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Experimental SUSY

signatures
R, (R-parity) conserving

> Lightest Supersymmetric Particle (LSP) is
stable, escapes detector (undetected)

> Results in large E Miss
R, violating signatures

» Often include lepton flavor violating decays

SUSY Breaking Mechanisms:

Minimal SUGRA: supergravity inspired
» Simplest and most-studied model
* Usually leptons and/or jets with E;Miss

Gauge-Mediated-SB motivated s

» LSP: Gravitino, various next-LSP (NLSP)

 Photons if 7, is the NLSP
« Run 1 CDF eeyyE Miss

Anomaly-Mediated-SB motivated signatures
> Long-lived particles, soft pions

> Very hard at hadron colliders
April 28, 2005

® Squark and gluino

Outline

® Neutralino-Chargino Pair

® RPV Sleptons
®* RPV Stop
* CHAMP

Current best limit on the
mass of some SUSY particles:

ignatures
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Tevatron Run2 at Fermi National Accelerator Lab

® Tevatron Run2: )
> Energy in C.O.M.: 1.96 TeV -
®* Now: >600/pb of data on tape |

for both CDF and D@. p EEEp 6 4mm— D

® Current analyses 200-390/pb 1.96 TeV
® Run2 goal: 4.4-8.5/fb -

» Take data until 2009 Tl 'CDF |
® Tevatron is the Energy Frontier 8 : e S o DO |

until the LHC is turned on. el <
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Tevatron Experiments: D@ & CDF

¢ State-of-art, multi-purpose detectors

> Excellent particle detection efficiency, coverage,
tracking and triggering




Chargino-Neutralino Searches

® Recall: | o
— Gaugino, Higgsino
W5 H" = 7 7, > “Charginos” content,
V\70 Bo I:l |:| jflo gé ~0 ~0 ?(Slepton)
y Dy m— v Yoy ¥a, ¥ “Neutralinos” etermines BR’s,
AL1 421 X310 44 coupling strengths
- £ ,,0 ~ 0= ¥+ 500
® @ Tev: Look for pair of ¥1 X> | e }(1 — |7 | X1 X1 X
® Final state with 3 leptons, large E;Mss
® One of the SUSY “golden modes” i i

> Striking signature o 8
> Small SM backgrounds " ”ifp {(

. -t
q Xi

t-channel i

s-channel

q 0




Chargino and Neutralino in 3/+E Miss  E383

/

- 1 06 = -1
- mZz/
6 analyses 8,050 malD e O Pl
e = EW -+ jet/y uul selection
-2I(I=e,,7)+isolated track or utut @10ty QEWWess e
_ ] D430
-EMiss and topological cuts (M;,Ad, M) iaadl
10°
Selection | Bkgnd expected | Observed 1D
eetl 0.21£0.12 0 S -
ep+l 0.31£0.13 0 10!
up+ 1.75%0.57 2
+ + - 1 02 -1
U= 0.64%+0.38 1 8 DO, 320 pb
er+l 0.580.14 0 o Selection
- 0.3620.13 1 % , EWW. WZ, 27
B tt
SUM 3.8540.75 4 T gosusy
107
ik
95%CL: 6xBR(31)<0.2 pb 1072
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Chargino Neutralino Limits w

= 0.7 grpemr T T T

o] — 2 B
e £ Search for x1x2 — 3I+)( DO, 320 pb .
“3l-max” —~ 0.6 > —
° m- 2 M2, (low my) % N M(x1) M(x2)~2M(x1) M(|)>M(x2) :
® No slepton mixing . 0.5F tanp=3, u>0, no slepton mixing .
I#nits > c’x‘ : Ob d Limit :
+ 2 04 e served Limit
M(Zl )>1 16 GeV/c +i?1<- E ...... Expected Limit E
“Heavy Squarks” © 03 —
° m >> m~ N -
0-2__ ........................... _—
» |v|( £)>128 GeV/c? - LEP N e .
0.1— —
.Large m,” =, n large-m, -
M( I )>>M( .Zl_’ZZ ) 0_| Lo v v v v v v v by v Wlﬁ‘ﬁ'#mllmr“'|*HTH'W""*T"1'“T"”I'F

® No sensitivity 100 105 110 115 120 125 130 135 140

Chargino Mass (GeV)

Start testing above LEP » adding t’'s improves sensitivity
limit for mSugra—but LEP = Limit: cxBR ~ 0.2 pb
Model Independent ! = hep-ex/0504032
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The “golden mode™ at CDF

SELECTION:

-2electrons + £, || <1
- ¢ can be e, p, or track, as low as 4 GeV
- blind analysis approach

- employs advanced kinematic cuts

2 triggers: ET>¢20 GeV ET¢> 10 GeV

Process eet/ ee+track
mSugra 0.5 0.5
Bkgnd 0.16x0.07 0.36%0.27
Expected

OBSERVED 0 2

First pass through the data complete !!

Plenty of room to improve:

- include forward electrons and muons
- dimuon channels coming soon
- combine results from channels

Events/(8.0 GeV)

-
O'a

10

10

Search for y3x% > ee+l+X

CDF Run Il Preliminary

.

-

- E;Miss>15 GeV

R

20

I L dt = 346 pb”

M,=100, M, ,=180, tanf=5, 1i>0, A,=0
M(z;) = 113 GeVic’ M(;0) = 66 GeVic®

[ L
BN \WW W2 2 Zly

mSugra point
Drell-Yan

Fake Leptons
Data

40 60

CDF Runll Preliminary, 224 pb'1

Nevents / 15 GeV

107 5

0

20

40

60

80

Processes
Drell-Yan
Il Di-Bosons
tt
— mSUGRA
« data

Brand New

100 120 140
Missing E; (GeV)

80 100 120
Missing E; (GeV)

M,=100 GeV/c?
M,,=180 GeV/c?
tan(B)=5

m.. =113 GeV/c?

m., = 66 GeV/c’
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In GMSB: 2 photons+ £ ,Mss Z

CDF/D@ Event selection:
-2 photons E; > 13/20 GeV
-E Miss>45/40 GeV

Bkgd Exp. | Obs | Limit m~, (GeV/c?) W
DO 3.7+0.6 2 195
CDF 0.3+0.1 0 167
10° ~ CDF Il Data (262 p;:)“)-;
[ Non-Collision 3
S 10°F Ml ey CDF and DO
O ; [ QCD - fake photon .
9l Oaco-w i combined result:
:@ El>13 GeV, In'|s1.0 ~+ )
5 .| wes 1 M(X1)>209 GeV/c
w %,=175GeV
10.1 ] B T L
10" 6~75°50"30 40 50 60 7080 80700 hep-ex/0504004

Missing E; (GeV)

Chargino-Neutralino in yy+Eg Miss

Motivated from

CDF-I eeyyE Miss event
107 T T T T T T
s Pl
6 & ¥ Data (85 pb™)
L Ay = 107
EIExpactad From [y Reaciution

di/df, (EvantE/S GeY)

6 7o

ETMiss (GEV)
. 2
Neutralino Mass (GeV/c")
80 90 100 110 120
T T T T T
-1
1| CDF 202 pb_ GMSB yy+F, -
—~ [ DGO 263 pb M=2A, N=1, tanp=15, u>0 ]
'g_ h —— PROSPINO NLO
NV QCD Uncertainty
>
+
<
1
m | i
%10 F :
b L J
: expected limit .
L. —e— observed limit d
M R RS RS |
140 160 180 200 220

Chargino Mass (GeVlcz)



Gluino-squark searches in hadronic channels

® Large strong-interaction cross sections A ~~ ~~ =~
® Typically searches in jets + E;Ms for light pp — gg gq q q
t,b

squarks ~ ~ ~

> Large E-Mss used to suppress bkgds d C,S,
® Large mixing produces unique signature for \. N J %/—/
the 3" family sqarks generic specific

> Flavor tagging generally used.

® Large mixing also allows the 3 family sqarks
to be light:

> Stop: due to large m..
» Sbottom: due to large tang.

Target w/special
searches

Lightest squark: T (lowtan ), b,(hightan 3)

— _
—~—

T
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Squarks and Gluinos in jets+E Miss

* In MSUGRA: q _ "'zl 2 12: D@ Run i Prelimi:la;yafa
Njets+ E;/MsSselection " * 3 . & s s
> 3 analyses It o8 3jots, before Hy
#jets(P; (GeV)) H,=SPjet | EMss | Bkgd Expected | OBS S PEh
2jets(60,50) 250 GeV | 175 GeV 12.8+5.4 12 :: -----
3jets(60,40,25) 325 GeV 100 GeV 6.1£3.1 5 100 200 300 400 500 600 700 800
4jets(60,40,30,25) 175 GeV 75 GeV 9.3%0.5 10 HyLSev)
00 D@ Run i Prltgellilrllilnlallryl L=310pb_
Limits (tanp=3, A=0,u<0, g= G, d, 3, B): 3 500
»4j :M=500 GeV-> M(g)> 233 GeVic2, o~3pb —H= s
»3j: M(g)= M(q) -> M(q) > 333 GeV/c?, 5~0.6pb ,Eﬁ — i :*”G““\t
»2j :M,=25 GeV -> M(a) > 318 GeV/c?, 6~0.7pb ; oo bo e i
Extended LEP mSUGRA reach for | i
M(q)<M(g) % 100 200 300 400 500 600

Gluino Mass (Ge\ﬁcz)



Gluino-Squark in jets + E Miss

Brand new result!

=10~ CDF Run II Preliminary, 254 pb" = Data
®* 23jets (125, 75, 25 GeV) O F | Blnd Box edge = aco
* EMss>165 GeV, H,>350 GeV 5 | Sz ww
® Expect 4.2 + 1.1 bkgnd events; SUSY: 0.7- 8 4.
4.8? (Blind analysis%pproach) - E_—T—LIIJ—
> Observe 3 events in data i L
> Scan parameter space, set limit soon 1°'1§_ I L

1 | 1 1 1 1 ‘ 1 1 1
200 300 400 500 600 700 800
Hy = Ep +E; +E; [GeV]

% CDF Run II Preliminary, 254 pb" = Data
= mQcD
N 10 Blind Box edge MW, Z, WW
2 l i
c
@
-
w L
1E e
— I_ _,_,7
i L
10-1 1 1 ‘ 1 1 1 1 1 1 | 1 1 —‘ | | 1 1 1
100 150 200 250 300

£, [GeV]



RPV Sleptons D

® RPVtestedin Froduction |anof SUSY particles

e v,
d ~ ~
AV ey
@ " WA A
H T v,
u »RPV decay of LSP(y%)
»Reso,nant spar_tlcle production » 7‘~ijk coupling
»\'ijk coupling =» Selection:
» Selection: 3/+ E mss+channel-
2jets+2 isolated p’s dependent cuts
C }\"211 - 7\.121 -> eeee,eeep,eeputvy
| " Aqo0 -> pppg, pppe,ppee+vy
April 28, 2005 John Zhou

»7»133 -> 1111, TTTe, TTee+vv



RPV Slepton limits

B I%J

Limit for a fixed neutralino mass = 75GeV

»(L=154 pb ")t A'pyy L0 | °F

o~2pb 1.1x0.4 2
» (L=160 pb™) : A;»,
o M( ){1)>90GeV/02 M()(l )>165 GeV/c?

»(L=238 pb™") : Ay
. M()(1)>95GeV/c2 M()(l )>181 GeV/c?

Excluded

—e— Limit 95%CL, 7.=75 GeV

—a— [0 Run |

Tim— e V) T(m— V)

N D(] FIunII prellmlnary

'?60 180 200 220 240 250 280 300 320 340

»(L 200 pb 1) }\‘133 Slepton mass [GeV]
o« M( 7 )>66GeV/c2, M(}( )>118 GeV/c2 | Chan. |tan(B) | Exp. Obsv.
eel ) 0.6x19 |2
All channels with u>0 m 5 0.5+04 |0
Typical 6~0.1pb
eert 10 1.0£14 |0
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» Assume
»BR(t,>bt) ~ 100%
» Search for:

E Stop in RPV SUSY (1)

qq gg — 1 tl — bz-hadETIep

selection: 1/ (¢/=e,u)+ 1T +> 2 jets 100
@ 90

% 80

Largest background: g
Real T from Z-> 1t = :Z

- Check in 0 jet bin w0
control region — =

20

10
April 28, 2005 John Zhou -

A 333

pp— 1, t—-— b‘r)(br)
T T 1

Control Region Z—= 11

p+t Channel :

2 3 4

—-Data
[ Z— =t

CDF Run Il Preliminary (200 pb'
L] 1 | 1 | I |_

R QCD jets -

5 6 7

Hadronic tau humber of tracks



Control region looks good
Measuyfe in signal region

Stop in RPV SUSY (lI)

e+t u+t SUM
Expect. BG 2.6+0.6 2.2+0.5 4.8+0.7
Observed 2 3 5

L
=

b
"]

Number of events
3%
(o]

[a—
Lh

—
o

Lh

=

April 28, 2005

=2
Number of jets

CDF Run |l Prellmlnary (200 pb1)

CDF Runl, LEP {from 3rd Gen LeptoQuark Search)

o GNLO (pp—:—‘t t)

- = JCFPDF-FGscaIe

—_— 95% CL upperllmlt—

Br(t—’-bt} 100% |

Limit: m(stop)>129 GeV/c?

—

00

*Typical c~3pb
John Zhou - Rutgers
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CHAMPs

DY Run Il Preliminary

—
® Look for particle that is %1600
=1400
» charged §
: . 1200
> Massive: v<<c L Er—
> Lifetime long enoughto ™" -~ 100 GeV staus
decay outside detector  ®*°- [ L [ 300 GeV staus

(ct>10 m) 600
® Massively ionizing 400
® Event Selection: 200 Fa e !
> 2muons p;> 15 GeV/c, — Obptipadion b St o TR b
isolated Speed Significance
> Speed significantly slower
than ¢ 1—speed
S, =
O-speed

April 28, 2005 John Zhou - Rutgers 17



. Expected bgknd OBSERVED
® Estimate backgrounds from data i
1 5 0.66£0.06 0
> 2D Plane: M, VS. S)xS;

® SUSY interpretation: Set limits for (quasi)-stable staus,
charginos

> Stau: GMSB-like models (6~0.01pb, m=100GeV) — not yet sensitive
> Charginos: AMSB-like models (6~0.05pb, m=100GeV)

Champs

_ _ 'DZ Run Il Preliminary D Run Il Preliminary
[ " [ % T 3 3
Limits in AMSB: champ=y *, [ L=300pb " =390 pb
. . . E —— 55% CL Cross Section Limit g 1 S :::,Cm:s«n:nm:mn
»>Higgsino like: = L LT = e
~ o Y—————— s
o M(x%)>140 GeV/c2 — . | % 2"F 3
e = 3
" . . ;w’ g bm" E
»Gaugino like: : __

0] M(;i1)>174 GeV/c2 o 2 50 0

— 00 250 300
Higgsino-like Chargino Mass (GeV)

| |
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In Conclusion...

¢ SUSY promising venues for new physics

® DO and CDF both mounting extensive program
> Gluino-squark (limit above Tevatron Run1)
» Chargino-neutralino (limit above LEP’s in certain param. space)
> R-parity violating modes
> Stop, sbottom
> Excluding new regions in parameter space

¢ Stay tuned for more data, more channels, ...

ShE ==) http://www-cdf.fnal.gov/physics/exotic/exotic.htmi w
http://www-d0.fnal.gov/Run2Physics/WWW/results/np.html =
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Delivered Luminosity

Year 2002 2003 2004 2005
oMonth 1~ 4 7 10 1 4 7101 4 7 1_

H}-.l
2 '
2 | _
28001 /
E | oy
= 600 / -
=
NS I
E o
s 400¢
= ,
200 i
i Delivered |
i To tape
0

1000 1500 2000 2500 3000 3500 4000
Store Number

® Current record initial luminosity >12x103%%/cm?/s
> Frequent records before shutdown
> Goal: 300/pb delivered in FY04 was reached
® Run analyses currently using ~240/pb-390/pb
® Run 2 goals: “Base:” 4.4 fb-1. “Design:” 8.5 fb-"



CDF Acqmred Lum|n03|ty

~ 300

CDF Acquired Luminosity (pb
.
£ £

Oy
=

(]
T 8 T

8

—

2004 |
2003 _,.
2005 S },«/‘_
s/ e ]
-'—/-l'-‘-f-l' | 2JOO.lvl-l'l""'
50 100 150 200 250 300 350
Day

CDF Time Init Lum Efficiency

Run Il (hr) (E30) (%)
Average 17.2 33.2 72.5

Record

62.4

118.8

98.5

| CDF had 430/pb on tape at the start of 2004 shut-down




In mSugra with stop NLSP, assume

BR(t, > cz’) ~100%,m , = 40GeV /c*

selection: 2 jets, /large E;M5s, no I, charm tag

Light Stop in mSugra

Expected Observed
Pre-tag 105 £ 12 119
Tag (silicon) 8.3+2.3 11
~0
S 6 Search for t.t, (t, —> cy,)
.-3 E CDF Run Il Preliminary, 163 pl::r'1
8 5[
= -
E . -+ Data
4 J aco multiijet
3 :_ W/Z+jets, Top, diboson
- |:| t, (110 GeVic?), 7, (40 GeVic?)
2~
1=
o: ] !_T_!_l—l_'_l . IR N R R N R
40 100 120 160 180

Missing E; (GeV)

Theory Cross Section (Prospino)
--- CTEQ 5M, Q=m(t,)

[ ] CTEQ 5M, Q=0.5m(t,), 2m(t,)

—> €7;) (pb)

t,) x BR(t,

-,
I II,III|

-+ CDF 95% C.L. Upper Limit

LX)

-
=]

Limit on ocxBR

s(pp — t,

-
=]

M(,)=40 GeV

CDF Run Il Preliminary, 163 ph"I

Stop Mass (GeVic")



Search for Gluino — Sbottom
69 — bbb —>bbbb 7777

Striking signature: four b’s in final state

+ large ET'V”SS. Gluino — b, , 95% C.L. Exclusion Limit, 156pb’
|ldentify b quark jets to reduce dijet ?;: 280- BG - 05)-100% CDF Run Il Preliminary _{
{ m(xy)= eV

backgrounds & 2601 @ - 500 Gev/e s
> Use displaced tracks to tag @ 240 g
" [ [ cu ] [
Efficiency of B-tagging depends on g 2201 -
> m(gluino) — m(sbottom) £ 200 R s
. . 3 1801 incl. double tag [

Set limits as fen(myine: Mspottom) 72 ] :
1601 .
N, Bkgnd Obs. 140; §'
9 120 CDF Run | excluded -

=1 16.4 + 3.7 21 100: IIIIIIIII - “

180 200 220 240 260 280
>=2 26+0.7 4 Gluino mass [ GeV/c?]
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— signal
—— isolation

seed track
\A

not associated
with tau candidate

CDF Tau Reconstruction
* Characteristic 1,3 track enhancement in signal cone
* Net charge 1
* Low n® multiplicity
*m<1.8 GeV
* No energetic tracks, n%’s in isolation annulus

Tau ldenfication at the Tevatron

DY uses Neural Network to
identify hadronic t. Variables:
> Shower shape
> Cluster Isolation
> Electromagnetic fraction

Jet data, Zee MC are input to NN as
the backgrounds and Ztt MC is
the signal.

NN Efficiency is 84% for t's from Z.

25




Supersymmetry

Based on fundamental symmetries
String theories are supersymmetric

Solves some technical problems of Standard L

Model
How: double particle spectrum!

» Worked before: postulate positron for
quantum electro dynamics

Introduce “ " with different spin
> Makes theory self-consistent
> Also provides dark matter candidate
But: where are they?
> M(positron)=M(electron)
> But not so for selectron
> SUSY is broken!

Should be visible in near future, at Tevatron
collider or at next generation (LHC)

€ Supersymmetric |

Candidate

"shadow " particl
Particle Super-
partner
e,v,u,d é',;,u',d
v,\W,Z,h X1 X2
~0] =0
Dark Matter ,‘| AN

m|~ >100 Ge%z

m;zf > 43‘36%2 , mﬁ >104 Ge%z
My,q > 195(300) Ge%z

~
>




R-parity

Global symmetry of MSSM

All analyses presented so far assume R, {4
IS conserved i
> Kills (B-L) violating terms of |J k ] |J k 1 |J k
Lagrangian )

* No proton decayv
« no flavor-violating decays v

» LSP is stable: good dark matter
candidate v

What if R, is not conserved?

> Global symmetries are theoretically
shaky

Introduce new terms in MSSM
Can produce single sparticles
No stable LSP: no dark matter candidate,
no ETMiSS.
» But no one says SUSY has to solve
all our problems...

Lepton-number
violating terms

Baryon-number
violating terms
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