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The LHC has already well-explored the TeV scale at Run I. 

We now know there is a Standard-Model-like Higgs at 125 GeV...
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

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

ICHEP 2014

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

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

Probe *up to* the quoted mass limit

... and no definitive signal yet of new physics.



The Standard Model is looking pretty good!
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SUSY Yesterday
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Adolph Northen, Napoleon’s retreat from Moscow
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SUSY Tomorrow?

It all depends on what happens at Run II!!

Napoleon at Fountainebleau
Delaroche (1840)
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Plan of the talk

1. Review: Naturalness and SUSY

2. Vanilla SUSY: MSSM+R-parity+flavor universality

3. Beyond vanilla SUSY



Review
Run I, naturalness and SUSY



Naturalness motivates the TeV scale

Quantum corrections:

m2
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Naturalness: no enormous cancellations (if Λ=Mpl, need cancellation at 10-32 level!)

• Expect new particles at (or below) the TeV scale

• And some new mechanism (e.g. symmetry) to shield the theory from even higher scales
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Supersymmetry

SUSY solves the hierarchy problem by extending chiral symmetry to the Higgs. 
Quadratic divergences cancelled by superpartners. 

In minimal realizations of SUSY, a special role is played by the Higgsino, stops, and 
gluinos, which couple strongest to the Higgs.

Naturalness still bounds superpartner masses and UV scale Λ where they are 
generated (“messenger scale”). 
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Gluino and stop bounds depend on messenger scale Λ. 

Low messenger scales strongly preferred. 
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Gluino and stop bounds depend on messenger scale Λ. 

Low messenger scales strongly preferred. 
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Gluino and stop bounds depend on messenger scale Λ. 

Low messenger scales strongly preferred. 

4 6 8 10 12 14 16
0

1000

2000

3000

4000

Log10LêGeV

m
@Ge

V
D

Sparticle masses with ~10% tuning in MSSM

Gluino
Stop

Higgsino

µ . 300 GeV

What does the LHC say about fine-tuning?

� =
2|�m2

H |
m2

h

 10



“Vanilla SUSY”
MSSM + R-parity + flavor-universality



MSSM+R-parity+flavor universality

Motivations: simplest, most minimal, automatically consistent with unification, 
easy to embed in top-down models such as gauge mediation.  

Essential baseline model!

With R-parity, LSP is stable. Light higgsinos make missing ET unavoidable.

With flavor-universality, light stops imply light u and d squarks. Valence squark 
production xsec is enormous! 

ũ, d̃

q

q

g
g̃

g̃

q

q

q̃

g̃

g̃

q

q

q̃

g̃

g̃

q

q

g
q̃

q̃∗

q

q

g̃

q̃

q̃∗

q

q

g̃

q̃

q̃

q

q

g̃

q̃

q̃

Figure 10.3: Feynman diagrams for gluino and squark production at hadron colliders from strong
quark-antiquark annihilation and quark-quark scattering.

the component of the missing energy that is manifest as momenta transverse to the colliding beams,
usually denoted /ET or Emiss

T (although /⃗pT or p⃗miss
T might be more logical names) is observable. So,

in general the observable signals for supersymmetry at hadron colliders are n leptons + m jets +
/ET , where either n or m might be 0. There are important Standard Model backgrounds to these
signals, especially from processes involving production of W and Z bosons that decay to neutrinos,
which provide the /ET . Therefore it is important to identify specific signal region cuts for which the
backgrounds can be reduced. Of course, the optimal choice of cuts depends on which sparticles are
being produced and how they decay, facts that are not known in advance.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. The most important potential
backgrounds are:

• Detector mismeasurements of jet energies,

• W+jets, with the W decaying to ℓν, when the charged lepton is missed or absorbed into a jet,

• Z+jets, with Z → νν̄,

• tt production, with W → ℓν, when the charged lepton is missed.

One must choose the /ET cut high enough to reduce these backgrounds, and also to assist in efficient
triggering. Requiring at least one very high-pT jet can also satisfy a trigger requirement. In addition,
the first (QCD) background can be reduced by requiring that the transverse direction of the /ET is
not too close to the transverse direction of a jet. Backgrounds can be further reduced by requiring at
least some number n of energetic jets, and imposing a cut on a variable HT , typically defined to be
the sum of the largest few (or all) of the pT ’s of the jets in each event. (There is no fixed standard
definition of HT .) Different signal regions can be defined by how many jets are required in the event,
the minimum pT cuts on those jets, how many jets are included in the definition of HT , and other fine
details. Alternatively, one can cut on meff ≡ HT + /ET rather than HT . Another cut that is often used
in searches is to require a minimum value for the ratio of /ET to either HT or meff ; the backgrounds
tend to have smaller values of this ratio than a supersymmetric signal would. The jets+/ET signature
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Using analysis framework developed by 
Jared Evans and Yevgeny Kats

Vanilla SUSY is more than 10% tuned even under extremely 
optimistic assumptions (ultra low messenger scale). 
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Direct searches125 GeV Higgs

Then there’s also the Higgs mass...



mh=125 GeV is independently pushing up the SUSY-scale in the MSSM.  

Famous bound (mh)tree<mZ. Need loop corrections from stops to raise it to 125 GeV.



Simple test-point:
MS = 10 TeV, 

Xt = 0, tanß = 20

Draper et al :         Mh = 123.2  GeV

Bagnaschi et al :   Mh = 123.6  GeV 

SusyHD:               Mh = 123.6  GeV
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125 GeV in the MSSM requires either 
10 TeV stops (0.01-0.1% tuning)...

mh=125 GeV is independently pushing up the SUSY-scale in the MSSM.  

Famous bound (mh)tree<mZ. Need loop corrections from stops to raise it to 125 GeV.
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Vanilla SUSY does not seem 100% natural anymore. 

Both direct searches and Higgs are independently 
pointing at heavier-than-expected superpartners 
and percent-level tuning.

Maybe we got unlucky and that’s the way things are!

CARAMEL COFFEE FRAPPE BASE: 
Ingredients:  Water, Cream, Sugar, Milk, High Fructose Corn Syrup, Coffee Extract, Natural (Plant Source) and Artificial Flavors, Mono and Diglycerides, Guar Gum,
Potassium Citrate, Disodium Phosphate, Carrageenan, Carob Bean Gum. 
CONTAINS: MILK.
VANILLA REDUCED FAT ICE CREAM: 
Ingredients:  Milk, Sugar, Cream, Nonfat Milk Solids, Corn Syrup Solids, Mono- and Diglycerides, Guar Gum, Dextrose, Sodium Citrate, Artificial Vanilla Flavor,
Sodium Phosphate, Carrageenan, Disodium Phosphate, Cellulose Gum, Vitamin A Palmitate. 
CONTAINS: MILK.
STRAWBERRY BANANA FRUIT BASE: 
Ingredients: Strawberry Puree, Banana Puree, Water, Grape Juice Concentrate, Clarified Demineralized Pineapple Juice Concentrate, Sugar, Contains Less Than
1%: Natural (Plant Source) and Artificial Flavors, Cellulose Powder, Pear Juice Concentrate, Peach Juice Concentrate, Xanthan Gum, Citric Acid, Pectin, Colored
with Fruit and Vegetable Juice, Ascorbic Acid (Preservative). 
CONTAINS: MILK. 
*Dispensed from equipment that also dispenses milk ingredients.
LOWFAT SMOOTHIE YOGURT: 
Cultured Grade A Reduced Fat Milk, Sugar, Whey Protein Concentrate, Fructose, Corn Starch, Modified Food Starch, Gelatin.  Contains Active Yogurt Cultures. 
CONTAINS: MILK.
OREO COOKIE PIECES: 
Ingredients: Sugar, Enriched Flour (Wheat Flour, Niacin, Reduced Iron, Thiamin Mononitrate, Riboflavin, Folic Acid), Vegetable Oil (May contain one or more of the
following: High Oleic Canola Oil, Palm Oil, Canola Oil and/or Soybean Oil), Cocoa (Processed with Alkali), High Fructose Corn Syrup, Corn Starch, Leavening
(Baking Soda, Calcium Phosphate), Salt, Soy Lecithin (Emulsifier), Artificial Flavor (Vanillin), Chocolate. 
CONTAINS: WHEAT , SOY LECITHIN.
BLUEBERRY POMEGRANATE SMOOTHIE BASE: 
Ingredients: Blueberry Puree, Water, Clarified Demineralized Pineapple Juice Concentrate, Raspberry Puree, Apple Juice Concentrate, Pomegranate Juice
Concentrate, Contains 1% or Less: Natural (Plant Source) and Artificial Flavors, Cellulose Powder, Peach Juice Concentrate, Pear Juice Concentrate, Citric Acid,
Lemon Juice Concentrate, Xanthan Gum, Pectin, Fruit and Vegetable Juice For Color. 
CONTAINS: MILK. 
*Dispensed from equipment that also dispenses milk ingredients.
WHITE CHOCOLATE FLAVORED SYRUP: 
Ingredients: Sugar, Condensed Nonfat Milk, Water, Contains less than 2% of: Natural and Artificial Flavor, Salt, Potassium Sorbate (Preservative), Xanthan Gum. 
CONTAINS: MILK.
PREMIUM ROAST COFFEE:
MARASCHINO CHERRY: 
Ingredients: Cherries, Water, Corn Syrup, High Fructose Corn Syrup, Sugar, Malic Acid, Citric Acid, Natural (Plant Source) and Artificial Flavors, Sodium Benzoate
and Potassium Sorbate (Preservatives), Red 40, Sulfur Dioxide as Preservative (Contains Sulfites).
WHOLE MILK: 
Ingredients: Milk, Vitamin D3 Added.
LIGHT CREAM: 
Ingredients: Milk, Cream, Sodium Phosphate, DATEM, Sodium Stearoyl Lactylate, Sodium Citrate, Carrageenan. 
CONTAINS: MILK.
COFFEE (Medium): 
Ingredients: Brewed Coffee
SUGAR FREE FRENCH VANILLA SYRUP: 
Ingredients: Water, Eythritol, Natural (Plant Source) and Artificial Flavor, Cellulose Gum, Salt, Malic Acid, Potassium Sorbate (Preservative), Acesulfame Potassium,
Sucralose, Caramel Color.
FRENCH VANILLA SYRUP: 
Ingredients: Sugar, Water, Natural (Plant Source) and Artificial Flavor, Potassium Sorbate and Sodium Benzoate (Preservatives), Citric Acid, Caramel Color (with
Sulfites).
ICED TEA (Large): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA  (Extra Small): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
COFFEE (Large): 
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Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA (Medium): 
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Models for A-terms

Models for A-terms were not well-explored prior to the Higgs discovery. 
Interesting theoretical challenge!
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• A-terms not generated at messenger scale in 
well-motivated models such as GGM. 

• Can use RG; parameter space very 
constrained by Higgs mass (Draper, Meade, 
Reece & DS ’11, Knapen, Redigolo & DS ’15)

• Colored superpartners largely out of 
reach even at Run II. 

• Light EW-inos are generic and within 
reach.



Models for A-terms

Models for A-terms were not well-explored prior to the Higgs discovery. 
Interesting theoretical challenge!

• Alternatively, can generate A-terms at 
messenger scale, using direct messenger-
MSSM couplings. 

• Very active area since the Higgs discovery!

• Can achieve best-possible tuning in MSSM 
(Evans & DS ’13; Basirnia, Egana, Knapen & 
DS ’15). 

• Interesting flavor signatures. (Abdullah et al 
’12; Jay Perez et al ’12; Calibbi et al ’13; 
Evans, DS & Thalapillil ’15)
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Figure 3: Contours of the Higgs mass (black), geometric mean of the stop masses (blue) and

tuning (dashed), for two choices of �33
u with Nm = 3, tan � = 20, M = 250 TeV. Di↵erent

Higgs mass contours are presented to account for the uncertainty in the theoretical Higgs

mass calculation. The shaded region corresponds to tachyonic stops/staus. The dot on the

figure on the right corresponds to the point in parameter space with the spectrum presented

in figure 4. The parameter space below the red line on the same figure is excluded by [37].

All quantities are evaluated at MSUSY .

collider signatures here are potentially spectacular. If colored superpartners are accessible to

collider experiments they will lead to a long decay chain including jets, leptons and missing

energy. As in our non-MFV model, searches that look for jets, tau final states and large

missing energy can be sensitive to this spectrum when the strong production is accessible.

In particular ATLAS search [37] analyses a similar spectrum and their results apply directly

to our case, setting strong bounds on parts of the parameter space. For tan � = 20, gluinos

of up to 1.6 TeV are excluded, which corresponds to a total strong production cross section

of ⇠ 1.5 fb at tree level [38].

Multilepton searches could also be a leading probe of this model, especially when the

colored sparticles are too heavy to be produced. The stau NLSP scenario considered in

[39] can be sensitive to our case, but since in our spectrum m̃eR � m̃⌧1 ⇠ 20 GeV and

150 GeV < m̃⌧1 , the obtained bounds are not currently relevant for us. However, updates of

these searches in Run II of the LHC can be very interesting for our models.
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Or maybe it’s not vanilla SUSY...



Must modify (at least) one of the starting points.

Must address BOTH challenges facing vanilla SUSY.

Vanilla SUSY
(MSSM+R-parity+flavor universality)

Higgs mass

Non-decoupling D-terms 
(U(1)’, SU(2)1xSU(2)2, ...)

Non-decoupling F-terms
(NMSSM, λSUSY...)

Collider constraints

Hiding SUSY

Relaxing 
naturalness bounds

RPV

Hidden valleys
Stealth SUSY

Compressed spectra

Effective SUSY

PNGB Higgs

Dirac gluinos
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Raising the Higgs mass

In the MSSM, tree-level Higgs quartic related to gauge couplings by SUSY.

Idea: extend MSSM with extra states that interact with the Higgs.  Augment 
Higgs quartic at tree-level, can raise mh and restore naturalness. 

Two options: Quartic from F-terms (extended matter sector) or D-terms 
(extended gauge sector).

V (H) = m2
H |H|2 + 1

2
�H |H|4

v2 = �m2
H

�H
= (246 GeV)2

m2
h = �2m2

H = 2�Hv2 = (125 GeV)2
�H =

1

2
(g2 + g02) + ��H



Non-decoupling F-terms

Integrating out extra singlets can give add’l 
contributions to Higgs quartic. 

Naturalness: expect light (sub-TeV) singlet/
singlino and modified Higgs couplings. 

Challenges: Landau poles, μ problems
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Figure 7: Contours of Higgs mass fine-tuning, �mh
, in the NMSSM with the maximal value of

� = 0.7 for tan � = 2 and 5, moving from left to right, withmQ3 = mu3 = m
˜t andmA = 500 GeV.

Contours of mh = 124 and 126 GeV are overlaid, including loop corrections from Suspect and
FeynHiggs. When tan � = 2 the tuning can be low, �mh

. 15, while for tan � = 5 heavier stop
masses are required because the tree-level Higgs mass is lower.

can be realized with mS several hundreds of GeV. For large enough values of �, the second term

dominates the tree-level mass. The � term grows at small tan �, and this means that the largest

Higgs mass is achieved with low tan � and as large � as possible. Plugging in � = 0.7, we find

that (mh
2)

tree

is always smaller than 122 GeV.

Because the tree-level contribution is insu�cient to raise the Higgs mass to 125 GeV, we also

consider the loop corrections to the Higgs mass arising from stops. In Figure 6, we show contours

of mh = 125 GeV, in the stop mass/mixing plane, with tan � = 2, 5, 10 and varying � between

0 and 0.7. We take the tree-level mass to saturate the bound of equation 10 and we add to it

the one and two loop contribution from stops using Suspect, taking degenerate stop soft masses,

mQ3 = mu3 . Here, and for the rest of this section, we have set µ = 200 GeV and we fix Bµ

by taking the MSSM-like pseudoscalar mass to be 500 GeV, in the limit of no mixing with the

singlet-like pseudoscalar. Suspect includes only the MSSM contribution, and this means that we

are neglecting the one-loop contribution proportional to �2, which is a reasonable approximation

since � < yt. For low tan � and � close to 0.7, the lightest stop becomes tachyonic near maximal

mixing. Furthermore, for sub-maximal stop mixing, the stops are light enough to give O(1)

corrections to �(gg ! h); however, these corrections may take either sign, depending on the size
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Non-decoupling D-terms

Charging the Higgs under additional gauge 
interactions (e.g. U(1)’) can lift Higgs mass 
through D-terms (Batra et al ’03)

Naturalness: expect Z’ resonances accessible at 
Run II! (Cheung & Roberts ’12; Bertuzzo & Frigiuele ’14)

Challenges: Landau pole, unification, EWPT.

VD � (qu|Hu|2 + qd|Hd|2 + . . . )2
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FIG. 9: Allowed regions for U(1)� and U(1)
3R for p and q fixed

according to the exact GUT relations (solid shaded) or fixed to
their values when running down from a high scale (dashed).

in Eq. (15) as a function of p and q, while the production
cross-section of X bosons from proton collisions can be
computed in terms of p with MadGraph5, including NNLO
corrections from [23]. Remarkably, �BR is non-zero for
any value of p and q, as shown in Fig. 5, which shows
the rate normalized to g2X for a sample parameter space
point, mX = 3 TeV at

p
s = 7 TeV. This crucially implies

an irreducible rate for pp ! X ! ``, which we constrain
with 5/fb results from the LHC [16]. For convenience,
we also present the production cross-section normalized
to g2X in Fig. 6. By multiplying by BR(X ! ``) from
Eq. (15) and g2X which is bounded from Figs. 3 and 4,
one can determine a simple estimate for the future LHC
reach for X bosons. At 100/fb and

p
s = 14 TeV, the

LHC can reach as high as mX ⇠ 6 TeV.

B. Litmus Tests

The experimental constraints enumerated in Sec. III A
provide stringent and complementary limits on the al-
lowed parameter space of U(1)X theories. We can now
combine these bounds in order to identify various ‘litmus
tests’ for non-decoupling D-terms.

To begin, consider Figs. 7 and 8, which depict ex-
perimentally excluded regions in the (q,mX) plane for
m

˜t = 0.5 TeV, 2 TeV, respectively. The region below the
solid red line is excluded by precision electroweak mea-
surements. This limit is to good approximation indepen-
dent of p, which controls the coupling of X to quarks.

The region below the blue dashed line is excluded by LHC
resonance searches in the anomaly free case, i.e. p = q.
Allowing p 6= q to vary freely then floats the boundary of
this exclusion within the blue shaded region.
For stop masses in the natural window, m

˜t . 500 GeV,
these plots imply that the LHC has not excluded any
region of parameter space which was not already disfa-
vored by precision electroweak limits. Conversely, if nat-
ural SUSY employs non-decoupling D-terms, then the
LHC should not yet have seen any signs of the X boson.
Given precision electroweak measurements, mX & 2.2
TeV for natural SUSY. For heavier stop masses, Fig. 8
shows that the LHC has covered some but not very much
new ground.
Let us now discuss Figs. 1 and 2. At fixed values of the

masses, mX and m
˜t, we can scan over the charge param-

eters, gX , p, and q, discarding any model points which
are in conflict with precision electroweak and Higgs lim-
its. By this procedure, we obtain an ‘image’ of the viable
theory space on the observable space, (�BR,mX). Each
dotted black contour in Figs. 1 and 2 depicts a maximal
allowed region in (�BR,mX) obtained via this scan for
a given stop mass. Any theory of natural SUSY which
employs non-decoupling D-terms predicts an X boson
residing somewhere within the region corresponding to
m

˜t = 0.5 TeV. Since we have marginalized over gX , p,
and q, these exclusions are model independent.
The allowed regions in Figs. 1 and 2 are bounded at

small and large �BR because gX,min

< gX < gX,max

,
where gX,min

is a function of (m
˜t, tan�) and gX,max

is a
function of (q,mX). As described in Sec. III A, the lower
bound arises from the requirement that non-decoupling
D-terms su�ciently lift the Higgs mass up to mh ' 125
GeV, while the upper bound arises from precision elec-
troweak constraints. Since the production cross-section
of X bosons depends on gX , one can translate this al-
lowed window in gX into an allowed window in rate,
�BR

min

< �BR < �BR
max

.
Because Figs. 1 and 2 were derived from a parameter

scan, model points near the Higgs boundary limit ver-
sus those near the precision electroweak boundary limit
correspond to di↵erent values of p and q. This results
in di↵erent precision electroweak constraints for di↵erent
stop masses—an e↵ect that is amplified on the near flat
direction in m

˜t that traverses diagonally across the plot.
Note that the values of �BR

min

depicted in Figs. 1
and 2 are conservative—they coincide with the parameter
choice " = 1 in Eq. (10). Because this corresponds to
mC ! 1, this choice is rather unphysical. In general,
" < 1, in which case �BR

min

will be substantially larger
and the allowed region will shrink.
Also, at a fixed value of �BR, increasing mX makes

precision electroweak bounds more severe, which is un-
intuitive from the point of view of decoupling. How-
ever, this occurs because in order to keep �BR constant
with increasing mX , the coupling gX must increase even
faster, inducing tension with precision electroweak mea-
surements.
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Effective SUSY

Light 1st/2nd generation squarks not required for naturalness. 
(Dine, Leigh & Kagan ’93; Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96) 

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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Figure 4: Limits on scenarios with a stable higgsino LSP, in the gluino-higgsino mass plane, with

a right-handed stop (left plot) or a left-handed stop and sbottom (right plot) at 750 GeV, as de-

scribed in figure 3. The searches shown are ATLAS 2-6 jets+E/T [17], ATLAS and CMS b+jets+E/T

searches [35, 36] (combined into one contour), CMS `+b+6j+E/T [37], and the ATLAS and CMS

same-sign dilepton searches [38–41] (combined into one contour). Dashed lines indicate regions in

which the exclusion is stronger than a factor of 2.

As expected, since the events contain copious top quarks, high-pT (b-)jets, and E/T , the con-

straints on these scenarios, for generic mass splittings, are quite stringent (generally around 1.2 TeV,

which is quite close to the kinematic limit). We display the limits from the ATLAS and CMS

searches for multiple bs+jets+E/T [35, 36], the ATLAS search for 2-6 jets+E/T [17] and the CMS

search for `+b+6j+E/T [37]. (The other searches from table 1 are not shown for clarity.) Across

nearly all of the natural region with mH̃ < 400 GeV, at least one of these searches is providing robust

exclusion (indicated by the region of darker shading) for gluino masses nearly up to the kinematic

limit. Notice that limits from same-sign (SS) dilepton searches [38–41] – sometimes regarded as

a good path for discovering natural SUSY spectra – are not as strong, due to the low probability

for obtaining a SS pair of leptons from top decays. Although b-jet based searches set the strongest

limits for these simplified models, the ATLAS 2-6 jets+E/T search with no b-tag requirement from

table 1 nominally excludes the entire region of mg̃ < 1000 GeV, mH̃ < 400 GeV (and beyond). This

illustrates both the usefulness and the limitations of our short list of searches in table 1. While for

a given model the searches in table 1 may not set the best possible limit, in general they will cover

slightly di↵erent branching fractions may easily populate a final state by amounts that di↵er by factors of order 2 or
so; thus robust exclusion of a specific model assures that most similar models will also be excluded.
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Decoupling them relaxes collider limits, but not completely



Gluino limits
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Without doing something more, only low 
messenger scales survive naturalness bound!



For many-body decays – no relevant searches at all. 
Seems possible to design searches for at least the 
(quite motivated) cases with high b multiplicity. 

Stops  →  lower  cross  section 
                  →  lower  masses  are relevant 
                         →  trigger  limitations 

All-hadronic signatures 

Evans and Kats, arXiv:1209.0764 
                            arXiv:1311.0890 
Evans, arXiv:1402.4481 RPV

RPV and related mechanisms (hidden valleys, stealth) can hide SUSY by turning 
MET into jets and leptons, but the gaps are closing.

• Stops:

• first two body limits (stop→qq) were recently obtained by ATLAS (CONF-2015-026) and 
CMS (1412.7706). Limits between 300-400 GeV.

• Many-body stop decays still unconstrained! (Evans & Kats ’12, ’13; Evans ’14)

• Gluinos: robust, model-independent lower bound ~ 1 TeV (Kats, Evans, Strassler & DS ’13)

• RPV can significantly relax bounds on flavor-universal squarks (Graham et al ’14)

• Gaps in displaced RPV decays largely closing (Liu & Tweedie ’15; Csaki et al ’15)

WRPV =
1

2
�ijkLiLjEk + �0

ijkLiQjDk +
1

2
�00
ijkUiDjDk

See Y. Kats talk in parallel session for more details!

All-hadronic signatures 

ATLAS 
arXiv:1502.05686 

most 
difficult 

Cohen, El Hedri, Hook, 
Izaguirre, Jankowiak, 
Lisanti, Lou, Wacker 

arXiv:1202.0558 
arXiv:1302.1870 
arXiv:1402.0516 

Good coverage already.  Hopefully robustness will improve in Run 2. 

A variety of gluino benchmark models are addressed by ATLAS. 



Compressed stops

t̃

�̃0
1

All event activity (MET, jets,...) 
decreased as mLSP → mstop



Recent idea: use recoil off hard ISR jet.  

In all-hadronic channel, MET will be back-to-
back with ISR jet. Not true of dominant 
backgrounds (QCD, ttbar)!

(Hagiwara & Yamada ’13; An & Wang ’15; Macaluso, 
Park, DS & Tweedie ’15)
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FIG. 3: Existing Run 1 limits from ATLAS and CMS, and projected 300 fb�1 discovery and

exclusion sensitivities for our 6HT analysis. The truth- 6ET analysis (not shown) yields very similar

exclusion contours, but somewhat stronger discovery contours at lower masses. Note that our

simulation grid does not extend all the way down to the W compression line mt̃ ' m�̃ +mb +mW

nor below, where the decay kinematics transitions to four-body. (We also do not indicate existing

exclusions in that region. For the stealth exclusions, see Fig. 6.)

as S/
p
B = 5. Fig. 3 shows our final exclusion and discovery contours for 300 fb�1, indicat-

ing a near complete closure of the current compression line gap. Fig. 4 shows the luminosity

required to achieve exclusion-level sensitivity along the compression line. While our simu-

lations are done under Run 2 & 3 conditions, we have also naively extrapolated as far as

the HL-LHC luminosity of 3 ab�1. We include as well in Fig. 5 a scan of the signal and

background rates at 300 fb�1 along the top compression line. This indicates S/B ⇠ 1 over

most of the range that we study, suggesting good resilience to systematic errors, which we

have not attempted to estimate. Finally, in Fig. 6 we provide a closer view of the exclusion

sensitivity near the stealth point, via a series of scans over mt̃ at fixed neutralino masses.

III. DISCUSSION AND OUTLOOK

Fig. 3 suggests that our proposed search strategy can access stops along the top com-

pression line beyond 400 GeV at discovery-level significance, and perhaps up to 550 GeV at
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truth-6ET (dashed) and 6HT (solid) analyses, assuming 13 TeV and Run 2 & 3 pileup and detector

conditions. (Projections beyond 300 fb�1 are naive extrapolations, not using HL-LHC conditions.)
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FIG. 5: Signal (red) and background (purple) counts along the top compression line for 300 fb�1,

for both our truth- 6ET (dashed) and 6HT (solid) analyses.

exclusion-level significance, over the current phase of LHC running. These numbers already

start to approach what was done for non-compressed stops at Run 1. However, unlike those

searches, for us the sensitivity is maximized on the top compression line. This complemen-

tarity is made possible by focusing on the unique kinematic configurations that start to open

up at Run 2. It is rather remarkable that the sensitivity gap at the top compression line,

which has become a modern benchmark of di�culty in new physics searches, can be shrunk

9

Can access compressed region with high 
S/B at Run II!
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FIG. 1: Kinematic distributions of stacked backgrounds and some example signal points for the

6HT -based analysis, with cumulative cuts. The baseline cuts include the lepton veto, jet counting,

ISR-jet pT cut, and a cut 6HT /
p

HT > 3 GeV1/2 used to define the simulation samples.

than
p
m2

t �m2
W ' 153 GeV at leading-order with narrow W . These inequalities continue

to hold even when the top is below its mass-shell, as the kinematic boundary only becomes

lower. The leading two b-jets in the event are taken to be the b-quark candidates. A list

of remaining jets in the event is formed which satisfy m(b+ j) > 200 GeV for both b-quark

candidates. The highest-pT jet from this list is then the ISR candidate. Only events with

pT (ISR-jet)> 550 GeV are kept in our analysis.

Individual top quarks are reconstructed using a procedure borrowed from [5]. Excluding

the two leading b-jets and the ISR-jet candidate, the two closest jets in the ⌘-� plane are

added to form a “W boson.” This in turn is added to the closest b-jet to form a “top

6
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Relaxing Naturalness Bounds

Gluinos:

• Well-known solution: Dirac instead of Majorana masses for gluinos.

• Allows for much heavier (multi-TeV) gluinos without spoiling naturalness.

• Many positive benefits, including decreasing valence squark cross sections at LHC 
(Kribs & Martin ’12)

• Incompatible with simple SU(5) unification

M3g̃g̃ ! M3g̃ ψ:  new color octet

�m2
t̃ ⇠ ↵3M

2
3 log

⇤

M3
! �m2

t̃ ⇠ ↵3M
2
3

�m2
Hu

⇠ ↵3↵tM
2
3

✓
log

⇤

M3

◆2

! �m2
Hu

⇠ ↵3↵tM
2
3 log

⇤

M3

Dirac mass is “supersoft” 
(Fox, Nelson & Weiner ’02)



Relaxing Naturalness Bounds

Higgsinos:

• Not easy to break tree-level connection between Higgsinos and tuning. 

• One idea: Higgs as PNGB (Cohen, Kearny & Luty ’15). In principle, Higgsino can be much 
heavier than in MSSM without sacrificing naturalness. 

• But 10% tuning of v/f inevitable in all PNGB models, so total naturalness not possible here. In a 
more complete model, Cohen et al found ~ 3% tuning at best. Not a huge overall improvement 
over MSSM tuning in absolute terms.

• As with all PNGB models, needs unknown UV completion at relatively low scales. Unification 
likely spoiled.



Conclusions

Natural SUSY is under extreme pressure from LHC searches and mh =125 GeV.

Models of natural SUSY must overcome both collider constraints and raise mh 
to 125 GeV.  Many ideas for one or the other, but very few (any?) complete 
models.

The vanilla scenario is at least 1% tuned. 

Maybe we’re unlucky and the weak scale is a bit of a numerical accident. 

Or else Nature has given us a twist and SUSY is not completely minimal.

Many flavors of natural SUSY still remain.  Are any of them realized in Nature? 
We need experiment to lead the way!



Thanks for your 
attention!
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