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* but ask again in six months to a year!



What Can SUSY Do For Us?

Current scorecard....

* Solve the “big” hierarchy problem 7

P (]: b} . d d
also the “little” hierarchy problem X %%FJ&{)MLE?C;H
—fully natural EWSB

» Precision gauge coupling unification /

* Provide a dark matter candidate 7



125 GeV Higgs and SUSY

In the MSSM, loops of stops generate corrections to the
Higgs quartic coupling and hence (after tuning to get the
right VEV, i.e. Z boson mass) Higgs mass:
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125 GeV: MSSM 1s Unnatural

In the MSSM, a 125 GeV Higgs mass requires heavy stops
/ large A-terms, but those directly undermine the
naturalness argument for SUSY.

Higgs Mass vs. Fine
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Tuning contours (Hall/Pinner/
Ruderman 1112.2703) for

low-scale mediation,
A =10 TeV.

Always at least a factor of
100 tuning.



Two Paths to 125 GeV

Higgs at 125 GeV

/ N\

Beyond MSSM, MSSM with
natural heavy scalars
robust \ / \
experimental
connection
Stop search;  Models? Gluino  Top-down

Higgs sector  (NMSSM, D-terms,  search  theory
(rates, decays) compositeness....)



Natural SUSY

(assume beyond-MSSM physics raises Higgs to 125)



Supersymmetry and the
HIQQgs Mass

Ditferent-spin pieces combine to cancel large corrections.
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Imperfect cancelation because  omi, = - 5v? (m3, +m?, + Al ) log = .
SUSY is not an exact symmetry. t
“Stop” or “scalar top”’: Lk bl

cancels the biggest correction.
~10% tuned if mass ~ 700 GeV.



Natural SUSY, 1984

A historical relic
(slide borrowed |
from Lawrence 80.4 GeV -

Hall's talk at 3
Savasfest). "

All the scalars,
and the Higgs,
should be at
the weak scalel

We don’t live in the SUSY universe as envisioned circa 1984.
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Mass

Simplified Models

Much more
comprehensible than
full spectrum: easy to
t read off fine-tuning
“bottom line”
(also want b
1 +chargino)
Natural case: Meade & Reece

N 06; Kitano & Nomura '06;
= Perelstein & Spethmann '07

(stable) | |
Drawing on: Dimopoulos &
Giudice; Cohen, Kaplan,

Strong EVWK Nelson



1000

oW Add the gluino: big
Mass + cross section! Most
constrained.
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(stable)

Strong EVWK



| HC: Towards Fine-Tuning.
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Direct searches for the stops are so far coming up empty. But
lots of uncharted territory (e.g. neutralino above 300 GeV!)
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Naturalness and Gluinos

VWe need the stop to be relatively light

Nt

quad

ratic corrections!

for naturalness of a
—iggs. But the stop Is itself a scalar i

ield, and can get

Oy gm, &

(see e.g. Brust et al. 1110.6670, Papucci et al. 1110.6926)

Large corrections come from the gluino, which hence
should be light (below about .5 TeV).As a color octet, the
oluino has a large production cross section at the LHC.



Gluinos

Gluino mass bounds are now above .5 TeV;eg, 1.8 TeV it
oluino decays to tops.
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What do the searches mean®?

The desired cancelations from SUSY aren’t happening.
Rather than corrections being much smaller than initial
value, corrections are canceling to a part in ~20.
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Stops above 800 GeV: ~ factor of 20 tuning.
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Gluinos above 1.8 TeV: ~ factor of 30 tuning. (Less if Dirac)



Could we have overlooked
the superpartners?



Missing Iransverse
Momentum ("MET")




Small Phase Space

Momentum Spectra for Compressed SUSY |—| e avy p ar’[i C | e 10 one h eavy

ol L smanaey | @nd one light particle: heavy
0.10 Bino, 550 GeV daughter inherits most of
200 Quark momentum in lab-frame. Light
004 [1 - daughter is very soft.
002 fa :
000 o Compressed SUSY: softer
pr [GeV] visible particles.
Al i+ A little artificial (tuned).
q q Rely on ISR recaoll
i; - z (“monojet”-like):
Alwall, Le, Lisanti,

o Wacker 0803.0019



My [GCV]

Stea\th SUSY
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Decays through an approximately
supersymmetric hidden sector can
remove missing momentum from signal

Fan, Reece, Ruderman 2011
1512.05781 Fan, Krall, Pinner, Reece, Ruderman

Gluinos still
constrained (also
see Evans et al.
1310.5758)



oMSSM: Many Decay Modes

M (GeV)
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Neutralino Dark Matter



Direct Detection
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Most mixtures of gaugino and higgsino dark matter are now
constrained by direct detection (esp. LUX)

Cheung, Hall, Pinner, Ruderman 1211.4873 (also Perelstein, Shakya 1107.5048, 1208.0833)



Winos are Probably not DM

Fan, MR 1307.4400; also Cohen, Lisanti, Pierce, Slatyer 1307.4082

Large annihilation cross
~section: ruled out by
- absence of gamma ray

HESS line (1301.1173)
Fermi line (1305.5597)

T e 1 signals from galactic center

Hooper et. al. GC(1209.3015)

- and dwarfs.
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There are astrophysical
uncertainties in the GC /
relevant for high-mass
exclusion. Low mass wino DM
IS robustly ruled out by dwart
galaxies.

M, (TeV)

r. kpec

Baumgart, Rothstein,
Vaidya 1412.8698




Future Direct Detection

Snowmass: Cushman et al. 1310.8327
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SU(2) multiplets dominantly scattering through loops are a
real challenge, beyond the next generation of experiments.
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Future Inohrect Detectlon
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CTA (Cherenkov Telescope Array) will get close to ruling out
thermal relic dark matter over most of the hundreds-of-GeV
range, but will likely not quite reach TeV higgsinos.

(Assuming no improvements do much better than these estimates)



Split SUSY



Why Split?

Arkani-Hamed & Dimopoulos originally had in mind very
heavy scalars. But what the Higgs points to now may be
only “mildly” split SUSY, with scalars at 10s—100s TeV.
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The colliders of the future:
COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

CERN'’s Large
Hadron Collider
Circumference: 27 km

Energy: 14 TeV

US/European super
proton collider
100 km; 100 TeV

International
Linear Collider
Length: 31 km

<1 TeV

China’s electron-positron collider
52 km; 240 GeV

China’s super proton collider

52 km; <70 TeV

China-hosted international
electron-positron collider
80 km; 240 GeV
; China-hosted international
e R ; super proton collider
80 km; <100 TeV

. »
o, o®
e .
000000

»
*y o*
» ®
o *
......
ccccccccc

| — Existing sessee Proposed
.................................................... Tev’ teraelectronvolt; Gev' glgaelectronvolt

Nature News (E. Gibney), 2014

hitp://www.nature.com/news/china-plans-super-collider-1.15603

arXiv.org > hep-ph > arXiv:1606.00947

High Energy Physics - Phenomenology

Physics at a 100 TeV pp collider: beyond the Standard Model phenomena

T. Golling, M. Hance, P. Harris, M.L. Mangano, M. McCullough, F. Moortgat, P. Schwaller, R. Torre, P. Agrawal, D.S.M. Alves, S.
Antusch, A. Arbey, B. Auerbach, G. Bambhaniya, M. Battaglia, M. Bauer, P.S. Bhupal Dev, A. Boveia, J. Bramante, O. Buchmueller,

M. Buschmann, J. Chakrabortty, M. Chala, S. Chekanov, C.-Y. Chen, H.-C. Cheng, M. Cirelli, M. Citron, T. Cohen, N. Craig, D.


http://www.nature.com/news/china-plans-super-collider-1.15603

Testing MSSM 125 GeV

100 TeV collider = gluino factory! Millions of gluino pairs.

ok tetime Messurement Agrawal, Fan, MR, Xue in progress
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ol e - log in one-loop branching ratio;
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\/Ieasurmg tan beta is trickier. Several observables; which
IS best depends on ordering of bino, wino, and higgsino
Masses. FOor iInstance: e »rp°) _ swan’(@s) (n.m,-.u-z) |
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(W0 — ZBY) M? 1 — M /M,
(g — bi)ﬁo)  tan2 8 F(H 0 ZhBY) (sin 3 — cos 3)2
[(§ — ttHO) ' T'(WO — ZZB°) + T(W° — hhB%) ~ \sinS + cosj3

Preliminary results in 1606.00947; paper this summer



Conclud

Important to fill holes In

INg Remarks

search coverage. Stealthy,

compressed, RPV, Hidden Valleys, messy spectra....

Fully natural SUSY: under strain

Split SUSY: simple. Tuned, but could be our world.

“Neutral naturalness” (Twin Higgs, etc): less constrained.

UV completion at ~10

eV? That might be SUSY's role.

Still room for SUSY WIMP dark matter

Lots of new experimental results on the horizon!
Let’s go find out what’s really out there!



