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How to read this talk

- There are too many results to cover in 20 minutes, so I covered only 
the latest results (Talks at Moriond EW and QCD used as reference)
- For each subject, I tried to give both the Tevatron status and the LHC 
perspectives
- I tried to go beyond the SUSY option, covering also other candidates 
of LHC early discoveries
- I focused on early physics, so many subjects demanding high statistics 
(e.g. non-standard Higgs) are left for IFAE201X
- I tried to present what is done and can be done, without thinking at 
how “likely” things are (theoretical/personal subjective judgement). 
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SUSY searches
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Hadronic Final States

600

Squarks and Gluinos produced
with large cross section. Final states with
jets and MET. Excess searched in the MET tail. 
QCD background from data. Other 
backgrounds from Monte Carlo 

Bottom production from SUSY (e.g. 
through sbottom decay). Displaced vertices  
characterize heavy-flavor jets. Final states with 
jets and MET. Excess searched in the MET tail. 
QCD background from data. Other backgrounds 
from Monte Carlo. B tagging to increase S/B with 
respect to inclusive hadronic searches
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Squarks and Gluinos

Gluino Mass (GeV)
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SM QCD bkg from DATA (D0) or MC (CDF). 

D0 (CDF) 95%CL limits: 

"! M(g,q)>390 (390) GeV/c2 when M(g)~M(q) 

"! M(g)>308 (280) GeV/c2 for any M(q) 

"! M(q)>379 (340) GeV/c2 for any M(g) 

Combination of 7 signal 
regions with exclusive 

kinematic requirements. 

~ ~ 

~ 

~ ~ 

~ 

~ ~ 

~ 

Inclusive searches of hadronic final states with 
large MET and/or transverse energy in the event
Event selection to improve S/B. 
Looking for excess on the tails of SM distribution
QCD background templated from control samples
Understanding of detector simulation and MC 
generators to model the non-QCD backgrounds

Analyses improved with time (started as ≥3j, 
moved to ≥2j (more difficult, more QCD) 
events after better detector understanding)
No excess seen. Result translated into a limit
on masses parameter space
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Signature: 

2 b-jets and 

MET 
(!1

0=LSP) 

CDF

CDF 95%CL limits: 

!! M(b1)>230 GeV/c2 when M(!)<70 GeV/c2 
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!!MSSM scenario with pair production of light b1. 

!!BR(b1"!1
0b) = 100%. 

!!state with 2 jets + MET. 

!!At least 1 jet is b-tagged. 

!!Two signal regions with increasing energy 

thresholds sensitive different                

DM=M(b)-M(!) scenarios: 

!! Low DM (" 90 GeV) 

!! High DM (# 90 GeV) 

~ ~ 

~ ~ 

~ ~ 

~ 

Sbottom Production
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Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances

12

Search in WW and WZ final states

e + MET + 2(3) jets
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Diboson Resonances
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Search in WW and WZ final states

e + MET + 2(3) jets
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!! Similar MSSM scenario with respect to 
CDF. 

!! Final state with 2 or 3 jets + MET. 

!! NN b-tagging on the 2 leading jets. 

!! Bkg dominated by QCD and mistag 
events (estimated with DATA-driven 
techniques). Other bkg from MC 
simulation. 

!! Good agreement between observed 
DATA and expected SM. 

4.0 fb-1 

 (GeV)
jet1

TE

0 100 200 300 400

Ev
en

ts
 / 

10
 G

eV

1

10

210

0 100 200 300 400

1

10

210

Data 
Total background

LQ (220 GeV)
Top  

c,ZcbZb
Z+light jets

c,WcbWb
W+light jets

Diboson
Multijet

 (GeV)
jet1

TE

0 100 200 300 400

Ev
en

ts
 / 

10
 G

eV

1

10

210

)-1D0 Run II Preliminary (4 fb

D0 95%CL limits: 

!! M(b)>250 GeV/c2 when M(!)<70 GeV/c2 

~ ~ 

low Δm(b,χ0) (<90 GeV)

high Δm (b,χ0) (>90 GeV)

 (GeV)
jet1

TE

0 100 200 300 400

Ev
en

ts
 / 

10
 G

eV

1

10

210

0 100 200 300 400

1

10

210

Data 
Total background

LQ (220 GeV)
Top  

c,ZcbZb
Z+light jets

c,WcbWb
W+light jets

Diboson
Multijet

 (GeV)
jet1

TE

0 100 200 300 400

Ev
en

ts
 / 

10
 G

eV

1

10

210

)-1D0 Run II Preliminary (4 fb

Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances
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Predicted in many theories

3 leptons + MET

No evidence of resonant 
WZ production

Exclude 188 < M < 520 (SSM)
208 < M T < 408 (LSTC)

PRL 104, 061801 (2010)

Strategy similar to inclusive hadronic searches
B-jet tagging to increase the S/B ratio
Top events understanding critical (fully 
hadronic events very similar to SUSY signal)
More critical for LHC (larger top x-section 
makes it a more problematic background)
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Hadronic Searches @ LHC

high-pT searches 
- Similar to the MET-based Tevatron analyses, sometimes 
with different variables used for search (Meff, MHT, ...). 
- QCD from data (as for Tevatron)
- Focus on data-driven methods to understand the 
backgrounds

MET-less searches new approach
based on αT variable: look for N jets, veto the N+1jet 
and quantify the unbalancing on transverse plane as 

Sharp cut-off for QCD. Other backgrounds look like 
signal. The understanding of non-QCD backgrounds 
remain

4 3 Analysis Method and results
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Figure 2: Distribution of α and αT after all other selection cuts have been applied.

Again, for massless particles, this equation can be rewritten as

αT =
Ej2

T�
2Ej1

T
Ej2

T
(1− cos ∆φ)

=

�
Ej2

T
/Ej1

T�
2(1− cos ∆φ)

(4)

where ∆φ is the difference in azimuthal between the two jets. For well measured QCD dijet

events, αT is exactly 0.5. The α and αT distributions are shown in Fig. 2 for the different

background processes and exemplary for LM1.

While the inspection of Fig. 1 might lead to simply require ∆φ � 2π/3 rad, it was preferred

here to use α and αT instead. In the particular case of QCD dijet events, additional hard and

soft gluon emission is associated with significant uncertainties, which alters the ∆φ distribu-

tion for such events. A detailed study by the DØ experiment [8] found sizeable differences in

the modeling of these higher-order effects by Monte-Carlo event generators when compared

with the data. While the present selection is safe with respect to the effects of hard extra gluon

radiation by rejecting events with extra jets with pT > 50 GeV, multiple soft gluon emission

might still noticeably effect the ∆φ distribution. Compared with ∆φ, α and αT have the addi-

tional benefit that they are more effective in rejecting Z → νν̄ events. In the following α and

αT, shown in Fig. 2 are used in the event selection. These variables also reject events where the

pT of the two jets is not balanced. Both variables are highly correlated to ∆φ, i.e. an additional

cut on ∆φ has a negligible effect.

To account for finite jet energy and φ resolution it is required that α (αT) exceeds 0.55. To

summarize the following cuts are applied on top of the preselection:

• HT > 500 GeV

• α > 0.55 or αT > 0.55 and ∆φj1,j2 < 2π/3 rad.

3.2 Expected event yields from Simulations

After the selection criteria described above are applied, the event yields listed in Table 2 are

obtained for background events and the LM1 signal point. All the numbers correspond to an

integrated luminosity of 1 fb
−1

.

Both α and αT are very effective in reducing the backgrounds, particularly from QCD dijet

events but also for electroweak processes. When αT is used instead of α , the signal yield for
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Hadronic Searches @ LHC

Bkg determination from data
- methods developed to get backgrounds from 
data (e.g. normalizing the signal-enriched small-η 
region to the signal-depleted large-η region)
- Use of “candle” processes for normalization 
(e.g. Z(υυ)+jets from Z(μμ)+jets)
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Bkg characterization and MC tuning
- One can characterize a given bkg sample (V
+jets, ttbar, ...) in a “signal-free” region by 
specifying pT and η distributions (e.g. of jets)
- This study allows a tuning of the MC generators 
and a better understanding of the backgrounds in 
the signal region
- An efficient background subtraction needed. 
- Better if done per event:  BaBar sPlots

This is what we need to accomplish 
with the first 100 pb-1
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Figure 3: The sPlots (signal on top, background on bottom) obtained for mES are repre-
sented as dots with error bars. They are obtained from a fit using only information from
∆E and F . The black curves are the PDFs of mES of Fig. 1: these PDFs are unknown
to the fit.

fit, and if, in addition, they are asymptotically correct (cf. Section 4.2.2) the error bars
should be handled with care for low statistics and/or for too fine binning. This is because
the error bars do not incorporate two known properties of the PDFs: PDFs are positive
definite and can be non-zero in a given x-bin, even if in the particular data sample at hand,
no event is observed in this bin. The latter limitation is not specific to sPlots, rather
it is always present when one is willing to infer the PDF at the origin of an histogram,
when, for some bins, the number of entries does not guaranty the applicability of the
Gaussian regime. In such situations, a satisfactory practice is to attach allowed ranges to
the histogram to indicate the upper and lower limits of the PDF value which are consistent
with the actual observation, at a given confidence level. Although this is straightforward
to implement, even when dealing with sWeighted events, for the sake of simplicity, this
subject is not discussed further in the paper.

Chosing mES and ∆E as discriminating variables to determine N1 and N2 through
a maximum Likelihood fit, one builds, for the control variable F which is unknown to
the fit, the two sPlots for signal and background shown in Fig. 4. For comparison, the
PDFs of F taken from Fig. 1 are superimposed on the sPlots. In the sPlot for signal
one observes that error bars are the largest in the x regions where the background is the
largest.
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Figure 1: Distributions of the three different discriminating variables available to perform
the Likelihood fit: mES, ∆E, F . Among the three variables, two are used to perform
the fit while one is kept out of the fit to serve the purpose of a control variable. The
three distributions on the top (resp. bottom) of the figure correspond to the signal (resp.
background). The unit of the vertical axis is chosen such that it indicates the number of
entries per bin, if one slices the histograms in 25 bins.
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Figure 2: Distributions of the three discriminating variables for signal plus background.
The three distributions are the one obtained from a data sample obtained through a
Monte Carlo simulation based on the distributions shown in Fig. 1. The data sample
consists of 500 signal events and 5000 background events.
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initial distribution (B>>S)

M. Pivk & F. Le Diberder arXiv:physics/0402083
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Leptonic Final States

Spectacular 3 lepton signature

Direct EWK production jet free
Charginos and Neutralinos produce
final states with leptons, clean signature 
@hadron colliders
Lower cross sections are compensated by 
smaller SM backgrounds (e.g. QCD)
Leptons can be soft, depending on the mass 
difference between SUSY particles in the decay 
chains

D0-Note 5937

Stop quarks might be the lightest squark, 
maybe even lighter than the top
Dominant decay chain depends on the model 
(e.g. which is LSP?) 
Signature not depending on decay chain 
(leptons + b-jets +MET). 
- Dangerous background from top (heavy 
particles producing MET, as signal)

9
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Trileptons final states @ Tevatron
Analyses look for general signatures (3l, 2l+track, l = e,μ,τ) but optimized on specific mSugra points
MET-based cut&count approach with low signal efficiency

Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances

12

Search in WW and WZ final states

e + MET + 2(3) jets
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Predicted in many theories

3 leptons + MET

No evidence of resonant 
WZ production

Exclude 188 < M < 520 (SSM)
208 < M T < 408 (LSTC)

PRL 104, 061801 (2010)

CDF
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!! Selection based on identification of e±/m±, 
and isolated tracks. 

!! 5 exclusive signal regions with a 
combination of tight leptons (t), loose 
leptons (l), or charged tracks (T). 

!! SM bkg yields from MC simulation. 

!! Good agreement between DATA and SM.  

!! Results interpreted in mSUGRA scenario. 
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Signature: 

3 charged leptons and 

MET (!1
0=LSP) 

14 EXPECTED LIMITS 22

CDF II Preliminary, 3.2 fb
−1

Z → ee Z → µµ Z→ ττ WW WZ ZZ tt̄ Fakes Total Background Signal Point Observed

ttt 0.19 0.00 0.00 0.02 0.38 0.08 0.02 0.16 0.83 ± 0.18 3.64 ± 0.53 1

ttC 0.00 0.06 0.00 0.00 0.21 0.07 0.00 0.04 0.39 ± 0.08 2.62 ± 0.39 0

tll 0.00 0.00 0.08 0.00 0.10 0.03 0.01 0.03 0.25 ± 0.08 1.12 ± 0.19 0

Trilepton 0.19 0.06 0.08 0.02 0.69 0.18 0.03 0.23 1.47 ± 0.21 7.38 ± 0.68 1

ttT 1.33 0.27 1.10 0.53 0.24 0.11 0.29 1.98 5.85 ± 1.25 7.15 ± 0.96 4

tlT 0.83 0.60 0.52 0.40 0.07 0.07 0.14 0.91 3.53 ± 0.72 4.06 ± 0.57 2

Dilepton + Track 2.16 0.87 1.62 0.93 0.31 0.18 0.43 2.89 9.38 ± 1.44 11.21 ± 1.12 6

mSugra Signal point: M0 = 60, M1/2 = 190, tanβ = 3, A0 = 0

Table 13: Expected backgrounds and signal, errors are statistical and full

systematic.

CDF II Preliminary, 3.2 fb
−1

Channel Total Background ± (stat) ± (sys) Signal Point ± (stat) ± (sys) Observed

ttt 0.83 ± 0.14 ± 0.11 3.64 ± 0.22 ± 0.49 1

ttC 0.39 ± 0.07 ± 0.04 2.62 ± 0.18 ± 0.35 0

tll 0.25 ± 0.08 ± 0.03 1.12 ± 0.12 ± 0.15 0

ttT 5.85 ± 0.57 ± 1.11 7.15 ± 0.31± 0.91 4

tlT 3.53 ± 0.52 ± 0.5 4.06 ± 0.23 ± 0.53 2

mSugra Signal point: M0 = 60, M1/2 = 190, tanβ = 3, A0 = 0

Table 14: Expected background and signal, errors are statistical and full

systematic.

95% CL exclusion limit: 

!! M(!±) > 164 GeV/c2                               

(mSUGRA with m0=60, tan!=3, A0=0, µ>0) 

3.2 fb-1 

~ 

~ 
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!!Selection based on e/µ/! ID: 

!! e± ID: jet shower shape and track isolation 

!! µ± ID matching tracks and muon chambers. 

!! NN algorithm to separate !± and jets.  

!!5 analyses with exclusive lepton content:                   

ee", µµ", eµ", µ!", µ!!.  

!!QCD bkg from data, non-QCD form MC. 

!!Good agreement between DATA and SM. 
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Trileptons

Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances

13

Predicted in many theories

3 leptons + MET

No evidence of resonant 
WZ production

Exclude 188 < M < 520 (SSM)
208 < M T < 408 (LSTC)

PRL 104, 061801 (2010)

Similar analysis at CDF

Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances
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Stop searches @ Tevatron
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!!MSSM scenario with conserved RP with 

BR(t1!c!1
0) = 100%. 

!!Final state with " 2jets+MET. At least one of the 

two leading jets is heavy flavour tagged. 

!!NN-based flavour separator algorithm to enhance 

the c-tagging efficiency. 

!!QCD and mistags from DATA,                      
other bkg from MC simulation. 

!!Sensitivity optimized with NN-based selection. 
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!! Final state with one electron and one 
muon (opposite charge) and MET. 

!! PT(e)>15GeV, Pt(m)>8GeV 

!! No minimum number of jets required. 

!! QCD from DATA, other bkg from MC 
simulation. 

!! Selection optimized for large and small 
!M=Mt1-M!. 

!! Good agreement between DATA and SM. 

MSSM scenario with conserved RP: 

!! t1 is pair produced 

!! BR(t1->b!"±) = 100 % 

!! Sneutrino ! is LSP.  
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Search in WW and WZ final states

e + MET + 2(3) jets
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Search in WW and WZ final states

e + MET + 2(3) jets
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- The requirement of leptons in final state reduces the 
pollution by QCD events.
- Main background from VB, top less abundant (due to 
xsection) but dangerous (signal-like)
- At the LHC, top will be more relevant (larger xsection)
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Leptonic Searches @ LHC
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CMS preliminary

Dilepton searches: 
Analyses looking for excess of events on high pT tails (as for 
hadronic searches) Signal vs Bkg discrimination based on the 
dilepton invariant mass

Very effective for discovery as well as for phenomenology 
(edge measured with O(GeV) error, it measures a 
combination of SUSY masses)

8 5 Di-lepton mass reconstruction

endpoint value which can be expressed as a function of the mass of the sparticles involved in

the signal decay chain, by the formula:
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����
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1

m2
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(6)

The endpoint measurement can thus provide a first constraint towards supersymmetric mass

reconstruction studies.

5.1 Endpoint measurement

The model function used to fit the dilepton invariant mass distribution is a composite model

of the form:

F(m) = NsigS(m) + NbkgB(m) + NZZ(m) (7)

where Nsig, Nbkg and NZ are the expected number of events for the three data cases respectively

and

• S(m) is the signal model which consists of the convolution of the signal theory shape

with a Resolution Model used to describe the di-electron/muon mass resolutions.

The signal term is intended to fit for the endoint value mmax
�� (eq.6) and the number

of signal events Nsig.

• B(m) is used to describe the flavor-symmetric background part. It is modeled by the

eµ data whose shape is then kept fixed in the total fit and the term is used to extract

the expected number of bacgkround Nbkg events.

• Z(m) is used to model the Z-peak. It consists basically of the convolution of a Breit-

Wigner PDF with a Gaussian (Voigtian PDF) whose Z-mass and Z-width parameters

are kept fixed. The Z-term also provides the expected number of Z events, which are

the sum of SM Z events and Z events coming from SUSY cascades.

Several studies in the past have been following the approach of subtracting the DF dilepton

mass distribution by the total SF distribution and then fitting the remaining one with the signal

PDF. Here we put the background B(m) model in the model PDF and fit for the signal-plus-

background data in order to extract number of background events as well. The Z-peak is also

included in the fit: although it lies beyond the SUSY dilepton endpoint, it is close enough to

affect its measurement.

Fitting procedure. The mass resolution model entering the convolution of the signal model is

meant to be known precisely when measured from data (Z events) and can thus be kept fixed

in the fit.In this case, the resolution is extracted from the Monte Carlo, using the actual SUSY

events. The dimuon mass resolution can be expressed with a Gaussian of non-constant sigma

σ as:

ResModel(mµµ) = Gauss(m; m�
, σ = βm + c) (8)

The dielectron resolution model is expressed as the sum of 2 Gaussians, in order to account for

the tails in the ∆mee distributions.

The fitting procedure starts with the parameterization of the B(m) background component.

The B(m) shape is extracted by fitting the ee and µµ distributions as estimated from the eµ
data, using the functional form B(m) = ∑i mαi exp

−κβim, with 4 parameters (i=2). The Z-peak
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MultiLepton searches: 
Less powerful for discovery, due to lower xsections
Very promising in particular scenarios (SO(10)-inspired 
SUSY models with multi-top production)
Very important for characterization of the underlying 
theory (comparison of xsection in different final states 
allows to perform model discrimination) 
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Heavy Resonances
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4d Planck brane

4d TeV brane

   SM fields

%%gravity only
propagates in a 
5D warped bulk

Randall, Sundrum, PRL 83 (1999) 3370

which fields/particles and where ?

or UV brane

or IR brane

Minimal RS

4

ED &New Resonances

14

Alternative approach to EWSB.
One (or more) Extra Dimensions exist.
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Observed particles are the “mode-0” of a KK 
tower, obtained by projecting a 5-D field on 
the 4-D space we live in

KK

"

"

#

#

n)
The exited modes of the KK tower can be 
produced at LHC, the xsection and the final 
state depending on the details of the model
(overlap of the wave functions). This models
serves as the prototype for searches of high-
mass resonances at hadron colliders
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Diboson Resonances
Tevatron searches fro Z’→WW and W’→WZ resonances with electrons & jets in final states

Search in WW and WZ final states

Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances
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Search in WW and WZ final states

e + MET + 2(3) jets
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Predicted in many theories
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Predicted in many theories

3 leptons + MET

No evidence of resonant 
WZ production

Exclude 188 < M < 520 (SSM)
208 < M T < 408 (LSTC)

PRL 104, 061801 (2010)
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No evidence of resonant 
WZ production
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208 < M T < 408 (LSTC)

PRL 104, 061801 (2010)

!"#$%&$'($"%)*+,-.

No evidence of resonant 

Exclude 188 < M

PRL 104, 061801 (2010)

No excess is observed, which is translated in a limit on the parameter space
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Search in WW and WZ final states

e + MET + 2(3) jets
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Z’→ee @ CDF

tron 9

The most significant region of excess of data over background occurs for a dielectron invariant 
mass window of 240 GeV/c2, and is ~3.8 standard deviations above the SM prediction (not 
confirmed by the equivalent muon analysis)

16
Jonathan Hays Searches with Leptons at the Tevatron

Diboson Resonances
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Search in WW and WZ final states

e + MET + 2(3) jets
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Search in WW and WZ final states

e + MET + 2(3) jets
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This reflect into a worse limit around that mass region. 
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No significant excess observed

D0 Preliminary

D0 Preliminary

D0 Preliminary e

avoids fine-tuning

Dominant backgrounds

Z’→γγ & Z’→ee @ D0

preliminary

17

D0 Preliminary

Warped extra dimensions

D0 does not see the CDF bump, while seeing a fluctuation around 450 GeV. More data (and CDF full-
statistics analysis) needed to clarify situation. A luminosity of 12 fb-1 are expected to be collected
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-Dilepton resonances are a smoking gun for models like
ED (assuming KK towers can decay to light objects). 
-With already O(100 pb-1) a m~O(TeV) resonance can be 
discovered or excluded (rule of thumb: xsec(7TeV)~ 1/4 xsec(10 
TeV) for heavy objects)
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ED direct searches @LHC

19

- ED can also be directly searched for with 
inclusive hadronic analyses
- As a matter of fact, inclusive analyses look for 
Dark Matter production in association with jets 
(being the lightest stable particle coming from 
SUSY, ED, LittleHiggs, etc)(*)

- The implication on the model comes when 
no excess is seen (exclusion limit on 
parameter space) or discovery potential 
(assuming an excess will be seen)
- Strategy to access the underling theory 
with first data are under development (see 
for instance J. Hubisz et al. 
Phys.Rev.D78:075008,2008. (*) strictly true as long as the event selection is not focused too 

much on the benchmark models. Not quite there yet
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Early discovery 
with flavor physics?

20
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CPV in Bs→J/Ψ ϕ !!
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Very small CPV in the SM (βs~0)
Both experiments see a “fluctuation” to negative values with non-negligible #σ (not significant yet)
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And remember:
Expect the 

Unexpected(*)
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discovery reach exemple

arXiv:0901.0512

not included:

recoil effects...

grey body factors, 

rotation effects,
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Reconstructed SUSY Events [LM4]
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Some Example

Looking for spectacular signatures: many soft particles  from unstable Black Holes 

Studying the SM processes:

Splash Event
CMS 2010

Excessive production 
of W and Z in 

association with jets

DiJet Mass (GeV)
500 1000 1500 2000 2500

|<
1.

3)
η

|<
0.

7)
/N

(0
.7

<|
η

Ra
tio

=N
(|

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4 CMS Preliminary

10 pb-1

QCD GenJets
 = 3 TeV +Λ

 = 5 TeV +Λ

Gen-Level Simulation
Contact 

Interactions 
with dijets
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