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http://cdsweb.cern.ch/record/1358623/files/ATLAS-CONF-2011-090.pdf





Discoveries and Highlights (CDF, similar for D0)

× 2

× 5

× 2

× 2
• World’s Most Precise Top-Quark Mass Determination (Winter

2011, > 4fb−1)

• Tevatron Combined Higgs Results (Spring 2009, 4.2 fb−1)

• Observation of Electroweak Top Quark Production (Spring 2009,
3.2 fb−1)

• Evidence for Structure in J/ψφ from B Decays (Spring 2009,
3.2 fb−1)

• Observation of ZZ Production (Winter 2008, 1.9 fb−1)

• Observation and Mass of the Ξb baryon (2007, 1.9 fb−1)

• Evidence for D0 − D̄0 Mixing (Fall 2007, 1.5 fb−1)

• Discovery of the Σb baryon (Summer 2007, 1.1 fb−1)

• Observation of WZ events at CDF (Fall 2006, 1.1 fb−1)

• Observation of Bs Oscillations (Fall 2006, 1.0 fb−1)

• World’s Most Precise W-Boson Mass Determination (Winter
2007, 200 pb−1)

• Discovery of the Top Quark at CDF (Winter 1995, 67 pb−1)

3�+jets

2�+MET, 4�

�+jets+MET

�+jets+MET





N.B. Prerequisite path of Discovery Work

• Understand detectors and SM backgrounds

• Control/understand: trigger, initial calibrations, scales,

resolutions, efficiencies

• Minimize poorly estimated standard model backgrounds

• Use SM “candle”/control samples (W/Z/top) to estimate

backgrounds as possible

• Use ratios as much as possible to get rid of luminosity

dependence and other cross section related systematics

• Adapt methods for background extraction as a function of

luminosity

• Have in place MC tools, statistics tools



Program of work

• Data-driven estimation of Z/W+jets backgrounds to SUSY

• Data-driven estimation of top+jets backgrounds to SUSY

• Data-driven estimation of QCD/multijet backgrounds to SUSY

• Data-driven estimation of heavy flavor backgrounds and

associated systematic

• Searches and inclusive studies for SUSY events

• Exclusive measurements and searches for SUSY events

• Gaugino direct productions (not here)

• Studies for Gauge mediated SUSY

some CMS SUSY related publications; similar from ATLAS

J. Phys. G: Nucl. Part. Phys. 34 995 CMS-SUS-09-004 CMS-SUS-10-001 EGM-10-005

CMS-NOTE-2010-008 CMS-SUS-09-002 CMS-EWK-10-002 CMS-EWK-09-006

CMS-EWK-08-006 CMS-SUS-08-002 CMS-SUS-09-002 CMS-MET-10-004



Nota Bene

1. the LHC7 has come up full-force and in one year much

more progress was noted in the machine and the

experiments compared to naive expectations;

2. the delay compared to the 2005 schedule have not gone in

the wind: we used it to be instantly prepared for the data

and the analyses;

3. all the analyses and expectations with the first xx pb−1

are the ones for well-understood xx pb−1;

4. to the LHC machine people and the people who took care

of the experiments and commissioned them with their

blood goes all the admiration and kudos - a feat of

experimental physics has been seen with the LHC in the

year 2010 and history was made worth telling: for science

and for the human civilization.



2002, 100 pb−1 1.8 TeV pp̄ 2007, 2.5 fb−1 1.96 TeV pp̄
2007, 1-10 fb−1 14 TeV pp 2010, 35 pb−1 7 TeV pp
2011, 1 fb−1 7 TeV pp 2011, 5 fb−1 7 TeV pp

• 2002, Tevatron RUNI 1.8 TeV pp̄ dataset, 100 pb
−1

, gluino ∼ 300 GeV

[Phys. Rev. Lett. 88, 041801 (2002) (MS, CDF Collaboration)]

• 2007, Tevatron RUNII 1.96 TeV pp̄ dataset, 2.5 fb
−1

2009, gluino ∼ 400 GeV Phys. Rev. Lett. 102, 121801 (2009)

[Tevatron end-game]

• 2011, LHC RUN 2010 7 TeV pp dataset, 35 pb
−1

, gluino ∼ 600 GeV

[Phys. Rev. D, arXiv:1107.1279 (2011) (MS, CMS collabora-

tion)] [LHC, CMS game-changing]

• 2011, LHC RUN 2011 7 TeV pp dataset, 800 pb
−1

, gluino ∼ 1 TeV

[preliminary expected, MS CMS collaboration]

• inclusive MET+jets • huge instrumental backgrounds (main ring, beam
halo, cosmics, texas towers, daq noise etc) • data-driven backgrounds (Z+jets
candle) • angular correlations in jets-MET for cleaning jet mismeasurements



0.1 < Ωχ < 0.3
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< Ωχ < 1
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• factor of 25 in luminosity −→ 100 GeV in gluino mass



• 2007, CMS Physics TDR [preparing the search and discovery

program]

• 2011, LHC RUN 2010 7 TeV pp dataset, 35 pb
−1

, gluino ∼ 600 GeV

[Phys. Rev. D, arXiv:1107.1279 (2011) (MS, CMS collabora-

tion)] [LHC, CMS game-changing]

• 2011, LHC RUN 2011 7 TeV pp dataset, 800 pb
−1

, gluino ∼ 1 TeV

[preliminary expected, MS CMS collaboration]
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super-models are attractive and come in many categories

NUHM2, NUHM1, CMSSM, RPV CMSSM, Gauge-mediated, anomaly

mediated, pMSSM, G2 ....

The are non-SUSY super-models that maintain an attractive at-
tribute of the SUSY super-models: the connection with DM. They
tend to give similar experimental footprints

typically
∧	  



example of super-all-hadronic analysis with SUSY interpretations
RPV gluino : MUTLIJETS no MET
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2009, 3.2 fb−1, 1.96 pp̄



Phys.Rev.Lett.107:101801,2011

95% CL exlcusion
200-280 GeV

2011, 35 pb−1, 7 TeV pp



2009, 3.2 fb−1, 1.96 pp̄

2011, 35 pb−1, 7 TeV ppN.B

• CDF jets 15 GeV, CMS jets 45 GeV

• CDF QCD background from 5j data: Landau; CMS QCD back-
ground from 4j data: ep0+p1Mjjj

• CDF excludes below 144 GeV, CMS between 200-280 GeV

• CDF observed > expected ∼ 180 GeV

• CMS observed > 2σ expected ∼ 390 GeV



Discovery of new heavy particles consistent with supersymmetry

Some immediate questions:

• Is it really SUSY? (The look-alike problem) [N.Arkani-Hamed,

G. Kane, J.Thaler, L-T Wang, hep-ph/0512190 J. Hubisz, Joe

Lykken, M. Pierini, M.S. arXiv:0805.2398 etc.]

• If it is SUSY, what kind of SUSY? What is the soft-breaking

mechanism? (The look-alike problem again, distinguishing dif-

ferent “footprints”)

• Can you reconstruct all the decay chains and production mech-

anisms?

• Can you make an unambiguous mapping back to the parameters

of the soft-breaking Lagrangian? (The inverse problem)

targeting discovery



Abundance of good ideas and variables attempted for
SUSY in the past few years

• Stransverse mass, MT2, and variations
• s1/2

min and variations
• Kinematic boundaries and kinks
• α

• e.g. s1/2
min , generalized MT2 ,razor

game change in searches:

re-engineering the LHC discovery analyses

why?



The razor analysis methods were born and developed in the con-
text of the look-alike program that calls for new powerful handles for
model-disambiguation at discovery
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Figure 9: Observed (solid curve) and expected (dot-dashed curve) 95% CL limits in the (m0,
m1/2) CMSSM plane with tan β = 10, A0 = 0, sgn(µ) = +1 from the ELE box selection (R >
0.45, MR > 500 GeV). The ± one standard deviation equivalent variations in the uncertainties
are shown as a band around the expected limits.

pair production using the dimensionless razor variable R related to the missing transverse
energy Emiss

T , and MR, an event-by-event indicator of the heavy particle mass scale. We used
events with large R and high MR in inclusive topologies.

The search relied on predictions of the SM backgrounds determined from data samples domi-
nated by SM processes. No significant excess over the background expectations was observed,
and model-independent upper limits on the numbers of signal events were calculated. The
results were presented in the (m0, m1/2) CMSSM parameter space. For simplified models the
results were given as limits on the production cross sections as a function of the squark, gluino,
and LSP masses.

These results demonstrate the strengths of the razor analysis approach; the simple exponential
behavior of the various SM backgrounds when described in terms of the razor variables is
useful in suppressing these backgrounds and in making reliable estimates from data of the
background residuals in the signal regions. Hence, the razor method provides an additional
powerful probe in searching for physics beyond the SM at the LHC.
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for example: why razor? (similar for α, stransverse massess, etc)
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C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 

Search with αT + HT  
Jets+MET final state search is challenging due to QCD multijet 
backgrounds: σ × � ≈ ∞× 0

T!
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5 aT 2010 (35 pb−1, updated 2011 1.1 fb−1)

super-cited LHC paper
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C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 

Search with αT + HT 
Can generalize to ! 3 jet final states by 
assigning all jets to either one of two 
pseudojets, defined by minimizing 

HT =
jets�

i

|piT |Scale: 

Angle: 

T!
0 0.25 0.5 0.75 1 1.25 1.5

Ev
en

ts
 / 

0.
02

5
-110

1

10

210

310

410

510

610
CMS

 = 7 TeVs, -1 L dt = 35 pb"  = 7 TeVs, -1 L dt = 35 pb"
 3 Jets#

Data
Standard Model
QCD Multijet

, W, Z + Jetstt
LM0
LM1

MHT = |
jets�

i

�piT |

αT =
1

2

HT −∆HT�
H

2
T −MHT 2

∆HT = p
pseudojet 1
T − p

pseudojet 2
T

In general: 

!T ! 0.5 for  
mis-measured QCD 

6 

aT 2010 (35 pb−1, updated 2011 1.1 fb−1)



+
Search for high pT jets, high HT and !T>0.55 

C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 
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Background prediction: 
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Search for high pT jets, high HT and high MHT 

C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 

Search with MHT + HT 

Selection (baseline): 

|η| < 2.5pT > 50 GeV/c

HT > 350 GeV

At least 3 jets with: 

Signal region defined by: 

MHT > 150 GeV
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11!C. Rogan - Status of Higgs and BSM Searches at the LHC - 11-13 April 2011 

Search with MHT + HT 
Background prediction: 

 Re-balance and smear 

Use μ control sample 

Use γ+jets and Z(μμ)+jets 
control samples 

QCD
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Search for high pT jets, 
high HT and high MHT 

QCD multi-jet events do not intrinsically 
populate the phase-space defined by our 
requirements on scale and angle --  
 BUT, mis-measurements of jets can result 
in large measured MHT 

QCD multi-jet background 
predicted by ‘smearing’ balanced 
(no MHT) events with measured 
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2010, 7 TeV pp, 35 pb−1



Classic tail search�

Razor: change of 
variables à “bump 
hunt”�

3

background needs to be reduced to manageable levels. This is achieved using the razor variable
defined as:

R ≡ MR
T

MR
. (7)

Since for signal events MR
T has a maximum value of M∆ (i.e., a kinematic edge), R has a max-

imum value of approximately 1 and the distribution of R for signal events peaks around 0.5.
These properties motivate the appropriate kinematic requirements for the signal selection and
background reduction. It is noted that, while MR

T and MR measure the same scale (one as an
end-point, the other as a peak), they are largely uncorrelated for signal events, as shown in
Fig. 1. In this figure, the W+jets and tt+jets backgrounds peak at MR values partially deter-
mined by the W and top quark masses, respectively.
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Figure 1: Scatter plot in the (MR, R) plane for simulated events: (top left) QCD multijet, (top
right) W+jets, (bottom left) tt+jets, and (bottom right) the SUSY benchmark model LM1 [18]
with M∆ = 597 GeV. The yields are normalized to an integrated luminosity of 35 pb−1. The bin
size is (20 GeV × 0.015).

In this analysis the SM background shapes and normalizations are obtained from data. The
backgrounds are extracted from control regions in the R and MR distributions dominated by
SM processes. Initial estimates of the background distributions in these regions are obtained

CMS razor 2010
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6 5 Background Estimation

5.1 QCD multijet background

The QCD multijet control sample for the hadronic box is defined from event samples recorded
with prescaled jet triggers and passing the baseline analysis selection for events without a well-
identified isolated electron or muon. The trigger requires at least two jets with an average
uncorrected pT > 15 GeV. Because of the low jet threshold, the QCD multijet background
dominates this sample for low MR, thus allowing the extraction of the MR shapes with different
R thresholds for QCD multijet events. These shapes are corrected for the HT trigger turn-on
efficiency.

The MR distributions for events satisfying the QCD control box selection, for different values
of the R threshold, are shown in Fig. 2 (left). The MR distribution is exponentially falling,
after a turn-on at low MR resulting from the pT threshold requirement on the jets entering
the megajet calculation. After the turn-on which is fitted with an asymmetric Gaussian, the
exponential region of these distributions is fitted for each value of R to extract the exponential
slope, denoted by S. The value of S that maximizes the likelihood in the exponential fit is
found to be a linear function of R

2, as shown in Fig. 2 (right); fitting S to the form S = a + bR
2

determines the values of a and b.
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Figure 2: (Left) MR distributions for different values of the R threshold for data events in the
QCD control box. Fits of the MR distribution to an exponential function and an asymmetric
Gaussian at low MR, are shown as dotted black curves. (Right) The exponential slope S from
fits to the MR distribution, as a function of the square of the R threshold for data events in the
QCD control box.

When measuring the exponential slopes of the MR distributions as a function of the R thresh-
old, the correlations due to events satisfying multiple R threshold requirements are neglected.
The effect of these correlations on the measurement of the slopes is studied by using pseudo-
experiments and is found to be negligible.

To measure the shape of the QCD background component in the lepton boxes, the correspond-
ing lepton trigger data sets are used with the baseline selection and reversed lepton isolation
criteria. The QCD background component in the lepton boxes is found to be negligible.

MR exponential scaling with R :
data-driven modeling (QCD)
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For the final background prediction the magnitude of the relative normalization between the

two W(�ν)+jets components, denoted f W
, is determined from a binned maximum likelihood

fit in the region 200 < MR < 400 GeV.

6 Results
6.1 Lepton box background predictions

Having extracted the MR shape of the W+jets and Z+jets backgrounds, their relative normal-

ization is set from the W and Z cross sections measured by CMS in electron and muon final

states [30]. Similarly, the normalization of the cc background relative to W+jets is taken from

the tt cross section measured by CMS in the dilepton channel [37]. The measured values of

these cross sections are summarized below:

σ(pp → WX)× B(W → �ν) = 9.951 ± 0.073 (stat)± 0.280 (syst)± 1.095 (lum) nb ,

σ(pp → ZX)× B(Z → ��) = 0.931 ± 0.026 (stat)± 0.023 (syst)± 0.102 (lum) nb , (10)

σ(pp → tt) = 194 ± 72 (stat)± 24 (syst)± 21 (lum) pb .

For an R > 0.45 threshold the QCD background is virtually eliminated. The region 125 <
MR < 175 GeV where the QCD contribution is negligible and the W(�ν)+jets component is

dominant is used to fix the overall normalization of the total background prediction. The final

background prediction in the ELE and MU boxes for R > 0.45 is shown in Fig. 4.
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Figure 4: The MR distributions with R > 0.45 in the ELE (left) and MU (right) boxes for data

(points) and backgrounds (curves). The bands show the uncertainties of the background pre-

dictions.

The number of events with MR > 500 GeV observed in data and the corresponding number

of predicted background events are given in Table 1 for the ELE and MU boxes. Agreement

between the predicted and observed yields is found. The p-value of the measurement in the

MU box is 0.1, given the predicted background (with its statistical and systematic uncertainties)

and the observed number of events. A summary of the uncertainties entering the background

measurements is presented in Table 2.

8 5 Background Estimation
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Figure 3: (Left) MR distributions for different values of the R threshold from data events se-
lected in the MU (upper) and ELE (lower) boxes. Dotted curves show the results of fits using
two independent exponential functions and an asymmetric Gaussian at low MR. (Right) The
slope S of the first exponential component as a function of the square of the R threshold in the
MU (upper) and ELE (lower) boxes. The dotted lines show the results of the fits to the form
S = a + bR2.

MR exponential scaling with R :
data-driven modeling (W+jets)



12 7 Limits in the CMSSM Parameter Space
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Figure 5: The MR distributions with R > 0.5 in the HAD box for data (points) and backgrounds

(curves) on (top) linear and (bottom) logarithmic scales. The bands show the uncertainties of

the background predictions. The corresponding distributions for SUSY benchmark models

LM1 [18] with M∆ = 597 GeV and LM0 [14] with M∆ = 400 GeV are overlaid.

The razor paradigm: 2010 results
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Figure 11: Observed (solid curve) and expected (dot-dashed curve) 95% CL limits in the (m0,
m1/2) CMSSM plane with tan β = 10, A0 = 0, sgn(µ) = +1 from the HAD box selection (R >
0.5, MR > 500 GeV). The ± one standard deviation equivalent variations in the uncertainties
are shown as a band around the expected limits.
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Interpretation in CMSSM
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razor2010

• three boxes

• 1D fit shape analysis

• cut and count for the limit

razor2011
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LHC limits on SUSY: simplified models
factor of 30 in lumi → 250 GeV in gluino mass (from 550 to 800 GeV)
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LHC limits on SUSY: more general

are these enough SMSs? (Konstantin? Jay?)
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• Theorists have lots of models that they want to test
• They are experts in the event generators (they wrote them) 

and many are knowledgable about collider experiments
• CMS and ATLAS analysis teams are short-handed and 

freaking out about making the deadlines for conferences 

Out-sourcing limit setting to theorists

!"#$%&'()*()+,-&.$/,&01234()5(6 7"89+#3:*+9+#&;<== >

2&?"$6&5+#@&5%A9&+/&B+C"5A&D&A%@#(9,$"A

! E(#6&"D9"#A%+#A&+/&9*"&4E&*(?"&F""#&
C"?"5+8"C&+?"$&9*"&8(A9&C")(C"AG&

! 4,8"$A6BB"9$6

! 1D9$(3H%B"#A%+#A

! I")*#%)+5+$JAK

! 7%995"&!%@@A

! L+&!%@@A

! MNI

! !%CC"#&O(55"6

! 7"89+P,($QA

! 0+B8+A%9"#"AA

! R9*&@"#"$(9%+#&&J9S-&FSK

! 7T4E-&*"(?6&#",9$%#+

! "9)UUU

! =&V"9&W&E1I

! V"9A&W&E1I

! =&5"89+#&W&E1I

! 4(B"3A%@#&C%35"89+#

! H%5"89+#&$"A+#(#)"

! H%8*+9+#&$"A+#(#)"

! H%8*+9+#&W&E1I

! E,59%5"89+#A

! 7"89+#3V"9&$"A+#(#)"

! 7"89+#38*+9+#&$"A+#(#)"

! M(BB(3V"9&$"A+#(#)"

! H%F+A+#&$"A+#(#)"

! XWE1I

! YZXWM(BB(&$"A+#(#)"

! I+83(#9%9+8&$"A+#(#)"

! 45+[3B+?%#@&8($9%)5"A

! 7+#@35%?"C&8($9%)5"A

! I+83(#9%9+8&8$+C,)9%+#

! 7"89+#3\"9A

! E%)$+A)+8%)&F5()Q*+5"A

! H%V"9&$"A+#(#)"

! "9)UUUJ/+$&%55,A9$(9%+#&+#56K

2&)+B85"D&;H&
8$+F5"B

1D8"$%B"#9(556-&
(&!"#$%&'()*
!&%$+,-"$&&
B(Q"A&(&5+9&+/&
A"#A"G
! :$()9%)(5
! 7"AA&B+C"53
C"8"#C"#9

! .B8+$9(#9&9+&
)+?"$&"?"$6&
8+AA%F5"&
A%@#(9,$"

• the maximum squark/gluino masses excluded by the current LHC limits

is 1 TeV

• for 2012 we are planning maximally usable information content in the

presentation of the searches results

• many interpretations (SMSs, pMMSM, get theorists what they need to do

their interpretation and let them do it)

• level of some data analysis increasing sophistication (designed for discov-

ery & characterization ) is not currently matched with level of needed

simplicity for theorists to quickly exclude many scenarios

• we need to operate at many gears at the same time





The slope of (the power and) the glory of the LHC!



un-simplified pileup

up to 30 ipc and possibly 25 ns in 2012 running (TBD in Chamonix)



• Tevatron passed the know-how’s, the experience and a very large number
of results to the LHC in most-all SUSY searches

• LHC is going full thrust towards discovery: variety of methods, innovation,
some complexity in SUSY searches at the LHC

• Ready for discovery of idiosyncratic new physics models (?)

• Onto much more data (for sure) and higher energy (sooner or later)

Geometry!Symmetry! Locality!

Multiverse! Emergent Gravity!Holo!graphy!

THANKS! THE END

• MUST KEEP IN MIND THAT OUR THINKING OF PARTICLES AND
FIELDS MIGHT NEED TO CHANGE BASED ON WHAT WE SEE AND
DON’T SEE AT THE LHC



• we are at the beginning of a new era

• new ideas for understanding the LHC data are coming from all directions

• expect the unexpected

beginning




