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Models and Final States

• Go beyond the Standard Model without introducing SUSY

Models Final States

Lepton-quark
substructure

compositeness
excited fermions
Leptoquarks

ee, γγ, µµ
µµγ, eej
eejj, µµjj, eνjj , µνjj ,ννjj,ννbb

New Heavy gauge bosons Z’
W’

ee, µµ, ττ
eν, bblν

Hierarchy problem
(MPlanck >> MEW)

Extra Dimensions: 
Large Extra Dimensions 
(ADD LED)
Randall-Sundrum
gravitons (RS gravitons)

ee, γγ, µµ
(resonant or not)
jet+MET

(monojet)

EWSB without Higgses technicolor lνbb, lνbc

Three final states: leptons/photons , leptons+jets (+MET) , jets+MET
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Non-SUSY searches at the TeVatron

Final state: Leptons/photons

ADD –LED
RS gravitons

Z’
W’

excited muons
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Dilepton/Diphoton

dielectron/diphoton
• ET>15-25 GeV

• isolated, fraction EM

• EM shower shape

• Track match (ee)

• Main background:

– Drell-Yan -> ee, γγ

– Fakes: QCD multijet events and
direct photon events -> 
estimated from data

• syst signal: ~9% (cross section, 
EMid, acceptance, e/γ)

dimuon
• PT > 15 GeV

• Isolated

• Track quality req. (hits…)

• Cosmic ray bkgd cuts

• Main background: 

– Drell-Yan -> µµ

• syst signal: 8% (acceptance)

Direct search (mass peak: Z’, RS graviton) and indirect search (LED, compositness)

EM Calorimeter

Tracker

µ chambers
+tracker

EMid: ε~ 80 to 90% µid: ε~ 80 to 90%

syst SM background: 9 to 13% (efficiency, momentum smearing, PDF,…)
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Data/MC Comparison

Z’-> ee
RS graviton – ee,γγ

L~450 pb-1

Dijet

SM DY

Others
(W,Z,diboson,tt)



Dilepton
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• No excess wrt SM -> limits (95% CL) on the models

Z’->ee CDF 450 pb -1

Compositeness: ee, µµ

mZ’SM
> 850 GeV @95% CL

ee and µµ combination in progress

Λ: compositness scale(TeV)

ee
200 pb-1

µµ
250pb -1



Dilepton/Diphoton

RS graviton: ee, γγ, µµ combined

cross section: σ = f(ηG,ηG
2)

parameter: ηG=F/MS
MS : fundamental Planck scale
F ~ 1: model dependent

World Best Limit

HLZ[2] Hewett[3]

n=2 n=3 n=4 n=5 n=6 n=7 Λ=+1/λ=-1

246

D0
µµ 1.07 1.09 1.27 1.07 0.97 0.90 0.85 0.96/0.93

200

CDF
ee 1.10 - 1.31 1.10 0.879

1.74 1.171.481.76

0.999 0.929 0.987/0.959

275

D0
ee+γγ 1.48 1.33 1.24 1.32/1.21

L
(pb-1)

Final 
state

GRW

[1]

ADD LED

RunI+RunII

[1] Giudice, Rattazzi, Wells NPB 544,3 (1999)
[2] Han, Lykken, Zhang PRD59,105006 (1999)
[3] Hewett PRL 82, 4765 (1999)
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parameters: 
-graviton mass
- k/MPL: coupling to the SM fields
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Lepton/photon(s)+X
Signature of excited particles which decay to l/γ+X

γγ+X γl+X

diphoton trigger: ET>12 (isolated), ET>18 GeV
2 central photons |η| < 1 ET >13 GeV

One isolated γ ET >25 GeV
One isolated « tight » central lepton ET >25 GeV
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High Luminosity
No excess wrt SM

γγ+e,µ
L ~ 683 pb-1

γγ+γ
L ~ 1020 pb-1

one electron ET > 20 GeV
one muon pT > 20 GeV

A third photon
|η| < 1 ET >13 GeV

lγ+MET

L ~ 307 pb-1

lγ+l  
L ~ 307 pb-1

MET> 25 GeV Loose lepton ET>25 GeV

Obs: 43 Exp: 35.1±5.3 Obs: 31 Exp: 21.2±4

µµγ eeγ

1 fb-1

lγγ

γγγ: exp: 1.9±0.6 observ: 4



Excited muons

L=371 pb-1 L=377 pb-1

2 isolated
muons

pT>20 GeV p T>15 GeV

1 isolated
photon

E T>25 GeV E T>16 GeV
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Contact Interaction (CI) ET
γ>27 GeV + Mµγ mass cut

Main background: 
Zγ,WZ, ZZ
Z+jet (fakes)

Systematics:
fakes(jet misid as photon)

Compositness models:
Quarks and leptons are composed of a 

scalar and a spin ½ particles
Large spectrum of excited states



Excited muons
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mµ* > 618 GeV Λ=1 TeV
 (GeV)*µM
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CDF Run II Preliminary

-1 dt = 371 pb⋅ L ∫

95% C.L.

Exclusion Region

mµ* > 800 GeV Λ=1 TeVWorld Best Limit

EW decays: µ* -> µ + gauge boson
CI decays:   µ* -> µ + ff Three parameters:

- mµ*
- BR(µ* -> µγ)
- Λ: compositness scale

L=377 pb-1

Only EW decays



W’ -> eν

Trigger: inclusive electron ET >18 GeV
Selection

-One isolated electron ET >25 GeV
- MET > 25 GeV
- 0.4 < ET /MET < 2.5

MW’ > 788 GeV @95% CL

World Best LimitSystematics: 
- JES
- PDF
- EM scale, ISR

Background: 
W->eν, W-> τν,
Multijet (fakes)

Efficiency
40 to 45%

Moriond QCD  - March 22, 2006 11



Non-SUSY searches at the TeVatron

Final state: Leptons+jets+(MET)

leptoquarks
technicolor

excited quarks

Moriond QCD  - March 22, 2006 12



Leptoquarks
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L~ 294 pb -1 L ~ 200 pb -1

µµjj µνjj
2 isolated muons pT > 15 GeV pT > 25 GeV pT > 25 GeV

2 isolated jets ET > 25 GeV ET (jet1) > 30 GeV

ET (jet2) > 15 GeV

M(µµ) > 105 GeV 15 GeV< < 75 GeV

> 105
MET > 60 GeV

ET > 30 GeV

+additional cuts: scalar sum of transverse energies of objects (µµjj ), 
angular selections and mass cut around MLQ (µνjj)

Systematics:
- CDF: lumi, PDF
- D0: JES, lumi, PDF

Background:
DY: Z/γ*(µµ) +jets

LQ: bosons  
carrying the

quantum 
numbers of a 
quark-lepton

system

2 isolated energetic jets + 
one (two) isolated high pT

muons

2nd generation: LQ 2 LQ 2-> µµjj (CDF+D0)
LQ 2 LQ 2-> µνjj (CDF)



Leptoquarks
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L ~ 200 pb -1 L~ 294 pb -1

Data 2 6
MC 1.87± 1 6.8 ±2

µνjj
µµjj

β = 1 MLQ2 > 251 GeV @95% CL
World Best Limit2 parameters:

β: BR(LQ->l±q)
MLQ



Excited quarks
Event selection:
-2 electrons (ET>30, 25 GeV): usual
criteria
- 81 < Mee < 101 GeV
- 1 jet pT > 10 GeV
- no matching jet – EM object

Main background: DY Z(ee)+jetsSignature: Z(ee)+jet 
MZq resonant

Mq* > 520 GeV @ 95% CL

L ~ 376 pb-1
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Non-SUSY searches at the TeVatron

Final state: jets+MET

ADD LED (monojet)
leptoquarks
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Scalar Leptoquarks
pp -> LQLQ -> ννjj : 2 acoplanar (light) jets + MET

Main background:

- Z(νν)+jets

- W(lν)+jets

- QCD multijets (instrumental) -> from data

L ~ 191 pb-1 L ~ 310 pb-1

Triggers MET jets+MET

2 central jets p T > 40, 25 GeV p T > 60, 50 GeV

MET > 60 GeV > 80 GeV

no isolated track, no electron or muon

cuts on ∆Φ(MET, jet) to remove SM and QCD 
background
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Scalar Leptoquarks
pp -> LQLQ -> ννjj : 2 acoplanar (light) jets + MET

L ~ 191 pb-1 L ~ 310 pb-1

DATA 124 86

SM 118.3± 14.5
10.7

12.2

10.1

9.775.2
+

−

+

−

β = 0 MLQ > 136 GeV @95% CL

World Best Limit

Systematics: 14 to 16% 
(luminosity, JES, Jet energy reso, PDFs)

β = 0 MLQ > 117 GeV @95% CL



Extra Dimensions
qq, qg, gg-> gG, qG:  a single energetic jet + large MET

Main background:

- Z(νν)+jets

- W(lν)+jets

- QCD multijets -> from data

Main background
(Z+jets, W+jets) 
estimated from data

High sensitity to 
Jet Energy Scale

L ~ 368 pb-1

Triggers High ET single jet

1 central jet

(quality criteria)

p T > 150 GeV

MET > 120 GeV

2nd leading jet p T < 60 GeV

no isolated track, no electron or muon

cuts on ∆Φ(MET, jet) to remove SM and QCD 
background
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Extra Dimensions
qq, qg, gg-> gG, qG: a single energetic jet + large MET

Uncertainties:
- stat+syst: 11%
(bckgd from data)

G

g,q

g,q

jet

n: number of Extra Dimensions
MD : effective Planck scale

World Best Limit

n=5 MD>0.85 TeV
n=6 MD>0.83 TeV



Non-SUSY searches at the TeVatron

• CDF and D0 are probing unexplored areas

• Signatures: leptons/photons, leptons+jets, jets+MET

• Good understanding of the detectors is requested to have systematic
(dominant) uncertainties under control.

• No excess wrt the Standard Model observed

-> limits (95% CL) on non-SUSY models: extra dimensions, Z’, W’, 
leptoquarks, excited fermions, compositeness

• Not covered in this talk: LQ->ej, νb;  Z’->ττ, technicolor in dielectron, 
magnetic monopoles, … Information available on these topics:

– http://www-d0.fnal.gov/Run2Physics/WWW/results/np.htm

– http://www-cdf.fnal.gov/physics/exotic/exotic.html

• The TeVatron is performing well: 1.2 fb-1 recorded per experiment (10x 
RunI) . First results with 1  fb-1 ! 

new exciting results are in the pipeline and we hope that soon…
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World Best Limit Discovery



Backup
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TeVatron

World record 1.7185 E32
Jan. 2006

Typical « recorded » to « delivered »
luminosity ratio: 80 to 90%

~1.2 fb-1 on tape for each experiment
0.2 to 0.4 fb-1 for results presented here
4 to 8 fb-1 expected in 2009

~ 1.5 fb-1 delivered
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D0 detector

• New silicon and 
fiber tracker

• Solenoid (2 Tesla)
• Upgrade of muon 

system
• Upgrade of 

Trigger/DAQ

Moriond QCD  - March 22, 2006 24



CDF detector

• New silicon and drift 
chamber

• Upgrade of 
calorimeter and muon 
system

• Upgrade of 
Trigger/DAQ
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Extra Dimensions
Hierarchy problem: Why MPL ~ 1016 TeV >> MEW ~ 1 TeV ?

Arkani-Hamed, Dimopoulos Dvali (ADD)

• SM particles confined to a three-dimensional « brane »
• Gauge interactions: embedded in a « multiverse »: the
three standard plus additionnal compact dimension
• Graviton can propagate in the multiverse
• Gravitons propagating in compact extra dimensions 
appear as a tower of Kaluza-Klein (KK) excited modes 
(point of view of the SM brane)
• Radius of compactification can be as large as 1 mm
• Gravitons are free to propagate in extra dimensions

-> gravitational appears suppressed on the SM brane
-> the apparent Planck scale is ~ 1019 GeV with
respect to the 3+n dimensional space but the
fundamental Planck scale MS can be as low as 1 TeV
->  no more hierarchy problem in the SM

Randall-Sundrum (RS)

• two branes (Planck and SM) in a slice of AntideSitter
space-time (AdS5)
• gravity originates on the Planck brane and the
graviton wave function is exponentionnaly suppressed
away from the brane along the extra dimension due to 
a warp factor (metric)

-> low energy effects on the SM brane with a 
typical scale: Λπ~ M PL exp(-kπR)  MPL

=MPL/√8π
-> hierarchy problem solved if Λπ~ 1 TeV ie kR
~10

Excited states with masses n/Rδ

(n=number of extra dimensions, R: compactification radius)
Coupling to matter α 1/MPL
Continuum of KK states -> cross section ~pb

Only one dimension
Massive resonances not equidistant in mass
First excited state: cross section ~pb
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Extra Dimensions
Signatures at the TeVatron

Real graviton emission
-> monojets

LED: Virtual graviton effect
RS: real graviton

-> fermion or vector boson pairs
(resonance in RS)
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Jet Energy Scale in D0
• Jets are reconstructed from energy deposits in the calorimeter using a cone algorithm
• Jets are made of different kinds of particles (γ,π, K, p, n) for which calorimeter

responses are different.
• Moreover: there are energy depositions in the calorimeter from spectator interactions, 

additionnal pp interactions, electronic noise, and noise due to radioactive decay of
uranium.

• Furthermore: not always all particles in a jet deposit energy within algorithm cone.
-> all these effects produce a distorsion in the jet energy and the particle level jet energy

can be obtained from the measured jet energy through:

),,(*),(
),,(0

ηη
η

meas
jetcone

meas
jetjet

meas
jetptcl

jet ERRER
REE

E
L−

=

Offset energy(multiple 
interaction, underlying event

energy, electronic noise, 
uranium noise and pile-up)

Calorimeter response to the
hadronic jet

Fraction of pqrticle jet 
energy contained within the

algorithm cone

Zero Bias (ZB) and
Minimum Bias
(MB) events

γ+jet events (pT imbalance) dijet events
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Technicolor

1 isolated lepton  
2 jets flavoured tagged
(similar to HW for bblν)

eνbQ (Q=b,c) L ~ 238 pb-1

1 electron pT >20 GeV
MET > 20 GeV
MT(W) > 30 GeV
2 jets pT >20 GeV
1 jet b-tagged (εb ~ 35%; mistg~0.25%)
∆Φ(jj) > 2.2, pT (jj) < 75 GeV
HT= p T

e+pT
j +pT

j < 200 GeV
Invariant masses: m(jj) , m(Wjj)
Main bkground: Wbb, W+light (mistag) 

Data: 4 MC: 6.6

m(ρT,πT ) = (200,105) GeV σ < 0.681 pb @ 95% CL

Systematics:
-D0: JES, Jet reso, btag
-CDF: FSR, btag, ISR, JES

technirho
technipion
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Projection Z’->ee
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