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The naturalness strategy

2

In the SM, mh is a parameter: not predicted, and 
worse, incalculable (elementary scalars are special). 

In a theory where mh is calculable, new physics 
beyond the SM enters at a scale Λ. 

  
We see a hierarchy problem: quantum contributions 

to mh are at least around this scale Λ. 
 

�mh / ⇤

Natural if                    .        
(                     unnatural or UV miracle)

�mh ⇠ mh
�mh � mh



The naturalness strategy

3

This is a strategy for new physics near mh, not a no-lose theorem, 
because the theory does not break down if it is unnatural. 

E.g. charged pions Electromagnetic contribution to the 
charged pion mass sensitive to the 

cutoff of the pion EFT.

But naturalness has often been a very successful strategy.

�m2 ⇠ 3e2

16⇡2
⇤2

Naturalness suggests Λ~850 MeV. 
Rho meson (new physics!) enters at 770 MeV. 



The Situation in SUSY

• Terms quadratic in superpartner masses have to 
cancel to fine precision 

• Physical Higgs mass prediction too low at tree level, 
only logarithmically sensitive to superpartner masses. 
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Physical 
Higgs mass

Challenge is to accommodate/explain mh=125 GeV without tuning. 
Expect “natural” theory must go beyond MSSM.
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Figure 5: Allowed values of the OS stop mass reproducing mh = 125 GeV as a function of the stop mixing, with
tan� = 20, µ = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 2� experimental uncertainty from the top mass. The wiggle around the positive maximal
mixing point is due to the physical threshold when m

˜t crosses M
3

+mt.

renormalization scale—even if the on-shell squark masses are positive, the DR stop mass becomes
highly sensitive to the renormalization scale when the gluino is more than a factor of 2÷3 above
it, which results in an instability of the estimate of the Higgs mass. What is happening is that
the physical on-shell squark masses becomes tuned and highly sensitive to the soft parameters.
The situation is similar to trying to compute the Higgs mass in terms of the soft parameter m2

Hu

instead of the on-shell (tuned) EW vev v.

All these problems disappear in the OS scheme, the gluino decouples up to a physical log
correction [16], there are no tachyons since the physical OS masses are given as input and larger
hierarchies can be introduced safely within the SUSY spectrum (with the usual caveat that large
logarithms may require resummation). Besides, the input masses are directly the physical quan-
tities to be compared with experiments.

For these reasons we also performed our computation in the OS scheme. Fig. 5 shows an
application of such calculation. It corresponds to the region of allowed OS stop masses (taken
degenerate in this case) which reproduces the observed Higgs mass for di↵erent At-terms. Our
definition of At in the on-shell scheme, eq. (27), is di↵erent from the usual one, this explains why
the point of maximal mixing is not at Xt/mt̃ ' 2. In the spirit of natural SUSY [46–48] we kept
the higgsino light at 300 GeV while the gauginos and first generation squarks safely above collider
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FIG. 1: Litmus test: parameter space excluded by precision elec-
troweak measurements (red), Higgs mass limits (green), and LHC
resonance searches (blue) at

p
s = 7 TeV. For �BR too large,

gX > gX,max

yielding tension with precision electroweak and LHC
constraints; for �BR too small, gX < gX,min

yielding tension
with mh ' 125 GeV subject to the stop mass, shown here for
m

˜t = 0.5 TeV, 1 TeV, 2 TeV. See the text in Sec. III for details.

II. SETUP

We are interested in all U(1)X extensions of the MSSM
consistent with a gauge invariant µ term. Mirroring
[17, 20], we go to a convenient basis in which the charge
parameters, gX , p, and q, absorb all of the e↵ects of ki-
netic and mass mixing between the U(1)X and U(1)Y
gauge bosons above the electroweak scale. Thus, mixing
only occurs after electroweak symmetry breaking, and
the resulting e↵ects are proportional to the Higgs vac-
uum expectation value (VEV). Of course, kinetic mix-
ing is continually induced by running, so this choice of
basis is renormalization scale dependent. However, this
subtlety is largely irrelevant to our analysis, which in-
volves experimental limits in a relatively narrow window
of energies around the weak scale. The advantage of
this low energy parameterization is that it is very general
and covers popular gauge extensions like U(1)B , U(1)L,
U(1)B�L, U(1)�, and U(1)

3R. Furthermore, it is defined
by a handful of parameters: mX , gX , p, and q.

Next, let us consider the issue of anomalies. If p = q,
then according to Eq. (1) X is a linear combination of
the Y and B�L, which is anomaly free if one includes a
flavor triplet of right-handed neutrinos. If p 6= q then the
associated B+L anomalies can be similarly cancelled by
new particles. In general, these ‘anomalons’ can be quite
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FIG. 2: Same as Fig. 1 except with
p
s = 14 TeV, and stop mass

contours m
˜t = 0.5 TeV, 2 TeV.

heavy, in which case they can be ignored for our analysis.
We now examine the non-decoupling D-terms of U(1)X

and their contribution to the Higgs potential. As we will
see, these contributions are highly constrained by gauge
symmetry and SUSY. To begin, consider a massive vector
superfield composed of component fields

{C,�, X,�, D}, (2)

where X, �, and D are the gauge field, gaugino, and
auxiliary field, and C and � are the ‘longitudinal’ modes
eaten during the super-Higgs mechanism. Under SUSY
transformations,

C ! C + i(⇠�� ⇠̄�̄) (3)

D ! D + @µ(�⇠�µ�̄+ ��µ⇠̄). (4)

Eq. (4) implies that mC �D is a SUSY invariant on the
equations of motion, i�µ@µ�̄ = m�, where m = mC =
m� = mX is the mass of the vector superfield.
On the other hand, the auxiliary field D can be re-

expressed in terms of dynamically propagating fields by
substituting the equations of motion. Since mC � D is
a SUSY invariant, this implies that

D = mC +D
IR

+D
UV

+O(C2), (5)

where D
IR

and D
UV

label contributions from the (light)
MSSM fields and the (heavy) U(1)X breaking fields, re-
spectively, with all C dependence shown explicitly. The
structure of Eq. (5) ensures that both the right and left

Mixing D-term

Not very natural; no 
stops at the LHC

Heavy vector bosons at 
LHC13/14

F-term
[Cheung, Roberts ‘12]

Finite decoupling; Higgs coupling 
measurements constraining.
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Figure 3: Contours of the fine-tuning measure ⌃ in the -tan� plane for (a) the LHC at 14TeV with
integrated luminosity of 300 fb�1 and (b) the ILC at 1TeV with integrated luminosity of 2500 fb�1.

plot of ⌃ versus 1/|rd � 1|. Orange points have negative ⌦d, whereas for purple points this quantity
is positive. The straight line corresponds to the rd-dependent bound from (3.25), separating orange
and purple points as expected.

For ⌦u,d close to �1 (the smallest value consistent with the positivity of m2
H), the required value

of m2
H from (3.22a) and (3.22b) can become arbitrarily small. This is due to an accidental cancel-

lation in the relations for the coupling ratios which allows the |ru,d � 1|-limits to be already satis-
fied with small mH . However, the tuning corresponding to this cancellation should be taken into
account when assessing the naturalness of the model. Let us estimate the amount of tuning. With-
out any accidental cancellation, the required value of mH for a given limit on ru would instead be
m2

H,nat. ⇠ cot�m2
hH/|ru � 1| and similarly for rd. We can take ⌃u,d ⇠ m2

H,nat./m
2
H as an estimate

for the corresponding amount of tuning for points with negative ⌦u,d (whereas for positive ⌦u,d we
set ⌃u,d = 1, since there is no corresponding tuning) and define the product ⌃ · ⌃u,d to measure
the combined fine-tuning. Now recall that, for the points in our scan which satisfy the experimental
constraints, the fine-tuning measure is well described by (3.17) with a quadratic dependence on mH .
Furthermore, note that (3.22a) and (3.22b) reduce to m2

H,nat. in the limit ⌦u,d ! 0 in which (3.25)
was derived. If we replace the fine-tuning measure ⌃ by a combined measure ⌃ · ⌃u,d, (3.25) therefore
gives a lower bound also for negative ⌦u,d. We will accordingly use (3.25) as a lower bound also for
points in parameter space with negative ⌦u,d.

Note that (3.25) is in fact quite conservative as a lower bound: In our scan, we find that ms ⇡ mH

to within a factor of 3. This means that the limit m2
hs/m

2
s ! 0 requires m2

hs ! 0. As discussed at the
end of sec. 3.2.1, this in turn requires an accidental cancellation among the various soft masses that
determine m2

hs. Again this additional tuning should be taken into account. Since (3.25) is saturated
for points with m2

hs/m
2
s = 0, the resulting combined fine-tuning would satisfy an even more stringent

lower bound.
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[Gherghetta et al. ‘14]
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Minimize the damage

h~
bL
~ tR~tL~

g~

w~

h

5 TeV

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Best case scenario given nonobservation: 
superpartner mass hierarchy inversely 

proportional to contribution to Higgs mass

[Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson ’96; Papucci, 
Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum ’11]

“Natural SUSY”

6

QCD production of stops, gluinos 
leads to strongest constraints

�m2
h / µ2 (“higgsinos”)

(everything else)



Where we are now: Higgsinos
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“Natural SUSY”
Lots of searches…

…but no irreducible limits
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[Thomas, Wells ’98]
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Quantify tuning 
(as you like)

Generic limit* > 800 GeV (both stops)  
→ Δ~90 (1% tuning)

(Λ = 100 TeV)*

* We’ll come back to all this.
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Where we are now: Gluinos
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h~
bL
~ tR~tL~

g~

w~

h

5 TeV

“Natural SUSY”

Where we are now: Gluinos

Generic limit* > 1800 GeV 
→ Δ~57 (2% tuning)

(Λ = 100 TeV)*
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What about…

Living here? Have to contend 
with stop1-stop2 limits

Living here? LSP mass 
implies higgsino tuning 

(~10%)
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Hard to make O(1) changes in tuning 
in the framework of the MSSM. 
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Use data as a guide: find 
theories compatible with the 
data, use them to develop 
new signals and searches.
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Break the Signal 1
Exclusions assume R parity is conserved. RPV can 

help provided no leptons → baryonic RPV. 
 Prompt, because displaced searches powerful.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].

2

[Bai, Katz, Tweedie ‘13]

Stops > 325 GeV (20%) Gluinos > 1 TeV (5%)
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Break the Signal 2

g̃

S̃

S

G̃ or ã
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Figure 3: The g̃ ! S̃ ! G̃ simplified model in the SYY scenario. Effectively, a gluino decays to three gluons (plus a soft
particle), so the signal is g̃g̃ ! 6 jet + soft.

Figure 4: Bound on the g̃ ! S̃ ! G̃ decay chain. The red solid line is the 95% confidence exclusion from the ATLAS
multijet search [104, 105], and the red dashed line is a conservative constraint in which we weaken the bounds by a
factor of 2 to account for possible systematic overestimation of the signal efficiency.

4.2 The g̃ ! t̃ ! S̃ ! G̃ Decay Chain
The decay chain with a right-handed stop as the lightest MSSM superpartner splits into two cases: in the
SHu Hd model, the stop decays as t̃ ! tS̃, while in the SYY model it decays as t̃ ! tgS̃. Thus there
are slightly different signatures in terms of kinematics and jet multiplicity, and we provide two different
exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its charge conjugate) or, if phase
space is insufficient, to the 3-body final state bW� t̃R.

Both models are well constrained by the ATLAS multijet search [104, 105], the ATLAS same-sign dilep-
ton or 3-lepton search [117], and the CMS same-sign dilepton search with b-jets [114]. The ATLAS multijet
search signature is events with high jet multiplicities without any constraints on missing transverse mo-
mentum. Such searches are well suited for these models due to the stop decay, which produces events with
jets and multiple leptons. Of the signal regions in the ATLAS same-sign dilepton search, the SR3b region
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ATLAS multijets

Figure 8: Bound on the g̃ ! t̃ ! H̃ ! S̃ ! G̃ decay chain. At left: bound for the SHu Hd model. At right: bound
for the SYY model (right). The purple curves correspond to the CMS same-sign dilepton plus jets search [114]; the
red curves correspond to the ATLAS multijet search [104, 105] and the blue curves correspond to the ATLAS search
requiring at least three b-jets plus missing energy [118, 119]. Solid lines correspond to 95% CLs exclusion limits using
the best signal region from a given search, and dashed lines weaken the bound by a factor of 2.
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+t+g

+S

t̃R

t

g

S̃

G̃ (soft)

S

b (g)

b (g)

Figure 9: The t̃R ! S̃ ! G̃ simplified model. Left: diagram of decays.The green “+g” in the stop decay applies only
to the SYY scenario, not the SHu Hd one. Right: Feynman diagram for the most common decay chain. We show the
SHu Hd scenario in black, with the green gluons indicating the most common decays in the alternative SYY scenarios.
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Figure 10: Bounds on the t̃ ! S̃ ! G̃ decay chain. At left: 68% CLs exclusion bound on the SYY model from the
CMS measurement of tt̄ + jets [113]. At right: 95% CLs exclusion bound on the SHu Hd model from the tt̄ + multi-b-jet
distribution. Solid curves correspond to a nominal 60% b-tagging efficiency, while dashed curves reflect a conservative
rescaling to 50% as a crude representation of systematic uncertainty in our detector simulation. To the left of the dashed
black line, tops produced in stop decays are off-shell. Regions of parameter space with off-shell W bosons are shaded
in grey.

5.2 The t̃ ! H̃ ! S̃ ! G̃ Decay Chain
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Figure 11: The t̃R ! H̃ ! S̃ ! G̃ simplified model. Left: diagram of possible decays. Right: example Feynman
diagram for the most common decay chain in the SHu Hd model (black), plus alternative singlet decay in the SYY
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gauginos at the UV (such as in split-SUSY [30–32]), the
gluino mass is always comparable to the squark masses
in the MSSM. Satisfying experimental constraints, there-
fore, requires the raising of the mass scale of all colored
particles. Also note that, because of the restricted form
of the Higgs potential in the MSSM, the top squarks
are now required to be very heavy, with mass of order
a TeV or more in order to obtain 125 GeV for the
mass of the Higgs boson. Since renormalization of the
soft Higgs mass-squared term is proportional to the top
squark mass, a heavy top squark gives rise to a finely
tuned cancellation in the Higgs mass squared parameter.
Thus, in the MSSM, with SUSY breaking parameters run
down from a high scale, SUSY’s promise to explain the
origin of the weak scale without fine-tuning, is fading in
the light of the LHC Higgs discovery and in the absence
of any SUSY discovery[33–35]2.
An alternative way to break supersymmetry is via a

vev for the D-component of a hidden sector real su-
perfield [25, 38]. Such symmetry breaking may be me-
diated to the visible sector via a class of operators
known as “supersoft”, as they do not induce even log-
arithmic ultraviolet divergences in squark and slepton
masses [39]. The most important previously considered
supersoft operators are those giving rise to Dirac gaug-
ino masses [25, 38, 40, 41]. In supersoft models the ra-
diatively generated squark and slepton masses are finite,
flavor symmetric, positive, UV insensitive, and light com-
pared to the gaugino masses [39]. Therefore these mod-
els additionally avoid the flavor changing neutral current,
naturalness, and CP difficulties of the MSSM. A heavy
gluino suppresses processes such as gluino pair produc-
tion and squark-gluino production. Also, the pair pro-
duction of squarks is reduced as the T-channel diagrams
involving gluinos do not contribute. Therefore, Dirac
masses allow for a reduction in the number of events with
jets + missing energy for a given squark mass [33, 42–49].
The µ-problem is, however, severe in supersoft models.
The Giudice-Masiero mechanism does not work, since
SUSY breaking is not mediated by the F -term of a chiral
superfield, but by the D-term of a real superfield instead.
A solution was proposed in ref. [39], where the conformal
compensator generates masses for Higgsinos. To gener-
ate the right Higgsino masses, however, this approach re-
quires a conspiracy among the SUSY breaking scale, the
messenger scale, and the Planck scale. One could reintro-
duce the gauge singlet chiral superfield with an F -term
and use the Giudice-Masiero mechanism. However, such
a gauge singlet field may lead to power law UV sensitivity,
and to additional flavor and CP violating SUSY break-

2 Some viable parameter choices may still be considered
natural[35–37], either because of cancellations in the renormal-
ization group running, or because running from high scales is not
considered.

ing operators; thus spoiling the supersoft solution to the
SUSY FCNC and CP problems [39, 50, 51]. It is also con-
ceivable to generate a µ-term via a supersymmetric vev
of a singlet superfield, again bringing in the possibility
of new power law divergences in the singlet potential. If
the singlet carries discrete symmetries, then there could
be cosmological problems with the production of domain
walls associated with breaking of the discrete symme-
tries. Another potential problem with supersoft models
is that the D-term contribution to the Higgs quartic cou-
pling vanishes [39], and accommodating a 125 GeV Higgs
becomes difficult.
In this letter, we propose a complete and viable frame-

work of weak scale SUSY, namely “Generalized Super-
soft Supersymmetry,” where all SUSY breaking effects
are sourced by the D-component of a real field/operator
from the hidden sector. We include a new class of D-
term mediated soft (but not necessarily supersoft) op-
erators that allow for a new solution to the µ-problem,
restore the Higgs quartic coupling, and provide consider-
able modification to supersoft phenomenology.
The visible sector of our supersoft model includes the

superfields of the MSSM, as well as additional chiral su-
perfields Σi in the adjoint representation of the SM gauge
groups. The fermionic components of Σi, (namely, ψi),
will obtain Dirac masses with the gauginos (λi). Super-
symmetry is broken by a D-term of a hidden sector real
superfield V ′

D ≡
1

8

!

D2D̄2V ′
"

> 0 . (1)

The messenger sector that connects the visible and hid-
den sector is assumed to be very heavy and we may inte-
grate it out at the messenger scale Mm, which, in turn,
could be as high as the Planck scale. The operators gen-
erating the gaugino masses are [41]:

#

d2θ
w1,i

4

D̄2DαV ′

Mm
Wi,αΣi −→ MDi

λiψi ,

where MDi
=

w1,igi√
2

D
Mm

.

(2)

In the above, Wi,α is the field-strength superfield of i-th
SM gauge group, with α being the spinor index. Mm is
the messenger scale, w1 are dimensionless coupling con-
stants, and D and D̄ are superderivatives.
An additional class of supersoft terms gives mass to

the scalar components of the Σi fields:

#
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$

1
4D̄

2DV ′
%2

M2
m

Σ2
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&
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M2
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'

σ2
i

2
. (3)

In Eq. (3), σi denotes the scalar components of the Σi

chiral superfields. Since these operators are generated at
the messenger scale, the scalar masses are of the order of
the gaugino masses. Note that even though the gaugino

SUSY broken by a D-term

Z
d2✓

D̄2(D↵V 0D↵Hu)

M
Hd

1

2
(µu + µd) u d

+|µu|2|Hu|2 + |µd|2|Hd|2

Given an operator

Effectively 2 mu parameters

G ! H

SUSY Higgs is a pNGB 
associated with 

spontaneously broken 
global symmetry

mu term an invariant of

doesn’t contribute to 
Higgs potential

17

G



Break the Spectrum 2
mt̃ 6= M3/2

7.2 Supersoft SUSY

So far we’ve focused on models that preferentially separate the mass scale of third-generation
scalars from those of the first and second generation, allowing stops to remain light with-
out running afoul of limits on squark-gluino associated production. Of course, another
option is to keep all squarks around the same mass scale but decouple the gluino. This
also alleviates direct gluino limits and the stringent limits from squark-gluino associated
production [83]. Of course, as we learned at the beginning of these lectures, such a separa-
tion between gluino and squark masses is typically unnatural due to the correlative e↵ects
of RG evolution:

�m2
q̃ ⇠ 2g2s

3⇡2
m2

g̃ ln (⇤/mg̃) ! mq̃ & mg̃/2 (43)

However, these RG e↵ects again arise from parsimony, in this case the assumption
that the gluino mass is Majorana. If instead the gluino mass is Dirac, then the radiative
corrections can be truncated. A simple way to realize this truncation is if the vector sector
of the MSSM is extended to N = 2 SUSY, in which case the theory becomes “super-soft”
[84]. Of course, we can’t make the entirety of the MSSM N = 2 due to the need for chiral
matter, but there’s no problem with extending the gauge sector. This requires adding an
adjoint chiral multiplet Ai to each vector multiplet Vi of the MSSM.

In such a theory we can break supersymmetry not with F -terms, but rather with
a D-term expectation value of a hidden sector U(1). Then gaugino masses arise from
superpotential terms of the form

W � W 0
↵W↵

j Aj

M
(44)

where W 0
↵ gets a D-term expectation value, yielding

L � D

M
�ã (45)

Note that we cannot write down large scalar masses for MSSM matter fields, since the
leading scalar soft mass operator allowed by the symmetries is

K � (W 0↵W 0
↵)†W 0�W 0

�

M6
Q†Q (46)

Rather, the leading contribution to scalar soft masses comes from gaugino masses. However,
there is now an additional diagram that renders such soft masses finite, rather than log-
sensitive to the cuto↵, shown in Fig. 26. This additional diagram cancels the logarithmic
sensitivity to the cuto↵ and replaces it with the scalar soft mass of a, such that

m̃2
i ⇠ ↵i

⇡
m2

D log
�
m2

a/m2
D

�
(47)
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Induce Dirac gaugino 
mass from D-term

This operator alone does not 
induce large scalar masses

Figure 26: The crucial added contribution to squark soft masses in super-soft SUSY break-
ing that renders the logarithm finite.

where mD is the Dirac mass arising from (45).
The natural question is then what we expect for the value of m2

a. If no other SUSY-
breaking operators are present for the gauge sector, then m2

a = 2m2
D and the logarithm is

small. However, there is one more operator allowed by the symmetries that gives rise to
additional contributions to ma:

W � W 0
↵W 0↵

M2
A2

j (48)

This operator is entirely unrelated to the primary super-soft operator generating gaugino
masses. In fact, in a UV complete model, the operators (44) and (48) typically arise at the
same loop order, but the former is dimension-1 and the latter is dimension-2. This implies
that the mass scale of (48) is actually a loop factor larger than that of (44). This brings
the logarithm back to the same order as one expects from, e.g., low-scale gauge mediation
with Majorana gaugino masses.

The other challenge is that the usual D-term contributions to the Higgs quartic vanish
in this theory, so that quartic terms must be re-introduced and it becomes challenging to
explain the observed Higgs mass.

7.3 Colorless SUSY

There is an exceptionally intriguing class of models that have retrieved little attention
in recent years but become increasingly appealing in light of LHC superpartner limits:
“folded” supersymmetry [85], in which the top partners at low energies are neutral under
QCD. This leads to an e↵ectively colorless theory of supersymmetry where the new degrees
of freedom that control the dominant radiative contributions to the Higgs mass have no
strong production modes. Absent a large QCD production rate, the limits on colorless
top partners are substantially eroded, and naturalness is preserved. Such theories leverage
the observation that the cancellation of the one-loop quadratic divergence coming from
the top quark (in an e↵ective theory with a cuto↵) has no intrinsic reliance on the QCD
representation of the superpartner.

Of course, supersymmetry commutes with gauge symmetries, so that the full protection
of supersymmetry does tie the gauge representation of particles and sparticles. This imme-

56

Problem: also induce operator giving large sgaugino 
mass, makes log large. Much blood spilled to mitigate.

3

messengers which generate the Dirac gaugino masses themselves. These fields carry SM quantum numbers, the
simplest messenger sector are those in which the messengers are fundamentals and antifundamentals under SU(5),
see for example [28, 29]. Though messengers may couple to the chiral adjoint through large Yukawa like couplings,
we expect that the messenger mass scale is very large, thereby suppressing the operator. Another possibility is to
consider loops containing the scalar superpartners of the fermions.

Dirac gaugino models have a unique Kahler potential coupling between the new chiral states and the standard
model sfermions generated by integrating out SM D terms. The scalar potential involving the singlet scalar contains
the terms

V ⇠ mD(S + S⇤)DY + qgY DY f̃ f̃
† +

1

2
DY DY (5)

where f̃ are the SM sfermions, q are the hypercharges of each sfermion, and DY is the U(1) hypercharge D-term.
Once the SM D-term is integrated out, one finds a trilinear coupling between the real component of the scalar and
each pair of sfermions with non-zero hypercharge,

V ⇠ qgY mD(S + S⇤)f̃ f̃†. (6)

There is also a coupling to the Higgs fields which we further discuss below. We see that the real part of the scalar
field will couple to pairs of SM gauge bosons through loops of sfermions. The couplings will be proportional to the
hypercharge of each field and the square of the Dirac mass. The relevant diagrams can be seen in Fig. 1. It should be
noted that couplings from superpotential terms induce additional loop contributions to the decay of the singlet. For
example, in the /µSSM [41] or the MRSSM [39] one would expect additional diagrams with charged Higgsinos running
in the loops. However, in what follows we have chosen not to fully specify the Higgs potential and we expect that
these additional contributions will not qualitatively change our results as the charged Higgsinos are expected to be
heavy.

FIG. 1: One loop diagrams contributing to singlet coupling to pairs of gluons and electroweak gauge bosons.

We will see below that in order for a 750 GeV sbino to reproduce the observed excess, we will need a Dirac gaugino
mass on the order of 10 GeV. Since the coupling in Eq. 6 is proportional to the Dirac mass, one may be concerned
that such a large trilinear coupling will destabalize the electroweak breaking vacuum [42]. However, the vacuum
expectation value for S is typically 10 -100 GeV or less, leading to a diagonal mass contribution for the sfermions of
qgY mD ⇠ 100� 1000 GeV. This possible negative diagonal mass contribution is easily counteracted by positive soft
mass contributions to the sfermions and thus we expect no tacyonic sfermion masses.

To compute each contribution to the diphoton diagram, we must add up all fields which have hypercharge. These
fields include three generation of squarks and sleptons, QL, uR, dR and LL, lR plus the Higgs doublets, Hu and Hd.
However, only the three generations of squarks contribute to the digluon channel. Thus we expect to complete our
operators by calculating loops of the roughly TeV scale scalar “messengers”. We may control the ratio of the digluon
channel to that of the of electroweak gauge boson channel by varying the mass scale of the squarks with respect to
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leading scalar soft mass operator allowed by the symmetries is
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Rather, the leading contribution to scalar soft masses comes from gaugino masses. However,
there is now an additional diagram that renders such soft masses finite, rather than log-
sensitive to the cuto↵, shown in Fig. 26. This additional diagram cancels the logarithmic
sensitivity to the cuto↵ and replaces it with the scalar soft mass of a, such that
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related to earlier models with additional U(1) symmetries [79].) Flavor and naturalness
are guaranteed by gauge invariance.

Imagine that 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, with the first two generations trans-
forming under the A copy and the third generation and Higgs doublets Hu, Hd transforming
under the B copy. These choices are all intrinsically anomaly-free. There are also some
bifundamental fields �, �̃ charged under both groups. At the scale f , the �, �̃ acquire vevs
that Higgs [SU(3)⇥SU(2)⇥U(1)]A ⇥ [SU(3)⇥SU(2)⇥U(1)]B ! SU(3)⇥SU(2)⇥U(1),
yielding the MSSM at low energies. This configuration is illustrated in Fig. 24

Figure 24: The pattern of gauge groups and family assignments in the simplest split family
model. On the left is the UV configuration, which higgses to the IR configuration on the
right.

Gauge invariance forbids certain Yukawa couplings from arising as marginal operators.
Instead, we must have

W � HQ3ū3 +
1

M
�HQ3ūi +

1

M2
�2HQiūj (33)

which leads to the same flavor texture discussed earlier, but with " ⇠ f/M .
What about the soft spectrum? If we imagine SUSY breaking is mediated via gauge

mediation through messengers charged under group A, then the first and second-generation
soft masses are the usual GMSB ones, while the third-generation and Higgs masses are
screened by an additional loop factor, and they are only the usual 2-loop GMSB diagrams
below the scale f . This leads to

m̃2
i ⇠

⇣ ↵i

4⇡

⌘2
✓

F

M

◆2

� m̃2
3 ⇠

⇣ ↵i

4⇡

⌘2
✓

f

M

◆2 ✓
F

M

◆2

(34)

Since the first- and second-generation soft masses are gauge-mediated, they enjoy an au-
tomatic U(2) sflavor symmetry that protects against problematic flavor violation.

At this stage, the scales f and M could be arbitrarily large, with f ⇠ M/10 explaining
the suppression of third-generation soft masses and the relative largeness of the top Yukawa.
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�HQ3ūi +

1

M2
�2HQiūj (33)

which leads to the same flavor texture discussed earlier, but with " ⇠ f/M .
What about the soft spectrum? If we imagine SUSY breaking is mediated via gauge

mediation through messengers charged under group A, then the first and second-generation
soft masses are the usual GMSB ones, while the third-generation and Higgs masses are
screened by an additional loop factor, and they are only the usual 2-loop GMSB diagrams
below the scale f . This leads to
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(34)

Since the first- and second-generation soft masses are gauge-mediated, they enjoy an au-
tomatic U(2) sflavor symmetry that protects against problematic flavor violation.

At this stage, the scales f and M could be arbitrarily large, with f ⇠ M/10 explaining
the suppression of third-generation soft masses and the relative largeness of the top Yukawa.
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However, the theory acquires an additional novel feature if these scales are low, with f . 10
TeV. In that case, the Higgsing down to the SM gauge group occurs at low scales. This
yields additional contributions to the MSSM D-terms, and hence an enhancement to the
Higgs quartic precisely of the type discussed earlier. This provides an intrinsic, automatic
way of explaining the Higgs mass in these models provided the scale of Higgsing is not too
high to decouple the new contributions to the quartic.

If the Higgsing scale is low, it provides an additional novel feature to improve the nat-
uralness of the theory. Since only the gauginos of the A group acquire one-loop Majorana
masses above the scale f , the renormalization of third-generation soft masses due to the
gluino is cut o↵ by the scale f . Thus radiative corrections are naturally of the size

�m2
t̃

=
2g2s
3⇡2

m2
g̃ ln (f/mg̃) (35)

where f ⇠ 10 TeV keeps the logarithm small. Hence there is less radiative correlation
between the soft parameters in this model as well.

This class of models is appealing in the sense that it provides a natural SUSY spectrum;
a lower cuto↵ for radiative corrections; and an intrinsic explanation for the observed Higgs
mass. On the other hand, as with the single-sector model presented in the previous section,
the simplest two-site theories require additional structure to explain the flavor pattern of
the first and second generation fermions. And while unification is possible in these models,
it typically lowers the unification scale and requires additional structure to explain the
absence of proton decay [77].

7.1.3 Flavor mediation

Imagine that supersymmetry breaking is mediated through a gauged flavor symmetry.
Such gauge symmetries must be spontaneously broken to yield the observed pattern of
fermion masses and mixing, and in general – if the gauged flavor symmetry also mediates
supersymmetry breaking – we expect the spontaneous breaking to leave its imprint on the
soft mass spectrum [80]. In fact, this imprint works precisely in the direction we desire,
giving rise to an inverse hierarchy of soft masses. It can, in general, also preserve desirable
flavor properties [81].

To understand the physics, let’s first consider the e↵ects of higgsing on gauge mediation.
For simplicity, consider a U(1) gauge symmetry spontaneously broken at the scale f along
a D-flat direction, with messengers �± coupled to a SUSY breaking spurion X (with
hXi = M + F✓2) via W � X�+��. For fields charged under this U(1), the scalar soft
masses are parametrically

m̃2 ⇠
⇣
M
f

⌘2 �
↵i
4⇡

�2 F 2

M2 M ⌧ f
�
↵i
4⇡

�2 F 2

M2 f ⌧ M
(36)
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(Λ = 100 TeV ~lowest practical scale for mediation of SUSY breaking, e.g. low-scale GMSB)

Gives you a “natural 
SUSY” spectrum

Higgsing scale cuts off logarithms, e.g.

Experimental opportunity: new states in 1-10 TeV range 
associated with extended gauge structure

where f~5-10 TeV

19



Is there a set of theories 
where this is 

accommodated naturally?

20



SUSY in 5D

2

(+,+) (+,�) (�,+) (�,�)

V a
5D V a

µ �a �
a

⇤a

Hu,d hu,d ⌅hu,d ⌅hu,d
hu,d

Fi=1,2 ⌅Fi ⇧Fi ⇧Fi
⌅Fi

⇥1,2 ⌅�1,2 ⇧1,2 ⇧1,2 ⌅�1,2

TABLE I: Bc’s at y = (0,⇥) for bulk fields of complete model
with ± corresponding to Neumann/Dirichlet. Only the (+,+)
fields have a zero mode, and the KK mass spectrum (n � 0)
is: mn = n/R for (+,+) fields; (2n + 1)/2R for (+,�) and
(�,+); and (n+1)/R for (�,�). ⌅F1,2 stands for all 1st/2nd
generation fermions; ⇧Fi their 4D N = 1 sfermion partners;
barred states are the extra 5D N = 1 SUSY partners.

3rd generation fields. As the fixed points preserve only
N = 1 4D SUSY, these states are simply 4D chiral multi-
plets with no additional partners, and a localised Yukawa
superpotential for up-like states is allowed

�(y)Hu(y)

�
ỹt

M1/2
5

Q3U
c
3 +

ỹc

M3/2
5

Q2(y)U
c
2 (y) + ...

⇥
. (1)

where ỹi are dimensionless and the Yukawa couplings to
bulk 1st/2nd generations are naturally suppressed com-
pared to the brane-localized 3rd generation. We later
return to the down-type Yukawas.

There is no need for a µ term linking HuHd to lift
the higgsinos. Instead, SSSB gives the higgsinos a large
1/2R mass by marrying ⇧hu with ⇧hu

. The SSSB bc’s
lift the Higgsinos while making no contribution to the
scalar Higgs masses, avoiding the usual source of tree-
level tuning.

After SSSB the brane-localised scalars pick up, at 1-
loop, finite positive soft SUSY-breaking masses

�m̃2
i � 7⇥(3)

16⌅4R2

� ⇤

I=1,2,3

CI(i)g
2
I + Ct(i)y

2
t

⇥
, (2)

with C(U3) = {4/9, 0, 4/3, 1}, C(D3) = {1/9, 0, 4/3, 0},
C(E3) = {1, 0, 0, 0}, C(L3) = {1/4, 3/4, 0, 0}, C(Q3) =
{1/36, 3/4, 4/3, 1/2}, and for the Higgs bulk scalar zero
mode C(Hu,d) = {1/4, 3/4, 0, 0} [7].

In addition to the positive 1-loop EW contribution
Eq.(2), the Higgs soft mass m̃2

Hu
receives a compara-

ble negative contribution at 2-loops from the t-t̃ sector.
Ref. [12] performed a 2-loop 5D calculation of this term,
and we have used RG methods to determine the lead-
ing 3-loop log(mtR)-,log(mt̃1/mt)-enhanced corrections,
which are numerically important in determing the fate
of EWSB [39]. As shown in Fig. 2, these minimal con-
tributions do not so far lead to EWSB. Nevertheless, the
model has attractive features: Compared to 4D theories
the Higgs soft mass is more screened from SUSY-breaking
as Eq.(2) involves a finite 1-loop factor with no log en-
hancement, SUSY breaking for all but the 3rd generation
and Higgs scalar zero mode is direct and universal, and
higgsinos are heavy without a large µ term.

Higher dimensional gravitational bulk

4D N = 1 SUSY
orbifold brane

4D N = 1 SUSY
orbifold brane

Fig. 1a

Fig. 1b

�W = �X(⇥1⇥2 � ṽ3)

5D SUSY

F3, X

F3

GSM � U(1)�, F1,2, Hu,d, �1,2

GSM , F1,2, Hu,d

FIG. 1: (a) Schematic of minimal model. In 5D are the
SM gauge fields, the first two families F1,2, Higgs doublets
Hu,d, and superpartners implied by 5D SUSY. The 3rd gen-
eration chiral multiplets are brane-localised. SUSY is broken
non-locally by bc’s. (b) Full model including embedding in
yet higher-dimensional bulk. The 5D U(1)⇥ is broken via y-
dependent VEVs (driven by the brane-localised superpoten-
tial �W ) of bulk fields, ⇥1,2, of charges ±1. After SSSB,
FX ⇤ 1/R2 is induced for X, a brane-localised singlet field.
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2⇥loop � LL stop

stop � EW

v⇤246 GeV1⇤M5
n

operators

FIG. 2: Contributions to the Higgs soft mass m2
Hu

in units
of 1/R2. The positive 1-loop electroweak contribution (blue)
and the negative 2-loop + leading log top-stop sector contri-
bution (red) combine to give a positive mass squared (black).
Contributions from higher-dimension operators Eq.(4) can
lead to successful EWSB, indicated by the dotted black curve.
The dashed bands show the uncertainty for MS top mass
mt(Mt) = 160+5

�4 GeV.

SUCCESSFUL EWSB AND HIGGS MASS

Other faults remain in this model, and we find their
solution plays a major role for EWSB and experimen-
tal signatures. First, our 5D theory is an e�ective the-
ory which must be cuto� at a scale M5. The bulk 5D

• 5D SUSY theory, compactified on S1/Z2, 
SUSY broken by boundary conditions. 

• Spectrum finite (not local in 4D) no large 
logarithms. 

• “Universal” bulk spectrum, generically 
compressed. 

• Geography/localization can distinguish 
generations. 

• (Often) dirac gauginos. 

• Zero modes not totally supersymmetric 
(“hard breaking” for higgsino). 

• Higher KK modes can contribute to Higgs 
mass. 

• Similar physics possible purely in 4D
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FIG. 1. The lightest Higgs boson mass MH (in GeV) and the
fine-tune parameter∆−1. Note that there is an approximately
3 GeV systematic error in theoretical computation of MH .

In summary, the low-energy superparticle masses are
obtained by evolving down Eqs. (1, 6) defined at the
renormalization scale

µRG =
1

2πR
, (7)

using the MSSM renormalization group equations. Inci-
dentally, the gravitino mass is m3/2 = α/R, generated by
the supersymmetry-breaking twist in the fifth dimension.
Superparticle Spectrum.—Following the procedure de-

scribed above, we calculate the MSSM mass spectrum
using SOFTSUSY 3.3.1 [12] and the lightest Higgs bo-
son mass using FeynHiggs 2.8.6 [13]. In Fig. 1, we
plot the contours of the mass of the lightest Higgs bo-
son, MH , and the fine-tune parameter, defined by ∆−1 =
minx|∂ lnm2

Z/∂ lnx|−1 with x = α, µ, 1/R, yt, g3, · · · , in
the 1/R-α/R plane. (The fine-tuning parameter is de-
termined mostly by x = µ.) In the calculation, we have
used the top-quark mass of mt = 173.2 GeV [14]. Vary-
ing it by 1σ, ∆mt = ±0.9 GeV, affects the Higgs boson
mass by ∆MH ≈ ±1 GeV. Also, theoretical errors in
MH are expected to be about |∆MH | ≈ 2 – 3 GeV [15],
so that the regions with MH ! 121 – 123 GeV in the
plot are not necessarily incompatible with the 125 GeV
Higgs boson hinted at the LHC [3]. Indeed, using the
recently-released program H3m [16], which includes a par-
tial three-loop effect, we find that the corrections to MH

from higher order effects are positive and of order a few
GeV in most of the parameter region in the plot.
In Fig. 2, the masses of selected superparticles (the

lightest neutralino χ̃0
1, the lighter top squark t̃1, and the

gluino g̃) are shown. The masses of the first and sec-
ond generation squarks are almost the same as the gluino
mass. The masses of the electroweak superparticles are
close to α/R, except for the lightest two neutralinos χ̃0

1,2

and the lighter chargino χ̃+
1 , which are Higgsino-like (and

thus close in mass) in most of the parameter space. We
find that the masses of the superparticles are degenerate
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FIG. 2. Masses of the lightest neutralino χ̃0
1, the lighter top

squark t̃1, and the gluino g̃ normalized to α/R.

at a 10% level, except possibly for the Higgsinos which
can be significantly lighter (up to a factor of ≈ 2).
Experimental Limits. — As we have seen, the model

naturally predicts a degenerate mass spectrum for super-
particles. This has strong implications on supersymme-
try searches at the LHC. Because of the mass degener-
acy, production of high pT jets and large missing energy
is suppressed. Therefore, typical searches, based on high
pT jets and large missing energy, are less effective for the
present model.
To estimate the number of supersymmetric events, we

have used ISAJET 7.72 [17] for the decay table of super-
particles, Herwig 6.520 [18] for the generation of super-
symmetric events, AcerDET 1.0 [19] for the detector sim-
ulation, and NLL-fast [20] for estimation of the produc-
tion cross section including next-to-leading order QCD
corrections and the resummation at next-to- leading-
logarithmic accuracy. To constrain the parameter space,
we compare the obtained event numbers with the re-
sults of ATLAS searches for multi-jets plus large miss-
ing energy with and without a lepton at L = 4.7 fb−1

at
√
s = 7 TeV [21, 22]. In Fig. 3, we show the re-

sulting LHC constraint on the model. Other searches
such as those for b-jets and/or multi-leptons are less ef-
fective. We find that for 1/R ! 105 GeV, the case that
mg̃ ≃ mq̃ " 1 TeV is still allowed. This constraint is
significantly weaker than that on the CMSSM, which
excludes mg̃ " 1.4 TeV for mg̃ ≃ mq̃ [21]. (We have
checked that our naive method of estimating the LHC
constraints adopted here reproduces this bound for the
CMSSM spectra.)
We note that since B is not a free parameter in the

present model, tanβ is determined by the electroweak
symmetry breaking condition. We typically find tanβ ∼
4 – 10. This allows for the model to avoid the constraint
from b → sγ, despite the large A terms.
The contribution of the Kaluza–Klein states to

the electroweak precision parameters bounds 1/R !
a few TeV [23]. Since we consider the region 1/R !

[Murayama, Nomura, Shirai, Tobioka ‘12]

[Arkani-Hamed, Cohen, Georgi ’01 et al.]
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t̃L,R, b̃L,R

Gauginos + higgsinos
... }

SM (1)KK excitations
N = 2 SUSY superpartners

Z �

{ ...

1/2R � 2TeV

� 3TeV
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1st/2nd family sfermions

� few 0.1TeV
�̃R, hd

⇥̃L, �̃3L

possible gravity sector LSP

FIG. 3: Schematic spectrum of new states of primary experi-
mental interest.

The theory is mostly protected from precision, flavor
and CP observables, although signatures are possible.
While SUSY flavor problems are suppressed by the au-
tomatic near-degeneracy of 1st/2nd generation squarks
and the near-Dirac masses of higgsinos and gauginos,
KK gauge boson exchange can lead to deviations in kaon
and especially Bq mixing and rare decays depending on
model-dependent details [66]. The high scale of the KK
states and U(1)� sectors, 1/R ⇤ mZ0 � 4 TeV protects
from EWPT[42]. Higgs properties are automatically SM-
like since only Hu obtains a VEV, and the inert Hd is
easily made consistent with limits.

The presence of additional large gravitational dimen-
sions constrains models of inflation and reheating. A de-
tailed treatment is left to future work [39], but we note
that a small inflationary energy scale VI < M4

5 ⇧ M4
pl

can be consistent with recent evidence for tensor per-
turbations [67] if the extra gravitational dimensions and
thus the corresponding 4D Planck mass are small during
inflation, as in models of rapid asymmetric inflation [68].

The leading signature of this model is sparticle pro-
duction at the LHC and future colliders. Two important
di⇥erences from generic natural SUSY phenomenology
occur. First, mg̃ ⇤ (3÷5)mt̃ arises without extra tuning,
and tuning limits will likely be driven by direct produc-
tion of 3rd generation sparticles, not gluino production.
Second, the absence of a light higgsino leads to unusual
stop and sbottom decay chains. The brane-localized 3rd
generation slepton masses are dominantly from higher di-
mensional operators Eq. (4), so either ⇥̃R or �̃�L could
be the lightest ordinary superpartner (LOSP). Three-
body decays of t̃ and b̃ to the LOSP can dilute missing
energy signatures and lead to ⇥ -rich final states. De-
pending on the embedding of the 5D theory in the grav-
itational dimensions, the LOSP can be collider stable,
or decay through prompt or displaced vertices to extra-
dimensional-gravitini or other Rp-odd states in the bulk.
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FIG. 4: Fine-tuning ��1 (solid lines) as function of 1/R and
the Z⇥ mass, Eq.(8). Iso-contours of stop mass are dashed.
Limits from LHC8 searches for t̃ ⇥ t+MET[70, 71] (red) and
Z⇥ resonance searches [72, 73] (green) are shaded. Subdomi-
nant limits mg̃ � 1/(2R) � 1.3TeV from g̃ ⇥ tt/bb + MET
searches (blue) are also shaded [75, 76].

In another variation, if FX is generated independently
of SSSB, the associated goldstino remains light [69] and
ordinary superpartners will decay directly to this state,
mimicking more standard natural susy signatures. For
this short work we take the LHC8 bounds on t̃ ⌃ t+MET
of mt̃ � 650GeV [70, 71] as a guideline, but this can po-
tentially be eased.
The mass and couplings of the new Z � are restricted

by the requirement mh ⌅ 126GeV, suggesting this state
is also likely to be accessible; 8 TeV limits require mZ0 �
3TeV [72, 73].
The tuning of EWSB in this theory can be quantified

by the sensitivity of v to shifts at the scale 1/R of the
stop mass (through the operator Eq.(4)) and the Z � mass,

� =
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⌥ ln v2

⌥ lnm2
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Z̃0
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, (8)

where for simplicity we set m2
q̃3 = m2

ũ3
⇥ m2

t̃
. The

fine-tuning is shown in Fig. 4, where the stop mass has
been fixed as a function of 1/R and m�

Z to give suc-
cessful EWSB. For mZ0 ⇥ 1.5/R, the stop contribution
is the dominant source of tuning. Remarkably at cur-
rent LHC8 limits the theory is natural with a tuning of
⇤ 50%. LHC14 can discover stops at mt̃ ⇤ 1.2GeV [74],
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The theory is mostly protected from precision, flavor
and CP observables, although signatures are possible.
While SUSY flavor problems are suppressed by the au-
tomatic near-degeneracy of 1st/2nd generation squarks
and the near-Dirac masses of higgsinos and gauginos,
KK gauge boson exchange can lead to deviations in kaon
and especially Bq mixing and rare decays depending on
model-dependent details [66]. The high scale of the KK
states and U(1)� sectors, 1/R ⇤ mZ0 � 4 TeV protects
from EWPT[42]. Higgs properties are automatically SM-
like since only Hu obtains a VEV, and the inert Hd is
easily made consistent with limits.

The presence of additional large gravitational dimen-
sions constrains models of inflation and reheating. A de-
tailed treatment is left to future work [39], but we note
that a small inflationary energy scale VI < M4
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can be consistent with recent evidence for tensor per-
turbations [67] if the extra gravitational dimensions and
thus the corresponding 4D Planck mass are small during
inflation, as in models of rapid asymmetric inflation [68].

The leading signature of this model is sparticle pro-
duction at the LHC and future colliders. Two important
di⇥erences from generic natural SUSY phenomenology
occur. First, mg̃ ⇤ (3÷5)mt̃ arises without extra tuning,
and tuning limits will likely be driven by direct produc-
tion of 3rd generation sparticles, not gluino production.
Second, the absence of a light higgsino leads to unusual
stop and sbottom decay chains. The brane-localized 3rd
generation slepton masses are dominantly from higher di-
mensional operators Eq. (4), so either ⇥̃R or �̃�L could
be the lightest ordinary superpartner (LOSP). Three-
body decays of t̃ and b̃ to the LOSP can dilute missing
energy signatures and lead to ⇥ -rich final states. De-
pending on the embedding of the 5D theory in the grav-
itational dimensions, the LOSP can be collider stable,
or decay through prompt or displaced vertices to extra-
dimensional-gravitini or other Rp-odd states in the bulk.
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In another variation, if FX is generated independently
of SSSB, the associated goldstino remains light [69] and
ordinary superpartners will decay directly to this state,
mimicking more standard natural susy signatures. For
this short work we take the LHC8 bounds on t̃ ⌃ t+MET
of mt̃ � 650GeV [70, 71] as a guideline, but this can po-
tentially be eased.
The mass and couplings of the new Z � are restricted

by the requirement mh ⌅ 126GeV, suggesting this state
is also likely to be accessible; 8 TeV limits require mZ0 �
3TeV [72, 73].
The tuning of EWSB in this theory can be quantified

by the sensitivity of v to shifts at the scale 1/R of the
stop mass (through the operator Eq.(4)) and the Z � mass,
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where for simplicity we set m2
q̃3 = m2
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. The

fine-tuning is shown in Fig. 4, where the stop mass has
been fixed as a function of 1/R and m�

Z to give suc-
cessful EWSB. For mZ0 ⇥ 1.5/R, the stop contribution
is the dominant source of tuning. Remarkably at cur-
rent LHC8 limits the theory is natural with a tuning of
⇤ 50%. LHC14 can discover stops at mt̃ ⇤ 1.2GeV [74],
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TABLE I: Bc’s at y = (0,⇥) for bulk fields of complete model
with ± corresponding to Neumann/Dirichlet. Only the (+,+)
fields have a zero mode, and the KK mass spectrum (n � 0)
is: mn = n/R for (+,+) fields; (2n + 1)/2R for (+,�) and
(�,+); and (n+1)/R for (�,�). ⌅F1,2 stands for all 1st/2nd
generation fermions; ⇧Fi their 4D N = 1 sfermion partners;
barred states are the extra 5D N = 1 SUSY partners.

3rd generation fields. As the fixed points preserve only
N = 1 4D SUSY, these states are simply 4D chiral multi-
plets with no additional partners, and a localised Yukawa
superpotential for up-like states is allowed
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where ỹi are dimensionless and the Yukawa couplings to
bulk 1st/2nd generations are naturally suppressed com-
pared to the brane-localized 3rd generation. We later
return to the down-type Yukawas.

There is no need for a µ term linking HuHd to lift
the higgsinos. Instead, SSSB gives the higgsinos a large
1/2R mass by marrying ⇧hu with ⇧hu

. The SSSB bc’s
lift the Higgsinos while making no contribution to the
scalar Higgs masses, avoiding the usual source of tree-
level tuning.

After SSSB the brane-localised scalars pick up, at 1-
loop, finite positive soft SUSY-breaking masses

�m̃2
i � 7⇥(3)

16⌅4R2

� ⇤

I=1,2,3

CI(i)g
2
I + Ct(i)y

2
t

⇥
, (2)

with C(U3) = {4/9, 0, 4/3, 1}, C(D3) = {1/9, 0, 4/3, 0},
C(E3) = {1, 0, 0, 0}, C(L3) = {1/4, 3/4, 0, 0}, C(Q3) =
{1/36, 3/4, 4/3, 1/2}, and for the Higgs bulk scalar zero
mode C(Hu,d) = {1/4, 3/4, 0, 0} [7].

In addition to the positive 1-loop EW contribution
Eq.(2), the Higgs soft mass m̃2

Hu
receives a compara-

ble negative contribution at 2-loops from the t-t̃ sector.
Ref. [12] performed a 2-loop 5D calculation of this term,
and we have used RG methods to determine the lead-
ing 3-loop log(mtR)-,log(mt̃1/mt)-enhanced corrections,
which are numerically important in determing the fate
of EWSB [39]. As shown in Fig. 2, these minimal con-
tributions do not so far lead to EWSB. Nevertheless, the
model has attractive features: Compared to 4D theories
the Higgs soft mass is more screened from SUSY-breaking
as Eq.(2) involves a finite 1-loop factor with no log en-
hancement, SUSY breaking for all but the 3rd generation
and Higgs scalar zero mode is direct and universal, and
higgsinos are heavy without a large µ term.

Higher dimensional gravitational bulk

4D N = 1 SUSY
orbifold brane

4D N = 1 SUSY
orbifold brane

Fig. 1a

Fig. 1b

�W = �X(⇥1⇥2 � ṽ3)

5D SUSY

F3, X

F3

GSM � U(1)�, F1,2, Hu,d, �1,2

GSM , F1,2, Hu,d

FIG. 1: (a) Schematic of minimal model. In 5D are the
SM gauge fields, the first two families F1,2, Higgs doublets
Hu,d, and superpartners implied by 5D SUSY. The 3rd gen-
eration chiral multiplets are brane-localised. SUSY is broken
non-locally by bc’s. (b) Full model including embedding in
yet higher-dimensional bulk. The 5D U(1)⇥ is broken via y-
dependent VEVs (driven by the brane-localised superpoten-
tial �W ) of bulk fields, ⇥1,2, of charges ±1. After SSSB,
FX ⇤ 1/R2 is induced for X, a brane-localised singlet field.
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operators

FIG. 2: Contributions to the Higgs soft mass m2
Hu

in units
of 1/R2. The positive 1-loop electroweak contribution (blue)
and the negative 2-loop + leading log top-stop sector contri-
bution (red) combine to give a positive mass squared (black).
Contributions from higher-dimension operators Eq.(4) can
lead to successful EWSB, indicated by the dotted black curve.
The dashed bands show the uncertainty for MS top mass
mt(Mt) = 160+5

�4 GeV.

SUCCESSFUL EWSB AND HIGGS MASS

Other faults remain in this model, and we find their
solution plays a major role for EWSB and experimen-
tal signatures. First, our 5D theory is an e�ective the-
ory which must be cuto� at a scale M5. The bulk 5D

50% tuning for stops at 650 
GeV, gluinos at 2 TeV 

(D-term for Higgs mass)



5D SUSY signals
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• SUSY spectrum can have ideal properties consistent with 
current limits: light stops; heavy gluinos; heavy higgsinos, 
low cutoff (small logarithms). 

• Sleptons are interesting; light stau NLSPs. 

• Other models: less “natural SUSY,” more compressed 
spectrum. 

• In all cases, KK excitations of SM states + higher-
dimensional supersymmetry at ~few TeV. Can be singly 
produced — potentially most striking signature. 

• Flavor observables interesting if geography is non-trivial; 
signals in lepton flavor violation and B-meson mixing.



Could “natural” SUSY 
take an altogether 

different form?

24



SUSY without color?
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Go one step past symmetry 
reduction with boundary 

conditions: increase bulk gauge 
symmetries beyond those of SM

Can lead to light superpartners 
with different gauge quantum 

numbers from SM counterparts

[Burdman, Chacko, Goh, Harnik ’06; 
Cohen, NC, Lou, Pinner ‘15]

Folded SUSY

Reduce symmetries & 
SUSY at the boundaries



Colorless Stops
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L � �tHuqA
3 uA

3 + �2
t |Hu · q̃B

3 |2 + �2
t |Hu|2|ũB

3 |2

...Plus towers of KK states
Charged under a hidden 

SU(3); only carry electroweak 
SM quantum #’s.

Normal top quarks

Couplings related by SUSY

Probably not the theory of nature, but a proof of principle 
for the wide scope of SUSY phenomena. 

Zero mode spectrum: SM fermions, folded sfermions



Colorless Signals
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• Produced via a Z, typically annihilate into hidden 
glueballs. Glueballs decay back to SM via Higgs; 
displaced decays @ LHC length scales! 

• Produced via a W, annihilate back into the SM to 
shed their charge. 

• Also leave their mark in correcting Higgs decays 
to photons

FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1

,�
2

) is of

the form

V (�
1

,�
2

) = V
1

(�
1

) + V
2

(�
2

) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,
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Figure 8: Constraints on folded SUSY-like models from a one-parameter fit with “F -stops,” i.e. scalars that have the electroweak
quantum numbers and Yukawa couplings of stops but no QCD charge. Because they affect h! �� but not h! g g , constraints
on such particles are much weaker than on stops. At left are the current constraints. The three shaded purple regions, from
darkest to lightest, are excluded at 3� (99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The red solid lines: contours of
Higgs mass fine-tuning. The blue dashed line displaying 10% fine-tuning associated with r t̃

� is barely visible in the left-hand
corner, indicating that we do not yet have enough precision to make this argument. At right: projected constraints from TLEP.
The purple shaded region along the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The
blue shaded region requires a tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs
mass fine-tuning.

5 Discussion

5.1 Possible Caveats

In our analysis, we neglect beyond-MSSM physics in loops, assuming that the leading loop correction to the Higgs-
gluon coupling originates from stops. If there exist light vector-like colored states beyond MSSM which contribute
negatively to the Higgs-gluon coupling, the constraints on stop masses might be relaxed. However, the cancelation
between the new colored states and stops still contributes to the Higgs coupling fine-tuning.

When including Higgs mixing effects in Sec. 3.2 and Sec. 3.3, we neglect non-holomorphic bottom and tau
Yukawa couplings that could arise from integrating out third generation squarks, higgsinos and gauginos at the
one-loop level. Such non-holomorphic Yukawas would alter the 2HDM coupling relations that we assumed. They
are only non-negligible when tan� is large, e.g, tan� ¶ 50. However SUSY scenarios with such a large tan� are
always fine-tuned at worse than 1% level in flavor observables such as Bs ! Xs� [14, 53]. Thus we do not consider
these scenarios here further.

5.2 What is Tuning?

Attitudes about fine-tuning vary widely in the particle theory community. We have seen in Figure 2 that at 95% con-
fidence level, theories where the dominant corrections to Higgs properties arise from stop loops are constrained
to be tuned at worse than the 20% level (according to the measure in equation 9). A 10% fine-tuning is still com-
patible with the data at 90% confidence level, although a substantial portion of the parameter space with less than
10% tuning is already ruled out. Theorists often discuss models that are much more tuned, so one might wonder
how significant this result is. We believe it is an important conclusion. Of course, to some extent this is an aesthetic
judgment, and in any case it relies on intuitions about the structure of the space of UV completions of the Standard

12

[Fan, Reece ‘14]
[Burdman, Chacko, Harnik, de Lima, Verhaaren ‘14]

F-squarks carry 
electroweak quantum 

numbers.



Could SUSY enter 
naturally at higher 

scales?

28



SUSY in the UV

m̃ ⇠ 10 TeV

f ⇠ m̃/4⇡ f ⇠ m̃/4⇡

m̃ ⇠ 10 TeV

m� ⇠ TeV

Perhaps SUSY just solves the “big” hierarchy problem; 
only some residual shows up near the weak scale.

(Mini) Split SUSY Little Higgs Twin Higgs

m̃ ⇠ 10�
109 TeV

SUSY SUSY SUSY

Global Discrete

Light gauginos. 
Stopped/displaced 

gluinos? Higgs 
production in 

Higgsino decays

Light gauginos?  
Additional higgses. 
Light fermionic top 

partners w/ SM 
quantum #’s

Light gauginos?  
Additional higgses. 
Light fermionic top 
partners w/out SM 

quantum #’s

[Wells ‘03; Giudice & Romanino ‘04; Arkani-
Hamed & Dimopoulos ‘04]

[Arkani-Hamed, Cohen, Georgi ‘01] [Chacko, Goh, Harnik ‘05]

Relaxion?
[Graham, Kaplan, Rajendran; 
Batell, Giudice, McCullough]
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Conclusion
• “Vanilla” SUSY looking tuned at the 

percent level (even having explained 
the Higgs mass) 

• More natural theories possible at price 
of minimality; generically leads to more 
(and more diverse) signatures. 

• Blurring of SUSY & exotic signals 
(heavy resonances, hidden valleys, 
displaced decays, etc.) 

• Models not “beautiful”, but serve as 
examples of parametric phenomena 
that nature might prefer.
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