotential:

WBNV =
1

2
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Tiny baryon number violation, e.g. 

•The only allowed term:

•MFV predicts the size of these couplings:

•Suppressed by Yukawa couplings and CKM 
angles

3 The baryon-number violating vertex

Most of the interesting phenomenology of our model arises from the interaction (2.4), which
we now discuss in more detail. Performing an SU(3)5 transformation, we choose a basis
where

Yu =
1

vu
V †
CKM

⇤

⇧
mu 0 0
0 mc 0
0 0 mt

⌅

⌃ , Yd =
1

vd

⇤

⇧
md 0 0
0 ms 0
0 0 mb

⌅

⌃ , Ye =
1

vd

⇤

⇧
me 0 0
0 mµ 0
0 0 m�

⌅

⌃ ,

(3.1)
where VCKM is the CKM matrix and vu,d = ⌃Hu,d⌥ are the Higgs VEVs, with v2 = v2u + v2d ⇤
(174 GeV)2 the standard model Higgs VEV. Since the Yukawa couplings are RG dependent
quantities, we should in principle evaluate them at the squark-mass scale to estimate (2.4),
integrate out the superpartners, and then run the resulting couplings down to the QCD scale.
However, to obtain a rough estimate, it is su�cient to estimate them using the following
low-energy quark masses [16]:

mu ⇥ 3 MeV , mc ⇥ 1.3 GeV , mt ⇥ 173 GeV ⇥ v ,

md ⇥ 6 MeV , ms ⇥ 100 MeV , mb ⇥ 4 GeV , (3.2)

together with the lepton masses:

me ⇧ 0.511 MeV , mµ ⇧ 106 MeV , m� ⇧ 1.78 GeV . (3.3)

For the magnitudes of the CKM elements, we take

VCKM ⇥

�

⌥
1 ⇤ ⇤3/2
⇤ 1 ⇤2

⇤3 ⇤2 1

⇥

� , (3.4)

where ⇤ ⇥ 1/5 approximates all elements to better than 20% accuracy.
The lepton and down-type Yukawa couplings depend strongly on tan � � vu/vd. We

consider a broad range, 3 <⇥ tan � <⇥ 45, where the lower bound is motivated by electroweak
symmetry breaking, and the upper bound by perturbativity of the bottom Yukawa coupling
, yb <⇥ 1. Consistent with the lower bound tan � >⇥ 3, we will usually assume tan � ⌅ 1,
which simplifies many formulae.

Using the assumptions outlined above, we now estimate the size of the baryon-number
violating term (2.4), which is conventionally written in the form:

WBNV =
1

2
⇤��
ijk⇥

abcūi
ad̄

j
bd̄

k
c , (3.5)

where a, b, c are color indices and i, j, k are the flavor indices, with summation over repeated
indices understood. The factor of one-half is due to the anti-symmetry of the operator in
the down-type flavor indices (which is a consequence of the color contraction). Using the
basis (3.1), we find

⇤��
ijk = w��y(u)i y(d)j y(d)k ⇥jklV

⇥
il , (3.6)
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ad̄

j
bd̄

k
c , (3.5)

where a, b, c are color indices and i, j, k are the flavor indices, with summation over repeated
indices understood. The factor of one-half is due to the anti-symmetry of the operator in
the down-type flavor indices (which is a consequence of the color contraction). Using the
basis (3.1), we find

⇤��
ijk = w��y(u)i y(d)j y(d)k ⇥jklV

⇥
il , (3.6)

7where y(u)i and y(d)i are the up and down-type Yukawa couplings, and the coupling scales like
(tan �)2 for large tan �. Using the CKM estimate (3.4), we find
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usb ⇤ t2�

mbmsmu

m3
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mbmdmu

m3
t
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mdmsmu

2m3
t
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mbmcms

m3
t
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cbd ⇤ t2�

mbmcmd

m3
t

, ⇥⇤⇤
cds ⇤ ⇥2t2�

mcmdms

m3
t

,

⇥⇤⇤
tsb ⇤ ⇥3t2�

mbms

m2
t

, ⇥⇤⇤
tbd ⇤ ⇥2t2�

mbmd

m2
t

, ⇥⇤⇤
tds ⇤ t2�

mdms

m2
t

. (3.7)

where we t� as a shorthand for tan �. Taking the extreme value tan � = 45, and using the
quark masses (3.2) and ⇥ ⇤ 1/5, we obtain the following estimates for the size of the ⇥⇤⇤

ijk

coupings (for w⇤⇤ = 1):

s b b d d s

u 5� 10�7 6� 10�9 3� 10�12

c 4� 10�5 1.2� 10�5 1.2� 10�8

t 2� 10�4 6� 10�5 4� 10�5

Due to the Yukawa suppression, the largest coupling, ⇥⇤⇤
tsb, involves as many third-generation

quarks as possible, without any first generation quarks. This coupling, however, will con-
tribute subdominantly to low energy baryon number violation, due to the CKM suppression
required for the third generation quarks to flavor change into first generation external state
quarks.

There are many bounds on specific combinations of RPV couplings [6]. These bounds
typically assume a generic form for the soft-masses, and thus do not necessarily apply to MFV
SUSY. However, due to the flavor suppression, the predicted values of the RPV couplings in
our case are small, and all of these bounds are satisfied.

4 Constraints from �B = 2 processes

The baryon number violating interaction (2.4) will lead to baryon number violating processes
which are, in theory, observable at low energy. In particular, the most stringent limits on
baryon number violation without lepton number violation come from the lower bound on
the neutron-anti-neutron oscillation time [17]

⇤n�n̄ ⇥ 2.44� 108 s , (4.1)

and from the lower bound on the partial lifetime for pp ⌅ K+K+ dinucleon decay [18]

⇤pp⇥K+K+ ⇥ 1.7� 1032 yrs . (4.2)

Both limits come from null observation of 16O decay to various final states in the Super-
Kamiokande water Cherenkov detector. Present limits on other dinucleon partial lifetimes
are somewhat weaker, at ⇤ 1030 yrs [16].
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Csaki, Grossman, Heidenreich ’11 (see also C. Smith ’08)



MFV RPV II
Search for colored resonances/no MET…

Depending on LSP, interesting phenomenology

e.g. Slepton LSP:

4 body, displaced vertex

•If LSP slepton (stau), need to decay via off-shell 
neutralino/chargino AND stop

•4-body decay, almost certainly displaced vertex, 
some have tops some missing energy. This should 
be easier.
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Figure 12: Slepton LSP decay without neutrinos (left) and with neutrinos (and thus missing
energy) on the right.

searches are very promising, an eventual null-result of this particular experiment would not
remove the motivation for these theories, since this search relies on the production of a light
gluino.

Another relevant search is for massive colored scalars in 4-jet events [36]. Here the four
most energetic jets are paired up and a resonance in the average invariant masses of the two
pairs is searched for. Stop pair production followed by decays to jets would contribute to
this channel. The current bounds on the mass of the colored scalar using 2010 LHC data
are in the 150� 180 GeV range.

Throughout this paper we have been assuming a squark mass scale of order a few-hundred
GeV. This is necessary to make SUSY a natural solution of the hierarchy problem. However,
in this case the Higgs mass in the simplest MSSM-type extension will usually be too light.
One needs an extension of the Higgs sector, for example to NMSSM-type models, to raise
the Higgs mass over the 114 GeV LEP bound. Such an extension should not significantly
alter the MFV structure of the theory. For example, while the Z3 symmetric version of
the NMSSM has restricted couplings due to the (weakly broken) discrete symmetry, the
superpotential (2.4) is Z3 invariant, leaving the essential features of our model intact.

One of the outstanding problems of the SM and the MSSM is the issue of baryoge-
nesis. The Higgs mass is too high in both of these theories to account for the observed
matter/antimatter asymmetry directly, and the leading explanation is baryogenesis via lep-
togenesis. In MFV SUSY, the appearance of the �⇥⇥ baryon number violating operator (2.4)
opens new possibilities for baryogenesis. Several scenarios that make use of this coupling have
been proposed in [37–41]. For example the model of [41] would rely on out-of-equilibrium
decays of the lightest neutralino Ñ ⇥ ūd̄d̄ and needs �⇥⇥ couplings in the 10�4 � 10�3 range.

Finally we comment on dark matter. One of the main motivations for R-parity is that it
provides a stable heavy superpartner, which in many cases can be a candidate for a WIMP.
In MFV SUSY we are obviously forgoing this possibility. However, this does not necessarily
mean that there cannot be a good dark matter candidate in these models. While we are
assuming the LSP within the SM superpartners to be the stop or another sparticle, the
gravitino can still be lighter and be the real LSP. A gravitino dark matter scenario within
R-parity violating SUSY has been advocated in [42]. There it was found that the leading
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Figure 11: The decay length (c⌅) of a neutralino (left) or stau (right) LSP, in units of µm.
For a neutralino LSP, displaced vertices can arise in a substantial region of parameter space,
whereas for the stau, they are expected nearly everywhere.

decay involving top and bottom quarks, a light jet and either a lepton or missing energy, as
shown in Fig. 12. Since it is a four-body decay, the NDA estimate for the width of the stau
LSP is

��̃ � m�̃

2048⇤5
|⇥⇥⇥

tsb|2 , (7.10)

with lifetime of order

⌅�̃ � (44 µm)

�
45

tan �

⇥4 �500 GeV

m�̃

⇥
. (7.11)

Such long lifetimes will give displaced vertices in almost all of the relevant parameter space,
as shown in Fig. 11. Thus the signal of SUSY in the case of a stau LSP would be events
with displaced vertices, top and bottom quarks, and either a lepton or missing energy.

Current searches for R-parity violating supersymmetry are not very restrictive for MFV
SUSY. The more restrictive searches look for leptons among the final state particles, and
set bounds on the coupling ⇥⇥: this is exactly the one vanishing in MFV SUSY. The more
relevant searches are the ones carried out by CMS [34] (and also by CDF [35]): here the
R-parity violating decay of the gluino in the presence of a ūd̄d̄ coupling is considered by
searching for a resonance in 3-jet final states, after appropriate kinematic cuts are introduced
to separate potential SUSY events from QCD background. The most stringent CMS search
(using 35 pb�1 of data) yields a bound on the gluino mass mg̃ > 280 GeV. However, we
should emphasize that in these models the gluino does not play an essential role. Thus even
if the gluino is in the TeV energy range the model could be completely natural. While these
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searches are very promising, an eventual null-result of this particular experiment would not
remove the motivation for these theories, since this search relies on the production of a light
gluino.

Another relevant search is for massive colored scalars in 4-jet events [36]. Here the four
most energetic jets are paired up and a resonance in the average invariant masses of the two
pairs is searched for. Stop pair production followed by decays to jets would contribute to
this channel. The current bounds on the mass of the colored scalar using 2010 LHC data
are in the 150� 180 GeV range.

Throughout this paper we have been assuming a squark mass scale of order a few-hundred
GeV. This is necessary to make SUSY a natural solution of the hierarchy problem. However,
in this case the Higgs mass in the simplest MSSM-type extension will usually be too light.
One needs an extension of the Higgs sector, for example to NMSSM-type models, to raise
the Higgs mass over the 114 GeV LEP bound. Such an extension should not significantly
alter the MFV structure of the theory. For example, while the Z3 symmetric version of
the NMSSM has restricted couplings due to the (weakly broken) discrete symmetry, the
superpotential (2.4) is Z3 invariant, leaving the essential features of our model intact.

One of the outstanding problems of the SM and the MSSM is the issue of baryoge-
nesis. The Higgs mass is too high in both of these theories to account for the observed
matter/antimatter asymmetry directly, and the leading explanation is baryogenesis via lep-
togenesis. In MFV SUSY, the appearance of the �⇥⇥ baryon number violating operator (2.4)
opens new possibilities for baryogenesis. Several scenarios that make use of this coupling have
been proposed in [37–41]. For example the model of [41] would rely on out-of-equilibrium
decays of the lightest neutralino Ñ ⇥ ūd̄d̄ and needs �⇥⇥ couplings in the 10�4 � 10�3 range.

Finally we comment on dark matter. One of the main motivations for R-parity is that it
provides a stable heavy superpartner, which in many cases can be a candidate for a WIMP.
In MFV SUSY we are obviously forgoing this possibility. However, this does not necessarily
mean that there cannot be a good dark matter candidate in these models. While we are
assuming the LSP within the SM superpartners to be the stop or another sparticle, the
gravitino can still be lighter and be the real LSP. A gravitino dark matter scenario within
R-parity violating SUSY has been advocated in [42]. There it was found that the leading
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For a neutralino LSP, displaced vertices can arise in a substantial region of parameter space,
whereas for the stau, they are expected nearly everywhere.

decay involving top and bottom quarks, a light jet and either a lepton or missing energy, as
shown in Fig. 12. Since it is a four-body decay, the NDA estimate for the width of the stau
LSP is
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Such long lifetimes will give displaced vertices in almost all of the relevant parameter space,
as shown in Fig. 11. Thus the signal of SUSY in the case of a stau LSP would be events
with displaced vertices, top and bottom quarks, and either a lepton or missing energy.

Current searches for R-parity violating supersymmetry are not very restrictive for MFV
SUSY. The more restrictive searches look for leptons among the final state particles, and
set bounds on the coupling ⇥⇥: this is exactly the one vanishing in MFV SUSY. The more
relevant searches are the ones carried out by CMS [34] (and also by CDF [35]): here the
R-parity violating decay of the gluino in the presence of a ūd̄d̄ coupling is considered by
searching for a resonance in 3-jet final states, after appropriate kinematic cuts are introduced
to separate potential SUSY events from QCD background. The most stringent CMS search
(using 35 pb�1 of data) yields a bound on the gluino mass mg̃ > 280 GeV. However, we
should emphasize that in these models the gluino does not play an essential role. Thus even
if the gluino is in the TeV energy range the model could be completely natural. While these
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
! � factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
Z

d4�

(2⇡)4
✏1µ (2�µ + kµ

1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(�2 � m2)((� + k1)2 � m2)
. (1)

1

Figure 1: A schematic of the sectors involved in a general stealth model. Flavor-blind mediation
gives rise to standard MSSM soft SUSY-breaking terms, but the soft terms in the stealth sector are
suppressed relative to this. The MSSM and the stealth sector are weakly coupled, and the size of soft
terms in the stealth sector is suppressed relative to the supersymmetric mass scale of the stealth sector
by a weak-coupling factor.

as the splittings are su�ciently small and the typical multiplicity is low, SUSY can still be

hidden at colliders.)

2.2 Stealth SUSY Is Not Compressed SUSY

It is well-known that, for standard gravity-mediated MSSM spectra, collider signals are more

di�cult to observe as the masses are compressed. For instance, a gluino decaying to a bino

and two quarks, g̃ ! qq̄B̃, is most constrained if the bino is nearly massless, in which case

a significant fraction of the gluino’s energy goes into invisible momentum from the bino. As

the mass splitting is reduced, the typical missing energy in the event is reduced, and limits

from LHC searches grow weaker. Recent discussions of limits on compressed scenarios can

be found in [22]. Superficially, stealth SUSY might sound like a special case of compressed

SUSY: mass splittings are small, missing E
T

is reduced, and limits are weaker. However,

there is a crucial kinematic di↵erence, associated with the fact that in standard compressed

SUSY, the invisible particle is a heavy decay product, whereas in stealth SUSY the invisible

particle is very light. This ensures that the reduced missing E
T

of stealth SUSY is much

more robust against e↵ects like initial state radiation.

To clarify this di↵erence, we will review some basic relativistic kinematics and rules-of-

thumb for hadron collider physics. First, consider the decay of a heavy particle of mass M to

a particle of mass m = M � �M and a massless particle. In the rest frame, the momentum
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Figure 11: The limits from searches for jets plus missing energy on stealth SUSY with fully hadronic
decays, shown as a function of the gluino mass and the mass splitting in the stealth multiplet, �m. We
find that hadronic stealth SUSY is completely unconstrained by these searches when �m . 10 GeV.
Interestingly, the limit coming from 2011 searches is comparable to the limit coming from 2010 searches
in the small �m regime.

therefore significantly lower acceptance than the 2010 searches. The acceptance for stealth

SUSY to pass these cuts is shown in figure 12, where we compare the acceptance of the CMS

high H
T

searches from 2010 and 2011. The 2010 version of the search demanded missing

energy above 150 GeV and H
T

> 500 GeV. The 2011 version increased the missing energy

cut to 200 GeV and the H
T

cut to 800 GeV.

6.2 Limit on Stealth with Photons

Now we consider the LHC limit on stealth decays that produce photons. We focus on squark

pair production, where each squark decays to 1 photon and 3 jets, as to the right of figure 10.

Every event contains two hard photons whose presence can be used to greatly reduce the

QCD background. We find that a limit can already be set on this scenario using the �� mass

distribution, which has been used by CMS [77] and ATLAS [78] to set limits on KK gravitons

with about 2 fb�1. Although stealth SUSY does not produce a narrow �� resonance, colored

production can lead to a large enough cross-section to exceed the measured spectrum.

In order to check the LHC limit, we consider a spectrum where all light flavor squarks are

degenerate and decay according to the diagram of figure 10. We fix the bino mass to 300 GeV,

the singlino mass to 100 GeV, and the stealth scalar mass to 95 GeV. The right side of

figure 13 shows the m
��

spectrum measured by CMS compared to the stealth spectrum that
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Figure 10: In this section, we will consider the LHC limits on the two stealth diagrams shown in
this figure. The left diagram is an example of fully hadronic stealth SUSY, where the LOSP decays
to jets and soft gravitinos. The right diagram is an example where one photon is produced in each
SUSY cascade.

breaking. Dark Higgses then produce jets of charged quarks and leptons; because of the mass

scales we consider, these will no longer be primarily lepton jets. Similar decays through a

dark sector already have been known to hide SUSY; here, the challenge is made even greater

by combining this with the stealth mechanism.

Alternatively, one could consider models in which the portal to the MSSM is independent

of kinetic mixing, but kinetic mixing with a new heavy gauge boson generates a supersym-

metric mass scale in the stealth sector. For instance, in models of low-scale SUSY breaking,

it may be that new U(1) gauge groups exist at the messenger scale. Then a relatively small

kinetic mixing, such as the 10�3 to 10�4 mixings that we expect to be typically generated

by loops, can lead to weak-scale FI terms for a stealth sector U(1), inducing VEVs that can

be used to generate stealth-sector masses. This provides an interesting alternative to the

nonabelian gauge dynamics needed to generated masses along the lines of Section 3.3, while

preserving the portals and collider signatures of such models.

6. Stealth at the LHC

In this section we discuss several aspects of stealth LHC phenomenology. As we saw above,

the stealth SUSY framework can lead to many di↵erent final states, depending on the portal

that connects the MSSM to the stealth sector, and on the identity of the LOSP. The common

features of stealth phenomenology are low missing energy and high multiplicity final states,

because the LOSP decays through the stealth sector to SM particles. We begin by evaluating

the limits that the LHC can now set on stealth SUSY. In section 6.1, we discuss the limit on

gluinos that decay to a fully hadronic final state, as in the left of figure 10. In section 6.2,

we evaluate the limit on stealth decays that produce photons and jets as in the right of

figure 10. Finally, in section 6.3, we show that displaced vertices can lead to extra missing

energy, although the size of the e↵ect is typically small.
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Conclusions
• Vanilla susy models pushed to high scales

• If supersymmetry is realized, could well be 
beyond MSSM

• Light squarks might be buried, stealthy, 
RPV, natural 

• Intensify non-standard susy searches

• Still hoping for surprises!
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signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� experimental uncertainties. Observed
limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit,
and the dotted lines are obtained by varying the cross section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) area. Results at 7 TeV
are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

set to 0.96 times the mass of the gluino.
In the CMSSM/MSUGRA case, the limit on m1/2 is above 340 GeV at high m0 and reaches 710 GeV

for low values of m0. Equal mass light-flavor squarks and gluinos are excluded below 1500 GeV in
this scenario. The same limit of 1500 GeV for equal mass of light-flavor squarks and gluinos is found
for the simplified MSSM scenario shown in Fig. 7. In the simplified model cases of Fig. 8 (a) and (c),
when the lightest neutralino is massless the limit on the gluino mass (case (a)) is 1100 GeV, and that
on the light-flavor squark mass (case (c)) is 630 GeV. Mass limits for the direct production of light-
flavor squarks (case (c)) hardly improve with respect to the 7 TeV data analysis because of increased
background predictions and uncertainties at 8 TeV in the low me↵ and low jet multiplicity channels used
to provide exclusions for these models.

8 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 a 5.8 fb�1dataset recorded by the ATLAS experiment at
the LHC in 2012. 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 both in terms of MSUGRA/CMSSM models with tan � = 10, A0 = 0 and
µ > 0, and in terms of simplified models with only light-flavor squarks, or gluinos, or both, together
with a neutralino LSP, with the other SUSY particles decoupled. In the MSUGRA/CMSSM models,
values of m1/2 < 350 GeV are excluded at the 95% confidence level for all values of m0, and m1/2 < 740
GeV for low m0. Equal mass squarks and gluinos are excluded below 1500 GeV in this scenario. When
the neutralino is massless, gluino masses below 1100 GeV are excluded at the 95% confidence level in
a simplified model with only gluinos and the lightest neutralino. For a simplified model involving the
strong production of squarks of the first two generations, with decays to a massless neutralino, squark
masses below 630 GeV are excluded.
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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
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Other dimensionless parameters of the SM:   

gs ≈1,  g ≈ 0.6,  g’ ≈ 0.3,  λHiggs ≈ 1,  

The SM flavor puzzle
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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
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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
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∗
Rk)



 (M2
q̃ )Lij Aq
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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
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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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a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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Flavor Bounds (K, D, B, Bs mixing, …) controlled by

SUSY & Flavor

mixing matrices mass splitting

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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very Basic objects at LHC  

• jet and lepton momenta

• Jet and lepton transverse 
momenta (to the beam) 

• ETmiss: Sum of the transverse 
momenta of all particles.

• Meff Sum of the transverse 
energies of first 4 jets + ETmiss  

DM

DM

New particle

New particle 

Missing PT 

2

The gluino and squark decays are associated with jets with high transverse momentum (pT ). The
transverse momentum is the order of the gluino and squark masses. Moreover, because the LSP is
significantly lighter than the gluino, the LSP from the gluino decay also has high pT . They would
give a large missing transverse momentum to the SUSY events. In addition, decays of the EWI
sparticles may produce high PT leptons. Events from the standard model (SM) processes do not
have such high pT particles.

Motivated by these observations, following cuts are often applied to reduce the SM background
events to the SUSY signal events[2];

• An event is required to have at least one jet with PT > 100 GeV and three jets with PT > 50 GeV
within |η| < 3,

• The effective mass of the event must satisfy Meff > 400 GeV, where the effective mass is defined
using the transverse missing energy and the transverse momentum of four leading jets as:

Meff ≡
∑

i=1,...4

pTi + ETmiss. (2)

If the event has hard isolated leptons, the effective mass may be defined as follows:

Meff ≡
∑

i=1,...4

pTi +
∑

leptons

pT l + ETmiss. (3)

Here sum of the lepton pT can be taken over the leptons with pT > 20 GeV and |η| < 2.5 GeV.

• The missing transverse energy must satisfy the relation:

ETmiss > max(0.2Meff , 100GeV). (4)

• The transverse sphericity ST must be greater than 0.2, where ST is defined as 2λ2/(λ1 + λ2),
with λ1 and λ2 being the eigenvalues of the 2 × 2 sphericity tensor Sij = pkipkj formed by
summing over the tranverse momentum of all calorimeter cells.

To reduce the background further, hard, isolated lepton(s) may be required. These cuts are enough
to reduce the SM backgrounds from tt̄+njets and W (Z) +njets productions down to a manageable
level, although the production cross section of the SM processes may be O(104) higher than signal
cross sections. While the SUSY production section reduces very quickly as sparticle masses increase
beyond 1 TeV, the signature becomes more and more prominent over the background. Previous
studies show that the squark and gluino with mass around 2.5 TeV can be found at the LHC in the
minimal super gravity model (MSUGRA).

In MSUGRA, the SM background after the cuts can be neglected safely. Then, the distribution of
accepted events are also useful to determine the mass scale of SUSY particles. For example, the peak
of Meff distribution is sensitive to the squark and gluino masses. For the events with same flavor
opposite sign dileptons, the invarian mass distributions, mll, mjl, and mjll, are useful to reconstruct
the SUSY particle masses mχ̃0

1
, mχ̃0

2
, mq̃0

1
and ml̃01

.

Recently it is pointed out that a string inspired model based on the flux compactification (KKLT
models) [5] predicts the mass relation different to the MSUGRA [6–8]. The model is called mixed
modulus anomaly mediation (MMAM) model. It has a volume modulas T and a compensator field
of minimum supergravity model C as messanger of SUSY breaking. The SUSY mass spectrum
depends on the ratio of the two SUSY breaking parameters FT and FC . The unification scale of
sparticle masses depends on the ratio. It is interesting that the unification scale of the soft SUSY
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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
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jets+ MET, 1ifb



DYI limits
ar

X
iv

:1
10

9.
65

72
v1

  [
he

p-
ex

]  
29

 S
ep

 2
01

1

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

The ATLAS Collaboration

Abstract

CERN-PH-EP-2011-145

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, 1ifb

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
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(meff , Emiss
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1, while gluinos typically generate at least two, for instance
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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
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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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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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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
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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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• ATLAS and CMS provide efficiencies for a 
small set of simplified models

simplified topology

 

Simplified Models



Unfortunately, simplified models are 
usually not sufficient.

Susy example: jets + MET
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Figure 1: Feynman diagrams for the production of squarks and gluinos in lowest order.
The diagrams without and with crossed final-state lines [e.g. in (b)] represent t- and u-
channel diagrams, respectively. The diagrams in (c) and the last diagram in (d) are a
result of the Majorana nature of gluinos. Note that some of the above diagrams contribute
only for specific flavours and chiralities of the squarks.
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Ok Ok ??

3

Simplified models do not cover associate 
production, pair produced non-degenerate 
squarks, … 



Unreasonable to produce simplified models for every 
conceivable case* (especially for only setting limits) 

One needs to do something else...

Have to extract ε*A ourselves
(and compare with information provided)

* see e.g. http://www.lhcnewphysics.org for
an attempt at an exhaustive list

http://www.lhcnewphysics.org
http://www.lhcnewphysics.org
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ATOM: automatic test of models

w/ M. Papucci (LBL), D. Neuenfeld

A fast, local way to (approximately) 
“re-interpret” LHC analyses

Analyses (12k lines),  Atom Core (~25k lines)



Two options:

1) “Truth level” (within 20-30% right answer)

o lepton isolation (projection) according to various 
   requirements of ATLAS and CMS
o b and τ tagging done by looking in jet for a b or τ 
   progenitor and applying efficiency factor/fake factor
o residual (20%) efficiency correction: compare with 
   available data 

Extract efficiency corrections by comparing with available 
data 

2) Apply efficiencies and smearing defined per object per 
experiment per year, pT and η- dependent







o Cut flow efficiencies, and final efficiencies per 
   subprocess 

o  Theoretical uncertainties (pdf, scale, ...) on efficiencies
    if HepMC events have multiple weights
o  Native statistics (CLs, LLR, ...) + plugin interface for
    Roostats

Output in html, mathematica, root, plaintext... formats

2 Changes to the Atom Code

10 12
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+ compare to all available limit plots…

  ~ 50 GeV accuracy (usually better)
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With heavy gluinos 
prospino fails at 
reproducing the 
decoupling behavior



One light squark vs. 
gluino mass

sea vs. valence squark
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1 Analytical expressions in SUSY Alignment Models

The relevant e↵ective Hamiltonian in models with complete alignment is

He↵ = C1 (ui�µPL ci) (uj�µPL cj) , xD ' 2.6⇥ 1010 Re C1, (1)

where PR,L = (1 ± �5)/2 and i, j are colour indices and 0.23 ⇥ 10�2 < xD < 1.01 ⇥ 10�2.
Working within a two-generation framework, which is an excellent approximation, one can find
the following analytical result
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Figure 1: Left: Comparison of the numerical vs. analytical calculations of �MD where the an-
alytical calculation is based on eq. 2. Right: Comparison of the numerical vs. MIA calculations.
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