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•• Introduction: MSSM and Introduction: MSSM and mSUGRAmSUGRA
•• TevatronTevatron ColliderCollider and D0 Experimentand D0 Experiment
•• Signal Selection / Background Composition / LimitsSignal Selection / Background Composition / Limits
•• Experimental / WMAP Cosmological ConstraintsExperimental / WMAP Cosmological Constraints
•• Summary and OutlookSummary and Outlook



•• SupersymmetricSupersymmetric extensions of the SM provide a consistent frameworkextensions of the SM provide a consistent framework
for gauge unification and stabilization of EWK scalefor gauge unification and stabilization of EWK scale

•• Each SM particleEach SM particle gets a SUSY partner (spin differ by gets a SUSY partner (spin differ by ΔΔS = S = ½½))
•• SuperpartnersSuperpartners are heavy are heavy SUSY must be brokenSUSY must be broken

•• Several SUSY breaking scenario under consideration:Several SUSY breaking scenario under consideration:
mSUGRAmSUGRA, Gauge, Gauge--Mediated SB, AnomalyMediated SB, Anomaly--Mediated SB Mediated SB determines SUSY structuredetermines SUSY structure

Typical mass spectrumTypical mass spectrum
of SUSY particles:of SUSY particles:

(important decays are shown(important decays are shown

Strong limits on SUSY searches from LEP:Strong limits on SUSY searches from LEP:
M(M(χχ++) > 103.5 ) > 103.5 GeVGeV; ; MMsleptonslepton > 95 > 95 GeVGeV



THE SYMMETRY BREAKING TAKES PLACE IN ATHE SYMMETRY BREAKING TAKES PLACE IN A
““HIDDEN SECTORHIDDEN SECTOR”” AND IS TRANSMITTED TO AND IS TRANSMITTED TO 

THE THE ““VISIBLE SECTORVISIBLE SECTOR”” BY GRAVITATIONBY GRAVITATION

Only Only FIVE FIVE parameters:parameters:

•• mm00:: common scalar (Higgs,common scalar (Higgs,
sleptonssleptons, , squarkssquarks) mass at  the GUT scale) mass at  the GUT scale

•• mm1/21/2:: common common gauginogaugino ((binobino,,
wino, wino, gluinogluino) mass at  the GUT scale) mass at  the GUT scale

•• AA00:: common common trilineartrilinear scalar scalar 
couplings at the GUT scale couplings at the GUT scale 

((sfermionsfermion mixing)mixing)

•• tan tan ββ: : ratio of Higgs vacuumratio of Higgs vacuum
expectation valuesexpectation values

Sign(Sign(μμ): ): higgsinohiggsino mass parametermass parameter

LIGHTEST SUPERSYMMETRIC PARTICLELIGHTEST SUPERSYMMETRIC PARTICLE

(       )(       ) STABLE, if RSTABLE, if RPP IS CONSERVEDIS CONSERVED
~~

00χχ

GUT GUT 
scalescale

EW EW 
scalescale

TevatronTevatron

Assume Assume mSUGRAmSUGRA mass relation:mass relation:

m (m (χχ11
++)  ~  m ()  ~  m (χχ22

00)  ~  0.8 m)  ~  0.8 m1/21/2
m (m (χχ11

00) ~ 0.4 m) ~ 0.4 m1/21/2



DDØØ General Purpose Detector:General Purpose Detector:

•• Excellent particle ID, coverage, tracking, Excellent particle ID, coverage, tracking, 
powerful trigger systempowerful trigger system

•• Data taking efficiency ~ 85Data taking efficiency ~ 85--90 % 90 % 

Electron ID acceptance              |Electron ID acceptance              |ηη|<3.0|<3.0
MuonMuon ID acceptance & trigger   ID acceptance & trigger   ||ηη|<2.0|<2.0
Precision tracking (Si)                |Precision tracking (Si)                |ηη|<3.0|<3.0
Jet ID                                            |Jet ID                                            |ηη|<4.2|<4.2

Results presented in this talk are basedResults presented in this talk are based
on integrated luminosity of 1 fbon integrated luminosity of 1 fb--11

More than double of this datasetMore than double of this dataset
is already on the tapeis already on the tape

Run II started March 2001:Run II started March 2001:
•• Higher energyHigher energy (1.8 (1.8 TeVTeV --> 1.96 > 1.96 TeVTeV))

•• Higher antiproton intensityHigher antiproton intensity
(6*6 bunches  (6*6 bunches  --> 36*> 36*3636 bunches)bunches)

2.5 fb2.5 fb--11
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HIGGSINO MIXING, SQUARK MASSESHIGGSINO MIXING, SQUARK MASSES
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Clean signature: 3 charged leptons + Clean signature: 3 charged leptons + EETT
missmiss (low SM (low SM bkgbkg))

•• Electroweak production Electroweak production small event rates (small event rates (σσ x Br (3x Br (3ll) ~ 0.1) ~ 0.1-- 0.5 0.5 pbpb))
•• Large cross section Large cross section low low gauginogaugino masses (mmasses (m1/21/2), large ), large squarksquark massesmasses

•• Large Large leptonicleptonic branching fraction branching fraction low low sleptonslepton masses masses low mlow m00
•• Large Large e(e(μμ) branching fraction ) branching fraction low degree of low degree of staustau mixing mixing low tan low tan ββ

Destructive interference between sDestructive interference between s-- and tand t--channels:channels:

s s -- channelchannel t t -- channelchannel



Experimental challenge: lowExperimental challenge: low--ppTT leptonsleptons
•• Need Need multileptonmultilepton triggers w/ low triggers w/ low ppTT--thresholdsthresholds

•• Need efficient lepton ID @ low Need efficient lepton ID @ low ppTT

ANALYSIS STRATEGY / SIGNATURE:ANALYSIS STRATEGY / SIGNATURE:

•• 3 leptons + 3 leptons + EETT
missmiss

---- 2 leading P2 leading PTT leptons (tight ID)leptons (tight ID)
---- Isolated low Isolated low ppTT 33rdrd track (no lepton ID)track (no lepton ID)
(3(3rdrd track = e, track = e, μμ, , τ,τ, including including hadronichadronic ττhadhad))

•• 2 Like2 Like––sign leptons + sign leptons + EETT
missmiss

---- No 3No 3rdrd track requirementtrack requirement
(important when 3(important when 3rdrd lepton Plepton PTT is very soft)is very soft)

Major SM Backgrounds:Major SM Backgrounds:

•• WZ/ZZWZ/ZZ 3 3 ll (irreducible)(irreducible)
Fake Leptons:Fake Leptons:

(γ(γ--conversion or  fake leptons: conversion or  fake leptons: ππ00))
•• W + W + γγ/jet/jet 1 1 ll + 2 fakes+ 2 fakes
•• Z/Z/γγ* + * + γγ/jet /jet 22 ll + fake+ fake
•• WW + WW + γγ/jet /jet 2 2 ll + fake+ fake

•• ttbarttbar 2 2 l l + fake+ fake
•• QCD QCD multijetmultijet no isolatedno isolated
leptonsleptons (determined from data)(determined from data)



M(eM(e++ee--))

6 D0 6 D0 ANALYSIS:ANALYSIS: 1 1 LS (LS (μμ++μμ++),  3),  3 llll ((e,e,μμ) + track; 2 ) + track; 2 ((e/e/μμ + + ττhadhad+ track)+ track)

2 leading leptons:2 leading leptons:
PPTT

l1l1 > 12 > 12 GeVGeV; P; PTT
l2l2 > 8 > 8 GeVGeV

Anti Z/Anti Z/γγ*, Y, W/*, Y, W/γγ* invariant mass* invariant mass cuts:cuts:
Anti Anti -- ttbarttbar Cut: Cut: HHTT = = ΣΣPPTT

jetjet < 50 < 50 GeVGeV

EETT
missmiss--based Cuts:based Cuts:

EETT
missmiss > 22 > 22 GeVGeV; E; ETT

significancesignificance > 8> 8
MMTT (e, (e, EETT

missmiss) > 20 ) > 20 GeVGeV

eeee + track:+ track:

eeμμ + track:+ track:eeμμ + track:+ track:



•• Increase sensitivity by requiring 3Increase sensitivity by requiring 3rdrd isolated track instead of lepton IDisolated track instead of lepton ID
•• Isolation in tracker and calorimeter are required to reject bacIsolation in tracker and calorimeter are required to reject background from jetskground from jets
•• Isolation criteria are designed to be efficient for e, Isolation criteria are designed to be efficient for e, μμ and and hadronichadronic ττhadhad decaysdecays

ppTT
3rd track3rd track > 4 > 4 GeVGeV

μμμμ + track:+ track: eeee + track:+ track:

EETT
missmiss * P* PTT

3rd track3rd track > 220 GeV> 220 GeV22



IncreaseIncrease acceptanceacceptance by by requiringrequiring 2 out2 out
of 3 leptons, of 3 leptons, whilewhile reducingreducing SM SM bkgbkg

PreselectionPreselection (2 isolated LS(2 isolated LS--muonsmuons):):
PPTT

μμ11 > 13 > 13 GeVGeV; P; PTT
μμ22 > 8 > 8 GeVGeV

Anti Z/Anti Z/γγ* * μμμμ & Anti& Anti--QCD Cuts:QCD Cuts:
25 25 GeVGeV < < MMμμ++μμ--< 65 < 65 GeVGeV; ; ΔϕΔϕ ((μ,μμ,μ) < 2.9) < 2.9

EETT
missmiss--based Cuts:based Cuts:

EETT
missmiss > 10 > 10 GeVGeV; E; ETT

significancesignificance > 12> 12
15 15 GeVGeV < M< MTT ((EETT

missmiss, p, pTT
μμ22) < 65 ) < 65 GeVGeV

LS Invariant Mass Cut:LS Invariant Mass Cut:
12 12 GeVGeV < M (< M (μμ++,,μμ++) < 110 ) < 110 GeVGeV

Product of Product of EETT
missmiss and 2and 2ndnd muonmuon PPTT::

EETT
missmiss * P* PTT

2nd 2nd muonmuon > 160 GeV> 160 GeV22

MMTT

M (M (μμ++,,μμ++))
∫ ℒ dt ~ 0.9 fb-1

LS LS dileptondilepton channel is also sensitive channel is also sensitive 
to to squarksquark / / gluinogluino productionproduction



000.58 0.58 ±± 0.140.14300300ee ττhadhad + track+ track
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(PB(PB--11))

110.36 0.36 ±± 0.130.13μ μ ττhadhad + track+ track

220.32 0.32 ±± 1.341.34μ μμ μ + track+ track

000.94 0.94 ±± 0.40.4e e μμ + track+ track

111.1 1.1 ±± 0.40.4LS LS μ μ ++ μ μ ++

000.76 0.76 ±± 0.670.67e e + tracke e + track

DATADATABACKGROUNDBACKGROUND
EXPECTEDEXPECTEDD0 ANALYSISD0 ANALYSIS•• mSUGRAmSUGRA inspired model:inspired model:

m (m (χχ11
++)  ~  m ()  ~  m (χχ22

00)  ~  2 m()  ~  2 m(χχ11
00))

•• RR--parity is conservedparity is conserved

•• Degenerate Degenerate sleptonslepton massesmasses

•• No No sleptonslepton mixingmixing

•• Low tan Low tan β β = 3= 3

σ σ x Br (3x Br (3ll) is mainly a function) is mainly a function
of  m (    )  and m (       ) of  m (    )  and m (       ) 

with small dependence on with small dependence on 
other SUSY parametersother SUSY parameters

ll~~ 00
22

~~χχ
Large tan Large tan ββ scenarios are challenging:scenarios are challenging:

ττ becomes the lightest    becomes the lightest    dominant BR dominant BR 33ττ
Lighter Lighter ττ massmass lower lower ppTT ((τ τ hadhad))

Need efficient Need efficient ττhadhad reconstruction @low reconstruction @low pTpT
Need efficient trigger for Need efficient trigger for e/e/μμ + + ττhadhad final states final states 

ll~~
~~

~~



““33ll –– MAXMAX”” (m(m00 ~ 80 ~ 80 -- 120 120 GeVGeV):):
M (   ) M (   ) == M (       ) + M (       ) + ε (>0)ε (>0)

Br (           )Br (           ) 3 3 ll ~ 20 ~ 20 -- 30 %30 %

M (      )  > 141 M (      )  > 141 GeVGeV; ; 
σσ * Br < 0.07 * Br < 0.07 pbpb

00
22

~~χχll
~~

““HEAVY SQUARKSHEAVY SQUARKS””::
M (     )  >>  M (    ) M (     )  >>  M (    ) 

(no scalar mass unification)(no scalar mass unification)

M (      )  > 155 M (      )  > 155 GeVGeV
σσ * Br < 0.06 * Br < 0.06 pbpb

““LARGE LARGE -- mm00”” SCENARIO (mSCENARIO (m00 ~ ~ TeVTeV):):

M (    ,    )  >>  M (       ,        )M (    ,    )  >>  M (       ,        )
(small Br (             )(small Br (             ) 3 3 ll,,

W*, Z* decays dominateW*, Z* decays dominate))

No SensitivityNo Sensitivity

qq~~

Combination: Combination: ee+trackee+track, , eeμμ+track+track, , μμμμ+track+track (1.1 fb(1.1 fb--11), ), μμ++ μμ++ ((0.9 fb0.9 fb--11))
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Combination: Combination: ee+trackee+track, , eeμμ+track+track, , μμμμ+track+track (1.1 fb(1.1 fb--11), ), μμ++ μμ++ ((0.9 fb0.9 fb--11))

Δ Δ M = M (   M = M (   -- )  > 0: 3)  > 0: 3--body decay via virtual   body decay via virtual   or W/Zor W/Z

ΔΔM M ≥≥ 0:   0:   -- exchange dominates:  exchange dominates:  Large Br(Large Br(χχ22
00χχ11

++ e,e,μ,τμ,τ) ) ““33ll--maxmax”” scenarioscenario

ΔΔM >> 0: W/Z*M >> 0: W/Z*-- exchange dominates: exchange dominates: Small Small Br(Br(χχ22
00χχ11

++ e,e,μ,τμ,τ) ) : : ““largelarge--mm00”” scenarioscenario

ll~~ 00
22

~~χχ ll~~

ll~~

ΔΔM = M (    M = M (    -- ) < 0: ) < 0: 
22--body decay into real body decay into real 

ΔΔM < M < -- 6 6 GeVGeV::
Br(Br(χχ22

00χχ11
++ e,e,μμ) ) dominantdominant

--6 6 GeVGeV < < ΔΔM < 0 M < 0 GeVGeV::
Soft 3Soft 3rdrd lepton Plepton PTT
limit set by LS limit set by LS μμ++ μμ++

ll~~ 00
22

~~χχ
ll~~



J. Ellis, K. Olive, P. J. Ellis, K. Olive, P. SandickSandick, arXiv:0704.3446 (2007); K. Olive, private communications, arXiv:0704.3446 (2007); K. Olive, private communications

Charged LSPCharged LSP Charged LSPCharged LSP

Cosmological constraints: Cosmological constraints: NeutralinoNeutralino LSP constitutes the whole dark matterLSP constitutes the whole dark matter
WMAP allowed range:  0.0855 < WMAP allowed range:  0.0855 < ΩΩhh2 2 < 0.1189< 0.1189

Experimental observations: Experimental observations: mmtt = 171.4 = 171.4 GeVGeV;   ;   mmhh > 114.4 > 114.4 GeVGeV
10.7 * 1010.7 * 10--1010 < < ΔΔaaμμ < 44.3 *10< 44.3 *10--1010;     Br (b ;     Br (b ssγγ) = 3.55 * 10) = 3.55 * 10--44

N
o 

EW
SB

N
o 

EW
SB

Allowed relic densityAllowed relic density

Allowed relic densityAllowed relic density

Allowed relic densityAllowed relic density

(g(g--2)2)μμ preferredpreferred

Current D0 Current D0 trileptontrilepton sensitivity:sensitivity:
demonstration purposes only;demonstration purposes only;

““3l3l--max scenariomax scenario””, , tan tan ββ = 3= 3



•• DDØØ SUSY searches are exploring new territory beyond LEP limitsSUSY searches are exploring new territory beyond LEP limits
(most significant impacts at (most significant impacts at low tan low tan ββ & & low mlow m1/2 1/2 and mand m00 values)values)

•• CharginoChargino mass limit ~ 140 mass limit ~ 140 GeVGeV & & σσ * Br < 0.07 * Br < 0.07 pbpb for for ““3l3l--maxmax”” scenarioscenario

•• Start counting on > 2 fbStart counting on > 2 fb--11 data sampledata sample
We hope that We hope that charginochargino and and neutralinoneutralino are light enough to find them at are light enough to find them at TevatronTevatron

Expected sensitivity for SUSYExpected sensitivity for SUSY

charginochargino / / neutralinoneutralino

searches (95 % C. L.)searches (95 % C. L.)

in final state with 3 leptons in final state with 3 leptons 

(D0 + CDF combined):(D0 + CDF combined):





The LSP (neutral, The LSP (neutral, colourlesscolourless) interacts only weakly with matter) interacts only weakly with matter
RR--parity conservation requires a relic density parity conservation requires a relic density ideal dark matter candidate?ideal dark matter candidate?

NeutralinosNeutralinos ((χχii
11) are mixture of Wino (W), ) are mixture of Wino (W), BinoBino (B), and 2 neutral (B), and 2 neutral higgsinoshiggsinos (h)(h)

SUSY naturally gives the wrong dark matter densitySUSY naturally gives the wrong dark matter density

•• BinoBino (B) Dark Matter: (B) Dark Matter: ΩΩCDMCDMhh22 >> >> ΩΩCDMCDM
WMAPWMAPhh22

•• Wino, Wino, HiggsinoHiggsino ((W,hW,h) Dark Matter: ) Dark Matter: ΩΩCDMCDMhh22 << << ΩΩCDMCDM
WMAPWMAPhh22

Allowed SUSY parameter space is pretty much constrained:Allowed SUSY parameter space is pretty much constrained:

•• LSP  has LSP  has ““correctcorrect”” proportions of Wino/proportions of Wino/HiggsinoHiggsino in in BinoBino dark matterdark matter
•• There exists There exists exhancedexhanced annihillationannihillation channels of channels of BinoBino dark matter dark matter 

(e.g. LSP and NSLP are (e.g. LSP and NSLP are nearly degeneratenearly degenerate in mass, in mass, ……))



J. Ellis, K. Olive, P. J. Ellis, K. Olive, P. SandickSandick, arXiv:0704.3446 (2007); K. Olive, private communications, arXiv:0704.3446 (2007); K. Olive, private communications

Cosmological constraints: Cosmological constraints: NeutralinoNeutralino LSP constitutes the whole dark matterLSP constitutes the whole dark matter
WMAP allowed range:  0.0855 < WMAP allowed range:  0.0855 < ΩΩhh2 2 < 0.1189< 0.1189

Experimental constraints: Experimental constraints: mmtt = 171.4 = 171.4 GeVGeV;   ;   mmhh > 114.4 > 114.4 GeVGeV
10.7 * 1010.7 * 10--1010 < < ΔΔaaμμ < 44.3 *10< 44.3 *10--1010;     Br (b ;     Br (b ssγγ) = 3.55 * 10) = 3.55 * 10--44

Allowed relic densityAllowed relic density

Charged LSPCharged LSP Charged LSPCharged LSP

Allowed relic densityAllowed relic density

(g(g--2)2)μμ preferredpreferred
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Allowed relic densityAllowed relic density

bb ssγγ
excludedexcluded


