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The Naturalness Strategy
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Param UV sensitivity Natural if NP Scale Natural?

“me” Λ ≲ 5 MeV Positron 511 keV ✓

mπ±² - 
mπ0²

Λ ≲ 850 
MeV Rho 770 MeV ✓

mKL-mKS Λ ≲ 2 GeV Charm 1.2 GeV ✓

mH2 Λ ≲ 500 
GeV ? ? ?
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Naturalness / “hierarchy problem” is a strategy for finding new physics



What do we know?
• Pre-LHC priors: naturalness, unification, DM 

• Higgs mass: mh = 125 GeV 

• SM-like Higgs boson @ ~10% level 

• No direct evidence for sparticles thus far 

• No generic new flavor / CP violation 

• Possible hints of NP in muon g-2, LFUV?
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Figure 1: The lighter CP-even Higgs mass in the MSSM as a function of a common SUSY mass
parameter MS and of the stop mixing parameter Xt (normalized to MS). Both parameters
are defined in the DR scheme at the scale Q = MS.

vanishing external momentum in the two-loop corrections to the mass of the lighter Higgs boson can be
consistently adopted only if all of the couplings contributing to its tree-level mass are in turn neglected.
For example, as will be discussed in section 3.2, in the NMSSM this approximation requires that the
doublet-singlet superpotential coupling � be set to zero along with the EW gauge couplings, in which
case the two-loop corrections to the masses of the Higgs bosons residing in the two SU(2) doublets
correspond to those computed in the MSSM.

To illustrate the relevance of the radiative corrections to the Higgs masses in SUSY models, we show in
figure 1 the predictions for the mass of the lighter CP-even Higgs boson in a simplified MSSM scenario
characterized by a degenerate mass parameter MS for all SUSY particles as well as for the heavier
Higgs doublet. We choose tan � = 20 so that the tree-level prediction for the lighter Higgs mass in
eq. (3) essentially saturates its upper bound, i.e. M

tree

h
⇡ MZ . In the left plot of figure 1 we show the

prediction for Mh as a function of MS for two values of the ratio Xt/MS , where Xt is the left-right
stop mixing parameter. In the right plot we set MS = 2 TeV and show instead the prediction for
Mh as a function of Xt/MS . The yellow band in each plot corresponds to Mh = 125.10 ± 0.14 GeV,
as results from a recent combination of Run-1 and partial Run-2 data from ATLAS and CMS [6]. It
appears from the plots in figure 1 that, in this simplified MSSM scenario, a prediction for the Higgs
mass compatible with the measured value can be obtained with stop masses of about 2 TeV when
|Xt/MS | ⇡ 2, whereas the stop masses need to exceed 10 TeV when Xt = 0.

The predictions for Mh presented in figure 1 were obtained with the latest version (2.17.0) of the
code FeynHiggs, and they account for most of the advances that will be reviewed in sections 3–5.
However, the bulk of the dependence of Mh on MS and Xt can be traced to the contributions of
one-loop diagrams involving top and stops. In the limit MS � Mt, these so-called O(↵t) contributions
can be approximated as
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The logarithmic increase of Mh as a function of MS visible in the left plot of figure 1 follows from the
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Figure 2: Values of the SUSY mass parameter MS and of the stop mixing parameter Xt (normalized
to MS) that lead to the prediction Mh = 125.1 GeV, in a simplified MSSM scenario with
degenerate SUSY masses, for tan � = 20 (blue) or tan � = 5 (red).

first term within parentheses in eq. (5), whereas the double-peaked dependence of Mh on Xt visible
in the right plot follows from the second and third terms. We note that the one-loop correction in
eq. (5) is symmetric with respect to the sign of Xt, and it is maximized when Xt/MS = ±

p
6. The

asymmetry between positive and negative Xt visible in the right plot of figure 1 is a two-loop e↵ect,
arising from terms linear in Xt in the one-loop correction to the top mass. Finally, we stress that the
quartic dependence of the dominant one-loop correction on Mt means that the prediction for the Higgs
mass is particularly sensitive to the measured value of the top mass, as well as to the choices made for
the renormalization of Mt in the computation of the Higgs-mass corrections beyond one loop.

To further illustrate how the predictions for the SM-like Higgs mass can constrain the parameter space
of the MSSM, we plot in figure 2 the lines in the (Xt/MS , MS) plane that, in our simplified scenario
with degenerate SUSY masses, lead to the prediction Mh = 125.1 GeV. Note that neither theory nor
experimental uncertainties are taken into account in this example. The lower (blue) line corresponds
to tan � = 20, while the upper (red) line corresponds to tan � = 5. The overall shape of the blue and
red lines in figure 2 follows from the dependence on Xt/MS of the Higgs-mass correction in eq. (5).
In particular, the value of MS required to obtain an acceptable prediction for Mh is minimal for
|Xt/MS | ⇡ 2, and it has a local maximum for |Xt/MS | ⇡ 0 (for very large |Xt/MS |, on the other
hand, the EW vacuum is unstable). Since for tan � = 20 the tree-level prediction for the lighter Higgs
mass in eq. (3) is essentially maximized, the blue line implies a lower bound on MS of about 2 TeV
in this simplified scenario. On the other hand, the comparison between the blue and red lines shows
that, for lower values of tan �, larger stop masses are required to obtain Mh ⇡ 125 GeV, reflecting the
tan �-dependence of the tree-level prediction. It is also worth pointing out that, in more-complicated
MSSM scenarios where, e.g., the gauginos are allowed to be lighter than the stops, an acceptable
prediction for Mh can be obtained with somewhat smaller values for the stop masses than those found
here. In summary, the requirement that the theory prediction for the SM-like Higgs mass agree with
the measured value establishes non-trivial correlations between the SUSY parameters. However, even
in the idealized situation of figure 2 where both experimental and theory uncertainties are neglected,
direct measurements of some of the SUSY parameters will be necessary to obtain firm constraints on
the remaining ones.
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[Slavich, Heinemeyer, et al. 2012.15629]

The Higgs Mass
In MSSM: tension with naturalness, 

but consistent w/ current limits.



D-term (new U(1))

The Higgs Mass
Preserve naturalness by going 

beyond MSSM → Higgs properties

Higgs couplings; heavy 
vector bosons at LHC13/14

F-term (new singlet)
[Staub ‘16]

Finite decoupling; Higgs coupling measurements 
constraining (or alignment → light states).

[Drechsel, Galeta, Heinemeyer, Weiglein ‘16]
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Figure 1: Mass of the lightest and next-to lightest CP-even Higgs-states, mh1 (left) and mh2

(right), at tree-level, one-loop and two-loop order for the sample scenario (first row), the sce-
narios P1 (second row) and P9 (third row). At one-loop order all corrections of the NMSSM
are included with their momentum-dependence. The two-loop corrections are approximated
by the MSSM-type contributions of O(–t–s, –b–s, –

2
t
, –t–b) including the resummation of

the leading and next-to-leading logarithms (see text). The dotted line represents 125 GeV.
The ⁄ values for which a cross-over behaviour between the masses occurs in the sample
scenario are at the tree-level ⁄

(0)
c ¥ 0.26, at one-loop order ⁄

(1)
c ¥ 0.22 and at two-loop order

⁄
(2)
c ¥ 0.23. In the scenario P9 a cross-over behaviour occurs at ⁄

(0)
c > 0.34 at tree-level, at

⁄
(1)
c ¥ 0.25 at one-loop order, and at ⁄

(2)
c ¥ 0.26 at two-loop order. In the scenario P1 the

cross-over behaviour occurs outside of the plotted interval.
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FIG. 5. The enhancement of the SM-like Higgs mass (contours
of constant shift in GeV) via the new gauge contributions at
the tree-level (red, dashed lines) and when including loop-
effects (black, full lines).

last section. For this purpose, we make use of the SPheno
[41, 42] output of SARAH [43–48]3. The SARAH generated
Fortran code provides a fully fledged spectrum gener-
ator for the model which enables a calculation of the
entire mass spectrum at the one-loop level without any
approximation: any loop contribution and the full mo-
mentum dependence is included. In principle, SPheno

includes also new two-loop corrections for the model un-
der consideration [49, 50]. However, these are so far only
available in the gaugeless limit, i.e. the corrections we
are mainly interested in are not covered.
We show in fig. 5 the shifts of the SM-like Higgs mass at
tree-level and at the one-loop level for M 0

Z
= m⌘̄ = 3 TeV

in the (gX , g̃/gX)-plane compared to the case gX = g̃ =
0. One sees that the enhancement in the Higgs mass when
including loop effects and/or gauge-kinetic mixing is al-
ways smaller than the push at tree-level when neglecting
these effects. Assuming a fixed ratio g̃/gX , gauge kinetic
mixing becomes more important for larger gX . In con-
trast the (relative) impact of the loop corrections has only
a mild dependence on the considered value of gX . This
can be seen in fig. 6 where the shifts �m

(T ) and �m
(1L)
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�m
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FIG. 6. The relative size �m
(1L)
h /�m

(T )
h as defined in figs. 5

and 5 as function of gX . Here, we put g̃ = 0 and assumed
(MZ0 ,m⌘̄) = (3, 3) TeV [red, dashed],(3, 4) TeV [orange, dot-
dotted],(4, 3) TeV [blue, dotted],(4, 4) TeV [green,full].

are shown as function of gX and for different combina-
tions of MZ0 and m⌘̄. One finds, that the loop effects
always reduce the overall enhancement of the Higgs mass
by 25–30%. The radiative corrections are usually more
important for small gX , but also depend to some extent
on the hierarchy between MZ0 and m⌘̄: for larger m⌘̄,
which corresponds to a large enhancement at tree-level,
the relative importance of the loops decreases faster with
increasing gX .

V. SUMMARY

We have revisited here the possibility to push the tree-
level mass of the SM-like Higgs by non-decoupling D-
terms. It has been shown that a pure study at tree-level
can overestimate the positive effect on the Higgs mass sig-
nificantly. Namely, new radiative corrections triggered by
the extended gauge sector can reduce the Higgs mass by
several GeV. In addition, it has been shown that gauge ki-
netic mixing, which is a natural effect if the new Abelian
gauge group is not orthogonal to U(1)Y , reduces the pos-
itive shift of the Higgs mass at tree-level to some extent
depending on the assumed cut-off scale ⇤.
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Embracing Naturalness

13

m2
h ⇠ 3y2t

4⇡2
m̃2 log(⇤2/m̃2)

Assume Higgs mass given by non-
decoupling effects, superpartner mass 

hierarchy inversely proportional to 
contribution to Higgs potential

[Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson ’96; Papucci, 
Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum ’11]
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Where we are now: Higgsinos
Lots of searches…

…and finally “irreducible” limits
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Chargino-
neutralino 
splitting in 

pure 
higgsino 
multiplet: 
355 MeV 
[Thomas, 
Wells ’98]
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Where we are now: Stops
�m2

H
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Generic limit > 1.3 TeV 
→ Δ~70 (1-2% tuning)
(2 stops, Λ = 100 TeV)
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Compressed limit  
> (600 GeV, 500 GeV) 
→ Δ~32 (3% tuning)
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Where we are now: Gluinos

Generic limit > 2.2 TeV 
→ Δ~35 (3% tuning)

(Λ = 100 TeV)

“mt̃ & M3/2”Leads to
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Fine-tuning estimates 
are leading-logarithm

Accounting for all these effects 
gives factor-of-2 improvement. 

UV correlations could give 
further improvement

�=�� ��� �=��� ���

Figure 7: Level of Higgs fine-tuning in the gluino-stop mass plane, for di↵erent values of the messenger

scale ⇤ = 20 TeV (top, left), 100 TeV (top, right), 10
7
GeV (bottom, left) and 10

16
GeV (bottom, right).

Di↵erent values of fine-tuning are color-coded according to the legend on the right, with shades of blue

corresponding to fine-tuning levels close to 10%, whites in the few percent range, and yellows/reds

for sub-percent fine-tuning (for definiteness, the color-coding corresponds to 1st and 2nd generation

squarks at 5 TeV). Contours for specific values are also provided, with solid, dashed and dotted contours

corresponding to squarks degenerate with the stops and 5 and 10 TeV.

and stops are natural.

Although it does not impact our 10% natural region, it is interesting that the stop

natural region is actually a strip (with the upper and lower bounds delimited by blue

and purple lines), with the lower boundary corresponding to large and negative UV stop

mass squared, which have been pulled up by the gluino to be non-tachyonic in the IR.

The slope of the band increases with ⇤, due to the increased dependence on the gluino

mass from RG running.

It can also be seen that raising the 1st/2nd generation squark masses can expand the

maximum natural gluino mass through the 1-loop threshold correction, but it reduces

the maximum natural stop mass, through the 2-loop RGE and threshold corrections.

(Perhaps in certain extensions of the MSSM, this 2-loop e↵ect could be alleviated [29];

this would be interesting to explore in future work.) This trade-o↵ becomes worse at
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Figure 9: The ratio of the � = 10 naturalness bound on the gluino (left) and stop (right)

masses, with the higher-order e↵ects outlined in this paper sequentially added, to the same

naturalness bound in the LL approximation (with the couplings evaluated at Q = 1 TeV).

The successively included e↵ects are: resummed one-loop RGEs (orange), resummed two-loop

RGEs (blue), IR running masses (red), two-loop threshold corrections to m
2
Hu

(green), and

finally moving converting the IR running mass to the pole mass (black). First and second

generation squarks are varied between being degenerate with 3rd generation (solid), or at

5 TeV (dashed) and 10 TeV (dotted). The dashed horizontal line for the gluino is the LL

result of [11], with a numerical error resulting in a
p
2 reduction.

e↵ects are: the di↵erence between IR and UV masses (high messenger scales) and the

threshold corrections to m2
Hu

(low messenger scales). Also important are the gluino pole

mass corrections from the heavy 1st/2nd generation squarks. Meanwhile, for the stop,

the dominant factor is the di↵erence between IR and UV masses (especially the additive

boost from the gluinos and the drop due to 1st/2nd generation squarks), with the other

e↵ects changing the allowed stop mass just by a few percent.

4 Conclusions

In this work, we have detailed several precision corrections to the fine-tuning of the

Higgs mass. With SUSY increasingly under pressure from the second run of the LHC,

our accurate estimates in Fig. 6 and Fig. 7 of what constitutes a fully-natural SUSY

spectrum can be used as points of reference as more data is collected. In [16], we have

19

Of course, fine-tuning not quantitative

1. Resummed one-loop RGE

2. Resummed two-loop RGE

3. IR Running masses

4. Two-loop thresholds

5. Pole masses (1G,2G=3G)

5. Pole masses (1G,2G=5TeV)

5. Pole masses (1G,2G=10TeV)

[Casas, Moreno, Robles, Rolbieki, Zaldivar ’14] 
[Buckley, Monteux, Shih ’17]   

[Buckley, Monteux, Shih ’17]   

[Buckley, Monteux, Shih ’17]   
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FIG. 1: A sketch of the scales relevant to the broad picture,
with the running contributions depicted on either side of the
mass scales. Above the scale M the lumberjack fields con-
spire with the MSSM states to screen running Higgs mass
corrections from the UV-scale ⇤UV all the way down to the
IR. Calculable threshold corrections to the Higgs mass are
generated below the mass scale M . Scalars (dashed) are sep-
arated from their partner fermions (solid) by an equal and
opposite-signed soft-mass squared.

cal operators that could contribute to the Higgs mass at
⇤UV, and hence no logarithms are associated with their
evolution. In models of Scherk-Schwarz SUSY breaking,
locality ensures that all scalar mass corrections are fi-
nite and calculable [3, 4], albeit with coe�cients that
are relatively large with respect to the mass of the light-
est coloured state. In Little Higgs models [5, 6], collec-
tive symmetry breaking and the attendant non-locality in
theory space results in one-loop finite mass corrections.
Alternatively, one can mimic IR domination by consider-
ing UV-sensitive models with a very low ⇤UV, which by
design implies small logarithms, yielding reduced fine-
tuning for the viable parameter space.

A common aspect of the EFT description of many of
these IR-dominated models is that symmetries and/or lo-
cality forbid the possibility of local counterterms which
correct the Higgs mass, rendering the Higgs mass IR-
calculable. Motivated by this observation, our purpose
here is to introduce a new class of supersymmetric ef-
fective field theories, in which the interplay of global ex-
change symmetries and symmetry breaking forbid these
local counterterms. The result will be that incalculable
logarithms are screened, such that weak-scale fine-tuning
from the top sector is significantly reduced.

II. LOGGING SUSY

In this section, we will present a low energy SUSY
EFT with supersoft stops. We add a complete copy of
the third generation matter, the ‘lumberjack’ fields whose

purpose is to remove the logs.1 These lumberjacks are
related to the third generation matter by an exchange
symmetry. As a result, the most general matter-sector
renormalizable superpotential is

W� = �t Hu QU
c + �t Hu Q

0
U

0c . (1)

In order to lift the lumberjack fields, we will pair them up
with an additional set of vector-like partners. A non-zero
vector-like mass M softly breaks the exchange symmetry:

WM = M
⇣
Q

0
Q

0
+ U

0c
U

0c
⌘

. (2)

Note that the exchange symmetry is not broken by the
spectrum itself, since Q

0
and U

0c
do not transform.

The matter squarks and their scalar lumberjack
partners (the ‘slumberjacks’) are given the following
exchange-breaking soft-masses:
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We will show how one can obtain this SUSY breaking
pattern from the UV, which will make concrete the inter-
pretation of em2 as a spurion for the simultaneous spon-
taneous breaking of SUSY and the exchange symmetry.

We then compute the masses and use them as input to
the Coleman-Weinberg potential, from which we obtain
the Higgs mass corrections from both the top-stop and
lumberjack sectors:

�M2
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t

8⇡2
em2


R + (R � 1)2 log(R � 1)

� (R � 2) R log(R)

�
. (4)

where R = M2/em2. Due to the presence of the lumber-
jacks, the UV-sensitivity has been logged away, leaving
behind only the IR contribution, as expected. To leading
order in 1/R we have
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em2
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which makes clear that, up to an additional finite thresh-
old correction, the scale M e↵ectively replaces the UV-
cuto↵, which is consistent with the simple renormaliza-
tion group evolution interpretation of Fig. (1).

More generally, one might imagine extending the third
generation matter to include a variety of fields �i with di-

1
One could duplicate all of the MSSM matter in the same way,

with a minimal impact on the resulting tuning.

3

verse Standard Model charges and couplings to the Higgs,

W =
1

2
�ij

H
Hu �i �j +

1

2
M ij �i �j , (6)

as well as soft terms

VSoft =
1

2

�
em2

�j

i

e�⇤i e�j . (7)

The general condition for screening UV-sensitive logs at
one loop is simply �Hki �kj

H
(em2)i

j
= 0. When all fields

couple with equal strength to the Higgs, this reduces to
the simple condition that the trace of the soft masses
vanishes, (em2)i

i
= 0; this is clearly satisfied by the soft

terms in Eq. (14).

Fine-tuning

As in the MSSM, to realise the observed Higgs mass
one would likely need additional contributions to the
Higgs quartic, such as radiative corrections from A-terms
or by extending the framework to include additional
NMSSM-like singlets. As a result, any exploration of
the parameter space realising the observed Higgs mass
is inherently model-dependent. However, independent of
these considerations, we may still study the improvement
in fine-tuning relative to a standard MSSM-like scenario.
Whenever the fine-tuning is dominated by the presence
of a heavy stop in the MSSM, the quadratic corrections
to the up-type Higgs mass give the leading contribution:

�M2
Hu
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3 �2

t

8⇡2
em2 log
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UV

em2

◆
, (8)

which must be tuned against other contributions, such
as the µ-term. On the other hand, the corrections in the
logged model are given in Eq. (4). As a result, regardless
of how the required quartic is generated, if we simply as-
sume that the fine-tuning is dominated by the stop sector,
we can estimate the gain in fine-tuning by computing the
ratio of these two corrections as a function of the mass
of the lightest coloured scalar.

In Fig. (2), we show contours of the improvement in
the tuning when the lumberjacks are present as compared
to the MSSM in the R versus em plane. Even for low me-
diation scales, it is clear that the reduction in the tuning
is considerable. For instance, if one has a GUT-scale
model compatible with current bounds on stop squarks
with tuning of O(1%), then the supersoft version could
be realised with a rather negligible tuning of O(30%) for
low R. Indeed, fine-tuning in logged models approaches
the favourable level obtained if one used only the infrared
values of supersymmetry-breaking parameters [7].

Although this analysis is simplistic, it should capture
the leading fine-tuning aspects, though e↵ects beyond
leading logarithm are likely to moderate the improve-
ment [8, 9]. Looking forward, it would be interesting to
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FIG. 2: Contours of the Higgs mass squared corrections in
the logged model (Eq. (4)) divided by the corrections in the
MSSM (Eq. (8)), in the R = M2/em2 versus em plane. The
gray contours are for ⇤UV = 30 TeV and red for ⇤UV =
1015 GeV, which is relevant for the MSSM corrections. Thus
these contours represent the reduction in fine-tuning in the
supersoft model relative to the MSSM. We find improvement
factors as large as ⇠ 30 for high mediation scales.

revisit the current fine-tuning in supersymmetric models
with high scale mediation for a logged model to quantita-
tively assess the level of pressure current null LHC results
put on supersymmetric naturalness. The gains should be
particularly striking if the mediation scale is high.

It bears noting that the radiative correction to the
Higgs quartic from the lumberjack fields is negative (since
the fermionic lumberjacks are heavier than the scalars)
and proportional to log M/em. This reduces the overall
contribution from the top sector in close analogy with the
reduction of the D-term quartic in supersoft theories with
Dirac gauginos. A more rigorous treatment of the param-
eter space would reveal that there is a tradeo↵ between
the reduction in the log contribution to the fine tuning
(approximately log ⇤UV/M) and the decreased quartic
when the observed Higgs mass is driven by the top sec-
tor. In this case, the naturalness improvement will be
significant as long as em ⇤UV � M2.

III. UV-COMPLETIONS

Looking towards the UV, we assume that the SUSY
breaking soft masses arise from a superfield D-term
h�i = D� ✓

2
✓
2

which is odd under the exchange sym-
metry, � ! ��. The Kähler potential at the matching
scale ⇤UV is

K =
�

⇤2
UV

⇣ ��Q
��2 +

��Uc
��2 �

��Q0��2 �
��U 0c��2

⌘
. (9)
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FIG. 1: A sketch of the scales relevant to the broad picture,
with the running contributions depicted on either side of the
mass scales. Above the scale M the lumberjack fields con-
spire with the MSSM states to screen running Higgs mass
corrections from the UV-scale ⇤UV all the way down to the
IR. Calculable threshold corrections to the Higgs mass are
generated below the mass scale M . Scalars (dashed) are sep-
arated from their partner fermions (solid) by an equal and
opposite-signed soft-mass squared.

cal operators that could contribute to the Higgs mass at
⇤UV, and hence no logarithms are associated with their
evolution. In models of Scherk-Schwarz SUSY breaking,
locality ensures that all scalar mass corrections are fi-
nite and calculable [3, 4], albeit with coe�cients that
are relatively large with respect to the mass of the light-
est coloured state. In Little Higgs models [5, 6], collec-
tive symmetry breaking and the attendant non-locality in
theory space results in one-loop finite mass corrections.
Alternatively, one can mimic IR domination by consider-
ing UV-sensitive models with a very low ⇤UV, which by
design implies small logarithms, yielding reduced fine-
tuning for the viable parameter space.

A common aspect of the EFT description of many of
these IR-dominated models is that symmetries and/or lo-
cality forbid the possibility of local counterterms which
correct the Higgs mass, rendering the Higgs mass IR-
calculable. Motivated by this observation, our purpose
here is to introduce a new class of supersymmetric ef-
fective field theories, in which the interplay of global ex-
change symmetries and symmetry breaking forbid these
local counterterms. The result will be that incalculable
logarithms are screened, such that weak-scale fine-tuning
from the top sector is significantly reduced.

II. LOGGING SUSY

In this section, we will present a low energy SUSY
EFT with supersoft stops. We add a complete copy of
the third generation matter, the ‘lumberjack’ fields whose

purpose is to remove the logs.1 These lumberjacks are
related to the third generation matter by an exchange
symmetry. As a result, the most general matter-sector
renormalizable superpotential is

W� = �t Hu QU
c + �t Hu Q

0
U

0c . (1)

In order to lift the lumberjack fields, we will pair them up
with an additional set of vector-like partners. A non-zero
vector-like mass M softly breaks the exchange symmetry:

WM = M
⇣
Q

0
Q

0
+ U

0c
U

0c
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. (2)

Note that the exchange symmetry is not broken by the
spectrum itself, since Q

0
and U

0c
do not transform.

The matter squarks and their scalar lumberjack
partners (the ‘slumberjacks’) are given the following
exchange-breaking soft-masses:

VSoft ' em2

✓�� eQ
��2 +

�� eU c
��2 �

�� eQ0��2 �
�� eU 0c��2

◆
. (3)

We will show how one can obtain this SUSY breaking
pattern from the UV, which will make concrete the inter-
pretation of em2 as a spurion for the simultaneous spon-
taneous breaking of SUSY and the exchange symmetry.

We then compute the masses and use them as input to
the Coleman-Weinberg potential, from which we obtain
the Higgs mass corrections from both the top-stop and
lumberjack sectors:
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where R = M2/em2. Due to the presence of the lumber-
jacks, the UV-sensitivity has been logged away, leaving
behind only the IR contribution, as expected. To leading
order in 1/R we have
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which makes clear that, up to an additional finite thresh-
old correction, the scale M e↵ectively replaces the UV-
cuto↵, which is consistent with the simple renormaliza-
tion group evolution interpretation of Fig. (1).

More generally, one might imagine extending the third
generation matter to include a variety of fields �i with di-

1
One could duplicate all of the MSSM matter in the same way,

with a minimal impact on the resulting tuning.
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FIG. 1: A sketch of the scales relevant to the broad picture,
with the running contributions depicted on either side of the
mass scales. Above the scale M the lumberjack fields con-
spire with the MSSM states to screen running Higgs mass
corrections from the UV-scale ⇤UV all the way down to the
IR. Calculable threshold corrections to the Higgs mass are
generated below the mass scale M . Scalars (dashed) are sep-
arated from their partner fermions (solid) by an equal and
opposite-signed soft-mass squared.

cal operators that could contribute to the Higgs mass at
⇤UV, and hence no logarithms are associated with their
evolution. In models of Scherk-Schwarz SUSY breaking,
locality ensures that all scalar mass corrections are fi-
nite and calculable [3, 4], albeit with coe�cients that
are relatively large with respect to the mass of the light-
est coloured state. In Little Higgs models [5, 6], collec-
tive symmetry breaking and the attendant non-locality in
theory space results in one-loop finite mass corrections.
Alternatively, one can mimic IR domination by consider-
ing UV-sensitive models with a very low ⇤UV, which by
design implies small logarithms, yielding reduced fine-
tuning for the viable parameter space.

A common aspect of the EFT description of many of
these IR-dominated models is that symmetries and/or lo-
cality forbid the possibility of local counterterms which
correct the Higgs mass, rendering the Higgs mass IR-
calculable. Motivated by this observation, our purpose
here is to introduce a new class of supersymmetric ef-
fective field theories, in which the interplay of global ex-
change symmetries and symmetry breaking forbid these
local counterterms. The result will be that incalculable
logarithms are screened, such that weak-scale fine-tuning
from the top sector is significantly reduced.

II. LOGGING SUSY

In this section, we will present a low energy SUSY
EFT with supersoft stops. We add a complete copy of
the third generation matter, the ‘lumberjack’ fields whose

purpose is to remove the logs.1 These lumberjacks are
related to the third generation matter by an exchange
symmetry. As a result, the most general matter-sector
renormalizable superpotential is

W� = �t Hu QU
c + �t Hu Q

0
U

0c . (1)

In order to lift the lumberjack fields, we will pair them up
with an additional set of vector-like partners. A non-zero
vector-like mass M softly breaks the exchange symmetry:

WM = M
⇣
Q

0
Q

0
+ U

0c
U

0c
⌘

. (2)

Note that the exchange symmetry is not broken by the
spectrum itself, since Q

0
and U

0c
do not transform.

The matter squarks and their scalar lumberjack
partners (the ‘slumberjacks’) are given the following
exchange-breaking soft-masses:
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We will show how one can obtain this SUSY breaking
pattern from the UV, which will make concrete the inter-
pretation of em2 as a spurion for the simultaneous spon-
taneous breaking of SUSY and the exchange symmetry.

We then compute the masses and use them as input to
the Coleman-Weinberg potential, from which we obtain
the Higgs mass corrections from both the top-stop and
lumberjack sectors:

�M2
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where R = M2/em2. Due to the presence of the lumber-
jacks, the UV-sensitivity has been logged away, leaving
behind only the IR contribution, as expected. To leading
order in 1/R we have
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t
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em2
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+ log
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em2
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which makes clear that, up to an additional finite thresh-
old correction, the scale M e↵ectively replaces the UV-
cuto↵, which is consistent with the simple renormaliza-
tion group evolution interpretation of Fig. (1).

More generally, one might imagine extending the third
generation matter to include a variety of fields �i with di-

1
One could duplicate all of the MSSM matter in the same way,

with a minimal impact on the resulting tuning.
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FIG. 1: A sketch of the scales relevant to the broad picture,
with the running contributions depicted on either side of the
mass scales. Above the scale M the lumberjack fields con-
spire with the MSSM states to screen running Higgs mass
corrections from the UV-scale ⇤UV all the way down to the
IR. Calculable threshold corrections to the Higgs mass are
generated below the mass scale M . Scalars (dashed) are sep-
arated from their partner fermions (solid) by an equal and
opposite-signed soft-mass squared.

cal operators that could contribute to the Higgs mass at
⇤UV, and hence no logarithms are associated with their
evolution. In models of Scherk-Schwarz SUSY breaking,
locality ensures that all scalar mass corrections are fi-
nite and calculable [3, 4], albeit with coe�cients that
are relatively large with respect to the mass of the light-
est coloured state. In Little Higgs models [5, 6], collec-
tive symmetry breaking and the attendant non-locality in
theory space results in one-loop finite mass corrections.
Alternatively, one can mimic IR domination by consider-
ing UV-sensitive models with a very low ⇤UV, which by
design implies small logarithms, yielding reduced fine-
tuning for the viable parameter space.

A common aspect of the EFT description of many of
these IR-dominated models is that symmetries and/or lo-
cality forbid the possibility of local counterterms which
correct the Higgs mass, rendering the Higgs mass IR-
calculable. Motivated by this observation, our purpose
here is to introduce a new class of supersymmetric ef-
fective field theories, in which the interplay of global ex-
change symmetries and symmetry breaking forbid these
local counterterms. The result will be that incalculable
logarithms are screened, such that weak-scale fine-tuning
from the top sector is significantly reduced.

II. LOGGING SUSY

In this section, we will present a low energy SUSY
EFT with supersoft stops. We add a complete copy of
the third generation matter, the ‘lumberjack’ fields whose

purpose is to remove the logs.1 These lumberjacks are
related to the third generation matter by an exchange
symmetry. As a result, the most general matter-sector
renormalizable superpotential is

W� = �t Hu QU
c + �t Hu Q

0
U

0c . (1)

In order to lift the lumberjack fields, we will pair them up
with an additional set of vector-like partners. A non-zero
vector-like mass M softly breaks the exchange symmetry:

WM = M
⇣
Q

0
Q

0
+ U

0c
U
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. (2)

Note that the exchange symmetry is not broken by the
spectrum itself, since Q

0
and U

0c
do not transform.

The matter squarks and their scalar lumberjack
partners (the ‘slumberjacks’) are given the following
exchange-breaking soft-masses:
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We will show how one can obtain this SUSY breaking
pattern from the UV, which will make concrete the inter-
pretation of em2 as a spurion for the simultaneous spon-
taneous breaking of SUSY and the exchange symmetry.

We then compute the masses and use them as input to
the Coleman-Weinberg potential, from which we obtain
the Higgs mass corrections from both the top-stop and
lumberjack sectors:
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where R = M2/em2. Due to the presence of the lumber-
jacks, the UV-sensitivity has been logged away, leaving
behind only the IR contribution, as expected. To leading
order in 1/R we have
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which makes clear that, up to an additional finite thresh-
old correction, the scale M e↵ectively replaces the UV-
cuto↵, which is consistent with the simple renormaliza-
tion group evolution interpretation of Fig. (1).

More generally, one might imagine extending the third
generation matter to include a variety of fields �i with di-

1
One could duplicate all of the MSSM matter in the same way,

with a minimal impact on the resulting tuning.

A simple model: [Cohen, NC, Koren, McCullough, Tooby-Smith 2002.12630]  
(see also [Dermisek 1606.09031]). Sharp prediction: more stops.

Logarithms from the UV play a key role in tuning (~factor of 5 for stops) 
Situation more favorable if only IR contributions considered  

(e.g. [Baer, Barger, Mickelson 1309.2984] et seq.)2
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FIG. 1: A sketch of the scales relevant to the broad picture,
with the running contributions depicted on either side of the
mass scales. Above the scale M the lumberjack fields con-
spire with the MSSM states to screen running Higgs mass
corrections from the UV-scale ⇤UV all the way down to the
IR. Calculable threshold corrections to the Higgs mass are
generated below the mass scale M . Scalars (dashed) are sep-
arated from their partner fermions (solid) by an equal and
opposite-signed soft-mass squared.

cal operators that could contribute to the Higgs mass at
⇤UV, and hence no logarithms are associated with their
evolution. In models of Scherk-Schwarz SUSY breaking,
locality ensures that all scalar mass corrections are fi-
nite and calculable [3, 4], albeit with coe�cients that
are relatively large with respect to the mass of the light-
est coloured state. In Little Higgs models [5, 6], collec-
tive symmetry breaking and the attendant non-locality in
theory space results in one-loop finite mass corrections.
Alternatively, one can mimic IR domination by consider-
ing UV-sensitive models with a very low ⇤UV, which by
design implies small logarithms, yielding reduced fine-
tuning for the viable parameter space.

A common aspect of the EFT description of many of
these IR-dominated models is that symmetries and/or lo-
cality forbid the possibility of local counterterms which
correct the Higgs mass, rendering the Higgs mass IR-
calculable. Motivated by this observation, our purpose
here is to introduce a new class of supersymmetric ef-
fective field theories, in which the interplay of global ex-
change symmetries and symmetry breaking forbid these
local counterterms. The result will be that incalculable
logarithms are screened, such that weak-scale fine-tuning
from the top sector is significantly reduced.

II. LOGGING SUSY

In this section, we will present a low energy SUSY
EFT with supersoft stops. We add a complete copy of
the third generation matter, the ‘lumberjack’ fields whose

purpose is to remove the logs.1 These lumberjacks are
related to the third generation matter by an exchange
symmetry. As a result, the most general matter-sector
renormalizable superpotential is

W� = �t Hu QU
c + �t Hu Q

0
U

0c . (1)

In order to lift the lumberjack fields, we will pair them up
with an additional set of vector-like partners. A non-zero
vector-like mass M softly breaks the exchange symmetry:

WM = M
⇣
Q

0
Q

0
+ U

0c
U

0c
⌘

. (2)

Note that the exchange symmetry is not broken by the
spectrum itself, since Q

0
and U

0c
do not transform.

The matter squarks and their scalar lumberjack
partners (the ‘slumberjacks’) are given the following
exchange-breaking soft-masses:

VSoft ' em2

✓�� eQ
��2 +

�� eU c
��2 �

�� eQ0��2 �
�� eU 0c��2

◆
. (3)

We will show how one can obtain this SUSY breaking
pattern from the UV, which will make concrete the inter-
pretation of em2 as a spurion for the simultaneous spon-
taneous breaking of SUSY and the exchange symmetry.

We then compute the masses and use them as input to
the Coleman-Weinberg potential, from which we obtain
the Higgs mass corrections from both the top-stop and
lumberjack sectors:

�M2
Hu

= �
3 �2

t

8⇡2
em2


R + (R � 1)2 log(R � 1)

� (R � 2) R log(R)

�
. (4)

where R = M2/em2. Due to the presence of the lumber-
jacks, the UV-sensitivity has been logged away, leaving
behind only the IR contribution, as expected. To leading
order in 1/R we have

�M2
Hu

' �
3 �2

t

8⇡2
em2


3

2
+ log

✓
M2

em2

◆�
, (5)

which makes clear that, up to an additional finite thresh-
old correction, the scale M e↵ectively replaces the UV-
cuto↵, which is consistent with the simple renormaliza-
tion group evolution interpretation of Fig. (1).

More generally, one might imagine extending the third
generation matter to include a variety of fields �i with di-

1
One could duplicate all of the MSSM matter in the same way,

with a minimal impact on the resulting tuning.

See talk by Baer



Breaking the Spectrum
Bring in new charged states at the TeV scale.

No local 4D SUSYGlobal symmetry
for Higgsinos

Supersoft Dirac 
gauginos

2

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:

∫

d2θ
w3,i

4

(

1
4D̄

2DV ′
)2

M2
m

Σ2
i −→

(

w3,i

2

D2

M2
m

)

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

G ! H

SUSY Higgs is a pNGB 
associated w/ spontaneously 

broken global symmetry

μ term an invariant of

doesn’t contribute to Higgs potential
G

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:

�m
2
q̃ ⇠

2g
2
s

3⇡2
m

2
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

m̃
2
i ⇠

↵i

⇡
m

2
D log

�
m

2
a/m

2
D

�
(47)
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Scalar masses radiative
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ma ⇠ 2mDMinimally
so

Decouple gluinos! Predict 
new adjoint scalars

No problem w/ higgsinos @ TeV, 
but predict new states associated 

w/ global symmetry.

• E.g. 5D SUSY on S1/Z2, 
SUSY broken by BCs. 

• Spectrum finite, no large 
logs. (Often) dirac gauginos. 

• Geography/localization can 
distinguish generations. 

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

• Scale is 1/R ~ 5 TeV 

• Analogous models in 4D

Look for the new stuff. Often large cross sections or resonantly produced.
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Breaking the Signal
Erase MET by RPV or stealth (new sector with small non-SUSY splitting, 
 [Fan, Reece, Ruderman ‘11; Fan, Krall, Pinner, Reece, Ruderman ’15]) 

Trade MET for 
additional soft event 

activity, migrate 
signals to exotics; 

sometimes you win, 
sometimes you lose.
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Figure 1: Diagrams of top squark pair production with decays to top quarks and additional
light-flavor quarks for the RPV SUSY model (left) and with decays to top quarks and gluons
for the stealth SYY model (right).

For the benchmark stealth SYY model, the critical small eS-S mass splitting is held constant at
10 GeV, and we assume a eS mass of 100 GeV and a eG mass of 1 GeV. For both models, a range of
et masses (met ) are considered from 300 to 1400 GeV, and all decays described above are assumed
to be prompt with unity branching fractions.

In this paper, we describe a search for et pair production followed by the decay of each et into a
top quark and three light-flavor jets via the benchmark RPV and stealth SYY models described
above. This is the first search of its kind at the LHC. Previous searches for RPVet decays focused
on final states with dijet resonances [25, 26], lepton-jet resonances [27, 28], intermediate leptonic
chargino decays [29], or final states with many b quarks [30]. Previous searches for stealth SUSY
targeted superpartners of light-flavor quarks with decays into gauge bosons and jets [31, 32].
Measurements of the tt differential production cross section have been reinterpreted in the
context of RPV and stealth SUSY [24, 33] and were found to yield weak constraints for the
models considered in this paper.

Before describing each step in more detail in subsequent sections, we provide an overview
of the analysis strategy here. The main distinguishing feature of the signals in this analysis,
in addition to the presence of two top quarks, is high jet multiplicity (Njets). The SM back-
grounds arise through processes including top quark pair production (tt), multijet production
from quantum chromodynamics (QCD), production of tt in association with SM weak gauge
bosons or additional top quarks (tt+X), production of weak gauge bosons, and single top quark
production (other). These SM processes all include additional jets from initial- and final-state
radiation (ISR and FSR). The QCD background is primarily suppressed by requiring the pres-
ence of exactly one charged lepton (e or µ) arising from the leptonic decay of a top quark.
Backgrounds that do not produce any top quarks are suppressed by requiring the presence of
at least one jet identified as arising from the fragmentation of a bottom quark (b-tagged jet),
and additionally that the invariant mass of the lepton and a b-tagged jet be consistent with the
presence of a top quark.

The signal is distinguished from the dominant and irreducible tt background by means of a
neural network (NN) trained to recognize differences in the spatial distribution of jets and
decay kinematic distributions between signal and tt background events. Events are divided
into 24 categories based on their NN score (SNN) and Njets; categories with higher (lower) SNN
and Njets tend to be signal enriched (depleted). We perform a simultaneous fit to the number of
events in data in SNN and Njets categories to estimate the total numbers of tt and potential signal
events present in the data, as well as the distribution of tt events in SNN and Njets categories.
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Figure 6: Expected and observed 95% CL upper limit on the top squark pair production cross
section as a function of the top squark mass for the RPV (left) and stealth SYY (right) SUSY
models. Particle masses and branching fractions assumed for each model are included on each
plot. The expected cross section computed at NNLO+NNLL accuracy is shown in the red
curve.
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Figure 7: Local p-value as a function of top squark mass for the RPV (left) and stealth SYY
models (right). The colored lines show the p-values for separate fits of the 2016 (red dash
dotted), 2017 (blue dotted), 2018A (green short dashed), and 2018B (orange long dashed) data
sets; the black line shows the p-value for the simultaneous fit of data sets. The lower panels
show the best fit signal strength (smeas./spred.) as a function of top squark mass with uncertainty
denoted by the green band.
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Simple Frameworks

22Figure 8: Prediction for the spectrum of MGM after imposing the constraint from the Higgs mass (or better from
the top mass). For each superpartner we plot the allowed range of masses (in TeV) for four di↵erent combinations of
N = 1(3) and M = 104(1011) TeV. For each mass the lowest (highest) value corresponds to increasing (decreasing)
the value of the top mass by 2� with respect to its experimental central value. The values of tan� at the bottom
(top) side of each of the four bands, from left to right, are 58 (42), 49 (45), 56 (29) and 44 (46) respectively. The
three di↵erently shaded areas represent “pictorially” the existing LHC8 bounds and the expected reach at LHC14
and at a future 100 TeV collider, respectively from the bottom.

In MGM all soft masses are generated with the same order of magnitude by the gauge mediated
contribution, one gauge loop below the scale ⇤ = F/M (the ratio between the e↵ective scale of
SUSY breaking F and the mass of the messengers). Besides ⇤, the spectrum also depends, in a
milder way, on the actual mass of the messengers M , which determines the amount of running
of the soft parameters, and the number of messengers N (typically N = 1 or 3 for a vector like
messenger in the 5 or 10 of SU(5) respectively).

As mentioned before, the µ-term, being supersymmetric, would be an independent parameter,
but its value is fixed by requiring (tuning) the correct EWSB. Finally the A-terms and Bµ are
generated radiatively from RGE e↵ects. This fact has very interesting consequences [67,68]. First,
being A and Bµ terms generated at the quantum level from gaugino masses and µ-term implies
that the corresponding CP phases vanish, avoiding potentially dangerous bounds from EDMs.
Second, small suppressed A-terms imply that the stop mixing will never be large, while small Bµ
implies large values of tan �. These two predictions combined with the measured value of the Higgs
mass allows to fix also the overall scale ⇤, which must then lie at around the PeV scale to produce
the O(10) TeV SUSY scale required by the Higgs mass. The only remaining free parameters are
the messenger mass scale M and their number N , which a↵ect the properties of the spectrum in
a milder way.
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e.g. minimal gauge mediation

[Pardo Vega, Villadoro 1504.05200] See talk by Shah



SUSY SU(5) GUT

Minimal Anomaly Mediation
Narrow region of viable thermal cosmology w/ higgsino or wino LSP

Largely inaccessible to LHC, better for indirect detection
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Figure 11. The spectrum at the best-fit point in the SUSY SU(5) GUT model. Decay branching ratios
(BRs) exceeding 20% are denoted by dashed lines, which are thicker for more important BRs.

Figure 12. The 1-dimensional 68 and 95% CL ranges of masses we obtain for the current fit in the
supersymmetric SU(5) model, shown in dark and light orange respectively. The best-fit point is represented
by blue lines.

rises sharply at low m1/2, as shown in the stacked
red histogram in the right panel of Fig. 14. Be-
cause we profile over the other parameters, this
does not have much impact on the dependence of
�
2 on m5 and m10, as seen in the left and mid-

dle panels. The well-defined minima seen in the
(g�2)µ contributions in the left and middle pan-
els of Fig. 14 occur at quite small values of m5

and m10, reflecting the fact that (g� 2)µ is sensi-

tive to the soft symmetry-breaking contributions
to the masses of both the µ̃L and the µ̃R. These
are m5 and m10, respectively, so maximizing the
SUSY contribution to (g � 2)µ and thereby min-
imizing the (g � 2)µ contribution to �

2 prefers
small values of both m5 and m10. Similarly, the
SUSY contribution to (g � 2)µ is suppressed for
large gaugino masses, explaining the aversion to
large m1/2 seen in the right panel of Fig. 14.

[Bagnaschi et al. 1610.10084]
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Figure 22. The (m�̃
0
1
,�

SI
p
) plane in the SUSY SU(5) GUT model. The solid green line is the 95% CL upper

limit from the XENON100 experiment, and the dashed black solid line is the new 95% CL upper limit from
the LUX experiment. The solid black line shows the 95% CL exclusion contour for our combination of the
PandaX-II and LUX experiments, the solid purple line shows the projected 95% exclusion sensitivity of the
LUX-Zeplin (LZ) experiment, the solid and dashed blue lines show the projected 95% sensitivities of the
XENON1T and XENONnT experiments, respectively, and the dashed orange line shows the astrophysical
neutrino ‘floor’, below which astrophysical neutrino backgrounds dominate (yellow region). The other line
colours and shadings within the 68% and 95% CL regions are the same as in Fig. 4.

visaged for the final stage of the ILC. Going to
higher centre-of-mass energies,

p
s <
⇠ 3 TeV as

anticipated for CLIC, significant fractions of the
68% CL ranges of electroweak sparticle masses
can be covered.
One novelty is the appearance of a ũR/c̃R � �̃

0
1

coannihilation region that appears where m
2
5 is

large and positive, m2
10 is small and negative, and

m
2
Hu

and m
2
Hd

are large and negative. On the

other hand, we find that t̃1 � �̃
0
1 coannihilation is

not important in the SUSY SU(5) GUT model,
nor are the focus-point region and rapid �̃

0
1�̃

0
1 an-

nihilation via direct-channel h and Z poles. We
have checked that the ũR/c̃R � �̃

0
1 coannihila-

tion region is not yet excluded by searches for /ET

events at the LHC, because the production rate is
reduced compared to the case where all 8 squarks

are mass degenerate and the small ũR/c̃R � �̃
0
1

mass di↵erence suppresses this signature. How-
ever, this region may be accessible with future
LHC runs.
We have also highlighted the possibility that a

⌫̃⌧ NLSP might have an important coannihilation
role. Another novelty is the composition of the
⌧̃1 NLSP in a significant region of the model pa-
rameter space. In the GUT-universal CMSSM,
NUHM1 and NUHM2 models, the universality
of m0 and the greater renormalization for SU(2)
doublets impose a substantial mass di↵erence be-
tween the ⌧̃2 and the ⌧̃1, with the latter being pre-
dominantly a ⌧̃R. However, in the SUSY SU(5)
GUT model with m5 6= m10, the ⌧̃R and ⌧̃L may
have similar masses, and the o↵-diagonal entries
in the ⌧̃ mass matrix may cause large mixing and
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W̃ -LSP for µ > 0, ⌦�̃0
1
= ⌦CDM

W̃ -LSP for µ < 0, ⌦�̃0
1
= ⌦CDM

H̃-LSP for µ > 0, ⌦�̃0
1
= ⌦CDM

H̃-LSP for µ < 0, ⌦�̃0
1
= ⌦CDM

Figure 9. The ranges of masses obtained for the wino-like LSP case with µ > 0 (top panel) and µ < 0
(second panel), and also for the Higgsino-like LSP case for µ > 0 (third panel) and µ < 0 (bottom panel),
assuming that the LSP makes the dominant contribution to the cold dark matter density.
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Figure 9. The ranges of masses obtained for the wino-like LSP case with µ > 0 (top panel) and µ < 0
(second panel), and also for the Higgsino-like LSP case for µ > 0 (third panel) and µ < 0 (bottom panel),
assuming that the LSP makes the dominant contribution to the cold dark matter density.

Wino LSP DM, μ>0Higgsino LSP DM, μ>0

[Bagnaschi et al. 1612.05210]

Simple Frameworks

[Bagnaschi et al. 1612.05210]



Unification & Dark Matter

Figure 5: The Higgs mass (here chosen to be 125.5 GeV) constrains the scalar and fermion masses
to be in the shaded region, for varying tan �. The green bands are the 1� error from the top mass
measurement for the given value of tan �. Gauge coupling unification constrains the parameters
to be to the left of the solid bordeaux (1�) or dashed bordeaux (2�) lines as described in the text.
This plot was generated using the results of [9].

range from 10 TeV to 105 TeV. Figure 4 exhibits the relation between m0 and tan � fixing the
Higgs mass to its observed value. Note that heavy scalar masses above 103 TeV are only possible
for a limited range of small tan � . 2, whereas any value of tan � & 3 implies scalar masses
less than 100 TeV. This is a potentially exciting low mass range suggesting that the gauginos
and higgsinos may be LHC-accessible, independently of the WIMP miracle. The reason is that
in many models of SUSY breaking the gauginos are much lighter than the scalars, as they are
protected by R-symmetry. In fact one has to work hard to ensure that the SUSY and R-breaking
scales coincide. In simple models of anomaly mediation, for example, the gauginos are one loop
lighter than the scalars. Indeed, the range of m0 indicated by the Higgs mass is suggestive of a
one- or two-loop separation between scalars and gauginos.

Another constraint comes from unification, which prefers low values for the µ parameter. This
is underlined in Fig. 5, where we show the correlation between the scalar and the fermion masses

5

Relaxing naturalness pressure on scalars, still 
pressure from unification & DM to keep 
higgsinos & gauginos beneath ~10 TeV 

“Split / mini-split”

Figure 10: Summary of the gluino decay phenomenology as a function of the gluino mass and the
scalar mass scale. We have assumed that for displaced gluinos 100 µm  c⌧  10 m.

4 Mini-Split Phenomenology

If there are no light scalars apart from the Higgs, searching for evidence of supersymmetry at the
LHC becomes more challenging but is far from impossible. Of course, the most promising signal
is the dimension-6 gluino decay through o↵-shell scalars to the lightest neutralino state. The
lifetime for such a decay can easily vary from a few femtoseconds to Hubble scales as can be seen
from Fig. 10 [30]. The collider signals for such a decay have been studied extensively [31, 32] and
there are already bounds for gluinos in Split [33, 34, 35, 36] which place their mass above 1 TeV.
In addition, as already discussed, taking into account the given Higgs mass and gauge coupling
unification, we can infer that the scalar masses in Split scenarios have to lie below 105 TeV. This
means that the gluino lifetime is now generically less than ⇠ 10�8 sec, and gluinos, when produced
at the LHC, will give rise to displaced vertices or prompt decays unless the scalars are above 104

TeV. This makes the search strategies for gluinos in Split more in tune with ordinary gluino SUSY
searches.

If the gluino is the ordinary LSP, it instead decays directly to e.g. a gravitino and a gluon.
Its decay still gives rise to interesting phenomenology [30], athough the connection between the
gluino lifetime and the scalar masses is lost, and current bounds place its mass above 1 TeV.

Finally, gluino searches may be supplemented or even supplanted, in cases where the gluino
is out of LHC reach, by searches targeting the remaining gauginos or higgsinos. In this case the
optimal LHC search strategy depends on the detailed spectrum. The discovery prospects for a
light bino with no other accessible states are fairly hopeless, but pure electroweak production of

18

Discovery opportunity: search for long-lived gluinos.

[Arvanitaki, NC, Dimopoulos, Villadoro ‘12]
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More on DM: see talk by Godbole



Higgs still plays a role
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Figure 8. Contours of |�b| in the M�-tan� plane, for our benchmark scenario |M3| = 5TeV,
Ms = 10TeV, which will evade gluino and stop searches at the LHC. The Higgsino mass is de-
termined by exact b-⌧ Yukawa unification, for which solutions exist for tan� & 5. Dark solid and
dashed curves represent current exclusion limit (95% CL) and projected high-luminosity reach (95%
CL with 3 ab�1 at 14 TeV) from heavy Higgs searches in the di-tau channel at the LHC, reported
assuming the m

mod+
h

benchmark scenario. Future Higgs factories, with 0.5-1% projected precision
for the hbb̄ coupling, will be able to probe much of the parameter space displayed.

In comparison, direct searches can most easily access the region of parameter space
with light squarks and gluino. Our results show a nice complementarity between direct su-
perpartner searches and precision Higgs measurements, as they probe the SUSY parameter
space from different directions.

To further demonstrate this complementarity, let us consider a scenario where the gluino
and sfermions are beyond direct LHC reach, even after the high luminosity phase [64, 65].
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benchmark scenario. Future Higgs factories, with 0.5-1% projected precision
for the hbb̄ coupling, will be able to probe much of the parameter space displayed.

In comparison, direct searches can most easily access the region of parameter space
with light squarks and gluino. Our results show a nice complementarity between direct su-
perpartner searches and precision Higgs measurements, as they probe the SUSY parameter
space from different directions.

To further demonstrate this complementarity, let us consider a scenario where the gluino
and sfermions are beyond direct LHC reach, even after the high luminosity phase [64, 65].
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benchmark scenario. Future Higgs factories, with 0.5-1% projected precision
for the hbb̄ coupling, will be able to probe much of the parameter space displayed.

In comparison, direct searches can most easily access the region of parameter space
with light squarks and gluino. Our results show a nice complementarity between direct su-
perpartner searches and precision Higgs measurements, as they probe the SUSY parameter
space from different directions.

To further demonstrate this complementarity, let us consider a scenario where the gluino
and sfermions are beyond direct LHC reach, even after the high luminosity phase [64, 65].
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Hints from g-2 / LFUV?
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Light Spectrum Heavy Spectrum

Figure 4: A display of the split sparticle spectrum consisting of light weakinos, sleptons,
sneutrino and staus (left panel) and the heavy chargino, squarks, gluino, lightest stop and
the CP even Higgs (right panel) that emerge in the gluino-driven radiative breaking of the
electroweak symmetry in g̃SUGRA grand unified models. Each subplot shows a probability
density distribution in the particles’ masses for two cases: the region consistent with �aFBµ
(orange) and the region outside of the muon g � 2 error bars (blue).

(B): Here there is a reversal in the hierarchy for the first two inequalities, i.e., between ⌧̃1
and �̃0

2 or �̃±
1 which leads to the following possibilities

m�̃0
2
,m�̃±

1
< m⌧̃1 < m˜̀,

m�̃±
1
< m�̃0

2
< m⌧̃1 < m˜̀,

m�̃±
1
< m⌧̃1 < m�̃0

2
< m˜̀.

(C): In this case the selectron and the smuon are lighter than the chargino and the second
neutralino while the stau is the NLSP. Thus here we have

m⌧̃1 < m˜̀ < m�̃0
2
,m�̃±

1
.

The Fermilab result also puts constraints on the allowed region of CP phases arising from
the soft parameters specifically the gaugino masses. Thus the gaugino masses m1 and m2

can be complex and one may write m1 = |m1|ei⇠1 and m2 = |m2|ei⇠2 . It turns out that the
electroweak corrections to the muon g � 2 are very sensitive to the CP phases [40–42]. As
a consequence the measured �aFBµ puts rather stringent constraints on the allowed range of
the CP phases. This is shown in Fig. 5 which exhibits the disallowed region (shaded) and
the allowed region (white) in the ⇠1 � ⇠2 plane. It is to be noted that the allowed region

7

[Aboubrahim, Klasen, Nath, Syed 2107.06021]

Very long history of SUSY 
explanations for possible 
muon g-2 discrepancy
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FIG. 2. Three RPV3 benchmark cases in the (mebR
,�0

233) parameter space. The cyan, pink and orange shaded regions with
solid (dashed) boundaries explain the RD(⇤) , RK(⇤) and (g � 2)µ anomalies at 3� (2�) CL respectively. The vertical (black)
shaded region is excluded by the current LHC data. The horizontal dotted line shows the perturbativity limit of

p
4⇡. Other

shaded regions show the relevant low-energy flavor constrains on the parameter space from B ! K⌫⌫̄ (brown), Bs � B̄s mixing
(magenta), D0 ! µ+µ� (purple), b ! s� (grey) and Z ! `+`� (violet). The constraints not shown here are automatically
satisfied for our parameter choice. The allowed overlap regions simultaneously explaining the RD(⇤) , RK(⇤) and (g � 2)µ
anomalies are shown by the red (top), yellow (bottom left) and blue (bottom right) shaded regions for the three benchmark
cases. The ⇤ mark on the top panel gives representative values of mebR

and �0
233 in the BP1 scenario that are used in Fig. 3.

The green solid, dashed and dot-dashed contours respectively show the 2� sensitivities of the 14 TeV LHC, 27 TeV and 100
TeV pp colliders in the t̄µ+µ� channel discussed in the text.

Recent suggestions of lepton flavor 
universality violation not well-fit by vanilla 

supersymmetry, but RPV explanations 
plausible. E.g. 2nd & 3rd-generation QLD + 

LLE RPV [Dev, Soni, Xu 2106.15647, …]    
[D

ev, Soni, Xu 2106.15647] See talk by Altmannshofer

See talks, refs by 
Ellis, Heinemeyer



Where does this leave us? 
(a fairly personal perspective)

• Naturalness is a strategy for finding new physics (as are unification and 
dark matter, of course). I still very much believe in this strategy, broadly. 

• But it no longer seems to me that the “most natural” versions of SUSY 
fulfill the naturalness strategy, in the sense of providing compelling 
guidance based on the evidence at hand. 

• SUSY still a compelling framework for naturalness, unification, and dark 
matter. But Higgs mass, null results, and lack of generic flavor/CP 
violation suggest colored sparticles are decoupled. My eyes, at least, are 
mainly on electroweak physics in Run 3. 

• This leaves many interesting directions (especially if anomalies persist), 
though perhaps not the ones most emphasized over the last decade. 

• For me, the main lesson of the decade has been that experimentalists are 
extraordinary.

27 Thank you!


