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The best of times… 

• LHC is performing beyond expectations

• ATLAS & CMS have discovered a new 
particle, the SM Higgs ?

• New physics searches start to corner most 
motivated models: entering critical territory

*terms and conditions apply
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The charge distribution, the electromagnetic field and
the self-energy of an electron are investigated. It is found
that;, as a result of Dirac's positron theory, the charge and
the magnetic dipole of the electron are extended over a
finite region„' the contributions of the spin and of the
fluctuations of the radiation field to the self-energy are
analyzed, and the reasons that the self-energy is only

logarithmically infinite in positron theory are given. It is
proved that the latter result holds to every approximation
in an expansion of the self-energy in powers of e'/hc. The
self-energy of charged particles obeying Bose statistics is
found to be quadratically divergent. Some evidence is
given that the "critical length" of positron theory is as
small as h/(mc) exp (—hc/e').

I. INTRODUCTION AND DISCUSSIONS OF
RESULTS

~ 'HE self-energy of the electron is its total
energy in free space when isolated from

other particles or light quanta. It is given by the
expression

W= T+ (l./87t) ~"(H'+8')dr.

Here T is the kinetic energy of the electron; II
and E are the magnetic and electric field
strengths. In classical electrodynamics the self-
energy of an electron of radius e at rest and
without spin is given by W mc'+e'/a and con-
sists solely of the energy of the rest mass and of
its electrostatic field. This expression diverges
linearly for an infinitely small radius. If the
electron is in motion, other terms appear repre-
senting the energy produced by the magnetic
field of the moving electron. These terms, of
course, can be obtained by a Lorentz transforma-
tion of the former expression.
The quantum theory of the electron has put

the problem of the self-energy in a critical state.
There are three reasons for this:
(a) Quantum kinematics shows that the radius

of the electron must be assumed to be zero. It is
easily proved that the product of the charge
densities at two different points, p(r —(/2)
Xp(r+(/2), is a delta-function e'8($). In other
words: if one electron alone is present, the
probability of finding a charge density simultane-
ously at two different points is zero for every.
finite distance between the points. Thus the
energy of the electrostatic field is infinite as

W,&——lim~, D~e'/a.
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(b) The quantum theory of the relativistic
electron attributes a magnetic moment to the
electron, so that an electron at rest is surrounded
by a magnetic held. The energy

U „=(1/8~) tH'dr

of this field is computed in Section III and the
result is

U „=e'h'/(6s. m'c'a').
This corresponds to the field energy of a magnetic
dipole of the moment eh/2mc which is spread
over a volume of the dimensions a. The spin,
however, does not only produce a magnetic field,
it also gives rise to an alternating electric field.
The closer analysis of the Dirac wave equation
has shown' that the magnetic moment of the spin
is produced by an irregular circular Auctuation
movement (Zitterbewegung) of the electron
which is superimposed to the translatory motion.
The instantaneous value of the velocity is always
found to be c. It must be expected that this mo-
tion will also create an alternating electric field.
The existence of this field is demonstrated in
Section III by the computation of the expression

U, i——(I/Ss) t Z, 'dr.

There Z, is the solenoidal part (div. Z, =0) of the
electric field strength created by the electron.
The fact that the above expression does not
vanish for an electron at rest proves the existence
i E. Schroedinger, Berl. Ber. 1930, 418 (1930),



Naturalness is the worst motivation 
to expect new physics at the LHC, except 

for all the others.



Light Higgs

light stops1,2, sbottomL,
higgsinos, gluinos, …  

New physics & naturalness
 in times of austerity

light top partners 
(Q=5/3,2/3,1/3), 
anything else ?
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Beyond current channels
the LHC measurements are plagued with several degeneracies

 inability to resolve the top loops
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
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sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
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Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
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From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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2.1 Numerical results
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In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
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Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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high pT tail resolves
loop dynamicsmt

Baur, Glover ’90,
Langenegger et. al ’06,
1308.4771

Cut the loop open, recoil against hard jet

higgs� pT

pT � mt



Complementary to htt

Theory frontier: 
             not yet calculated, 
            known to            :
    few % up to pT ~150 GeV

Grojean, Salvioni, Schlaffer, AW, in progress 

O(↵4
S)

Harlander et al ’12
ct

kg Competitive/complement to
notoriously difficult 
channel

ht̄t

NLOmt

1/mt



Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
‘ in progress 
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Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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No superpartners under the lamp-post
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Inclusive searches for squark and gluino production 

Extensive “jets + X + ETmiss ” programme: 0-leptons + 2-6 jets + MET 

Most%recent%ATLAS%reference%(8%TeV):%ATLAS>CONF>2013>047%

-  Very powerful inclusive search 

-  MET + jet trigger 

- Meff main discriminating variable 

-  Up to 3 SRs for each jet multiplicity 

-  Backgrounds taken from dedicated data CRs 

More"details"in"talk"by"M"Hohlfeld"

 Blind spots? Squeezed Spectra? R-parity Violation? Third-Generation? EW-inos?
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Inclusive searches for squark and gluino production 

Extensive “jets + X + ETmiss ” programme: 0-leptons + 2-6 jets + MET 

Most%recent%ATLAS%reference%(8%TeV):%ATLAS>CONF>2013>047%

-  Very powerful inclusive search 

-  MET + jet trigger 

- Meff main discriminating variable 

-  Up to 3 SRs for each jet multiplicity 

-  Backgrounds taken from dedicated data CRs 

More"details"in"talk"by"M"Hohlfeld"
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

 Blind spots? Squeezed Spectra? R-parity Violation? Third-Generation? EW-inos?



H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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Observed limits Expected limits
All limits at 95% CL

 [1203.4171]-1CDF 2.6 fb

=8 TeVs -1 = 20 - 21 fbintL =7 TeVs -1 = 4.7 fbintL
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1L [1208.2590]

2L [1209.4186]

-

-

Something hiding here?



Michele

Relax & Wait?

vs.
*



Michele

Relax & Wait?

Josh

Let’s check!

vs.
*



Hiding in top cross-section 
measurement?

NNLO calculation of top cross-section 

Czakon/Mitov ’13
Stop contribution at mstop = mtop 

σstop/σtop ~ 17%  @ 7 TeV
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CERN-PH-TH/2013-056, TTK-13-08

The total top quark pair production cross-section at hadron colliders through O(α4
S)

Micha!l Czakon and Paul Fiedler
Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

Alexander Mitov
Theory Division, CERN, CH-1211 Geneva 23, Switzerland

(Dated: March 26, 2013)

We compute the next-to-next-to-leading order (NNLO) QCD correction to the total cross-section
for the reaction gg → tt̄+X. Together with the partonic channels we computed previously, the result
derived in this letter completes the set of NNLO QCD corrections to the total top pair production
cross-section at hadron colliders. Supplementing the fixed order results with soft-gluon resummation
with next-to-next-to-leading logarithmic accuracy we estimate that the theoretical uncertainty of
this observable due to unknown higher order corrections is about 3% at the LHC and 2.2% at the
Tevatron. We observe a good agreement between the Standard Model predictions and the available
experimental measurements. The very high theoretical precision of this observable allows a new
level of scrutiny in parton distribution functions and new physics searches.

INTRODUCTION

Production of top quark pairs at hadron colliders is
among the processes that are most challenging to the-
ory. Bringing this process under good theoretical control
therefore represents a significant step in our broader un-
derstanding of perturbative Quantum Chromodynamics
(QCD) and its applications at hadron colliders.

The first step in this direction was made some 25 years
ago, when the next-to-leading order (NLO) QCD correc-
tions to tt̄ production were computed in the groundbreak-
ing works [1, 2]. The complexity of the NLO calculations
required the application of purely numerical methods,
and it took almost twenty years before the exact analytic
result appeared [3] revealing the full complexity of the
cross-section for massive fermion hadroproduction.

In the last few years we are witnessing a signifi-
cant interest in computing next-to-next-to leading order
(NNLO) corrections to hadron collider processes. Such a
demand is dictated in part by the high-precision mea-
surements available from the LHC and the Tevatron.
The first hadron collider processes that were computed at
NNLO, namely, Drell-Yan and vector boson [4–6], Higgs
[7–9] and diphoton [10] production, all share the proper-
ties of (a) having massless QCD partons and (b) involv-
ing at leading order (LO) two partons meeting in a color
singlet vertex. Tackling processes with higher complex-
ity, among which tt̄ production is a prominent example,
proved to require new computational approaches.

About one year ago, the first step in this direction was
made precisely in the context of tt̄ production. Based on
a new view [11] about how to treat double-real radiation
corrections, the first genuinely NNLO corrections to the
total inclusive cross-section in qq̄ → tt̄ + X were com-
puted [12]. Later on, the partonic reactions involving
at least one fermion in the initial state were also com-
pleted [13, 14]. In this work we report the calculation

of the last missing NNLO correction to tt̄ production, in
the partonic reaction gg → tt̄ + X . With this calcula-
tion, the complete set of NNLO corrections to the total
inclusive cross-section for top pair production at hadron
colliders is now known. In this letter, for the first time,
we quantify their phenomenological implications.
Before closing this section we would like to point out

the very recent NNLO calculation of the process pp →
H + j [15] which was performed with methods similar to
ours and, in particular, the subtraction scheme proposed
by one of us [11]. Moreover, a first partial result for dijet
production pp → jj at NNLO has just appeared [16]. We
believe that this burst of precision applications at hadron
colliders marks the outset of a new and lasting stage in
precision physics at hadron colliders.

THE tt̄ PRODUCTION CROSS-SECTION

In this letter we consider the total inclusive tt̄ produc-
tion cross-section

σtot =
∑

i,j

∫ βmax

0
dβ Φij(β, µ

2
F ) σ̂ij(β,m

2, µ2
F , µ

2
R) . (1)

The indices i, j run over all possible initial state par-
tons; βmax ≡

√

1− 4m2/S;
√
S is the c.m. energy of the

hadron collider and β =
√
1− ρ, with ρ ≡ 4m2/s, is the

relative velocity of the final state top quarks with pole
mass m and partonic c.m. energy

√
s.

The function Φ in Eq. (1) is the partonic flux

Φij(β, µ
2
F ) =

2β

1− β2
Lij

(

1− β2
max

1− β2
, µ2

F

)

, (2)

expressed through the usual partonic luminosity

Lij(x, µ
2
F ) = x (fi ⊗ fj) (x, µ

2
F ) . (3)
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How to evaluate NSUSY ?

fixed

by Feynman diagram calc.  (Prospino, NLLfast, ...)
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• 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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Dynamics (e.g. U(1)horiz.) generates hierarchies in 
masses & mixings. Consequence: partial alignment 
with SM
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Alignment

V. SUPERSYMMETRY

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

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

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

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

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

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

flavor-diagonal, and have the form

q̃∗Mi(M
2
q̃ )

MN
ij q̃Nj = (q̃∗Li q̃

∗
Rk)



 (M2
q̃ )Lij Aq

ilvq

Aq
jkvq (M2

q̃ )Rkl







 q̃Lj

q̃Rl



 , (5.1)

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

q̃ )R

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

scalar couplings Aq
ijφq q̃Liq̃

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

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

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

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

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

For example,

[(δd12)LR]eff ∼ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1↔ 2)]. (5.3)

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

only one.

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

and mixing angles:

(δqij)MM =
1

m̃2
q

∑

α

(Kq
M )iα(K

q
M )∗jα∆m̃2

qα , (5.4)

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

wino) to qLi−q̃Mα; m̃2
q =

1
3

∑3
α=1 m̃

2
qMα

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

qα−m̃
2
q.

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

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

18
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∗
Rj, where φq (q = u, d) is the q-type Higgs boson and vq = 〈φq〉.

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

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
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d
1kvd(M

2
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)Rk2/m̃

4
d, . . . , (1↔ 2)]. (5.3)

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

only one.

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

and mixing angles:

(δqij)MM =
1

m̃2
q

∑

α

(Kq
M )iα(K

q
M )∗jα∆m̃2

qα , (5.4)

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

wino) to qLi−q̃Mα; m̃2
q =

1
3

∑3
α=1 m̃

2
qMα

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

qα−m̃
2
q.

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

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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FIG. 1: The bound on �

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

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

5
C (small angle — down

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

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

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

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

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

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

3

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

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

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

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

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

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

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

flavor-diagonal, and have the form

q̃∗Mi(M
2
q̃ )

MN
ij q̃Nj = (q̃∗Li q̃

∗
Rk)



 (M2
q̃ )Lij Aq

ilvq

Aq
jkvq (M2

q̃ )Rkl







 q̃Lj

q̃Rl



 , (5.1)

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

q̃ )R

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

scalar couplings Aq
ijφq q̃Liq̃

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

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

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

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

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

For example,

[(δd12)LR]eff ∼ max[Ad
12vd/m̃

2
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2
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)L1kA

d
k2vd/m̃

4
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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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is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

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

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

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

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

3

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

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

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

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

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

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

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

flavor-diagonal, and have the form
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
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
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
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

 , (5.1)

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

q̃ )R

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

scalar couplings Aq
ijφq q̃Liq̃

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

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

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

MN
ij /m̃2

q , where m̃2
q is a representative q-squark

mass scale. Physical processes therefore constrain

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

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

only one.

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

and mixing angles:
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1
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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
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Things simplify considerably when the two following conditions are satisfied [42], which means that

a two generation effective framework can be used (for simplicity, we omit here the chirality index):
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If by symmetry: Kij ~ diagonal, O(1) mass splittings ok.
                                                 

Seiberg & Nir

Example:  
mgluino = 1.3 TeV
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• Generic 1-2 splitting has to be small, but:
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i vs uR

i vs dL
i

• Can split horizontally, if squark mixing 
aligned (as consequence of flavor model)

Flavor vs. squark masses: summary
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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 review

Degenerate quarks!
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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),
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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),
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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),
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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),
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where F 2 = ||FX ||2 + ||F eX ||2, M2 = ||T ||2 + || eT ||2, and gF is the SU(3)F gauge coupling. Notice
that the e↵ect is largest for the third generation squarks, because in our model SUSY breaking is
associated with SU(3)F ! SU(2)F breaking. Now take gF such that the one-loop contribution
of Eq. (8) to the squark soft masses is of the same order as the two-loop contributions from
the chiral messengers. This leads to light stop and sbottom squarks while the first and second
generation are less a↵ected.

A well-known benefit of large stop masses is of course that they allow one to accommodate a 125
GeV Higgs boson. This is because the lightest Higgs mass receives loop corrections proportional
to log(mt̃1

mt̃2
/m2

t ). Another potentially large correction comes from the stop trilinear parameter
At. However, as was pointed out recently by several authors, it is generally very di�cult to
obtain a 125 GeV Higgs within pure gauge mediation because At is predicted to be zero at
the mediation scale (at least naively, see below). Lifting the lightest Higgs mass with only the
radiatively induced At then requires extremely heavy mt̃. These observations would thus seem
to disfavour our gauge messenger model. We will now argue that this is not the case, since these
arguments rest on unrealistic assumptions about SUSY breaking mediation. Within potentially
realistic scenarios, our gauge messenger contribution to the stop mass may indeed make it easier
to obtain a 125 GeV Higgs without having to resort to extreme parameter values.

The crucial point here has actually been well known for a long time, although it is often ignored
(as evidenced by the fact that phenomenological studies of “GMSB” benchmark scenarios are
still being conducted, and published): Pure gauge mediation has a µ/Bµ problem; any model
which solves this problem will generically give Higgs soft masses and trilinear terms which are
di↵erent from the naive gauge-mediated ones. Here by pure gauge mediation we mean any model
in which the visible and hidden sector are coupled only by Standard Model gauge interactions.
Then the higgsino mass parameter µ vanishes, as does the Higgs mass mixing parameter Bµ at
the messenger scale.2 To obtain realistic µ and Bµ terms, additional interactions between the
Higgs sector and the SUSY-breaking hidden sector are needed, but these will a↵ect also m2

Hu
,

m2
Hd

and the trilinear terms in a model-dependent manner. For phenomenological studies of
gauge mediation, it is therefore advisable to either rely on an explicit model which realizes this
(and which ideally should allow to calculate the resulting soft terms), or to leave all Higgs sector
soft terms as free parameters.

It is highly nontrivial to build a calculable model which solves the µ-Bµ problem in gauge
mediation, and the Higgs sector is not actually the focus of our study. We therefore choose to
treat µ, Bµ, m2

Hu
, m2

Hd
, and At as independent parameters, with the understanding that they

could emerge from a variation of any of the more complete models on the market. By contrast, the
soft terms in the matter and gaugino sectors are taken as predicted by minimal gauge mediation
with additional SU(3)F gauge messengers.

To match to the Standard Model at low energies, the model parameters must be chosen such that
both the electroweak scale and the lightest Higgs mass mh0 = 125 GeV are reproduced properly.

2There is a way to avoid this conclusion if one assumes that the origin of µ is unrelated to supersymmetry
breaking, that it happens to be of the order of the soft mass scale by accident, and that Bµ at lower scales is
induced radiatively. We will not consider this possibility as it leaves an unnatural coincidence of scales unexplained.
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Figure 3: Running Higgs and stop mass parameters for fixed g
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, as a function of the renormal-
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p|m2|.) Left
panel: Point MSSM-I of Table 1 with g
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= 0.066. Right panel: Point MSSM-II of Table 1, with
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= 0.15, leading to radiatively induced maximal stop mixing.
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Figure 4: Squark and gluino masses in a random scan over the NMSSM parameter space using
SPheno 3.2.3 [41] and SARAH 3.3.0 [42]. The parameters and scan ranges are as in Table 1
(rightmost column); all points displayed have mh0 = 125.5± 3 GeV

vacuum, during the early cosmological evolution. Secondly, even if our vacuum is the preferred
one, one still needs to ensure that it does not decay on cosmological timescales. A detailed
investigation of the constraints on negative squark masses from cosmology is beyond the scope
of this paper, but would certainly be interesting to conduct, along the lines of what has already
been done for the CMSSM and for NUHM models [29].

Flavour gauge messengers may also be included in extensions of the MSSM where there is no
need to rely on large corrections to the Higgs mass from the stop sector. For example, in the
NMSSM, a SM-like Higgs with the proper mass can be obtained even with low stop masses and
mixings, because there is an additional contribution to the Higgs quartic coupling coming from a
superpotential term �SHuHd with S a gauge singlet. Fig. 4 shows the squark masses in a random
scan over the parameter space of the NMSSM Higgs sector (see also Table 1). For obvious reasons,
the dependence of the squark masses on g

F

is similar as in the MSSM (Fig. 2); the di↵erence
between these plots is, however, that all of the points shown in Fig. 4 are compatible with a
lightest Higgs mass of 125.5 GeV.

Our examples show that it is possible to obtain a gauge-mediated soft term spectrum with light
third-generation squarks from flavour gauge messengers, in a variety of scenarios. If hints of
supersymmetry were to surface in stop or sbottom searches, this would be a natural way to
explain the lightness of the third generation within gauge mediation.
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A-terms through RG

Large A-terms through the RG require M3 ≳ 2.5 TeV and Mmess ≳ 108 GeV.
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FIG. 5. Messenger scale required to produce su�ciently large |A
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= 123 GeV (left) and m
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(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
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= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M
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What if first 2 generation squark not degenerate?
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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(ũ, d̃)L, (c̃, s̃)L

M

8 dof
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, ũR, d̃R,
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What if first 2 generation squark not degenerate?
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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(ũ, d̃)L, ũR, d̃R,
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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Consider beyond-MFV susy spectra. 
Sensitivity can change dramatically...
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What drives the experimental limits?

♦ Signal efficiencies;

♦ Production rate, PDFs.

♦ Squark multiplicity; 

M

8 dof
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TOO NAIVE!
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Multiplicity: how bound changes when one doublet is made lighter ?

gain is marginal

19

too naive  !
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8 degenerate squarks 
→ e.g. 2 light sflavors

PDFs: all 4 flavor “sea” squarks can be rather light!
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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ũ

ũ
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
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be rotated into each other at will. Supersymmetric contributions to FCNC processes will
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ũ

ũ
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
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ũ

ũ
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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PDFs: all 4 flavor “sea” squarks can be rather light!

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the

200 400 600 800 100010-3

10-2

10-1

1

101

mqé @GeVD

s
@pbD

squark limits

8 squarks

1 squarkCMS razor
CMS aT
CMS jets +MET
ATLAS jets +MET

L ª 5 fb-1

FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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See also: Heikinheimo, Kellerstein & Sanz (11); Kribs & Martin (12),

GeV

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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All 4 ‘sea’-squarks can be light



In absence of discoveries,
need to make full use of LHC measurements,

need to ensure we have as large coverage as possible



FastLim

• Typically takes 2-3h to evaluate one 
parameter point to check if excluded

• Map to extended simplified model basis, 
pre-evaluate efficiencies, NLO cross-
sections

• Factorize CPU costly evaluation: likelihoods 
within seconds

• Check coverage of full models

Sakurai, Papucci (LBNL), AW, Zeune

→ see also talk by Lessa/
Waltenberger



Thorough Validation
16 10 Summary and Conclusions

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

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

PGS

ATOM

 [GeV]g~m
100 200 300 400 500 600 700 800 900 1000

 [G
eV

]
1b~

m

200

300

400

500

600

700

800

900

1000
 0

1
!" b+#1b~ production, 1b~-1b~ + g~-g~ =7 TeVs, -1L dt = 0.83 fb$

b-jet analyses
0 lepton, 3 jets

 PreliminaryATLAS
0 lepton, 3 jets

Reference point

)g~)>>m(1,2q~) = 60 GeV, m(0

1
!"m(

b forbidden

b~#g~

 observed limitsCL
 expected limitsCL

68% and 99% C.L.
 expected limitssCL

)-1ATLAS (35 pb

-1 2.65 fb1b~1b~CDF 

-1 5.2 fb1b~1b~D0 

-1b 2.5 fb1b~ #, g~g~CDF 

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

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

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

) plane are shown in Figure 5 for gluino masses

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

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

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

!̃02
⇡ 2⇥m

!̃01
).

7 Conclusions

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

9

PGS

ATOM

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

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

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

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

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

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

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

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

solid line is the final result.

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

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

Appendix B: Brief description of “ATOM”

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

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

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

45

Same-Sign dilepton CMS
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Gluino simplified model

ratio of ATOM/CMS efficiencies
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Summary simplified processes

your favourite models 

 FastLim 

...

...Yeast• FastLim reconstructs NSUSY of a given model 
from the efficiency tables for the simplified 
processes and calculate the LHC constraints.

• A finite set of simplified processes are 
implemented in FastLim, but it can provide 
good coverage for interesting SUSY models: 
CMSSM, NUHM, natural SUSY, spread SUSY   

Kazuki’s joke



Conclusions
The battle for a natural resolution of the 

hierarchy problem goes on

LHC14 will be decisive: 
2 x energy, sensitive to 4 x tuning

Many non-lamppost signatures still to be explored

“Absence of evidence is not evidence of absence”, 
still: some experimental guidance would be nice.



 

SUSY13, Trieste, Italy, Wolfgang Waltenberger

LPCC simplified models coordination 
workshop

Oct 29th / 30th  2013 @ CERN

There are at least 4 – 5 pheno groups working with simplified models results. 
In this LPCC workshop we want to start to loosely coordinate the effort between the 
different pheno groups. One common vision is to provide interoperability between 
SMS interpretation building blocks.




