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The SUSY Paradigm

gauge~ediation

There are many
possibilities £
complete SUSY model

with R-paiity Most of these details
are irrelevant for

collider signatures!!!

without R-parity

Signatures




SUSY Scenarios

Mediation
Type LSP Pros Cons
Scale
GraVIt)’ M., Neutralino WIMP DM candidate; severe SUSY flavor problem;
. . ) . :
medlathn or sneutrino automatic mu/Bmu uncalculable framework
Anomal - - .
e | 77t | Moy | rosustimorpen | ST
mediation q q g
Gau e no SUSY flavor problem;
5 << My gravitino calculable framework; no WIMP DM

mediation

viable spectrum

mu/Bmu problem
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j. The scale of SUSY breaking determines the mediation mechanism.
Gravity Anomaly
iation tation

10* GeV 101Y.GeV 1012 GeV

——

Collider-stable

Promptly-decaying Displaced-decaying

.
;ll

"0 It also determines the behavior of the lightest MSSM superpartner.

Viewed like this, there is no phenomenological difference between In fact, the latter two are just
high-scale GMSB, gravity mediation, and anomaly mediation!!! special cases of the first!
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The SUSY Flavor Problem

A.,- S : . 3¢ !
LR s~ €R " § -
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Br(p — ev)esp < 1.2 x 1071 (Amg)ezp = (3.483 £ 0.006) x 10712 MeV

® Why do we need gauge mediation!

® There are strong experimental constraints on SUSY-breaking in
the MSSM.

® The MSSM soft Lagrangian has 100+ parameters. A generic point
in this parameter space is already excluded by precision
experimental tests of flavor (and CP).



The SUSY Flavor Problem

® |n general, the scalar soft masses can be written using a “‘spurion”

for SUSY-breaking:
Cij
2UED> [0 xtxQlQ,  (x) = F

® W/ith Planck-scale mediation, no a priori reason for flavor-
diagonal scalar masses.

® |n scenarios such as “mSUGRA” and the “cMSSM”, this property
is simply assumed without any justification.

® |n gauge mediated SUSY breaking, it is derived from first
principles.
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® |n gauge mediation, SUSY breaking is communicated to the MSSM
through the SM gauge interactions.

® |n 2008, my collaborators and | formulated a model-independent
framework for GMSB:

® “General Gauge Mediation” Meade, Seiberg & DS; Buican, Meade, Seiberg & DS
g

® Using GGM, we understood the most general predictions of
gauge mediation.



GMSB Phenomenology

Gravitino LSP is a universal prediction of gauge mediation
models:

F
m —
32= 75 M,

(~ eV — GeV)

Lightest MSSM sparticle becomes the next-to-lightest
superpartner (NLSP).

MSSM {

gravitino LSP

NLSP




GMSB Phenomenology

® |n gauge mediation, the NLSP type largely determines the inclusive
collider signatures.

NLSP \
SM partner
SM partner
NLSP /




GMSB Phenomenology

® |n gauge mediation, the NLSP type largely determines the inclusive
collider signatures.

All SUSY cascade decays
pass through the NLSP. 0. .

NLSP \
SM partner

SM partner
NLSP /




GMSB Phenomenology

® |n gauge mediation, the NLSP type largely determines the inclusive
collider signatures.

NLSP decays to the
All SUSY cascade decays gravitino plus its SM
pass through the NLSP. %, .- g Ppartner.

NLSP \
SM partner
SM partner
NLSP /




GMSB Phenomenology

® |n gauge mediation, the NLSP type largely determines the inclusive
collider signatures.

NLSP decays to the
All SUSY cascade decays gravitino plus its SM
pass through the NLSP. %, .- g Ppartner.

cascade

NLSP \
SM partner

cascade

SM partner
NLSP /
Decays can be

R prompt, displaced,
o* ~ G or collider stable



GMSB Phenomenology

® |n gauge mediation, the NLSP type largely determines the inclusive

collider signatures.

All SUSY cascade decays
pass through the NLSP. 0.

NLSP decays to the
gravitino plus its SM
. & Partner.

cascade

NLSP

NLSP

\ SM partner

cascade

So all events contain:
* high pT objects determined by the NLSP type

* missing energy (if NLSP decays inside the detector)

/ SM partner
< Decays can be

R prompt, displaced,
v~ G or collider stable
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General Gauge Mediation

Parameter space: (A, As, A3) — m%,u,d,L,e
(B1,B2,Bs) = M 23

Sum rules: Tr (B — L)m% =TrYm% =0

~ 2~
f f

A-terms = 0

u, B, require additional dynamics beyond GGM. (Komargodski &
Seiberg)

According to the GGM parameter space, any
superpartner in the MSSM can be the NLSP.

Also, the gluino can be arbitrarily light.



NLSP Collider Signatures

NLSP

Prompt(+MET)

Displaced

bino-like neutralino

diphotons

Displaced photons

Meade, Reece, DS

wino-like neutralino/

photons, leptons (Zs & W),

Displaced photons and

(0911.4130, chargino (co-NLSP) Jjets leptons, displaced vertices
1006.4575);
Ruderman & OS  Z_rich higgsino-like L Displaced leptons,
(1103.6083) neutralino leptons (Z5), jets displaced vertices
h-rich higgsino-like . . . .
neutraling b-jets (higgses) Displaced jets
Ruderman & DS
sleptons multileptons, CHAMPS, delayed leptons, | (1009.1665);
P ss dileptons kinked tracks Jcatz & Tweedie
(0911.4132,
, . R-hadrons, displaced 1003.5664)
gluino/squark (b-)jets vertices, stopped gluinos
Kats & DS . R-hadrons, displaced
(1106.0030) stops Ftbar; SS dileptons vertices

Red: NLSPs still lacking dedicated searches



Comments

Diphotons+MET and multileptons are currently sensitive to EW
production. (“‘Best case scenarios”)

No other searches currently have sensitivity, but neither have they been
optimized for EW production.

Some searches for collider-stable particles exist. These apply
straightforwardly to long-lived NLSPs.

But hardly anything has been done yet on intermediate-lifetime NLSPs
which decay inside the detector.



GGM simplified models

® Focus on the minimal spectra for production and decay.

[} '¢' G
.

NLSP \\\\\\\\
SM partner

rest of the MSSM

cascade

KN

or

Na¥

SM partner
NLSP /

~
§~ -
o -~ G

cascade

NLSP

® ShOW |ImItS |n 2D (e.g. Mgluino VS MNLSP or Mgluino VS quuark W|th
fixed Mnisp).

® Parametrize phenomenology with physical masses, not unphysical
model parameters!!



Overview of LHC searches
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So far, nothing but limits in the search for SUSY.
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Wino LHC14 Gluino LHC14
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® For EW production, LHC @ I/fb ~ Tevatron @ 10/fb
® For strong production, LHC @ |/fb >> Tevatron @ 10/fb

For colored superpartners, SUSY could have been “around the corner” at the LHC.
For EW superpartners, a much harder slog is ahead of us.



Inclusive searches

Long-lived particles DG Third generation

RPV

'MSUGRA/CMSSM : 0-lep +j's + E, ... |
MSUGRA/CMSSM : 1-lep +j's +E, . |
MSUGRA/CMSSM : multijets + E, |
Pheno model : O-lep +j's + E, ... |
Pheno model : O-lep +j's + E, ... |

Gluinomed. ¥ (G- q3% ) : 1-lep +j's +E, .. |
GMSB : 2-|0p OSSF + Er.ms !

GMSB: 1t +js+ Er.

GMSB:2-t +j's+ Er'

GGM :yy +E

Gluino med. b (§—bb’) : 0-lep + b-j's + £, ..,
Gluino med. t (g-mx ):1-lep+b-'s+E, ..
Gluino med. t (§—>ttz ): 2-lep (SS)+ s +E, s
Gluino med. T (§—>ttx )i multi-j's + E, .

Direct bb (b,—) bx ):2b-jets + E, ...
Direct tt (GMSB) : Z(—)Il) + b-jet + E

Direct gaugino (i’iz - 3I io ): 2-Iep SS + E Fmiss |
~ Direct gaugino (x xz - 3lx ):3-lep +Ey e |

AMSB long-llved i
Stable massive particles (SMP) : R-hadrons
SMP : R-hadrons
SMP : R-hadrons
SMP : R-hadrons (Pixel det. only)

GMSB : stable 1

RPV : high-mass ep |
Bilinear RPV : 1-lep +|'s +E, . |
MSUGRNCMSSM BC1RPV: 4-lepton + E, miss |

Hyperoolour swlar gluons : 4 jets m.=m,

ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 2012)

mss |
mes |

T mss |

LA

1 llllllll I |

q=gmass J‘ p
4= maes Ldt=(0.03-4.7)fo

gmass (large m,) fs=17TeV
Gmass (m(@ <2TeV,lightz,)  ATLAS

gmass (m(@ <2 TeV, light 7.) Preliminary
g mass (m(i‘:) < 200 GeV,m(%) =%-(m(i° )+m(3))
g mass (tang < 35)

g mass (tang > 20)

g mass (tang > 20)

g mass (m(i‘: ) > 50 GeV)

g mass (m(io) < 300 GeV)
g mass (m(x ) < 150 GeV)

g mass (m(x ) <210 GeV)

g mass (m(x ) < 200 GeV)
b mass (m(x ) < 60 GeV)

t mass (115 <m(x ) < 230 GeV)

%, mass (m(7, )< 40 Gev, Ty mAE3) = m(zy), m(19) = Hm(L) + (L)
Z, mass (m(x ) < 170 GeV, and as above)
%, mass (1 <1(%,) < 2 ns, 90 GeV limit in [0.2,90] ns)
g mass

b mass
I mass
g mass

v, mass (1;,,=0.10, 4,,,=0.05)
q=gmass (¢t ¢, < 15 mm)

g mass

sgluon mass (excl: m,, < 100 GeV, m,, = 140 = 3 GeV)

10"

1 10
Mass scale [TeV]



ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 2012)
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m .-
?ae GMSB : 2-lep OSSF * Er s g mass (tang < 35)
= GMSB:1-t+js+E — g mass (tang > 20)
GMSB:2-t1+|s+E —_— g mass (tang > 20)

GGM:yy+E__ g mass (m(i‘: ) > 50 GeV)
. Gluino med. b (G—bbi ) : O-lep + b-j's + £, ., g mass (m(io) < 300 GeV)
-.g Gluino med. t (g-mx ):1-lep +bj's+ E, . g mass (m(x ) < 150 GeV)
e Gluino med. t (g—»ttz ): 2-lep (SS)+j's+E, . g mass (m(x ) <210 GeV)
§’ Gluino med. (g_mx ) multif's + E, g mass (m(x ) < 200 GeV)
& Direct bb (b, b.) : 2 b-jets + E ., b mass (m(%, ) <60 GeV)

Direct tt (GMSB) : Z(—)Il) +b-jet + E

—) (» Direct gaugino (j. 12 - 3I io) 2-Iep SS + E, e
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Limits on EW production currently weak, nearly non-
existent, not much better than the Tevatron.
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Limits on EW production currently weak, nearly non-
existent, not much better than the Tevatron.
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EW much more difficult, because of lower xsec,
sensitive to lower masses, kinematics degraded.
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LHC Limits on EW production
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CMS Preliminary

Ranges of exclusion limits for gluinos and squarks, varying m(y")
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Ranges of exclusion limits for gluinos and squarks, varying m(y")
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Limits on colored SUSY
production are pretty
much on track.
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Ranges of exclusion limits for gluinos and squarks, varying m(y")
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Squeezed Spectra
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Summary of General Remarks

® Limits are quite high on colored SUSY production with simple
decays and large mass splittings. For such scenarios, probably not
much discovery potential left at 7-8 TeV.

® One major exception is (even mildly) squeezed spectra.

® [imits on EW SUSY production are nearly non-existent. Can
expect more progress here! Much more difficult, but should
hopefully improve with more data!

® Obviously, searches without MET are in the minority here. Also,
searches which involve displaced decays.



Connections to GGM



Z-rich Higgsino NLSPs

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’1 1)
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Z-rich Higgsino NLSPs

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’1 1)
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® [f the NLSP is a Higgsino which decays primarily to Z’s,
jetstMET and Z(ll)+jets+MET should be good search channels.
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® First ever dedicated search for higgsino NLSPs!



Z-rich Higgsino NLSPs

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’1 1)
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G

VoV vV VvV Vo T

G

f the NLSP is a Higgsino which decays primarily to Z’s,
jetstMET and Z(ll)+jets+MET should be good search channels.

ot off the presses is a ATLAS search in the latter final state
(ATLAS-CONF-2012-047)

First ever dedicated search for higgsino NLSPs!

Final state: Z(ll) + MET + (>=3 jets or HT)
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Limit for m(Higgsino)->0 much
worse, because Z and MET are
being squeezed out!



Leptonic MT?2

mT2: generalization of W transverse mass
to events with double decay chains ending
in invisible particles.

(Barr, Lester, Stephens, Summers, ...)

mT2 has been used for measurements of
top properties, but in all cases, the full
event was used (leptons+bjets+MET).
Expect an endpoint at the top mass, but
combinatorics is an issue.

Dileptonic ttbar is one of the main
backgrounds to Z-rich Higgsino NLSPs.
We propose computing mT2 using only
the leptons and MET to reject ttbar
background. For ttbar, expect an endpoint
at W mass and no combinatorial
confusion. (Kats, Reece, Meade & DS)
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(figure from Cheng & Han 0810.5178)
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h-rich Higgsino NLSP

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’1 1)
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(Matchev & Thomas ’99; Meade, Reece & DS '09; Ruderman & DS ’1 1)




h-rich Higgsino NLSP

(Matchev & Thomas ’99; Meade, Reece & DS '09; Ruderman & DS ’1 1)
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® Higgsino NLSP can also decay primarily to h’s. Then jets+MET
and bjets+MET are relevant final state.



S~

- h-rich Higgsino NLSP (

B’/ 4 Matchev & Thomas ’'99; Meade, Reece & DS ’09; Ruderman & DS’ | | P’ /. g
5 ,53(7/ ( ) <2 u‘{;/
JANNANNYANY A UANYANNAN — e — = JANANNY A UVANVANVAN
vV V V'V V VV \V /J V V'V \V \V
g G+ H
G

® Higgsino NLSP can also decay primarily to h’s. Then jets+MET
and bjets+tMET are relevant final state.

® Currently, no dedicated search for this scenario. But several are
relevant, e.g. ATLAS search for bjets+MET with 0.83/fb

> | jet with pT>130, >2 additional jets with pT>50
MET > 130, MET/me > 0.25, APmin>0.4

Sig. Reg. Data (0.83 fb~!) | Top W/Z QCD Total
3JA (1 btag megr >500 GeV) 361 22178 | 1214£61 | 15£7 | 35675)°
3JB (1 btag mcs >700 GeV) 63 371LB 3119 | 1.9+£0.9 703‘21
3JC (2 btag megr >500 GeV) 76 55123 | 20412 | 3.6+1.8 | 7972
3]D (2 btag megr >700 GeV) 12 78733 | 544 |05+03 | 130736
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® Higgsino NLSP can also decay primarily to h’s. Then jets+MET
and bjets+tMET are relevant final state.

® Currently, no dedicated search for this scenario. But several are
relevant, e.g. ATLAS search for bjets+MET with 0.83/fb

> | jet with pT>130, >2 additional jets with pT>50
MET > 130, MET/me > 0.25, APmin>0.4

Sig. Reg. Data (0.83 fb~!) | Top W/Z QCD Total
3JA (1 btag megr >500 GeV) 361 22178 | 1214£61 | 15£7 | 35675)°
3JB (1 btag mcs >700 GeV) 63 371LB 3119 | 1.9+£0.9 703‘21
3JC (2 btag megr >500 GeV) 76 55123 | 20412 | 3.6+1.8 | 7972
3]D (2 btag megr >700 GeV) 12 78733 | 544 |05+03 | 130736

(This has since been updated to 2/fb...)



M gluino [GCV]

Expected sensitivity for h-rich Higgsino NLSP

(from Kats, Meade, Reece & DS)
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Expected sensitivity for h-rich Higgsino NLSP

(from Kats, Meade, Reece & DS)
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Expected sensitivity for h-rich Higgsino NLSP

(from Kats, Meade, Reece & DS)
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Degraded sensitivity at low NLSP
mass -- MET is again being
squeezed out!



Mass

~ 150 GeV -

O_

Stop NLSPs

all other
superpartners

A minimal realization of “natural SUSY”
(Kats & DS “Light Stop NLSPs at the Tevatron and LHC”)

Stop decay
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Stop NLSPs

® Direct production of stop; stop = top+MET
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Very challenging to see under ttbar background!



Stop NLSPs

Currently no dedicated searches for stop NLSPs, at either
Tevatron or LHC. Stop could still be lighter than the top!!
57 | | | _
4 / Again, sensitivity is
i | degraded because
3| 43 |
2l g e |ower xsec (like
s|lb EW production)
b 2 ]
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Comments on GGM and the
Higgs

® A Higgs at |25 prefers large A-terms (stop mixing) in the MSSM.

® |n GGM, the A-terms are zero at the messenger scale. So they
must arise from RG evolution.

Draper, Meade, Reece & DS
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Comments on GGM and the
Higgs

® A Higgs at |25 prefers large A-terms (stop mixing) in the MSSM.

® |n GGM, the A-terms are zero at the messenger scale. So they
must arise from RG evolution.

dA,
2 2
el Ar + g5 M3
j Mgino=3.5TeV | 150 .
4 Mg=1TeV | I
2; ] 107 -

Signed Value [TeV]
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Draper, Meade, Reece & DS



Comments on GGM and the
Higgs

® Messenger scale must be extremely high -- Mmess = 1078 GeV.
NLSP decays must be displaced or outside the detector!

visible
(jets, leptons,
photons,...)
-- '

MET
L* NLSP (grawtlno)

® Also, gluinos must be extremely heavy -- M3 = 3 TeV. Completely
out of reach of the LHC!



Implications for searches

This strongly motivates searches for long-lived NLSPs (as well as
superpartners other than the gluino).

But it doesn’t mean we should drop all the existing prompt
searches.

We can easily imagine that some modification of the Higgs sector
of the MSSM+GMSB boosts the Higgs mass to 125 GeV while
preserving all the usual collider signatures.

Much too early to say! Sensible experimentalists should ignore
these theoretical struggles and continue looking for new physics!!



Summary

® | have motivated GMSB both as a broad signature generator, and
as a natural solution to the SUSY flavor problem.

® | surveyed the LHC searches, and highlighted the strengths and
weaknesses from a theorist’s POV:

e Colored superpartners with simple, unsqueezed decays are probably > | TeV
® In the presence of squeezed spectra, these limits are much worse

® Currently very few limits on EW superpartner production

® |illustrated these points using examples from GGM (Z-rich
Higgsino NLSPs, h-rich Higgsino NLSPs, stop NLSPs)
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An emerging picture of SUSY?

® SUSY was not right around the corner. Colored superpartners
might very well be heavy.

® Maybe this is the picture that’s emerging?

gluinos, squarks...

We might know by the
end of the year!

winos, binos,
higgsinos, sleptons...

Actually, this type of picture is predicted by most minimal SUSY
models (e.g. minimal GMSB). Although simplified models have

been fashionable lately, maybe Nature will end up being nicer than
it needed to be?



The End



