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th Search for Supersymmetry’

There are some
theories that are so
compelling that it's
worth doing a
comprehensive and
systematically deep
set of searches to
see if they are
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Not Your ngical Introduction

Typical Introduction:
1. Lay out the theoretical issues

2. Describe how the introduction of
SUSY particles solves the problems

3. Touch on other problems that SUSY
can solve

My introduction:

* Just touch on the important theoretical
issues, focus instead on the “other”
experimental results that constrain
which versions of SUSY we look for

Then I'll about how we search for SUSY
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What is Supersymmetry?

Supersymmetry (SUSY) is a theory that
postulates a symme;r'y between fermions and
osons

Q|Boson> = |Fermion>

Q|Fermion> = |Boson>

Minimal Supersymmetric Standard Model (MSSM)
Standard particles

Quarks > Squarks

>

Gauge Bosons > Gauginos

>

The gaugino states mix
Leptons 2 S| > Refer to them as
Charginos and Neutralinos




Example of How SUSY Helps:
The Hierarchy Problem

The Standard Model Supersymmetry

, : Fermion and Boson
Corrections to Higgs contributions to the Higgs

boson mass not only cancel nearly exactly in

finite, but in fact supers
divergent > 2 2
5mH 7 Mposon — MFermion

The one loop divergences will cancel, provided that the
SUSY particles have masses that are small enough
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SUSY and the Coupling Constants

Another issue is that adding extra
particles provides a "natural” way
for the running of the coupling
constants to unify at the GUT
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Advantages and Disadvantages of SUSY

* There is no unique explanation of the origin
of the sparticle masses or couplings

* With all these new couplings and particles
it's possible we could have our known SM
particles decaying through loops

- Any version that predicts/allows a quick
proton decay is clearly wrong

- Any version that has the same mass for
the particles and the sparticles must be

wrong
* Haven't observed any bosonic electrons
In nhature
> mposi‘rr'on = melecfr'on + mselectr'on

H  —SUSY is broken somehow
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Different Ways to Proceed

No unique explanation of symmetry breaking
- make some assumptions

* Can put in masses and couplings by hand
- General SUSY has over 100 new
parameters

+ Use experimental constraints and
theoretical prejudices to further restrict
the parameter space

- To protect the proton lifetime can
define R-parity = (-1)3G-L)*2s gnd
assert that it's conserved

2R =1 for SM particles
>R = -1 for MSSM partners
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SUSY can provide a Dark Matter Candidate

If R-Parity is !
conserved then the R-parity
lightest SUSY __conserved
Particle can't decay ag';e;r,f‘j{mgr
and, if neutral

->Provides an

excellent dark
matter candidate

Provides the tie
between Particle
Physics,
Astronomy and
CosmO’ogy? hes at CDF 9
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Dark Matter in Astronomy and

Cosmol

Galaxy Rotation Data

Simulation without
Dark Matter

-

Rotation velocity —>

_Galaxy Rotation Simulation with

Cosmic Microwave
Background Data

a a A a a

Simulation with
Dark Matter

Consistent with Data

and without Dark Matter
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Particle Physics solution to an
Astronomy/Cosmology problem?

* Good: Predict massive stable
particles that explain Dark Matter
effects

» Better: Provide both a model of
particle physics and cosmology that
is consistent with Early Universe
Physics and evolves into the
observed amount of Dark Matter
today

High Energy Seminar SUSY Searches at CDF 11
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Dark Matter = Supersymetric Particles?

Dark matter

-~
’ _‘ .~-:- r‘t—)“‘ == | :

@ 1 'fg = ‘4‘)";?
Wart-io do more than simply
rovide a candidate, want to
escribe early Universe physics

and correctly predict the Dark
Matter relic density
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Different Types of SUSY Solutions

Cold Dark
matter
~100 GeV)
roduced in
the Early
Universe

Warm Dark
matter

~1 keV)
roduced
later in time

Sparticle Masses and Lifetimes
deepéy affect the particles in
a

the Early Universe and Today

ngh ° 3 ] w
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Outline of the Searches
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The Fermilab Tevatron

Protons and anti- p—— T
protons collide with s < ———
= 1.96TeV

* Running until at least
2011

* Rumours of running 3
more years to be
complementary to LHC

oo  Data coming in very /- & Recycler
7000~ nicely and getting S T
6000 better all the time £ Delivered: ~8.3 fb-!
5000/ | F — ‘ E
4000= E Acquired: ~6.9 fb-!
30000 | E
- « Delivered 8.32/fb 3
2000;_. . Acquired 6_;2 - / 7 - Analyzed - ~2-3 fb—l
807000 3000 4000 5000 6000 7000 80 ‘arche (dependmg on the Gﬂ(llYSIS)
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The CF De‘reor'

== o

=~ Hadronic Calorimeters

== ElectroMagnetic Calorimeter

»

Powerful muli-pr'ose detector

Hli\gh quality identification for electrons, muons, taus, jets,
issing Energy, photons, b's etc.
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Aside before we begin...

Most analyses will look “Tt's a Jot of
like they were easy work to make it

Noto Bene: It's 2010 look this easy”
and we're 9 years into | - Joe DiMaggio
running T

This is a lot harder than !
it looks and it takes a /7. *5§
lot longer than it ¥
should

I'll try to comment
periodically on lessons B =l e -
for LHC B cbe\mrk“mw% =
S - Yogi Berra
April 2010 David Toback Texas A&M University
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MSUGRA

I L I T [ I T [T T T

600 N

Minimal Supergravity:
breaking is mediated by the
gravity sector

At the unification scale:
- scalars have mass m,
- gauginos have mass m;

mSUGRA or Constrained I
MSSM used as 2001

2 4 6 8 10 12 14 16
benChmark I LngI OQ (GeV) sle.c:jg

5 free parameters (at M. ,+) ' |
- . EWK GUT

determine the sparticle masses

*my: common scalar mass at Mg+
*m, ,»,: common gaugino mass at Mgt
- tanp: Ratio of the Higgs VEV -«
* Ap: common trilinear coupling at Mg+
- sign(u): u is the Higgsino mass parameter
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The SEar"ricle Masses

800
- P
600F b
] 75,30
> . 79
O 400F
= [
= I~ —— -~ 0
EDD_ X1 .X2
For large values of I 7
tanp Stop, Sbottom - | | | |
and Stau can get 0 -0 J=1/2

much lighter Need complementary

->Can also have a
significant effect on ﬁie;ﬁc:\aensﬁ for low tanp and

' the branching ratios Sea...-7_. __. 17
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Golden Search Channels

Three main ways to look for minimal models
with Cold Dark Matter (NSUGRA-type
models)

* Direct production of Squarks and Gluinos

- Heavy, but strong production cross
sections

+ Direct production of the Gauginos

- Lighter, but EWK production cross
sections, also leptonic final states have
smaller backgrounds

» Indirect search via sparticles in loops
- Affect branching ratios




Move on to the
results from me and
about 700 of my
closest friends at

CDF...

T. Aaltonen,® J. Adelman,' T. Akimoto,™ M. G, Albrow,'® B, Alvarez Gonzilez,' 5. Amerio, ™" ). Amidel,™
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A. Atal® A, Aurisano.™ F. Azfar,™ B Azzurri, ™ W. Badgen.'® A. Barbaro-Galtieri,™ V. E. Barnes.”® B. A. Barnen,™
V. Bartsch,™ G. Baver,” B-H. Beauchemin,™ F. Bedeschi,” P. Bednar,"” D. Beecher.” §. Behari.™ G. Bellettini, ™
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Squark and Gluino Searches in Multijet + Met

Three main production diagrams
inal states are_mass depende

2 jets + MET 3 jets + MET 4 jets + MET

High Energy Seminar SUSY Searches at CDF 22
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Start from difficult backgrounds

. m: ~ SUSY and Background Cross-Sections Nofe: Des i.'.e .rhe

Expected SM

Ef>180 GeV/c?

1615

Er>120 GeV/c?

3712

=

T ot huge production

e . Bottorm — cross sections only
about 25% of the
~ final background is
e N QCD
. SUSY
e Jee. o o~ The rest is ttbar and
o S other EWK
13 Tt processes

2 jets 3 jets 4 jets

Selections H.>330, H.>330, H.>280,

E{>90 GeV/c?

48+17

High Energy Seminar

April 2010

SUSY Searches at CDF
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Unified Squark/6Gluino Search

N, >2 MET>180 HT>330 CDF Run l Preliminary N >3 MET>120 HT>330 CDF Run Il Preliminar N >4 MET>80 HT>280 CDF Runll Preliminary
- Jt y et
—+— Data(L=201") e —&— Data(L=20f0") - —o— Data(L=20f")
I —— QCD+non QCD Bkg g —— QCD+non QCD Bkg. 10° —— QCD+nan QCD Bky.
10 — non QCD Bkg. i —— 1on QCD Bk i ‘ —— non QCD Bk
> F . L non Q g s ]
(g : Total Syst. Uncertainty ) %102:— Total Syst. Uncertainty % s i , Total Syst. Uncertainty
o | — BH8ig M- 349 Gelle 0 ¢ —— Bg+Sg. M, =249 GeVic C r —— Bkg.+Sig. M, =267 GeVlic*
® L M, - 385 GeVic o M, -270 GeVid 9 wf M, - 438 GeVic’
-~ F s
[/ a OF 4 |
c v f t
o | Lh o 0 \
? 1 2 0 o 1L
T s 10"_ e - I TR TR
missing-E.[GeV] 50 10 150 200 250 300 350 % M0 1% 20 250 300
g-Er missing-E[GeV] missing-E;[GeV]
[ J [ J [ )
2 jets + MET 3 jets + MET 4 iets + MET
CDF Run fiihary L=2.0 fb™

etical uncertainties not included
calculation of the limit
—e— NLO: PROSPINO CTEQ6G.1M
No syst. uncert. (PDF & Ren.)
—i— observed limit 95% C.L.
evidence --4-- expected limit 95% C.L.
physics
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Gaugino Pair Production
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SUSY in Trilepton Events?

¢ R Potiry Lot 2015
- ‘
Three Leptons 35 H No evidence
i o for SUSY
or Dark

Matter so
set limits...

0 20 40 60 80 100 120 140 160 180 200
Missing E; (GeV)

107
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Tri IeE'rons in mSUGRA

o L8Ur - : : » —
2 - o | | K ] o
> . The details of the | R L~
e chai | N 1 ©
€7t full decay chains | . 1.2
¢ 20 of the gauginos | ™8
... affects the final | = 140
- state kiner i 1 Look at
200/ ’ . J130 the lines
: | of
190} Gauginos Decay dominantly ;' - 1120 constant
1805 via on-shell s!ep*l‘ogs s G b ] MO
m(z) <m(zz )¢ ?ﬂ%&?ﬁanﬁ‘;ay J110
5 :’ viai off-shell W/Z 3
- Som(F) > m(Z) 1
160 20 40 60 80 100 120 140
m, (GeV/c’)
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Cross Section limits
vs. Chargino Mass

|F +F

M, = 60 GeV

Gauginos Decay dominantly

via on-shell sleptons

M, = 100 GeV
X9

Gauginos Decay
dominantly
via off-shell W/Z

High Energy Seminar
April 2010

Z*

~0
X1
SUSY Searches
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CDF Run Preliminary_[ Ldt=2.0 fb™
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_ |LEP direct
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Theory 6, o xBR
-------------- 95% CL Upper Limit: expected
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100
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mSUGRA Limits from

Trilepton Events

Excluded Region in mSUGRA Search for 7,7,
—~ 240~

g — CDF Run i Freliminaryj Ldt=2.0fb" Excluded at 95% C. L. |
@ 230—mSUGRA tan(p)=3, A,=0, >0 7
@ <OV meUeRAEN(E. Ay LEP direct limit .
8 F m@), miiy) > m() 5 ]
E 22000 mi) ~ ’
210 -
200 —
190 B
180 i
170 §

160 —

PRL 101, 251801 (2008) iy S i o ety
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High Tanp

» Likelihood fits
including Higgs mass
limits, g-2, and other
experimental data to
the MSSM in the
plane of m,,, and tanp

- Prefers high tanp

- Stop and Sbottom
masses can be very
different than the
other squark masses

* Gaugino branching
fractions to t's can
rise to 100% as the
stau gets light...

Allanach, PLB 635, 123 (2006)

/P(max) l

1 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
{

0 10 20 30 40 350 60
tan B

The Tevatron has
moved towards having a
full suite of high tanp

targeted searches
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Indirect Search: B. =2

The search for B, 2 pu is
perhaps the most
sensitive to SUSY since
sparticles show up in

b

loops

Especially sensitive at
high tanp (Br o« tanf®)

In the Standard Model,
the FCNC decay of
B, 2utu is heavily

suppressed

MSSM

HYA°

= ~ tan®p M
§ SM !.«L+
ZO
Wi
b o

BR, (B, > u"u")=(3.5+0.9)x10"

Buchalla & B . Misiak & Urb
High Energy Seminar SUSY Searches a-( cur e Eiras, TSl rban)
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Looking at the Data

Heavily 25| | COF Il (2 1)
optimized =
search
using
Neural Net

Techniques

N
=]

-
th ©

.y

N b O O O

Candidates/24 MeV/c?

-
0 o

[

primary

vertex ‘3 A,
3 B""
dg. ~ _.#&displaced vertex
i

The backgrounds are combinatorial and estimated
and checked from data using sideband techniques

Can't predict the backgrounds from MC -> Makes
predictions for sensitivity at the LHC precarious

Ap-;'il, 2010 David Toback. Texas A&M University




Limits on Branching Ratios

and mSUGRA

95% CL Limits on @ (B s — uu)

100

TI2407

OCDF

A DO

=k
=]

{

'S <+ Tevatron
"y (CDF+D0 Lum)

i CDF Expected

F

'

..l.-
1 =

CDF, PRL 100, 101802 (2008

Pr'-elim'inc'lr'y Combined CDF/D@

Branching Fraction x 10 7

BR(B,—pp )<4.5x10-8
T S R A T

10 100 1000

Luminosity {pb‘1}

100(

m,[GeV]

1000

800

400

200

mSUGRA at tanf =50
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Sbottom Searches

Two primary Sbottom
searches jn

b+jets+Met

1. Sbotitoms from
gluinos

2. Direct sbottom pair

Pf‘OdUC"'IOﬂ Backgrounds are roughly half
QCD, half EWK
Special tricks to identify b-quarks \ CDF Run II Preliminary
from their long lifetime R i =
- —— QCD(blc) + non-QCD(bc)
Jet ol =+= non-QCD (b/c)
) = I = e Total Syst. Uncertainty
Oisplacedtracks ~  mu  ~ | U eeeas M(b ) = 183 GeV/c?

events

| I
Primary verlex /

i M(x)) = 90 GeV/e?
s | S
Decay lifetime % ——
Ly condary vertex |
- —_—

d0 -

Prompt tracks

10"

_JI.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

300 350 400 _ 450 _ 500 530 . 600 650 700 750
missing ET + ETQetl) + ET(_]etz) [GeV]




Limits on SEar"ricIe Production

Direct Sbottom searches are Gluino mass independent

CDF: PRL 102, 221801 {2009)

—_
=

Cross section [pb

Gluino Pair

[ Th

eoretical uncertainties not included

B in the calculation of the limit

L=2.651fb
———— NLO: PROBPINO CTEQ6.6

syst. uncert.{ PDF @ Ren)
----e---- Expected lim\t 95% C.L.

Observed limi} 95% C.L.

Neutralino Mass = 70 GeV/c?

140

160 180 200 220 240 260

Sbottom Mass [GeV/c?]

)

2
w
1o
o

W
o
o

Sbottom Mass (GeV/c

\

oduction gives best sensitivity to large
sbottom masses

Both are Complemem'}{(

g — bb (100% BR)
#7%) b - by, (100% BR)

D@ Runli 310 pb™”
Sbottom Pair Production
Excluded Limit

CDF Run | excluded
I | I

300 350 400
Gluino Mass (GeV/c?)

250

200



Lightest Squark = Stop?

Direct Counting
Experiments and

ophisticated
Fitting Methods

Charm jets+MET Dileptons+Jets+MET

CDF Run Il Preliminary J Ld=261" 20 Scalar top in the Dilepton Channel:T— 19 b Observed 95% CL

o [ == Observed Limit (95% CL) o 20 2 Br i IVb)=100%;": CDF Prefiminary 85_/BR2()(» -7 o1)=1.0 CDF Run(l;f:r—allmlnary @7 rh"z)
= 120 - Expected Limit (+ o) > & y E M(x,)=125.8 GeV/c
° r [l . Run Il, 1 fb BRE b=
g E g 110 . 80— 61_)'%1")'
[} E .

@ e Ebmo N N 75:* BRZ()"(;aﬁ?vl)=0.50

= § 90 ' ' % 70/

g 8o s

= C 80 < 65
g [ ] g =
S 70 b 60
[0] o £ Ay | F .. CDF Expected 3 - s .
= & 60 Aleph — CDF Observed : 55/ BRA(, -, V1)=0.25

40F s0F7 / L3 .. : sol-
40 \\\ SWK%Q\RX\K@&\\\\\\\\\\\N\\\\\\\\M\\\\\ NI

Hi 50 80 100 120 140 160 150 60 so 100 120 140 160 180 20 ' * CDF: arXiv/0912.1308
Stop Mass [GeV/c?] . M; [GeV/c?] accepted to PRD
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Gauge-Mediated SUSY Breaking Models

eeyyf;Candidate Event

X — 16 models provide

a warm dark matter candidate ISR
Consistent with Astronomical s N
observations and models of inflation| = -

More natural solution for
FCNC problems than

mMSUGRA
Early Universe Later Universe
Warm
Matter
High Energy Seminar SUSY Searches at CDF 38

April 2010 David Toback Texas A&M University



High and Low Lifetime Searches

The lifetime and 30 _ -7
associated particle oy e TT=al_ o~
production dictate .2 jef 6
different final 10000~
states S o 70 Ry 4

* yy+Met for small See--"SSo__ &
lifetime jet - G

* Delayed Photon

+Met for large :
llfe"'lme (i?,tf) /CDF Calorimeter I Pho1'c|m —
del d i —eass ‘gr‘l“IVG |§' ]

0 :_'6 ...... ]

x %‘ c I D B

e G ¢ "=/ | A ’

PoGt) P m [ e,
High Energy Seminar SUSY Searcl
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vy+Met

Can straightforwardly
COF Run i Preiminary /4%, 2 1 separate QCD backgrounds
R R TR ANRS ARas Ao with no intrinsic Met from
: EWK that does

No evidence for new
physics
1 | \ Next move to set
| |Iml'|'S on GMSB
4 6 8 10 12 14 g:fsigni"f‘lscanczeo mOdels

arXiv: 0910.5170
H (submitted to PRD)

Events /] 0.5




Low lifetime Neutralinos

No evidence for new \

e PRL 104, 011801 (2010)

NN

u - 10° 1 = fetime=0 ns —
B 7 C ! ected limit and 1o stat. variation 3
> 10 = ]
[+ = 4 - s, mm 7
Q - . _
e [ 1~ .
- £
o 1= - = =~ 10%F. —
i = He| 41 ° " F . ]
% C il 3= a ]
g B - _
w 10" = - |
B . - 10 E
— . "n -I - — _I | L 111 | L1l | L1111 | L1 11 | 111 | L1101 | L1101 | | | | I_
10'2 ] ‘ L 1 L ' L 1 1 L I L | L 1 L L I 1 L L L | 1 1 ; | 70 Bo 90 130 11 0 120 130 140 150
0 100 200 MI_?T {Ga \460 500 600 700 %1 mass (GeV)
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Nanosecond Neutralino Lifetime Searches

—— Y + ET + Jet data
— All
Collisions

Beam Halo
I Cosmics

----- GMSE Signal MC Measure the time of arrival of
1,# photons in y+Met+Jet events

—
o

Events/ns
T 1T I\TL I \II\IH|

N y+ET+1 jet analysis with EMTiming
- Predicted exclusion region at 570 pb™

Observed exclusion region

—
Q
IHI|_L

30

ALl FRLL sl mn [laaata
|IIII|IIII‘I\II|III\l\lllllllllllll‘l\ll

—

Q
_'LI\J
(@)

0
teorr (NS)

+  Expected exclusion region with w-i-Er and 2.6 fb™'
Observed exclusioh region with T\""ET and 2.6 fb”
Observed exclusigh region with y-i-ﬁr-i-.]et and 570 pb!

ALEPH exclusion flimit
region with 0.5 < r.‘lé < 1.5 keV/c?
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Lots of other possibilities

Two worth mentioning here:
1. CHAMPS
+ Charged Massive quasi-stable particles

* Like GMSB in that the lightest
abundant sparticle in the early
universe is different than it is today

2. R-parity Violating SUSY
* Perhaps Supersymmetry is correct but

has nothing to do with the Dark
Matter problem (Axions?)

- Still worth looking for, just harder to
know where to look
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Long-Lived Charged Sparticles (Champs)

* New emphasis in the ,
theory community about | Tind
the role of long-lived | liht
sparticles in the Early
niverse and today as
Dark Matter

* Use timing techniques

- Heavy particles
arrive later

~ gan measure the
‘mass” of weakly
interacting charqged

particles (muon-like) ® ®
coF Muon CHAMP

University




CHAMP Sear'ch

measurement
resolution

* Can set limits

* Dominated by .| \ e ]
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The Tevatron in the LHC Era
3 more years of running?

Gauqgino Pair Production
I CHAMPS
Needs a well understood
¥ detector, more than 5

times the data take >
gives Tevatron a
competitive advantage
for awhile

Low Mass Understood defector, ‘SqUGPkS &
H|ggs Tevatron \;‘wellellkely push GIU| nos
B2 up ‘Low-lifetime
* Long-lifetime GMSB
GMSB
. CHAMPS
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Conclusions

* The Tevatron has performed a
broad and deep set of searches
for Supersymmetry in ~3 fb-!

- Unfortunately, no sign of new
physics
* The Tevatron is still running
beautifully and the detectors are

collecting data at unprecedented
levels

* If our understanding of Cosmology
and Particle Physics are correct,
the discovery of Supersymmetry
may be just around the corner!
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Stor

Dilepton+Jets+
Met sample is a
fairly pure
sample of top-
pair production

However, Some

Searches

Sample made
of tops and

stops

2

£ Final state particles are
of the dllePTOH the samg as in top

pair production

events in Run I
didn't “look” like
tops
Do a systematic
fit of the
kinematics for
an¥ evidence of
ight stops

M,

155

hi;=155 GeV ! l.':[:IFIFlunIIIPIIE|IIlnIT'|El|r;|r[I2.i"|1'b'1]I I-dlatal r

B stop (DILBR=0.16)

M‘x'=1 25.8 GeV
M =43 9 GeV

150

ed Stop Mass, B-Tagged Channel

M1'o =

EeV 175 GeV

+ 2+ Light Flavor




Can set limits on S‘l'oE Admixture

Branching Ratio limits are mass dependent-...
Small chargino mass Large Chargino mass
Observed 7/5% CL Observ\d 95% CL
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R-Parity Violating SUSY

sneutrino —»ep, U, et

ut

* One advantage of RPV
SUSY is that single- .

article production is
owed

- Decays also depend on the

al

couplings

- Powerful new tau-ID tools
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sheutrino —ep, tu, et

o-BR excluded at 95% C.L in
the 10-2:10-! pb range
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