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Lots of “Beyond the Standard Model”
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The Hierarchy Problem
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting RG 
flow to IR

Standard Model(~unique vacuum)

mH is not technically natural ⇒ Hierarchy problem



The usual approach*

mH is technically natural

Extend SM with 
a symmetry

*given an elementary Higgs



The usual approach*
*given an elementary Higgs

Supersymmetry Global symmetry

}
Supersymmetry 

Sparticles m̃

≲4π/G

Higgs mh

Global symmetry 
Partner particles m̃

}≲4π/G

Higgs mh



Tremendously effective! 
Nothing so far.
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included



Where are we?
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5 TeV

Best case scenario given null results: 
partner mass hierarchy inversely 

proportional to contribution to Higgs mass

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

“Natural SUSY”

7

(higgsinos)

(stops, …)

� ⌘ 2�m2
H

m2
h

Quantify tuning 
(as you like)

Supersymmetry

�m2
H / µ2

�m2
H / 3y2t

8⇡2
m̃2

log(⇤/m̃)

(“linearized” 
Barbieri-
Giudice)



SUSY after LHC16: Higgsinos
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5 TeV

“Natural SUSY”
Lots of searches…

…no irreducible limits, but getting there?

P1

P2

χ̃0
1

χ̃0
1

h

G̃

G̃

h

8

Chargino-neutralino splitting in 
pure higgsino multiplet: 355 MeV 

[Thomas, Wells ’98]
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Theory (Phys. Lett. B721 252 (2013))
ALEPH (Phys. Lett. B533 223 (2002))
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 > 0µ = 5, βtan

Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].
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Figure 11: Combined exclusion contours at the 95% CL in the plane of mec0
1

and B(ec0
1 ! HeG)

for the model of ec0
1 ec0

1 production for cross section scenario 1 (top) and 2 (bottom). The area to
the left of or below the solid (dashed) black curve represents the observed (expected) exclusion
region. The area around mec0

1
⇡ 200 GeV and B(ec0

1 ! HeG) � 0.8 is neither expected nor
observed to be excluded in scenario 2. The green and yellow bands indicate the ±1 and 2
standard deviation (s) uncertainties in the expected limit. The thin black lines show the effect
of the theoretical uncertainties (±1stheory) on the signal cross section.
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5 TeV

“Natural SUSY”

SUSY after LHC16: Stops
�m2

H ⇠ � 3

8⇡2
y2t (m

2
Q3

+m2
u3

+ |At|2) log(⇤/TeV)

Generic limit > 1.1 TeV 
→ Δ~50 (2% tuning)
(2 stops, Λ = 100 TeV)
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5 TeV

“Natural SUSY”

SUSY after LHC16: Gluinos

Generic limit > 2 TeV 
→ Δ~30 (3% tuning)

(Λ = 100 TeV)

“mt̃ & M3/2”Leads to

10
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Fine Print
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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*

�� ��� Λ=��� ���

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), 107 GeV (bottom, left) and 1016 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

16
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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 m2

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, 
just a measure of relative discomfort

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]   

*See also talk by R. Dermisek



Global expectations

5 TeV

Global

12

b’L
t’Rt’L

w’,z’

h

Story essentially same as SUSY, but now w/ 
light fermionic top partners & Higgs tuning

(top partners)

V (h) ⇠ Nc

16⇥2
m4

��2

c1

h2

f2
+ c2

h4

f4

�

� ⇠ f2/v2

Radiative Higgs potential from partners

Quartic & m2 at same loop order, expect v~f
i.e., no separation between weak scale & global breaking

Making v < f requires tree-level 
tuning of terms in the potential

�m2
H / 3y2t

8⇡2
m2

T log(⇤/mT )

For more detail & subtlety, see talk by A. Azatov



GLSY after LHC16: Higgs

5 TeV

Global
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Figure 4: Observed and expected upper limits at the 95% CL on the squared coupling scale factor, 02, of a heavy
Higgs boson arising through an additional EW singlet, shown in the [µH ,BRH,new] plane. The light shaded and
hashed regions indicate the observed and expected exclusions, respectively. Contours of the scale factor for the
total width, �H/�H,SM, of the heavy Higgs boson are also illustrated based on Eqs. (14) and (15).

Both Higgs doublets acquire vacuum expectation values, v1 and v2 respectively. Their ratio is denoted
by tan � ⌘ v2/v1, and they satisfy v21 + v

2
2 = v

2 ⇡ (246 GeV)2. The Higgs sector of the 2HDM can be
described by six parameters: four Higgs boson masses (mh, mH , mA, and mH±), tan �, and the mixing
angle ↵ of the two neutral, CP-even Higgs states. Gauge invariance fixes the couplings of the two neutral,
CP-even Higgs bosons to vector bosons relative to their SM values to be:

g2HDM
hVV /g

SM
hVV = sin(� � ↵)

g2HDM
HVV /g

SM
HVV = cos(� � ↵) .

(17)

Here V = W,Z and gSM
hVV,HVV denote the SM Higgs boson couplings to vector bosons.

The Glashow–Weinberg condition is satisfied by four types of 2HDMs [67]:

• Type I: One Higgs doublet couples to vector bosons, while the other couples to fermions. The first
doublet is “fermiophobic” in the limit that the two Higgs doublets do not mix.

• Type II: This is an “MSSM-like” model, in which one Higgs doublet couples to up-type quarks
and the other to down-type quarks and charged leptons. This model is realised in the Minimal
Supersymmetric Standard Model (MSSM) (see Section 8).

• Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type I model and
to charged leptons as in Type II.

• Flipped: The Higgs bosons have the same couplings to quarks as in the Type II model and to
charged leptons as in Type I.

13

Limit  
v2/f2 < 0.1 
→ Δ~10 

(10% 
tuning)

|@µH|2 + H†H

f2
|@µH|2 !

✓
1 +

v2

f2

◆
1

2
(@µh)

2

h ! (1� v2/2f2)h

m2
Z

v
hZµZ

µ ! m2
Z

v
(1� v2/2f2)hZµZ

µ

Canonically normalize

shifts higgs couplings uniformly, e.g.

+additional model- & species-dependent changes 



GLSY after LHC16: Top’

5 TeV

Global

b’L
t’Rt’L

w’,z’

h

3rd-generation vector-like quarks. Relative 
to SUSY: larger xsec, no missing energy

Generic limits >1 TeV (both t’)  
→ Δ~10 (10% tuning) (Λ = 3 TeV)



GLSY after LHC16: Resonances

5 TeV

Global

15

b’L
t’Rt’L

w’,z’

h

Wide variety of possible resonances & signals

S = 4�(1.36)
✓

v

m⇢

◆2

! m⇢ & 3 TeV

Comparable to precision electroweak limits

Generic limit > 3 TeV  
→ Δ~1 (no tuning on top of v/f tuning) 



Once Upon a Time...

7

In the 1990s, limits on the CMB quadrupole were pushing the
limits of cold dark matter cosmology...

...and then came COBE

What about the quadrupole?

1%
tuning

Bad luck?

• Neutrons fail to bind by 60 keV 

• Moon & sun ~0.50 of arc 

Nature has given us 1% tunings, some as substantive as this.

• Low CMB quadrupole 

Approaching %-level tunings on all generic, conventional fronts 
Certainly not time to give up, e.g. other %-level coincidences:

16
…but this should still be cause for serious reflection.



Where we are going
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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Discovery potential for generic 
QCD-charged states is shrinking 

(Many caveats: e.g. current search reach 
suggests HL-LHC forecasts are conservative.)
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(b) q̃q̃, decoupled g̃
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Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Current CMS 36/fb 0+1+2 lepton limit 

Current ATLAS 36/fb 0l, 2-6j limit 

Not a sign that discovery 
is out of reach, but a sign 
that the biggest potential 

now lies in other channels.



New opportunities 
in familiar places



Focus on opportunities
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fied models can be seen in Figure 4. In the case of the WZ-mediated simplified models and the luminosity
scenario of 300 fb�1, the exclusion contour reaches 840 GeV in �̃±1 , �̃

0
2 mass, while for the high luminosity

scenario with 3000 fb�1, the contour extends as far as 1.1 TeV in �̃±1 , �̃
0
2 mass. The discovery contour for

300 fb�1 reaches 560 GeV in �̃±1 , �̃
0
2 mass, and 820 GeV for the high luminosity scenario with 3000 fb�1.
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Figure 4: The expected 95% exclusion and discovery contours for the 300 fb�1 and 3000 fb�1 luminosity
scenarios in the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the WZ-mediated simplified model. The 8 TeV exclusion

contour is also shown in orange [19].

3.3 3` Wh-mediated Signal Region Selection

Leptons are selected as in Section 3.1. Events are selected with exactly three leptons and events with a
Same-Flavour Opposite-Sign (SFOS) lepton pair present among the three leptons are rejected to suppress
the WZ background. This SFOS veto mainly selects Wh-mediated �̃±1 �̃

0
2 signal events where the h!WW.

Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The WZ and tt̄ samples are
generated with a Emiss

T > 50 GeV filter, and so a requirement of Emiss
T > 100 GeV is imposed after

smearing. A requirement is made on the invariant mass of the two OS leptons closest in �R, mmin�R
OS , to

reject the tt̄ and WWW backgrounds. Large mT formed from each of the three leptons, mT(`1), mT(`2)
and mT(`3), is required to reduce the contributions from the tt̄ and triboson backgrounds. The thresholds
on mmin�R

OS , mT(`1), mT(`2) and mT(`3) are optimised for high ZN . Four signal regions are defined for
the Wh-mediated simplified model: two loose regions “E” and “F” optimised for small mass splitting
scenarios, a tight region “G” optimised for large mass splitting scenarios, and a very tight region “H”
optimised for large mass splittings in the 3000 fb�1 scenario, and these are summarised in Table 3.

3.4 1`2⌧ Wh-mediated Signal Region Selection

Leptons and jets are selected as in Section 3.1. Candidate taus are selected with pT larger than 20 GeV
and |⌘|< 2.47. All taus are requested to be separated from candidate jets (jets are discarded if �R(⌧, jet) <
0.2) and leptons (taus are discarded if �R(⌧, `) < 0.2). Due to limited statistics in some MC samples, MC
events are used 10 times with di↵erent seeds used for the reconstruction parametrisation. The events are
then weighted by 1/10 to account for this e↵ect.
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Current CMS 36/fb 2SSL+3L+4L 
(*OSL has greater reach in parent mass) 

shown in Figure 5. Additional checks with systematic uncertainties of 20% and 50% on SM backgrounds
are also shown. There is no significant e�ect from the change of the systematic uncertainty on SM
backgrounds. The sensitivity from pure ⌧̃L⌧̃L or ⌧̃R⌧̃R production and the combination are shown in Fig. 6.
Under the assumption of 30% total systematic uncertainty, the 95% CL exclusion contour reaches 700
GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, 650 (540) GeV for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R)
production with massless �̃0

1 The discovery sensitivity reaches 500 (430) GeV in ⌧̃ mass for the combined
⌧̃L⌧̃L and ⌧̃R⌧̃R (pure ⌧̃L⌧̃L) production with a massless �̃0

1. No discovery sensitivity is found for pure ⌧̃R⌧̃R
production due to the too small production cross section.
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Figure 5: The 95% CL exclusion limits and 5� discovery contours for 3000 fb�1 luminosity on the combined ⌧̃L ⌧̃L
and ⌧̃R ⌧̃R production in HL-LHC with di�erent systematic uncertainties assumption on SM backgrounds. Only one
scenario of combined ⌧̃L ⌧̃L and ⌧̃R ⌧̃R production is excluded from the current searches at LHC, where the ⌧̃ (⌧̃R)
mass is 100 (109) GeV and the �̃0

1 is massless [21].

4 Conclusions

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy
of the LHC reaches a value close to the design of

p
s = 14 TeV and an integrated luminosity of 3000 fb�1.

Feasibility studies on benchmark SUSY scenarios for direct stau pair production are carried out with
14 TeV MC samples and by applying detector response corrections to generator level particles, the 95%
CL exclusion and 5� discovery contours with the assumption of di�erent systematic uncertainties are
given, the exclusion limit reaches 700 GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R production, 650
(540) GeV for pure ⌧̃L⌧̃L (pure ⌧̃R⌧̃R) production with massless �̃0

1, and the discovery sensitivity reaches
100 (120) to 500 (430) GeV in ⌧̃ mass for the combined ⌧̃L⌧̃L and ⌧̃R⌧̃R (pure ⌧̃L⌧̃L) production with a
massless �̃0

1 with 30% systematic uncertainty. No discovery sensitivity is found for pure ⌧̃R⌧̃R production
due to the too small production cross section.
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• Limits on electroweak superpartners still well below TeV scale & 
statistics limited. 

• Significant improvement expected over the lifetime of the LHC. 
• “Let’s discover electroweak physics at the electroweak scale.” 



E.g. light Higgsinos
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h̃0

W+

W�

“Pure Higgsino” challenging: splitting neither 
big enough to see decay products nor small 

enough to see long charged stub.

But charged stub possibly accessible, & well-
decoupled gauginos give O(few GeV) splittings
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FIG. 6. Contours of the fraction of the signal events j + /ET + `` in cases I and II with an opposite-sign, same-flavor
lepton pair after all analysis cuts (except the m`` window cut) have been applied. In this figure µ = 110 GeV for
LHC operating at 8 TeV, though the contour fractions are very similar for larger µ as well as for LHC operating at
14 TeV, considered elsewhere in the paper. Note that for this particular value of µ, the region below M2 . 450 GeV
is excluded by LEP II.
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FIG. 7. The significance for case I and case II. The dashed lines show the significance if the QCD resonance region
of m`` is removed. See below for details.

the significance we require at least 5 signal events in the m`` window11. We will argue in Sec. III B that
the background containing low-mass QCD resonances is small, however one way to reduce this background
even further is to veto the m`` events in the region of J/ and below, m`` < 4GeV, as well as the ⌥ region,
8GeV < m`` < 12GeV.12 The significance including this cut is labeled as “MMWR” in Fig. 7, which stands
for “meson mass window removed”.

Finally, we move to case III, where M1, M2 are fixed to 500GeV and µ is allowed to vary. In Fig. 8, we
show the m`` distributions after all other cuts have been applied for µ = 110GeV. The left-hand panel of

11 For small numbers of events, the uncertainties are not quite Gaussian. We ignore this di↵erence and stick with S/
p
B as a

rough measure of significance.
12 Since events were binned in 2 GeV bin sizes, we did not attempt to optimize the MMWR region further.

pp ! j+ 6ET + ``

Sensitivity to few GeV splitting

[Han, Kribs, Martin, Menon ‘14]
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FIG. 3. Wino/higgsino reach at 14 TeV (blue) and 100 TeV (red) on the left/right with 3000 fb�1 of integrated luminosity.
The bands sweep out varying background systematics from 1� 5%.

FIG. 4. Wino/higgsino reach at 100 TeV with 30 ab�1 of inte-
grated luminosity. The bands sweep out varying background
systematics from 1� 5%.

gauge singlet that is stable on collider time scales and
possesses significant interactions with the Higgs, then
VBF is an e↵ective way to probe this type of model (see
e.g. [34]).

In light of the broad applicability of the VBF with
missing energy channel, and the care that must be taken
in generating the backgrounds, we provide exclusion and
discovery contours for cross-sections vs. missing energy
cuts. Figure 5 displays the cut e�ciency times cross-
section after all cuts from Table I have been applied (and
fixed to the average values between wino and higgsino)
as a function of the cut on missing energy. Given a simu-
lated signal, these plots can be utilized in a simple fashion
to obtain sensitivity for that model. To do so, one ap-
plies Table I’s cuts to the signal and compares to ✏ ⇥ �
to exclude/discover the signal at 14 or 100 TeV.

V. CONCLUSIONS

Producing and studying dark matter remains one of
the main goals of the LHC and constitutes one of the
primary targets for a future 100 TeV pp collider. Mean-
while, the vector boson fusion channel is an important
component of new physics searches, and here we analyze
its relevance to dark matter. In studying various dark
matter scenarios, supersymmetry provides a very useful
set of examples. We presented a thorough study in the
cases where the higgsino (electroweak doublet) and the
wino (electroweak triplet) constitute the dark matter.

In this work we analyzed the reach in the VBF plus
missing energy channel. We found that the reach is 240
GeV for winos and 125 GeV for higgsinos at 14 TeV.
Going to 100 TeV, the respective sensitivity increases to
1.1 TeV and 530 GeV. While VBF is not the discovery
channel for electroweak dark matter, if hints of dark mat-
ter were observed in a monojet search, the VBF channel
would provide a crucial verification. This is analogous to
the Higgs discovery in which all available channels need
to be looked at to fully understand its properties.

Since missing energy is a generic signature of mod-
els of new physics with dark matter candidates, in Sec-
tion IV we used the simulated backgrounds to set model-
independent limits on cross-sections in vector boson fu-
sion.

Finally, we investigated the impact of extended
calorimetry on the neutralino reach and found that it
does not impact this search. Compiling a list of require-
ments for proposed detectors of a 100 TeV collider is im-
portant: as evidenced in this study, the search for wino
or higgsino dark matter can only be touched upon at the
LHC and would benefit immensely from an increase to
100 TeV.

Reach LEP limit w/ SM splitting

[Berlin, Lin, Low, Wang ‘15]
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].
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Take naturalness to its limits
E.g., extend familiar SUSY theories w/ new 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:

�m2
q̃ ⇠ 2g2s

3⇡2
m2

g̃ ln (⇤/mg̃) ! mq̃ & mg̃/2 (43)

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

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

W � W 0
↵W↵

j Aj

M
(44)

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

L � D

M
�ã (45)

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

K � (W 0↵W 0
↵)†W 0�W 0

�

M6
Q†Q (46)

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

m̃2
i ⇠ ↵i

⇡
m2

D log
�
m2

a/m2
D

�
(47)
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m2
H 6= µ2

→ L � D
M

�ã

7.2 Supersoft SUSY
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also alleviates direct gluino limits and the stringent limits from squark-gluino associated
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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
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where W 0
↵ gets a D-term expectation value, yielding
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leading scalar soft mass operator allowed by the symmetries is
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Rather, the leading contribution to scalar soft masses comes from gaugino masses. However,
there is now an additional diagram that renders such soft masses finite, rather than log-
sensitive to the cuto↵, shown in Fig. 26. This additional diagram cancels the logarithmic
sensitivity to the cuto↵ and replaces it with the scalar soft mass of a, such that
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Scalar masses radiative

mt̃ ⇠ M3/5

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. 

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

• Scale is 1/R ~ 5 TeV
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[Fox, Nelson, Weiner ‘02]
[Antoniadis, Dimopoulos, 

Pomarol, Quiros ’98; Delgado, 
Pomarol, Quiros ‘98][Birkedal, Chacko, Gaillard 

’04; Chankowski, Falkowski, 
Pokorski, Wagner ‘04]



New opportunities in 
unfamiliar places



New theory frameworks?

Hierarchy problem 
still solved by 

symmetries, i.e., 
technical 

naturalness 

But IR symmetries 
discrete, not 
continuous 

“Neutral 
Naturalness”

Hierarchy problem 
not directly 

controlled by 
symmetries, 

contributions large 

But total Higgs 
mass scanned 

dynamically 

“Relaxion”



Example 1: Twin Higgs
Standard 

Model
Standard 

Model
Radiative corrections to the Higgs mass are 

SU(4) symmetric thanks to Z2:

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

Z2

[Chacko, Goh, Harnik ‘05]

V (H) ⇥ �2

16�2

✓
�6y2

t +
9
4
g2 + . . .

◆ �
|HA|2 + |HB |2

�



5 TeV

b’L
t’Rt’L

w’,z’

h

g’

“Neutral” naturalness
Simplest theory: exact mirror 

copy of SM

Many more options where 
symmetry is approximate, e.g. 
a good symmetry for heaviest 

SM particles.
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[Chacko, Goh, Harnik ’05]

[NC, Knapen, Longhi ’14; Geller, Telem 
’14; NC, Katz, Strassler, Sundrum ’15; 
Barbieri, Greco, Rattazzi, Wulzer ’15; 

Low, Tesi, Wang ’15, NC, Knapen, 
Longhi, Strassler ‘16]

But this is more than you need, 
and mirror 1st, 2nd gens lead 
to cosmological challenges



Exotic Higgs Decays

h

h*

h*

SM

SM

0++

0++

26

• Twin sector must have twin QCD, confines around 
QCD scale 

• Higgs boson couples to                                                      
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; 
lightest have same quantum # as Higgs 

-6-3
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m0@GeVD

f@Ge
V
D

ctH0++L@log10HmLD

Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, length scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15]

0++ ! h⇤ ! ff̄

gg ! h! 0++ + 0++ + . . .

L ⇥ ��0
3

6⇥

v

f

h

f
G

0a
µ�G

0µ�
a

Decay back to SM via Higgs

See also talk by D. Stolarski



Example 2: Relaxion
What if the weak scale is selected by dynamics, not symmetries?

[Graham, Kaplan, 
Rajendran ‘15]

The idea: couple Higgs to field whose minimum sets mH=0 
The problem: How to make mH=0 a special point of potential?

Vev gives quark 
masses which give 

axion potential. 

“Relaxion”

φ

V (φ)

You are here.

The solution: what turns on when mH2 goes negative? 

But: immense energy stored in evolving field, need dissipation.



QCD/QCD’ relaxion

(�M2 + g�)|H|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫

(�M2
+ g�)|H|2 + V (g�) + ⇤

4
cos(�/f))

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation

Viable for Higgs + non-compact axion + inflation w/

In vacuum, axion gives O(1) 
contribution to θQCD 

Various other subtleties regarding technical naturalness, CC; care 
required to avoid transferring fine-tuning to inflationary sector.

First thought: use an axion coupled to QCD during inflation.

φ

V (φ)

You are here.

[Graham, Kaplan, Rajendran ‘15]



Viable alternative: dark QCD + axion

I.e. axion of a 
different SU(3); 
need to tie in 

Higgs vev

Field SU(3)N SU(3)C SU(2)L U(1)Y
L ⇤ � ⇤ �1/2
Lc ⇤ � ⇤ +1/2
N ⇤ � � 0
N c ⇤ � � 0

QCD’ Relaxion
[Graham, Kaplan, Rajendran ‘15]

New confining physics 
near weak scale!

f⇡0 < v and mL <
4⇡vp

log(M/mL)

Bounds on 
mechanism imply

Couples to Higgs, electroweak 
bosons; hidden valley signatures. 

Various possibilities.

Rich hidden valley physics [Strassler, Zurek ’06], many signatures to explore

(a) ⇤ = 10 MeV (b) ⇤ = 300 MeV
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(c) ⇤ = 2 GeV (d) ⇤ = 25 GeV

Figure 10: Summary of the experimental constraints at 95% CL for di↵erent values of

⇤. The green, blue and orange regions are ruled out respectively by direct collider, Higgs

branching ratio and BBN constraints. The dashed curves represent tuning.

and 25 GeV represent respectively the minimal value for which the relaxion mechanism

is still relevant and the maximum value for which our approximations are still reasonably

valid. The benchmark of 300 MeV is chosen to be slightly above the minimum value

such that the decay to two charged pions is possible. The value of 2 GeV represents a

region where all three types of collider constraints are relevant, with the bounds from

stable ⌘̃’s, emerging jets and promptly decaying ⌘̃’s being respectively applicable to small,

intermediary and larger Yukawa couplings. The di↵erent colored regions are ruled out by

the constraints of Sec. 3. All bounds correspond to 95% CL. We do not include the bounds

– 20 –

Constraints on 
minimal model 

[Beauchesne, 
Bertuzzo, Grilli di 

Cortona ’17]

BBNLHC direct

Higgs 
couplings



New opportunities at 
the edge of BSM theory



Hierarchy from disorder
How does RS [Randall, Sundrum ’97] solve hierarchy 
problem? Curvature localizes the graviton zero mode.

→ Fields localized at different points in 5th 
dimension see different fundamental scales

M = e�kyM0M0

[Rothstein ’12]: Can achieve the same outcome in a 
flat fifth dimension by localizing graviton w/ disorder

Recall (weak) Anderson 
localization: random 

phases for A → B, while 
A → A paths have time-
reversed counterparts 

w/ identical phases

A

B

In this case disorder = randomly spaced & tensioned branes

M0 M = e�y/L
locM0

Undoubtedly more to learn from condensed matter systems

S = �
Z

d

5
x

p
G(M3

?R) +
X

hiji

M

4
?V (|Xi �Xj |)�

X

i

Z
d

4
x

p
gfi

Vastly different 
KK spectrum, 

KK mode 
couplings, etc.



Connecting UV & IR

Two examples of UV/IR mixing: Quantum gravity 
& non-commutative field theory 

Essential feature of the hierarchy problem: the 
UV doesn’t know about the IR…unless it does?

For example, [Minwalla, Seiberg, Van Raamsdonk ’99]

(�1 ? �2)(0) = ei⇥
µ⌫@y

µ@
z
⌫�1(y)�2(z)

���
y=z=0

Now there are “planar” and “non-planar” diagrams. E.g. φ4 at one loop:

⇠
Z

d4k

k2
⇠

Z
d4k

k2
eip⇥k ⇠ 1

⇥2p2

UV divergent as usual IR divergence!

Extensively studied, but not systematically explored for hierarchy problem. 
Definite frameworks for UV/IR mixing represent an entirely new frontier.

[xµ
, x

⌫ ] = i⇥µ⌫ ,



Conclusions
• LHC16 null results push generic conventional solutions to the 

hierarchy problem to the % level or below. 

• Conventional ideas still worth pursuing, but BSM theory for 
the hierarchy problem is approaching a paradigm shift. 

• Data motivates new ideas in old theory frameworks… 

• …and pursuing entirely new theory frameworks. 

• Invariably leads to new experimental signatures & directions. 

• New ideas emerging, many ambitious directions to explore…

Grazie mille!

Null results an invitation for exploration:


