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Higgs and hierarchy
• So far at the LHC, we’ve discovered a Standard Model-like 

Higgs boson and nothing else. 

• This is certainly a great triumph for the Standard Model, 
but it only heightens the urgency of the hierarchy 
problem! 

• Null results notwithstanding, SUSY is still the best 
candidate for a solution.

• Gauge mediation is still the best way of accommodating all 
other signposts we have about the nature of UV physics 
(especially flavor, which is possibly more depressing than 
LHC null results.).
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GMSB Post-Higgs

1. Lessons for GMSB from the Higgs.

2. “Natural SUSY” is (often) GMSB.



Part 1: SUSY Higgs?

The optimist

“126 GeV is within 
38% of 91.2 GeV!”

“126 GeV requires one 
loop effects to be as 

big as tree level!”

But SUSY in its minimal form predicts mh~mZ at tree level
plus radiative corrections coming from the mismatch between 

sparticle and particle masses. 

The couplings are not a smoking gun; SUSY has a well-defined 
decoupling limit where the Higgs couplings are SM-like. 

(viz. [Azatov, Chang, NC, Galloway ’12]) 

The pessimist
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Increase the tree-level Higgs 
quartic (via F-terms, i.e. new 
singlets; or D-terms, i.e., new 

gauge forces)

Make the stops heavy
(at the price of 

considerable tuning) Crank up the 
threshold correction 
(via large A-terms)



Brief editorial:

There are many prescriptions for quantifying naturalness, 
and they can give different answers sensitive to details of 

the prescriptions. I prefer Veltman’s intuitive criterion:

“Radiative corrections are supposed to be of the same order 
(or much smaller) than the actually observed values.”

By this criterion, neither heavy stops nor large A-terms are 
particularly natural in light of mh=125 GeV.  They’re just 
about at the edge of Veltman’s intuitive naturalness. So in 
my mind, increasing the tree-level quartic is the genuinely 

natural avenue.



Higgs mass & GMSB

1. Increase tree-level quartic: nothing particularly unique 
for GMSB; singlet masses require extra engineering.

2. Heavy stops: nothing particularly unique for GMSB, 
beyond scaling up the sparticle masses.

3. Large A-terms: new lessons for GMSB.

How do the options for the Higgs mass inflect upon GMSB?

Options (1) and (2) don’t really force us to shape our expectations for 
GMSB phenomenology, and can be seen as Higgs mass modules. 
Option (3) does provide new insight for GMSB phenomenology.



• In GMSB, A-terms are suppressed (zero at 
LO in gauge couplings) at the messenger 
scale.

• One option is to generate them radiatively 
from running between the messenger scale 
and the weak scale. 

• Another option is to generate them at the 
messenger scale via new Higgs-messenger 
interactions.

A-terms in GMSB
2

as it captures many of the qualitative features that we

will see. We have characterized the scale of superpart-

ner masses with MS ≡
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tanβ always decreases the Higgs mass, inde-

pendent of all the other parameters (keeping in mind that

tanβ � 1.5 for perturbativity). So we expect to find a

lower bound on tanβ coming from the Higgs mass. Sec-

ond, we see that the Higgs mass depends on Xt/MS as

a quartic polynomial, and in general it has two peaks at

Xt/MS ≈ ±
√
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in

up to four places, leading to up to four preferred values

for Xt/MS . Finally, we see that for fixed Xt/MS , the

Higgs mass only increases logarithmically with MS itself.

So we expect a mild lower bound on MS from mh = 125

GeV.

Now let’s demonstrate these general points with de-

tailed calculations using FeynHiggs. Shown in fig. 1 are

contours of constant Higgs mass in the tanβ, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed

quark and right-handed up-type quark scalar fields). The

shaded band corresponds to mh = 123 − 127 GeV, and

the dashed lines indicate the same range of Higgs masses

but with mt = 172 − 174 GeV. (The central value in all

our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get

mh ≈ 125 GeV, we must have

tanβ � 3.5 (2)

So this is an absolute lower bound on tanβ just from the

Higgs mass measurement. We also find that the Higgs

mass basically ceases to depend on tanβ for tanβ beyond

∼ 20. So for the rest of the paper we will take tanβ = 30

for simplicity.

Fixing tanβ, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs

MS and Xt. We see that for large MS , we want

Xt

MS
≈ −3, −1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-

scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane

of physical stop masses. Shown in fig. 3 are plots of the

contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here

the values of Xt < 0 and Xt > 0 were chosen to satisfy

mh = 125 GeV, and the solution with smaller absolute

value was chosen. In the dark gray shaded region, no

solution to mh = 125 GeV was found. Here we see that

the t̃1 can be as light as 200 GeV, provided we take t̃2 to

be heavy enough. We also see that the heavy stop has to

be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of mh in the tanβ vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to ∼ 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tanβ = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ≈ 125 GeV implies for

the weak-scale MSSM parameters, we now turn to the

implications for the underlying model of SUSY-breaking

and mediation. In RG running down from a high scale,

for positive gluino mass M3, the A-term At decreases.

The gluino mass also drives squark mass-squareds larger
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III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ≈ 125 GeV implies for

the weak-scale MSSM parameters, we now turn to the

implications for the underlying model of SUSY-breaking

and mediation. In RG running down from a high scale,

for positive gluino mass M3, the A-term At decreases.

The gluino mass also drives squark mass-squareds larger

tanβ � 3.5 MS � 1 TeV |Xt| � 2 TeV

Both options shape 
GMSB phenomenology

dAt

dt
∼ y2tAt + g23M3

[Draper, Meade, Reece, Shih ’11]



Option1: A-terms from RGE
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FIG. 5. Messenger scale required to produce sufficiently large |At| for mh = 123 GeV (left) and mh = 125 GeV

(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
λ. 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 MS , with Xt = 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 MS . The blue bands give estimates of errors

from varying the top mass between 172 and 174 GeV (darker

band) and the renormalization scale between mt/2 and 2mt

(lighter band).

M3 � 3 TeV, Mmess � 108 GeV

Gluino drives A-terms 
negative; positive-sign A-

terms not viable in GMSB

A<0 possible, but 
forces a high 

messenger scale, 
heavy gluinos.

A-terms almost 
superfluous for 

naturalness.

[Draper, Meade, Reece, Shih ’11]

dAt

dt
∼ y2tAt + g23M3



Implications for pheno
• Many decades of energy required between Mmess, mW. Implies 

large F, and so (often) detector-stable NLSP. Limits then depend 
strongly on the NLSP candidate.

• Large gluino masses! Consequently, the colored spectrum typically 
wants to be heavy. Light weak-scale stops require negative squark 
masses at the messenger scale, which is possible but requires non-
minimal GMSB.

• Focus on CHAMPs, R-hadrons, displaced vertices, electroweak 
production.
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Option 2: A-terms at Mmess

Alternately, we could try to generate parametrically large A-terms at the 
messenger scale. Requires coupling GMSB messengers to MSSM fields.

You typically want to do this by coupling to the Higgs doublets, since this 
gives A-terms aligned with the Yukawas (flavor problems otherwise):

W ⊃ λijHuQiūj

→ L ⊃ λij
F

†
X

M
HuQ̃i ˜̄uj +

|FX |2

M2
|Hu|2

Given a model 
that induces

and 
given

δW = λuijHuΦiΦ̃j + λdijHdΦiΦ̃j
Can get this from a theory with 

Higgs-messenger couplings

Integrating out auxiliary 
components yields

N.B., also inevitably get a Higgs soft mass mH2∝A2

[NC, Knapen, Shih, Zhao ’12]

K ⊃ X
†

M
H

†
uHu



The A/mH2 problem
Diagrammatically, the A-terms 

come from diagrams like...

...but you also get one-loop 
Higgs soft masses, 

Hu

X

Hu Hu

X

Hu

X

This is phenomenological disaster, mH2 too large. Reminiscent 
of the μ/Bμ problem; we call this the A/mH2 problem 

But unlike μ/Bμ, the A/mH2 problem can be uniquely solved by 
the U(1)R symmetry of minimal gauge mediation

(a la Dine, Nelson, et al. ’93-’95, 〈X〉=  M + FXθ²)

(This is slightly amusing, after years of general gauge mediation.)



The upshot
• Can construct models that work, generating sufficiently large A-

terms without (big) A/mH2 problem. Can even make NMSSM-
type models work, explaining origin of μ/Bμ

• However, still have the “little” A/mH2 problem, i.e., mH2∝A2

• This tells us that the soft masses mH2 are guaranteed to be 
large, and so μ must also be large. This means higgsinos are 
heavy and the tree-level naturalness of the theory is imperiled 
to the order of 0.1% tuning. 

• So we can construct models with large A-terms at the 
messenger scale, but in the process we discover that we could 
have just stayed home and explained the Higgs mass with 
heavy stops (the only edge is LHC-accessible states).



Implications for pheno

Λ = 110 TeV 
M = 220 TeV
λu = 1.1

stau NLSP

stops 
significantly 
lighter than 

other squarks
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Figure 12. The physical mass spectrum, for the same model as in fig. 11.

The cross section for electroweak sparticle production is also quite low, but nonetheless observable at

the LHC. Note that the higgsinos and Higgs scalars H
0
, A

0
, and H

±
are quite heavy due to the large

value of µ necessitated by EWSB, so that the Higgs sector is far into the decoupling limit and the

lightest Higgs properties are those of the Standard Model.

The NLSP is almost invariably the stau, except in very small regions of parameter space where

it may become a mostly-bino neutralino. The staus are heavily mixed, such that the lightest stau

is always lighter than the sneutrino ν̃τ and there is no co-NLSP. Since the scale of SUSY breaking

is low in these scenarios, the NLSP decays promptly in the detector; the most promising search

channels for this spectrum are likely to be those involving leptons plus missing transverse energy,

such as the HT /E
miss

T
binning of the CMS multilepton search [34]. In that paper, limits were set

on a GMSB-motivated benchmark model which has degenerate slepton co-NLSPs and specific mass

relations among the superpartners. So as such, it is not possible to directly use the CMS search to

infer limits on our scenario, which has stau NLSP. It would be interesting to recast the CMS search in

terms of our model; this should be straightforward, since they provide the data for channels where taus

are included. Furthermore, we expect that the limits are strictly weaker for stau NLSPs compared

to slepton co-NLSPs. For decoupled squarks and gluinos, the CMS limit was mχ̃±
1
� 600 GeV, with

m�̃R
= 0.3mχ̃±

1
, mχ̃−

1
= 0.5mχ̃±

1
, and m�̃L

= 0.8mχ̃±
1
. So we are confident that the existing search

does not yet meaningfully encroach on our parameter space. Nevertheless, multilepton searches should

ultimately prove sensitive with increased integrated luminosity.

Although ancillary to the phenomenology, we conclude with a few remarks on fine-tuning in the

EWSB potential given this characteristic spectrum. In both the MSSM and NMSSM models, the

overall tuning (as quantified by the Barbieri-Giudice measure [46]) is typically on the order of one part

in several thousand due to the relatively large couplings required for mh = 125 GeV. The key feature

is that the tuning in the potential is governed by a cancellation between µ
2
and m

2
Hu

at large tanβ.

– 24 –

Heavy higgsinos, inevitably stau NLSP.  But tuning is ~0.1% at best.
Works best for low messenger scales, so prompt NLSP.



Part 1 Summary
• A-term explanations are challenging to realize in 

GMSB, either via running or via new interactions. 
Often no more natural than simply having heavy 
stops, but admits LHC-accessible states.

• The most natural solution entails additional 
physics (singlet, gauge bosons, etc.), implying 
extensions of the MSSM at low energies.

• But there is no inviolate rule about allowed NLSP 
or GMSB signals. So keep on keeping on, and 
don’t worry too much about mh=125 GeV.



Part 2: Natural SUSY is 
(often) GMSB

• Need to make stops light but keep flavor 
protection for first two generations. Most 
easily accomplished in GMSB-based models.

• Need to lower the radiative cutoff to avoid 
linking gluino, stop masses too closely.

Two powerful reasons for natural SUSY to be low-scale: 

Even if the models are not precisely GMSB, they often have a 
goldstino at the bottom of the spectrum. Signals are GMSB-esque.

We typically factorize “natural SUSY” simplified models from “GMSB”. But...



Two examples

1. “Split families”: SUSY breaking is 
communicated by gauge mediation plus a  
4D version of gaugino mediation. 

2. “Flavor mediation”: SUSY breaking is 
communicated by a gauged flavor symmetry. 
Gauge mediation, just not via SM gauge 
bosons. 



Split families
•  Imagine that the first two generations are charged under a 

different set of Standard Model gauge groups at high energies.

• Above some scale f, the SM gauge group is extended into a 
double copy, [SU(3)×SU(2)×U(1)]A×[SU(3)×SU(2)×U(1)]B

• First two generations transform under A copy, third generation 
and Higgs doublets under the B copy.

• SUSY breaking is transmitted by gauge mediation to the A 
copy.

• Goldstino is at the bottom of the spectrum, followed by third-
generation sparticles. RH stau is typically the NLSP, but stop/
sbottom also light.

[NC, Green, Katz ’11; NC, Dimopoulos, Gherghetta ’12]



Split families

Link fields χ higgs to the diagonal gauge group at a scale f.
Spectrum for first two generations is gauge mediation; spectrum for third 

generation is (deconstructed) gaugino mediation.



Split families
• There is an approximate theory of flavor, since not all Yukawa 

couplings can be marginal:

• The third generation soft masses are much smaller than the first 
two, and the first two enjoy a U(2) sflavor symmetry, so no FCNC 
problems!

W ⊃ HQ3ū3 +
1
M

χHQ3ūi +
1

M2
χ2

HQiūj

m̃2
i ∼

� αi

4π

�2
�

F

M

�2

� m̃2
3 ∼

� αi

4π

�2
�

f

M

�2 �
F

M

�2



Split families
• The Higgs mass prediction is automatically raised because there 

are new contributions to the D-term due to the extended gauge 
symmetry:

• There is a low cutoff f~10 TeV to the radiative contributions to 
the Higgs soft mass. Tuning is improved, gluino can be twice as 
heavy as the stops:

δm2
t̃ =

2g2
s

3π2
m2

g̃ ln (f/mg̃)

δm2
h =

g2
A

g2
B

m2
S

m2
V + m2

S

m2
Z cos2(2β)



Flavor mediation

�X� = M + Fθ2
W ⊃ XΦ+Φ−

Imagine a U(1) gauge group broken spontaneously at a scale f
which also gauge-mediates SUSY breaking via messengers

m̃2 ∼
�

M
f

�2 �
αi
4π

�2 F 2

M2 M � f
�

αi
4π

�2 F 2

M2 f �M

When f > M, the effects of SUSY breaking are parametrically suppressed: 

N.B., these effects even exist in vanilla GMSB due to mW, mZ

[NC, McCullough, Thaler ’12]

A different flavor of gauge mediation.



Flavor mediation
Generalizes readily to non-abelian groups, where the spectrum 

depends on the pattern of breaking. Can get hierarchical breaking 
proportional to gauge boson masses:

6

performing this diagonalization, the resulting expression for sfermion soft masses at two loops is

�
�m2

q

�
ij

= C(Φ)
α2

F

(2π)2

����
F

M

����
2 �

a

f(δa
) (T a

q T a
q ){ij}, δa ≡ Ma

V
2

M2
, (8)

where {ij} indicates that these indices have been symmetrized, αF ≡ g2
F /4π is the fine structure constant for the

flavor gauge group, and C(Φ) is the dynkin index of the messenger superfield representation. The suppression factor

f(δa
) tracks the difference between Higgsed gauge mediation and ordinary gauge mediation, and is given explicitly by

f(δ) = 2
δ(4− δ)((4− δ) + (δ + 2) log(δ)) + 2(δ − 1)Ω(δ)

δ(4− δ)3
, (9)

with

Ω(δ) =

�
δ(δ − 4)

�
2ζ(2) + log

2
(α) + 4Li2 [−α]

�
, α =

��
δ

4
+

�
δ

4
− 1

�−2

. (10)

When δ = 0, f(0) = 1 gives the results from ordinary gauge mediation.

Applying these results to the flavor group and breaking pattern described in Sec. IV, the soft mass-squared for the

i-th flavor of squark or slepton in the fundamental of SU(3)F is

�
�m2

q

�
ii

= γi(δ)C(Φ)C2(q)
α2

F

(2π)2

����
F

M

����
2

, where δ =
g2

F v2
F

M2
, (11)

the quadratic Casimir of the quark superfield q is denoted C2(q), and γi(δ) is a generation-dependent suppression

factor arising due to the breaking of the mediating gauge group, with the limiting behavior

lim
vF→0

γi(δ) = 1. (12)

In Fig. 3, we plot the suppression of the sfermion soft masses compared to the case where the gauge group is unbroken,

for a range of values of δ. It is clear that in the limit where the gauge group is largely unbroken the suppression of all

three soft masses is negligible, however whenever the scale at which the gauge group is broken becomes comparable

to, or greater, than the messenger mass scale the suppression becomes very significant.

In Fig. 4, we plot the the various splittings between sfermion generations. When the gauge group is largely unbroken

the third generation is almost degenerate with the first two, however as the breaking of SU(3)F → SU(2)F becomes

significant a large splitting between the third and first two generation sfermion masses emerges. Even when the

breaking of the remaining SU(2)F becomes comparable to the messenger scale this splitting remains, although it

never exceeds a ratio of greater than ∼ 100. The splitting between the first two generation sfermions is also shown.

Flavor-changing neutral current processes are very sensitive to this splitting, and hence it is important for a successful

model that this splitting is small. It is shown that regardless of the relative scales of spontaneous symmetry breaking

and messenger masses this squared mass splitting never exceeds a fractional value of 10
−5

.

It is clear that the soft mass spectrum generated via SU(3)F flavor mediation is extremely attractive from the

perspective of natural SUSY. Relative mass splittings of O(10) between the third and first two generations can

be easily accommodated, while mass splittings between the first two generations remain very small. These mass

splittings arise solely due to the flavor symmetry breaking implied by the quark masses, and apart from this all three

generations are treated on a equal footing. The fact that only an SU(3), rather than U(3) symmetry is anomaly free

means that a symmetry breaking structure SU(3)F → SU(2)F → 0 arises, protecting the first two generations from

mass splittings. Were it possible to gauge a U(3) symmetry, the remaining U(1) in the symmetry breaking structure

U(3)F → U(2)F → U(1)F → 0 would have generated additional splittings between the first two generations.

B. Mixing Angles

Another interesting feature arising in flavor mediation is that phases and mixing angles from the SM CKM matrix

are transmitted to the scalar soft mass matrix via the gauged flavor sector. In the model presented, phases and mixing

angles in the symmetry breaking vevs generate mixings in the flavor boson mass matrix, implying mixings between

generators, which then show up in the scalar soft mass matrices through Eq. (11) whenever the mixed generators

include generators with off-diagonal elements.

Gauge the simplest non-abelian flavor symmetry of the Standard Model 
without mixed anomalies:

SU(3)F with Q, Uc, Dc, L, Ec all fundamentals 3

Q U
c
D

c
L E

c
Hu Hd N

c
Su Sd

SU(3)F 3 3 3 3 3 1 1 3̄ 6̄ 6̄

TABLE I: The SU(3)F charges of the minimal chiral matter representations required for anomaly-free flavor mediation. The
fields N

c,Su,Sd are all neutral under GSM ; their role will be discussed in Sec. II B. Additional pairs of massive vector-like
representations may be included to generate Yukawa interactions and mediate supersymmetry breaking.

same multiplet, but we choose not to consider that possibility.
Third and finally, we wish to avoid adding additional chiral matter with SM gauge charges in the infrared (IR), in

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

Fortunately, there is a well-known flavor symmetry satisfying all of these requirements: an SU(3)F flavor symmetry
under which all SSM matter supermultiplets are fundamentals. The charge assignments of SSM supermultiplets under
SU(3)F are shown in Table I. In fact, this is the maximal group involving SU(3) factors that is anomaly-free and treats
all matter multiplets equally.3 A number of successful flavor models employing this symmetry have been constructed
[38–49], including models that allow for GUT multiplets in the UV.

B. Yukawa Couplings

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

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

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

W =
1

MSu

SuHuQU
c +

1

MSd

SdHdQD
c, (1)

where flavor indices have been suppressed. These operators can arise by integrating out heavy vector-like Higgs pairs
also in the 6, 6 of SU(3)F with mass MS ; unification is preserved in the usual way if these Higgses live in complete
multiplets of SU(5). In particular, all SM quark and lepton Yukawas may be generated by integrating out fields
transforming as (5̄, 6)⊕ (5, 6̄)⊕ (5, 6)⊕ (5̄, 6̄) under SU(5)SM ×SU(3)F . This suggests the scale MS should be high
enough to avoid inducing Landau poles in the SM gauge couplings below the unification scale.

One can also introduce additional anomaly-free representations of SU(3)F in order to generate charged lepton
Yukawas and neutrino masses. However, without committing to a particular model of neutrino mass generation, the

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

4 This renders SU(3)F IR-free. If the Landau pole in the gauge couplings lies below the scale of UV physics such as the GUT or Planck
scale, a dual description would be required in order to UV-complete the model.

How can we use this?



Breaking the symmetry
Spontaneously break SU(3)F to generate SM Yukawas. 

E.g., with two symmetric tensors Su, Sd
W =

1
MSu

SuHuQU
c +

1
MSd

SdHdQD
c,

�Su� =




vu1 0 0
0 vu2 0
0 0 vu3



 �Sd� = VCKM




vd1 0 0
0 vd2 0
0 0 vd3



 V T
CKM

This breaking gives Yukawa couplings and spectrum of flavor gauge bosons.
GB mass spectrum is correlated with Yukawas. So MSSM soft spectrum is anti-correlated.7
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FIG. 3: The SU(3)F flavor-mediated sfermion soft mass spectrum relative to the unbroken case as a function of δ = g2
F v2

F /M2.
In the left-hand panel the mass-squared is plotted linearly, and logarithmically on the right. The suppression occurring whenever
the breaking scale becomes comparable to the messenger scale is apparent, and the suppression of the third generation sfermion
soft masses relative to the first two generations is also clear, arising due to the dominant flavor symmetry breaking lying in the
top-quark direction. The first two generations are highly degenerate, as expected.

The off-diagonal elements appearing in the soft mass matrix arise as a non-trivial function of the vevs and angles
in Eq. (3), which includes a dependence on the function f(δa). However, to gain insight into the magnitude of these
terms one can perform a perturbative calculation, valid when mixing angles are relatively small and the SU(2)F gauge
bosons are much lighter than the SU(3)F /SU(2)F gauge bosons, i.e. Max[vu3, vd3] � Max[vu2, vd2]. In the limit of
vanishing vu1, vd1, which is a good approximation for the case at hand, the resulting soft mass matrix, to first order
in the mixing angles and zeroth order in vd2/

�
v2

u3 + v2
d3, is

m̃2 ≈




m̃2

2 0 0
0 m̃2

2 0
0 0 m̃2

3



 + (m̃2
2 − m̃2

3)
v2

d3

v2
u3 + v2

d3




0 0 cos(δ)V13

0 0 V23

cos(δ)V13 V23 0



 , (13)

where the approximate degeneracy of the first two generation scalar masses has been taken account of in the diagonal
components. There are a number of interesting features of Eq. (13). The absent entries proportional to V12, the
largest mixing in the CKM matrix by a considerable amount, come suppressed by a factor of v2

d2/(v2
u3 + v2

d3) which
is always small. One can see that in the limit vd3 � vu3 the off-diagonal components are suppressed, the soft masses
becoming approximately diagonal, whereas in the limit that the flavor symmetry breaking is driven dominantly by
the down sector, vd3 � vu3 the off-diagonal components become large, corresponding to a rotation determined by the
CKM matrix.6

Comparing Eq. (13) to numerical calculations we find good agreement, with the dominant m̃2
23 component agreeing

to within 1%. The subdominant m̃2
13 component agrees to within 10%, where the increased discrepancy likely comes

from higher orders in the larger mixing angles. In this work we are focussing on the case where the flavor symmetry

6
This can be understood in the following way. If we turn off the up-type vevs the gauge symmetry breaking is entirely determined by the

down-type vevs, and there is the freedom to perform a single gauge transformation. If we perform this transformation before integrating

out the flavor interactions the down-type matrix can be diagonalized, and hence all subsequently generated soft masses will be diagonal.

However if we integrate out the flavor interactions before diagonalizing the down-type matrix all soft masses must be misaligned by the

CKM matrix, since both pictures are equivalent, being related by a single gauge transformation. This is not the case if we switch the

up-type vevs back on, since we now only have the freedom to diagonalize one matrix, leading to the more complex form for off-diagonal

elements.

There is a U(2) sflavor 
symmetry from 

SU(3) > SU(2) > nothing

So light 3rd generation 
sfermions, heavy 1st/2nd 
generation sfermions. But 

this is still “gauge mediation”



Flavor phenomenology
• Of course, this is not a complete model; 

need Higgs sector parameters (as in 
GMSB) and MSSM gaugino masses (but 
natural for standard GMSB to coexist). 
These details control nature of the NLSP.

• But as in standard GMSB, the goldstino is 
light and signals are GMSB-like. 

• NLSP is typically higgsino or stau, though 
bino, stop NLSP are possible. F can cover 
the usual range of possibilities (prompt/
displaced/collider-stable). 
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ẽL,R, µ̃L,R, ν̃2, ν̃3,

ν̃1

χ̃0
1,2,3,4,..

χ̃±
1,2

100

200

500

1000

2000

5000
m! !GeV"
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FIG. 5: Weak scale sparticle spectra for the low (left) and high (right) mediation scale parameters detailed in Table II. Because

we are agnostic as to the Higgs sector, we only show the expected mass range for the charginos and neutralinos, guided

by naturalness considerations and gauge-mediated expectations. As expected, the first-two-generation sfermions are largely

decoupled, while the third-generation sfermions and gauginos are light. These spectra are chosen to lie in close proximity to

recent collider bounds [22–25], representing optimistic scenarios for LHC observability.

one vector-like pair of SU(3)F fundamentals as in Sec. III, and one vector-like pair of SU(5)GUT fundamentals for SM
gauge mediation. Of course one could imagine loosening these assumptions, but it is quite satisfying that the same
SUSY-breaking spurion can be used for both kinds of gauge mediation.

In Table II, we show the UV parameters for a low-scale (M = 108 GeV) and a high-scale (M = 1014 GeV)
benchmark. These benchmarks have been chosen to be representative of the spectra possible within models of
flavor mediation. Both benchmarks are minimal gauge-mediated scenarios with additional contributions from flavor
mediation, modeled by adding universal soft masses m̃F

1,2 and m̃F
3 to the first-two- and third-generation sfermions,

respectively. Using SuSpect 2.41 [61], we RG evolve the UV parameters to achieve the IR spectra depicted in Fig. 5.
These parameters have been cross-checked with SOFTSUSY 3.3.0 [62] and are found to agree within O(2%) for most
parameters.

The Higgs and electroweak spectra are highly dependent on the specifics of the SUSY Higgs sector, which may
involve extra singlets or gauge groups, so we do not specify Higgs sector parameters in order to avoid committing
to any specific model. As the neutralinos and charginos are not charged under the flavor symmetry, we can still
estimate their masses. As stated in Sec. IVB, one expects higgsinos should be around 100–300 GeV from naturalness
considerations. The bino and wino obtain masses from gauge-mediated SUSY breaking that gives a characteristic
1 : 2 : 6 mass ratio between the bino, wino, and gluino. For a 800–900 GeV gluino mass, as is the case for both
benchmark models, we expect the bino and wino Majorana masses to also be 100–300 GeV, so it is safe to assume
that most (if not all) the electroweak-inos have masses in this range.

As shown in Fig. 5, the combination of flavor mediation and SM gauge mediation delivers a natural SUSY spectrum.
The first- and second-generation sfermions do not evolve very much from the messenger scale and remain heavy. The
third-generation sfermions are light because of the suppressed flavor mediation, and exhibit mass splittings from SM
gauge mediation between squarks and sleptons as well as between left- and right-handed modes. For this choice of
parameters, the gluino is around a factor of 2 heavier than the lightest stops, which is desirable for natural SUSY and
is a result of the RG flow from the messenger scale.



Implications for pheno
• Of course, GMSB already had “natural SUSY” signals (e.g., stau/

higgsino NLSP), but often with universal squark/gluino production. 
Likewise, other 3rd-generation NLSPs, cascades are both interesting.

• There is some coverage of “natural GMSB” cascades at LHC already 
--e.g. ATLAS “NGM”, CMS “natural Higgsino NLSP” searches, 
focused on tau/Z final states. (Ask me offline for a natural model with 
heavy higgsinos.) 

• But there are new topologies to consider. For example, a stop-bino 
simplified model with final state tt̄+γγ+MET. To my knowledge this 
is not (optimally) covered at ATLAS or CMS. This is just one hole; I 
am optimistic we can collectively come up with more ideas for new 
searches. E.g., natural production plus displaced NLSP decay?



Part 2 Summary
• Natural SUSY is the subject of considerable focus, and we typically 

treat this as distinct from GMSB. But genuine models for “natural 
SUSY” often have low-scale SUSY breaking for reasons of flavor 
and radiative naturalness.

• So there is a whole class of motivated spectra whose signals could 
be characterized as “natural GMSB”.

• This motivates new(ish) natural SUSY possibilities: all your favorite 
“natural” spectra with gravitino LSP (& bino often still light). 

• Much of this is already covered by GMSB/natural searches, but we 
should think hard about whether there is something we’ve missed 
(tt̄+γγ+MET? longer natural+GMSB cascades?).



GMSB Post-Higgs

Thank you!

Gauge mediation is, if anything, more relevant than ever @ LHC.



GMSB Post-Higgs

1. Higgs properties tell us that GMSB is doing fine for the purposes of 
LHC searches. The purely MSSM case is under strain, but MSSM 
extensions are in reasonable shape. Explanations for the Higgs mass 
often correlate with the NLSP type, but all types are still motivated. 
Keep pushing!

Thank you!

Gauge mediation is, if anything, more relevant than ever @ LHC.



GMSB Post-Higgs

1. Higgs properties tell us that GMSB is doing fine for the purposes of 
LHC searches. The purely MSSM case is under strain, but MSSM 
extensions are in reasonable shape. Explanations for the Higgs mass 
often correlate with the NLSP type, but all types are still motivated. 
Keep pushing!

2. “Natural SUSY” is (often) GMSB-like -- for good reasons! -- and we 
should think carefully about whether this gives new natural SUSY 
signals & searches at the LHC.  This also renders existing GMSB 
searches more relevant than ever.

Thank you!

Gauge mediation is, if anything, more relevant than ever @ LHC.


