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Disclaimer
Many important “loopholes” are covered in existing or 
planned searches

• Reduced MET
• RPV

• Long decay chains

compressed spectra, “stealth” SUSY,... 

• NLSP → gravitino + X

This talk will discuss a few areas that may benefit 
from more attention

⋮

A personal selection, no attempt at completeness
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Simplicity vs. Naturalness

versus

SM is the perfect effective theory...
...if one parameter is tuned

function of more fundamental parameters

Naturalness = no tuning of parameters
Simplicity = minimality of structure & assumptions
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An Unnatural Story
In the early 1990s limits on the CMB quadrupole
were pushing the limits of cold dark matter cosmology...

...and then came COBE

So what about the quadrupole?



Tuning!
uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars

• cosmologists got antsy
• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.
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• Tuned SUSY

• Natural SUSY

• BMSSM Higgs

• Displaced vertices

• R-parity violation

• Hidden sector dark matter
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Tuned SUSY

“Entities must not be multiplied
beyond necessity”

Occam’s razor:

MSSM with one tuning is arguably the simplest 
explanation of particle physics data

• Keep looking for standard SUSY signals

• SUSY most likely “just around the corner”

Implications:
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Natural SUSY

Requirements:

EWino searches,
stop, sbottom searches

Crucial to test...

But also: Higgs sector beyond MSSM
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BMSSM Higgs

Need additional contributions to quartic

• NMSSM
• Non-decoupling D-terms

...or additional sources of EWSB

• “Induced” EWSB

Motivate searches for additional Higgs bosons
with significant mixing to 126 GeV state

SUSY

MSSM Φ, Σ
H ΦΣH

“auxilliary”
Higgs 
sector
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decoupling limit

DRAFT

10 New Particles Working Group Report
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Figure 1-5. 5� discovery reach for 300 GeV A ! Zh ! (``)(bb) or (⌧⌧) The Type I and Type II 2HDM
models as shown in the left and right panels respectively. Dark and the two light yellow regions are the 5�
reach by direct searches at LHC14 with 300 fb�1, 3000 fb�1) and HE-LHC with 3000 fb�1 respectively [50].
The region expected to be allowed at a 95% CL by complementary precision Higgs coupling measurements,
is shown as dark (light) blue for 300 fb�1 (3000 fb�1) [37].

Extended Higgs sector discovery story: We now discuss one discovery story in detail. We consider a293

signal at LHC14/300 for A ! Zh ! (``)(bb). There is significant reach for discovery in this channel, as can294

be seen in Fig. 1-5. For this scenario, we assume a type-II 2HDM with mA = 300 GeV, and ↵ = �0.475,295

tan � = 2.296

By the end of the 14 TeV run with 300 fb�1 of integrated luminosity, an excess is observed in searches for297

anomalous Zh production in the ``bb final state consistent with a production cross section times branching298

ratio of ⇠ 10 fb. The full m``bb invariant mass distribution peaks around 300 GeV. The lepton pair production299

is consistent with the leptonic decay of a Z boson, while the invariant mass of the bottom quark pair300

is consistent with the decays of the observed SM-like Higgs boson at 125 GeV. The signal significance is301

⇠ 2.5�. There is also a mild ⇠ 1� excess in the ``⌧+⌧� channel where the lepton pairs are again consistent302

with leptonic decay of a Z boson, but without su�cient mass resolution to conclusively relate to the excess303

in the ``bb final state. The final states and approximate mass reconstruction in the ``bb final state are304

consistent with the production of a pseudoscalar Higgs boson with decay to Zh.305

At the same time, there are no meaningful excesses in searches for resonant WW and ZZ di-boson production306

in this mass range, nor are there any meaningful signals in the ongoing searches for additional MSSM Higgs307

bosons in the bb and ⌧⌧ final states at large tan �. In the context of a two-Higgs-doublet model, the natural308

interpretation is the CP-odd pseudoscalar A at low tan �, where the branching ratio for A ! Zh may be309

appreciable but the rates for gluon fusion or bbA associated production with A ! bb, ⌧⌧ are not large enough310

to be distinguished from background.311

Motivated by these excesses, a search conducted in the 300 fb�1 data set for ``+�� consistent with anomalous312

Zh production yields ⇠ 3 events whose m``�� accumulate at 300 GeV, further suggesting the presence of a313

new state decaying to Zh but not substantially increasing the significance of the excess. Given that these314

signals in the Zh final state are consistent with a pseudoscalar Higgs at low tan �, both collaborations315

consequently extend their inclusive diphoton resonance searches to close the gap in coverage between the316

endpoint of the SM-like Higgs search at 150 GeV and the beginning of the KK resonance search at 500 GeV.317

Upon unblinding the analysis, they detect a signal consistent with the production and decay of a 300 GeV318

Community Planning Study: Snowmass 2013

Example: A → Zh → (ll)(bb) or (ττ)

Brownson, Kukartsev, Narain, Heintz, Stupak, Craig Snowmass 2013



BMSSM Higgs Signals
Also: H → ZZ → (ll)(ll)
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Figure 1-4. 5� discovery reach for 300 GeVH decaying viaH ! ZZ ! 4`. The Type I and Type II 2HDM
models as shown in the left and right panels respectively. Dark and the two light yellow regions are the 5�
reach by direct searches at LHC14 with 300 fb�1, 3000 fb�1) and HE-LHC with 3000 fb�1 respectively [50].
The region expected to be allowed at a 95% CL by complementary precision Higgs coupling measurements,
is shown as dark (light) blue for 300 fb�1 (3000 fb�1) [37].

states are su�ciently light. Therefore, direct Higgs searches and precision Higgs coupling measurements are269

complementary probes of new physics in this scenario.270

Precision Higgs couplings are extensively discussed in the Higgs working group report in these proceedings,271

so we focus on direct searches here. Higgs bosons generally couple most strongly to particles with the272

largest mass, motivating searches for new particles that decay to vector bosons, the h, or heavy fermions273

(top/bottom/tau). These couplings also lead to appreciable production rates at both hadron and lepton274

colliders.275

At hadron colliders, the H and A can be copiously singly produced through gluon fusion or bb̄ and tt̄276

associated production. Charged Higgs bosons can be produced singly via tb associated production at pp277

colliders or pair-produced at e+e� colliders. Decays of these additional states may be observed in standard278

Higgs search channels or novel resonant channels involving the 125 GeV Higgs such as Wh,Zh, or hh.279

At hadron colliders, two senstive searches are H ! ZZ ! 4` and A ! Zh followed by Z ! `` and280

h ! bb or ⌧⌧ []. These studies have been carried out using the Snowmass LHC detector simulation [22] and281

backgrounds [27, 25]. The reach for the first signal in the tan � vs. cos(� � ↵) plane of Type I and Type II282

2HDM is given for the 14 TeV LHC in Fig. 1-4, and the second in Fig. 1-5 [50]. For HE-LHC at
p

s = 33 TeV283

and 3000fb�1, the reach is extended considerably [50]. In both the figures, the expected 95% CL allowed284

region for LHC14 with 300fb�1 and 3000 fb�1, determined from the complemetary approach of precision285

Higgs coupling measurements is also shown. There is a considerable region near the alignment limit which286

can only be excluded through direct search.287

At e+e� colliders, for a wide range of models H+H� and HA can be observed as long as the sum of the288

masses is below the center of mass energy of the collider. Production of heavy Higgs bosons in association289

with a Z is suppressed in the decoupling limit. Furthermore, the masses of the observed states can be290

measured to better than 1% [10]. Consequently, 3 TeV CLIC is ideally suited for the study of Higgs bosons291

with masses up to 1.5 TeV.292

Community Planning Study: Snowmass 2013
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states are su�ciently light. Therefore, direct Higgs searches and precision Higgs coupling measurements are269

complementary probes of new physics in this scenario.270

Precision Higgs couplings are extensively discussed in the Higgs working group report in these proceedings,271

so we focus on direct searches here. Higgs bosons generally couple most strongly to particles with the272

largest mass, motivating searches for new particles that decay to vector bosons, the h, or heavy fermions273

(top/bottom/tau). These couplings also lead to appreciable production rates at both hadron and lepton274

colliders.275

At hadron colliders, the H and A can be copiously singly produced through gluon fusion or bb̄ and tt̄276

associated production. Charged Higgs bosons can be produced singly via tb associated production at pp277

colliders or pair-produced at e+e� colliders. Decays of these additional states may be observed in standard278

Higgs search channels or novel resonant channels involving the 125 GeV Higgs such as Wh,Zh, or hh.279

At hadron colliders, two senstive searches are H ! ZZ ! 4` and A ! Zh followed by Z ! `` and280

h ! bb or ⌧⌧ []. These studies have been carried out using the Snowmass LHC detector simulation [22] and281

backgrounds [27, 25]. The reach for the first signal in the tan � vs. cos(� � ↵) plane of Type I and Type II282

2HDM is given for the 14 TeV LHC in Fig. 1-4, and the second in Fig. 1-5 [50]. For HE-LHC at
p

s = 33 TeV283

and 3000fb�1, the reach is extended considerably [50]. In both the figures, the expected 95% CL allowed284

region for LHC14 with 300fb�1 and 3000 fb�1, determined from the complemetary approach of precision285

Higgs coupling measurements is also shown. There is a considerable region near the alignment limit which286

can only be excluded through direct search.287

At e+e� colliders, for a wide range of models H+H� and HA can be observed as long as the sum of the288

masses is below the center of mass energy of the collider. Production of heavy Higgs bosons in association289

with a Z is suppressed in the decoupling limit. Furthermore, the masses of the observed states can be290

measured to better than 1% [10]. Consequently, 3 TeV CLIC is ideally suited for the study of Higgs bosons291

with masses up to 1.5 TeV.292

Community Planning Study: Snowmass 2013

Other examples deserving further study:
H/A → tt, bb, ττ H → hh
H → A Z → ZZh
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R-Parity Violation
UDD R-parity violation is often considered as a way
to “hide” natural SUSY
Cosmology motivates displaced vertices
Barry, Graham, Rajendran arXiv:1310.3853

UDD destroys baryon asymmetry in early universe
⇒ requires low scale baryogenesis
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Baryon Destruction Regions, H0.8Lmqé Neutralino LSP

FIG. 4: This figure shows the same excluded regions as Figure 3. Here, however, a neutralino LSP with mass 0.8 mq̃ is assumed,
and the contours correspond to the expected neutralino decay lengths, in centimeters. The allowed neutralino decay lengths
are generically much longer than those for a squark LSP. Neutralino decay lengths longer than ⇠ 1 m are likely ruled out by
missing energy searches at the LHC, as shown in the (gray) shaded region.
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FIG. 5: Similar to Figure 4, this figure shows the same excluded regions as Figure 3. Here, however, a neutralino LSP with
mass = 200 GeV is assumed, and the contours correspond to the expected neutralino decay lengths, in centimeters. The allowed
neutralino decay lengths are generically much longer than those for a squark LSP. Neutralino decay lengths longer than ⇠ 1 m
are likely ruled out by missing energy searches at the LHC, as shown in the (gray) shaded region.
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Displaced RPV
NLSP = neutralino

⇒ displaced vertex

NLSP = chargino

⇒ exploding track
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But can we learn it’s identity?

BMSSM Dark Matter
Dark matter exists

In the absence of signals in direct detection and collider
searches, look at plausible mechanisms beyond WIMPs

⇒ new signals?

It requires physics beyond the standard model

SUSY WIMP:
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Hidden Sector Dark Matter

LSP in hidden sector ⇒ may be dark matter

• SuperWIMP  (Feng, Rajaraman, Takayama 2003)

LOSP (lightest ordinary supersymmetric particle)
decays to dark matter, may be long-lived

LOSP dominates universe, then decays

X = gravitino or ...



Freeze-in Dark Matter
(Hall, Jedamzik, March-Russell, West 2009)

Relic density generated by LOSP decay

X never in equilibrium ⇒ no inverse decays



Freeze-in Dark Matter
(Hall, Jedamzik, March-Russell, West 2009)

Relic density generated by LOSP decay

X never in equilibrium ⇒ no inverse decays



Freeze-in Dark Matter
(Hall, Jedamzik, March-Russell, West 2009)

Relic density generated by LOSP decay

X never in equilibrium ⇒ no inverse decays



Freeze-in Dark Matter
(Hall, Jedamzik, March-Russell, West 2009)

Relic density generated by LOSP decay

X never in equilibrium ⇒ no inverse decays

(structure formation)

⇒ motivates highly displaced decays
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Asymmetric Dark Matter
 (Kaplan, ML, Zurek 2009)

visible hidden

Transfers B-L asymmetry to dark matter

⇒Freeze out:                 ⇒

Valid for                 due to rapid decoupling for

Decay:
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Displaced Optimism
Displaced vertices open the possibility of fully
reconstructing SUSY events

LOSP = charged: SUSY fully reconstructed

LOSP = neutral:           from vertex position + timing

Constraining/measuring dark matter mass possible



Conclusions

• Impressive breadth and depth of SUSY searches

• Both tuned and natural versions of SUSY are
still plausible and important to test

• BMSSM Higgs and displaced vertices are important


