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The LHC has long been anticipated: 
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Switzerland 

France 

Geneva airport 

6 miles 

THE LARGE HADRON COLLIDER 

World record energy 7 TeV 
The world’s most powerful  microscope 10-19m   
& time machine 10-12s after the big bang T= 1015K 



The LHC is a global enterprise 

Building the LHC brought together more than  
10,000 people from 60 countries.  
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5.2/fb recorded 
in 2011 
~X100  
2010 data 
~ 350 trillion  
pp collisions 
~ 100,000 Higgs 
produced 

3.5 x 1033 cm-2 s-1 
~4 Z è µµ 
per second 

World Record  
Instantaneous  
Luminosity 

Spectacular Performance from the LHC 

Great Optimism for imminent discovery  

The number of interactions produced =        
              Luminosity  x cross section (cm2) x running time(s) 

Integrated  
Luminosity 

Integrated 
Luminosity 
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Unification 

One of the guiding principles of physics 

Newton unified all mechanical phenomena into a simple  
set of governing principles using a new mathematics 

Maxwell unified electric and magnetic phenomena into a  
complete theory of electromagnetism 

These unified theories led to Relativity, Quantum Mechanics 
and Relativistic Quantum Field Theory 
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The Standard Model 

Great achievement of 20th 
century science 

Last 100 years: the combination of Quantum Field Theory 
(Gauge Theory in particular) along with the many new particles 
discovered has led to the Standard Model 

Electromagnetism 
acts on all charged particles 

Strong force 
acts on all quarks 

Weak force 
acts on all particles 



Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4959
"had [nb]"0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
%W [GeV]%W [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2011
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These are what we are made of 
but the other particles are crucial  
to defining what we are 

The Standard Model 

Confirmed at sub per cent level  

1 missing piece: Higgs  
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The main open questions in physics we hope to address 
with ATLAS & CMS data  
 
What is the origin of mass of the fundamental particles in 
the SM? 
 
Long favored answer is Higgs mechanism, but then we 
must find a SM higgs boson, or something like it  
 
Why do the quarks and leptons come in three copies of 
increasing mass? Why is the mass range so large? 
 
Are the fundamental particles of the SM really 
fundamental? 
 
What about the forces? Only 4? Can they be unified? 
 
What about gravity (absent in the SM)? 
 
What about Dark Matter? 
 

Beyond the Standard Model 

24 

Mystery: Dark Energy  

 

 

•  The accelerating expansion of 
the universe (2011 Nobel) 

•  What is dark energy?  
    We don’t know… 

What we know: just the  
tip of the iceberg. 

Dean's Leadership Council  10-2011 Ian Shipsey 

The sense of mystery has never been more acute or 
more evident in our field 
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Quarks to the Cosmos 

Primordial 
Soup  of the 
Universe 
made 
at the LHC 

Proton beam Proton beam 

Time 
Shipsey Moriond QCD 2012 
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Proton beam Proton beam 
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2E mc=
Energy of the beams 

new particles 
of the primordial 
soup  

Larger E, larger m 
& further back in 
time we probe   

The collisions are  
remarkable…….   

Shipsey Moriond QCD 2012 
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new  
particles 
of the  
primordial 
soup  

Shipsey Moriond QCD 2012 
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The energy 
concentration of  
the LHC  
collisions 
is large 
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0.000 000 000 001 seconds AB 
3,000,000,000,000,000° 

The energy 
concentration of  
the LHC  
collisions 
is large 
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0.000 000 000 001 seconds AB 
3,000,000,000,000,000° 

CONDENSED    
              in     50 Earth masses in matter 
             one    50 Earth masses in antimatter 
             can     + extra mountain of matter 
HOT 
             per     10 billion years of total 
        serving    energy output of the sun 
INGREDIENTS 
In every spoonful every type of elementary particle 
Both  the known: quarks and electrons and photons 
and we expect a sprinkling of  the unknown: 
Higgs, dark matter,  and new spatial dimensions 

The energy 
concentration of  
the LHC  
collisions 
is large 
 

Shipsey Moriond QCD 2012 



DIGITAL CAMERAS THE SIZE OF CATHEDRALS 

ATLAS 

CMS 
Instrumentation triumph  
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At the heart of CMS 
& ATLAS are silicon  
digital cameras 
 

AS	
  INTRICATE	
  AS	
  A	
  FLY’S	
  EYE	
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A dozen 
undergraduates  
were involved in the 
construction of the  
CMS Pixel detector  



&	
  PRECISION	
  OF	
  A	
  SWISS	
  WATCH	
  	
  

ATLAS	
  silicon	
  	
  
camera	
  sector	
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Collider Detectors

15

Collider detectors are like a set of nested Russian 

dolls, each of which tells us something useful.

With all that information, we decide what kind of 

particles were are detecting, and whether they might 

come from the decay of one or more SUSY particles.
Si
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µ-det

! charged particles leave tracks

! curvature (B-field) tells us pT

! e & γ shower in the EM-CAL

! hadrons shower in the H-CAL

! µ don't shower and reach µ-det

! ν (and LSP's) are undetected
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Collider detectors are like a set of nested Russian 
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! curvature (B-field) tells us pT

! e & γ shower in the EM-CAL

! hadrons shower in the H-CAL

! µ don't shower and reach µ-det

! ν (and LSP's) are undetected

General Design of CMS and ATLAS 
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February 25, 2011 Greg Landsberg, Quest for New Physics w/ First LHC Data at CMS

Compact Muon Solenoid

6

(Some of the) 3170 Scientists and 
Engineers (800 Graduate Students) 
from 182 Institutions in 39 countries 

Sunday, February 27, 2011

Some of the over 3000 scientists from 38 countries  
taking part in the ATLAS experiment  



Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	



LHC: Huge background rates 

Process  (nb) 
Production 
rates (Hz) 

Inelastic 108 109 

5 105 5 106 

15 150 

 2   20 

 1 10 

 0.05   0.5 

 0.05  0.5 

 0.05  0.5 

 10-3 10-2 

bb
W
Z

tt
GeV) 100(H

TeV) (1 Z
)TeV 1( ~~gg

GeV) 500(H

!"#26 

Tevatron 
LHC 

W, Z 

W.J. Stirling 

Evolution of the Cross-Sections 

Cross sections are larger at the LHC  
than at the Tevatron 
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New Physics: precious and extremely rare 

bb
W
Z

tt
GeV) 100(H

TeV) (1 Z
)TeV 1( ~~gg

GeV) 500(H

!"#

Process  (nb) 
Production 
rates (Hz) 

Inelastic 108 109 

5 105 5 106 

15 150 

 2   20 

 1 10 

 0.05   0.5 

 0.05  0.5 

 0.05  0.5 

 10-3 10-2 
10-7 selection problem 
Selection process determines 

  99.99999% of your analysis Permanently stored: ~400 Hz 



Collisions  
produce prodigious quantities of data   

©
 C

ER
N

 

© ATLAS Experiment at CERN 

…..15	
  million	
  CDs,	
  15	
  petabytes	
  per	
  year,	
  	
  
a	
  stack	
  of	
  CDs	
  10	
  miles	
  high	
  (X1.5	
  mount	
  Everest)	
  

Zà μμ 

ATLAS 

Shipsey Moriond QCD 2012 28 
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Data Analysis: Worldwide LHC Computing  
GRID 

During one second of ATLAS /CMS 
operations, a data volume  
equivalent to 10,000 copies of 
Encyclopedia Britannica  
is recorded 

©
 O

pe
n 

Sc
ie

nc
e 

G
rid

 

To analyze the LHC data is an 
enormous task – beyond the 
means of CERN alone. 
Need to send these data to the 
computers and storage systems 
of the collaborating institutes 
around the world –  in real time 
without stopping! 
This is the World Wide LHC 
Computing GRID.  Why not  
offer YOUR computer at 
http://lhcathome.cern,ch/  ?! 



a dimuon candidate: X→µ+µ- 

event display 
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CMS and ATLAS have presented  
scores of  physics results @ ICHEP . 
They took about a hundred  
man-years to produce,  But it is my  
humble opinion that the graph  
shown above could well  be the one  
to single out and attach  
on the  bulletin board of all the  
universities and institutes participating  
in the LHC experiments!  (ICHEP Blog 

I do not know what will ever make  
you believe particle physics is 
beautiful, if not what is shown here. 
(ICHEP Blog) 

Gecse & Shipsey 

4 

A spectroscopists delight 
rediscovering the Benchmarks of the Standard Model  

Shipsey Moriond QCD 2012 



Shipsey Moriond QCD 2012 32 

A spectroscopists delight 
rediscovering the Benchmarks of the Standard Model  Muon and Electron Reconstruction  

16 

Muon & Electron  
reconstruction 
performance 

close to design   

µ+µ! Resolution
J/!  = 30 MeV
"  = 70 MeV
Z = 900 MeV

CMS 

!M /M <1%



The granularity of the cameras combined with their speed enable them  
to cope with very large numbers of tracks in a single event 

PbPb collisions  (@  2.76 TeV/nucleon (574 TeV per nucleus) 

Shipsey Moriond QCD 2012 33 
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Same dimuon mass 
Spectrum as before  



arXiv:1201.5069 (2011)	
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Same dimuon mass 
Spectrum as before  
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W & Z Production 

  

p 

p 

W±, Z, γ* 

l ± 

l ∓, νl 
(−) 

q 

q(´) − 

CERN Joint EP/PP/LPCC Seminar, 15th March 2011.

Electrons and muons

7

! Beautiful reconstruction of W and Z bosons
! Leptons and MET reconstruction performing well

CMS-EWK-10-005

CERN Joint EP/PP/LPCC Seminar, 15th March 2011.

Electrons and muons

7

! Beautiful reconstruction of W and Z bosons
! Leptons and MET reconstruction performing well

CMS-EWK-10-005

X80 & ~x90  the mass of a proton 
Cross sections about 10 nb) 
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ATLAS in 2011 data:  
~ 60000 top-pair events 
à Factor ~ 10 more than total CDF and D0 datasets 
à will allow more and more precise studies of a larger number of (exclusive) processes  

t! bµ!, t! be!

arXiv:1202.4892 

Top anti-top Production 
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ZZ Production 

ATLAS in 2011 data:  
~  30 M   Wà μν, eν    events  
~  3 M     Z à μμ, ee    events 
à  factor ~ 2 (W, Z) more than total CDF and D0 dataset, allows ZZ to be well-measured 

arXiv:1110.5016 

σxBR(ZZà 4l) ~ 40 fb 
Few fb in narrow mass 
bin à comparable 
to HàZZ(*)à 4l 



ATLAS: Update of SM Higgs searches, 13/12/2011 40 

Summary of main electroweak and top cross-section measurements 

Measuring cross-sections down to few pb (~ 40 fb including leptonic branching ratios) 

Inner error: statistical 
Outer error: total 

σxBR(ZZà 4l) ~ 40 fb 
Few fb in narrow mass 
bin à comparable 
to HàZZ(*)à 4l 

Experimental precision starts to challenge theory for e.g. tt (background to most H searches) 

Good agreement with SM expectations (within present uncertainties) 

~ 7% 
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The Higgs  

Slide adapted from talk by Chris Quigg 
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Higgs Constraints

(Preliminary) New World Average

 (GeV)Wm
80 80.2 80.4 80.6

LEP2 average  0.033±80.376 

Tevatron 2012 (prel.)  0.017±80.387 

CDF II (prel.)  0.019±80.387 

D0 Run II (prel.)  0.023±80.376 

D0 Run I  0.083±80.478 

CDF Run I  0.081±80.436 

World average (prel.)  0.015±80.385 

Winter 2012

Top quark mass (GeV)
165 170 175 180 185

W
 b

o
so

n
 m

as
s 

(G
eV

)

80.3

80.32

80.34

80.36

80.38

80.4

80.42

CMS excl.

Atlas excl.

Tevatron excl.

LEP excl.

References:

SM prediction: Phys.Rev.D69:053006,2004

0.9 GeV (arXiv:1107.5255)±Top Mass: 173.2

 = 122.5HM

 = 127.0HM
68%

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 18

CDF Results

Method (2.2 fb−1) MW (MeV) Method (2.2 fb−1) MW (MeV)

mT (µ, ν) 80379± 16(stat) mT (e, ν) 80408± 19(stat)
pT (µ) 80348± 18(stat) pT (e) 80393± 21(stat)

/ET (µ, ν) 80406± 22(stat) /ET (e, ν) 80431± 25(stat)

Combination (2.2 fb−1) 80387± 19MeV (syst + stat)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 13

New precise Tevatron  
W mass at EWK Moriond 2012 l 

!M /M ~ 2 "10#4
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properties of the standard model Higgs boson 
• spin 0 
• coupling to the Higgs gives particles mass 
• Higgs couples to pairs of all massive particles and their 
antiparticles 
 
H →µ+µ−  if  210MeV<mH <270MeV 
 
H → bb          if 9GeV<mH <135GeV  
 
H →WW        if 135 GeV < mH 
 
• coupling is proportional to particle mass  
 
• decays preferentially to most massive particles with 2m<mH 
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(Preliminary) Global Electroweak Fit

0

1

2

3

4

5

6

10040 200

mH [GeV]

∆
χ

2

LEP
excluded

LHC
excluded

∆αhad =∆α
(5)

0.02750±0.00033

0.02749±0.00010

incl. low Q2 data

Theory uncertainty

March 2012 mLimit = 152 GeV

New (preliminary) indirect Higgs mass determination

MH = 94+29
−24 GeV (was MH = 92+34

−26 GeV before)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 19

Global ewk fit 
consistency  test 
of all measured  
parameters with 
Standard model 

Preferred mass 
94+29

-24 GeV 

The mass of the Higgs boson 
Not yet measured by experiment 
but constrained by experiment 



Shipsey	
  Moriond	
  QCD	
  2012	
   46	
  

Among Most Sensitive Constrants on m(Higgs):

M(W) vs M(top)

! W/Z mass ratio sensitive to 

radiative corrections

! Z mass known to high precision 

(LEP) so couch results as M(W) vs 

M(top)

 In context of SM, data 

favors light Higgs 

Fix Higgs mass M(W) depends 
only on M(top) (gray bands). 
Note only drawn for Higgs mass regions not excluded by LHC 
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Evolution of the Higgs Search 1965 to Spring 2011  

100 200     300      400      500     600 0 
114 

158 173 

Low Mass  
( MH! 120 GeV ) 

H!!! 
H ! WW 
 qqH!"" 
V+ H!bb  
qqH!bb 

V+ H!WW 

Mid Mass 
( MH ! 160 GeV ) 

 
H!WW 
H!ZZ 

 
 
 

High Mass 
( MH! 400 GeV ) 

 
H!ZZ 

H!WW 
 
 
 

The Higgs Search Landscape: LHC Joins The Fray ! 

Tevatron LEP 
+ 

Tevatron 

95% CL Excluded Mass range 

13 

Moriond EWK, 3/14/11 Bo Jayatilaka

New Tevatron Higgs Limits

• SM Higgs boson excluded at 95% CL for 158 < mH < 173 GeV

• Expected exclusion at 95% CL for 153 < mH < 179 GeV
• Compare to summer 2010 expected exclusion of 156 < mH < 173 GeV

11

46 years of searches,  
Early example: Yà Hγ   
LEP 
 
 
Tevatron 

early Higgs searches
• in decays of other particles, e.g. Y H+

3/24/2011 Ulrich Heintz - Moriond QCD 10

should see 
monochromatic 
line in photon 
energy spectrum

exclude mH < 5 GeV

CUSB Collaboration @ CESR
PRD 35, 2883(1987)

photon energy (MeV)
ev

en
ts

/2
0 

M
eV

early Higgs searches
• in decays of other particles, e.g. Y H+

3/24/2011 Ulrich Heintz - Moriond QCD 10

should see 
monochromatic 
line in photon 
energy spectrum

exclude mH < 5 GeV

CUSB Collaboration @ CESR
PRD 35, 2883(1987)

photon energy (MeV)

ev
en

ts
/2

0 
M

eV

LEP 2LEP 1

Higgs production at LEP

Center of mass energy (GeV)

3/24/2011 Ulrich Heintz - Moriond QCD

Björken process Higgsstrahlung

12
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Dec 13 
2011 

Results 
of  
Searches 
in 
following 
Slides 
updated 
to March 
2012 
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Standard Model Higgs 
Production at the LHC  

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           ! 5!

SM Higgs production at LHC 

Gluon fusion (gg! H) is the dominant production  mechanism at LHC. 

Irreducible backgrounds in H ! WW, ZZ, !! are from qq annihilation. Signal to Noise 

better than at Tevatron except in VH. VBF and VH also very useful at LHC 

Gluon fusion (gg → H) is the dominant production mechanism at LHC. 
S/B better than at Tevatron except in VH 
VBF & VH also very useful at LHC 
ttH is probably for the 14 TeV run 
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Standard Model Higgs  Decays/Search Strategy ATLAS/CMS  
Higgs couples to mass so decays to the 
heaviest states it can 
 
“High Mass” 
Above 2 x MW/Z  WW, ZZ dominate 

ZZ to 4l fully measurable 
       Wà lv, Wlv (neutrinos prevent 
measurement of mass peak)  
 
“Low Mass” 
bb is dominant, bà jets, has large QCD 
backgrounds 
Consequently, rarer but cleaner τ τ, 
gamgam modes are important 
gamgam  is most sensitive despite tiny BR 
W*W, Z*Z still contribute (*=virtual) 
 
With the current dataset, ATLAS & CMS 
can’t exclude the entire low mass region, 
due to an excess in the data -- hence the 
excitement  

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !10!

SM Higgs Decay Modes Vs Mass 

Mode! Mass Range! Data Used (fb-1)! CMS Document!

H ! ""! 110-150! 4.7! HIG-11-030!

H ! bb ! 110-135! 4.7! HIG-11-031 !

H ! ##! 110-145! 4.6! HIG-11-029!

H !WW !2l 2$! 110-600! 4.6! HIG-11-024!

H ! ZZ !4l! 110-600! 4.7! HIG-11-025!

H ! ZZ !2l2#! 190-600! 4.7! HIG-11-028 !

H ! ZZ !2l2j! 130-165/200-600! 4.6! HIG-11-027!

H ! ZZ !2l2$! 250-600! 4.6! HIG-11-026!

Look at ZZ and gamgam  
as examples 
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HèZZè4l (The Golden Mode)    



• Improved sensitivity at low Higgs masses in 
successive analysis iterations in 2011




G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !26!

H ! ZZ !4e, 4µ, 2e2µ: The Golden Channel 

Improved sensitivity at low Higgs masses 

–" Reduce MZ1 cut from 60 ! 50GeV 

–" Reduce MZ2 cut from 20 ! 12GeV 

PT 43 GeV!

PT 26 GeV!

PT 20 GeV!
PT 48 GeV!

Golden: 4 leptons, clean, fully reconstructable, excellent mass resolution (1%) 
Challenge: small branching fraction Hà> ZZ few % Z à µµ: 3%,  
σB ~few fb  low pT leptons 

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !26!

H ! ZZ !4e, 4µ, 2e2µ: The Golden Channel 

Improved sensitivity at low Higgs masses 

–" Reduce MZ1 cut from 60 ! 50GeV 

–" Reduce MZ2 cut from 20 ! 12GeV 

PT 43 GeV!

PT 26 GeV!

PT 20 GeV!
PT 48 GeV!
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HèZZè4l  (4µ, 4e, 2µ2e)    
Background:            instrumental: real Z + fake lepton(s),   

Physics: Z bbar  ttbar WZ  à 4l can be reduced to negligible level   

Direct  ZZ* production cannot be reduced, can be isolated & measured 
and  found to be in agreement with standard model prediction  
bellwoed for)


High resolution,  
fully reconstructable  
final state 
100 < M(ZZ*) < 160 
13 observed 
9.5 ± 1.3 expected 

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !27!

H!ZZ!4l: Baseline Selection 

50< mZ1 < 120 GeV   

12< mZ2 < 120 GeV 

m4l >100 GeV/c2 

Observed events: 72 

Expected  events: 67.1 ± 6.0 

5
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

The reducible and instrumental background rates are small. These rates have been obtained
from data and the corresponding m4� distributions are obtained from MC samples.

The measured distribution is compatible with the expectation from SM direct production of
ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while 67.1 ± 6.0 events
are expected from standard model background processes. No hard photon (pγ

T > 5 GeV) was
found, outside the isolation veto cone that surrounds each lepton, that could be unambiguously
identified as FSR. Thirteen candidates are observed within 100 < m4� < 160 GeV while 9.5± 1.3
background events are expected. We observe 53 candidates for the high-mass selection com-
pared to an expectation of 51.3 ± 4.6 events from background. This high-mass event selection
is used to provide a measurement of the total cross section σ(pp → ZZ + X)× B(ZZ → 4�) =
28.1+4.6

−4.0(stat.)± 1.2(syst.)± 1.3(lumi.) fb. The measurement agrees with the SM prediction at
NLO [47] of 27.9 ± 1.9 fb. The local p-values, representing the significance of local excesses
relative to the standard model expectation, are shown as a function of mH in Fig. 2a, obtained
either taking into account or not the individual candidate mass measurement uncertainties,

Table 1: The number of candidates observed, compared to background and signal rates for
each final state for 100 < m4� < 600 GeV for the baseline selection. For the Z+X background,
the estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37
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HèZZè4l (Zoom to low mass)    


• Background is irreducible ZZ* continuum


G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !28!

Zoom in the low mass 
50 < mZ1 < 120 GeV !

12  < mZ2 < 120 GeV!

100 < m4l < 160 GeV/c2 

Observed events: 13  

Expected  events: 9.5 ± 1.3 

Final state:      4e  4! 2e2!!
Obs. events:     3   5    5 !

Exp. events:    1.7 3.3 4.5!

100 < M(ZZ*) < 160 
13 observed 
9.5 ± 1.3 expected 

3 events: 118.3 118.9 119.0  
2 events: 125.7 126.2 
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

The reducible and instrumental background rates are small. These rates have been obtained
from data and the corresponding m4! distributions are obtained from MC samples.

The measured distribution is compatible with the expectation from SM direct production of
ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while 67.1 ± 6.0 events
are expected from standard model background processes. No hard photon (pγ

T > 5 GeV) was
found, outside the isolation veto cone that surrounds each lepton, that could be unambiguously
identified as FSR. Thirteen candidates are observed within 100 < m4! < 160 GeV while 9.5± 1.3
background events are expected. We observe 53 candidates for the high-mass selection com-
pared to an expectation of 51.3 ± 4.6 events from background. This high-mass event selection
is used to provide a measurement of the total cross section σ(pp → ZZ + X)× B(ZZ → 4!) =
28.1+4.6

−4.0(stat.)± 1.2(syst.)± 1.3(lumi.) fb. The measurement agrees with the SM prediction at
NLO [47] of 27.9 ± 1.9 fb. The local p-values, representing the significance of local excesses
relative to the standard model expectation, are shown as a function of mH in Fig. 2a, obtained
either taking into account or not the individual candidate mass measurement uncertainties,

Table 1: The number of candidates observed, compared to background and signal rates for
each final state for 100 < m4! < 600 GeV for the baseline selection. For the Z+X background,
the estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37
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HèZZè4l (Zoom to low mass)    





CMS below 140 
6 expected from SM  9 observed 
3 events: 118.3 118.9 119.0 2 events 125.7 126.2   

ATLAS below 140 
4 expected from SM  3 observed 
3 events 123.6  124.3 124.6  
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

The reducible and instrumental background rates are small. These rates have been obtained
from data and the corresponding m4! distributions are obtained from MC samples.

The measured distribution is compatible with the expectation from SM direct production of
ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while 67.1 ± 6.0 events
are expected from standard model background processes. No hard photon (pγ

T > 5 GeV) was
found, outside the isolation veto cone that surrounds each lepton, that could be unambiguously
identified as FSR. Thirteen candidates are observed within 100 < m4! < 160 GeV while 9.5± 1.3
background events are expected. We observe 53 candidates for the high-mass selection com-
pared to an expectation of 51.3 ± 4.6 events from background. This high-mass event selection
is used to provide a measurement of the total cross section σ(pp → ZZ + X)× B(ZZ → 4!) =
28.1+4.6

−4.0(stat.)± 1.2(syst.)± 1.3(lumi.) fb. The measurement agrees with the SM prediction at
NLO [47] of 27.9 ± 1.9 fb. The local p-values, representing the significance of local excesses
relative to the standard model expectation, are shown as a function of mH in Fig. 2a, obtained
either taking into account or not the individual candidate mass measurement uncertainties,

Table 1: The number of candidates observed, compared to background and signal rates for
each final state for 100 < m4! < 600 GeV for the baseline selection. For the Z+X background,
the estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37

H → ZZ
(∗) → 4�: Results

Number of events in the full mass range:

4µ 2e2µ 4e

Expected 18.6±2.8 29.7±4.5 13.4±2.0

Observed 24 30 17

Small excesses observed around 3 mass values.

Local significance:

m4� 125 GeV 244 GeV 500 GeV

Exp. w. signal 1.3σ 3.0σ 1.5σ
Observed 2.1σ 2.2σ 2.1σ

Expected limit:

137-157, 184-400 GeV

Observed limit:

134-156, 182-233,

256-265, 268-415 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 11/24
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Cross check –  1st observation of pp è Z è 4l  

6 5 Results

5.2 Measurement of σ(pp → Z) · BR(Z → 4�) and BR(Z → 4�)147

The number of observed events in signal (Z → 4�) and control (Z → µµ) regions can be ex-148

pressed as follows:149

∑
i

L · σ(pp → Z) · BR(Z → 4�) · fi · �acc

i
· �

exp

i
· ci = N

Z→4�
obs

− Nbkg (i = 4e, 4µ, 2e2µ), (1)

L · σ(pp → Z) · BR(Z → µ+µ−) · �acc

Z→µ+µ · �
exp

Z→µ+µ− · cZ→µ+µ− = N
Z→µ+µ−

obs
− N

�
bkg

, (2)

where150

• L stands for the integrated luminosity,151

• σ(pp → Z) for theoretical Z boson production cross section (80 < mZ∗ < 100 GeV),152

26908 fb (calculated with FEWZ
1
),153

• BR(Z → 4�) for the signal decay branching ratio (with the m�� > 4 GeV cut),154

• BR(Z → 2µ) for the Z → µµ branching fraction, 0.03366 [7],155

• fi for the relative fraction of all 4� events going into the ith sub-channel ( i = 4e, 4µ, 2e2µ),156

• �acc

i
for the theoretical acceptance of lepton pT and η requirements used in the anal-157

ysis,158

• �
exp

i
for the experimental efficiency, as obtained in the simulation, to reconstruct and159

selected events within the acceptance,160

• ci for data-to-simulation correction factor for the experimental efficiency derived161

from Monte Carlo.162

Eq. (1) allows for extraction of the production cross section times branching ratio σ(pp →163

Z) · BR(Z → 4�): 125 ± 25(stat) fb, while the ratio of Eqs. (1) and (2) allows us to extract the164

branching ratio BR(Z → 4�), with cancellation of several systematic errors: 4.5 ± 0.9(stat)×165

10
−6

. The statistical error is defined by the 26 events observed. These measurements agree with166

the standard model predictions: 120 ± 4.92 fb and 4.45 × 10
−6

, respectively.167

To properly account for systematic errors, including their correlations between different chan-168

nels as well as between signal and background, we construct the full likelihood for the the four169

observations (4e, 4µ, 2e2µ, and 2µ), as described in Appendix A. Using the full likelihood in170

conjunction with the profile likelihood method [13], we measure the Z → 4� production cross171

section σ(pp → Z) · BR(Z → 4�) and the branching ratio BR(Z → 4�) as follows:172

σ × BR(Z → 4�) = 125
+26

−23
(stat)+9

−6
(syst)+7

−5
(lumi) fb,173

BR(Z → 4�) = 4.4
+1.0

−0.8
(stat)± 0.2(syst)× 10

−6
.174

5.3 Z → 4� decays as a standard candle in the H → ZZ → 4� search.175

The Z → 4� decays give a clean resonant peak in the four-lepton invariant mass distribution,176

which can be used as a standard candle in the context of the Higgs boson search in the H →177

ZZ → 4� decay mode. Fig. 3 (left), shows the number of events in the Z → 4� peak at m4� =178

1
https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSections

Mass @ known Z mass 
Mass & mass resolution 
measured in data   
agree with simulation 

Same 
final state 
but at 90  
GeV 

NEW 
March 14 2012 
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6

for the combination of the three channels. Excesses are observed for masses near 119 GeV and

320 GeV. The small ≈2σ excess near 320 GeV includes three events with p4�
T

> 50 GeV. The

most significant excess near 119 GeV corresponds to about 2.5σ significance. The significance

is less than 1.0σ (about 1.6σ) when the look-elsewhere effect [62] is accounted for over the full

mass range (for the low-mass range 100 < m4� < 160 GeV). The local significances change

only slightly when including candidate mass uncertainties, instead of using the average mass

resolution, e.g. rising to 2.7σ around 119 GeV and reaching 1.5σ around 126 GeV.
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Figure 2: a) The significance of the local excesses with respect to the standard model expectation

as a function of the Higgs boson mass, without (blue) or with (red) individual candidate mass

measurement uncertainties. b) The observed and the median expected upper limits at 95% CL

on σ(pp → H+ X)×B(ZZ → 4�), normalized to the standard model cross section values σSM,

for a Higgs boson in the mass range 110–600 GeV, using the CLs approach. The insets expand

the low mass range.

In absence of a significant clustering of candidates at any given mass, we derive exclusion lim-

its. The exclusion limits for a SM-like Higgs boson are computed for a large number of mass

points in the mass range 110–600 GeV, using the predicted signal and background mass distri-

bution shapes. The choice of the step size in the scan between Higgs mass hypotheses is driven

by either detector resolution, or the natural width of the Higgs boson. The signal mass distri-

butions shapes are determined using simulated samples for 27 values of mH covering the full

mass range. The shapes are fit using a function obtained from a convolution of a Breit-Wigner

probability density function to describe the theoretical resonance line shape and a Crystal Ball

function to account for the detector effects. The parameters of the Crystal Ball function are

interpolated for the mH points where there is no simulated sample available. The shapes of

the background mass distributions are determined by fits to the simulated sample of events,

while the normalization is taken from estimates of overall event yields as described above. For

each mass hypothesis, we perform an unbinned likelihood fit using the statistical approach

discussed in Ref. [63]. We account for systematic uncertainties in the form of nuisance parame-

ters with a log-normal probability density function. The observed and median expected upper

limits on σ(pp → H + X)× B(H → ZZ)× B(ZZ → 4�) at 95% CL are shown in Fig. 2b. The

limits are calculated relative to the expected SM Higgs boson cross section values σSM, using

the modified frequentist method CLs [64, 65]. The bands represent the 1σ and 2σ probabil-

ity intervals around the expected limit. These upper limits exclude the standard model Higgs

boson at 95% CL in the mH ranges 134–158 GeV, 180–305 GeV and 340–465 GeV. The limits re-

flect the dependence of the branching ratio B(H → ZZ) on mH. The worsening of the limits

at high mass arises from the decreasing cross section for the H → 4� signal. By virtue of the

6

for the combination of the three channels. Excesses are observed for masses near 119 GeV and

320 GeV. The small ≈2σ excess near 320 GeV includes three events with p4�
T

> 50 GeV. The

most significant excess near 119 GeV corresponds to about 2.5σ significance. The significance

is less than 1.0σ (about 1.6σ) when the look-elsewhere effect [62] is accounted for over the full

mass range (for the low-mass range 100 < m4� < 160 GeV). The local significances change

only slightly when including candidate mass uncertainties, instead of using the average mass

resolution, e.g. rising to 2.7σ around 119 GeV and reaching 1.5σ around 126 GeV.
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Figure 2: a) The significance of the local excesses with respect to the standard model expectation

as a function of the Higgs boson mass, without (blue) or with (red) individual candidate mass

measurement uncertainties. b) The observed and the median expected upper limits at 95% CL

on σ(pp → H+ X)×B(ZZ → 4�), normalized to the standard model cross section values σSM,

for a Higgs boson in the mass range 110–600 GeV, using the CLs approach. The insets expand

the low mass range.

In absence of a significant clustering of candidates at any given mass, we derive exclusion lim-

its. The exclusion limits for a SM-like Higgs boson are computed for a large number of mass

points in the mass range 110–600 GeV, using the predicted signal and background mass distri-

bution shapes. The choice of the step size in the scan between Higgs mass hypotheses is driven

by either detector resolution, or the natural width of the Higgs boson. The signal mass distri-

butions shapes are determined using simulated samples for 27 values of mH covering the full

mass range. The shapes are fit using a function obtained from a convolution of a Breit-Wigner

probability density function to describe the theoretical resonance line shape and a Crystal Ball

function to account for the detector effects. The parameters of the Crystal Ball function are

interpolated for the mH points where there is no simulated sample available. The shapes of

the background mass distributions are determined by fits to the simulated sample of events,

while the normalization is taken from estimates of overall event yields as described above. For

each mass hypothesis, we perform an unbinned likelihood fit using the statistical approach

discussed in Ref. [63]. We account for systematic uncertainties in the form of nuisance parame-

ters with a log-normal probability density function. The observed and median expected upper

limits on σ(pp → H + X)× B(H → ZZ)× B(ZZ → 4�) at 95% CL are shown in Fig. 2b. The

limits are calculated relative to the expected SM Higgs boson cross section values σSM, using

the modified frequentist method CLs [64, 65]. The bands represent the 1σ and 2σ probabil-

ity intervals around the expected limit. These upper limits exclude the standard model Higgs

boson at 95% CL in the mH ranges 134–158 GeV, 180–305 GeV and 340–465 GeV. The limits re-

flect the dependence of the branching ratio B(H → ZZ) on mH. The worsening of the limits

at high mass arises from the decreasing cross section for the H → 4� signal. By virtue of the

HèZZè4l (limits)    

Expected range: 130 < MH < 160 GeV; 182 < MH < 420 GeV !
Observed range: 134 < MH < 158 GeV; 180 < MH < 305 GeV; 340 < MH < 460 GeV  !

               m    local          full  110:160 
p-value  119   2.5 (2.7)   1.0     1.6  
              126   <1 (1.5) 
              320   2.0   



H → ZZ
(∗) → 4�: Results

Number of events in the full mass range:

4µ 2e2µ 4e

Expected 18.6±2.8 29.7±4.5 13.4±2.0

Observed 24 30 17

Small excesses observed around 3 mass values.

Local significance:

m4� 125 GeV 244 GeV 500 GeV

Exp. w. signal 1.3σ 3.0σ 1.5σ
Observed 2.1σ 2.2σ 2.1σ

Expected limit:

137-157, 184-400 GeV

Observed limit:

134-156, 182-233,

256-265, 268-415 GeV
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HèZZè4l (limits)    

Expected range: 130 < MH < 160 GeV; 182 < MH < 420 GeV !
Observed range: 134 < MH < 158 GeV; 180 < MH < 305 GeV; 340 < MH < 460 GeV  !

Excluded (95% CL):  135 < mH < 156 GeV and 181 < mH < 415 GeV (except 234-255 GeV)  
Expected (95% CL): 137 < mH < 158 GeV and 185 < mH < 400 GeV  
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H → γγ: Results

Invariant mγγ distribution,

summed over all categories:

Exclusion limit:

Observed exclusion:

113-115 GeV, 134.5-136 GeV.

Largest excess of events observed at 126.5 GeV.

Local significance: 2.8σ (Global: 1.5σ for mH =110-150 GeV).
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CMS and ATLAS diphoton limits  

Excess(es)? 

17

11 Results
The confidence level for exclusion or discovery of a SM Higgs-boson signal is evaluated using

the diphoton invariant mass distribution for each of the event classes. The results in the five

classes are combined in the CL calculation to obtain the final result.

The limits are evaluated using a modified frequentist approach, CLS, taking the profile likeli-

hood as a test statistic [69–71]. Both a binned and an unbinned evaluation of the likelihood

are considered. While most of the analysis and determination of systematic uncertainties are

common for these two approaches, there are differences at the final stages which make a com-

parison useful. The signal model is taken from MC simulation after applying the corrections

determined from data/simulation comparisons of Z → ee and Z → µµγ events mentioned

above, and the reweighting of the Higgs boson transverse momentum spectrum. The back-

ground is evaluated from a fit to the data without reference to the MC simulation. Since a

Higgs-boson signal would be reconstructed with a mass resolution approaching 1 GeV in the

classes with best resolution, the limit and signal significance evaluation is carried out in steps

of 0.5 GeV. The limit set on the cross section of a Higgs boson decaying to two photons relative

to the SM expectation, using the CLS computation, is shown in Fig. 4. The median expected

limit on the cross section obtained in the previously reported analysis [32] of the same dataset

is also shown. The use of multivariate techniques has increased the sensitivity, as measured by

the median expected limit on the cross section, by about 20% across the entire mass range.

The fluctuations of the observed limit about the expected limit are not inconsistent with statis-

tical fluctuations to be expected in scanning the mass range. The largest deviation, at mH =

125 GeV, is discussed in more detail below. In the mass ranges 110.0−111.0, 117.5−120.5,

128.5−132.0, 139.0−140.0 and 146.0−147.0 GeV the SM Higgs boson is excluded at 95% CL.

The exclusion of a SM Higgs boson at 99% CL has also been examined, and it found that the

mass ranges 110.0−110.5 and 129.5−131.0 GeV are excluded at this level.
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Figure 4: Exclusion limit on the cross section of a SM Higgs boson decaying into two photons as

a function of the boson mass relative to the SM cross section, where the theoretical uncertainties

on the cross section have been included in the limit setting. The limit is calculated using the

modified frequentist CLS method. The expected limit obtained in the earlier analysis of the

same dataset is shown for comparison.

H → γγ: Results

Invariant mγγ distribution,

summed over all categories:

Exclusion limit:

Observed exclusion:

113-115 GeV, 134.5-136 GeV.

Largest excess of events observed at 126.5 GeV.

Local significance: 2.8σ (Global: 1.5σ for mH =110-150 GeV).
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LHC Results with 2011 Data all modes combined  

5.1 SM Higgs boson 11
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Figure 5: The observed and expected 95% CL upper limits on the signal strength parameter

µ = σ/σSM for the SM Higgs boson hypothesis as a function of the Higgs boson mass in the

range 110–600 GeV (left) and 110–145 GeV (right).

Higgs boson cross section that is excluded at 95% CL, expressed as a multiple of the SM Higgs

boson cross section.

The median expected exclusion range of mH at 95% CL in the absence of a signal is 114.5–

543 GeV. The differences between the observed and expected limits are consistent with statisti-

cal fluctuations since the observed limits are generally within the green (68%) or yellow (95%)

bands of the expected limit values. For the largest values of mH, we observe fewer events than

the median expected number for the background-only hypothesis, which makes the observed

limits in that range stronger than expected. However, at small mH we observe an excess of

events. This makes the observed limits weaker than expected in the absence of a SM Higgs

boson.

Figure 6 shows the observed/expected limits for the five individual decay channels studied,

and their combination. For masses beyond 200 GeV, the limits are driven mostly by the H → ZZ

decay channels, while in the range 125–200 GeV, the limits are largely defined by the H → WW

decay mode. For the mass range below 120 GeV, the dominant contributor to the sensitivity is

the H → γγ channel. The results shown are calculated using the asymptotic formula for the

CLs method.

To quantify the consistency of the observed excesses with the background-only hypothesis, we

show in Fig. 7 (left) a scan of the combined local p-value p0 in the low-mass region. The local

p-values shown in Fig. 7 are obtained with the asymptotic formula (lines) and validated by

generating ensembles of background-only pseudo-datasets (points).

A broad offset of about one standard deviation, caused by excesses in the channels with poor

mass resolution (bb, ττ, WW), is complemented by localized excesses observed in the ZZ →
4� and γγ channels. The largest excess in the combination is at 125 GeV and arises mostly

from the observed excess in the γγ channel. The narrow feature in the H → ZZ
(∗) → 4�

channel at 119.5 GeV, associated with three ZZ → 4� events, is considerably reduced in the

combination, mostly by the H → γγ channel that has a better sensitivity and actually shows

a deficit of events for that mass. Figure 8 shows the interplay of contributing channels for

the two Higgs boson mass hypotheses mH = 119.5 and 125 GeV. The plots show the level of
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Figure 5: The observed and expected 95% CL upper limits on the signal strength parameter

µ = σ/σSM for the SM Higgs boson hypothesis as a function of the Higgs boson mass in the

range 110–600 GeV (left) and 110–145 GeV (right).

Higgs boson cross section that is excluded at 95% CL, expressed as a multiple of the SM Higgs

boson cross section.

The median expected exclusion range of mH at 95% CL in the absence of a signal is 114.5–

543 GeV. The differences between the observed and expected limits are consistent with statisti-

cal fluctuations since the observed limits are generally within the green (68%) or yellow (95%)

bands of the expected limit values. For the largest values of mH, we observe fewer events than

the median expected number for the background-only hypothesis, which makes the observed

limits in that range stronger than expected. However, at small mH we observe an excess of

events. This makes the observed limits weaker than expected in the absence of a SM Higgs

boson.

Figure 6 shows the observed/expected limits for the five individual decay channels studied,

and their combination. For masses beyond 200 GeV, the limits are driven mostly by the H → ZZ

decay channels, while in the range 125–200 GeV, the limits are largely defined by the H → WW

decay mode. For the mass range below 120 GeV, the dominant contributor to the sensitivity is

the H → γγ channel. The results shown are calculated using the asymptotic formula for the

CLs method.

To quantify the consistency of the observed excesses with the background-only hypothesis, we

show in Fig. 7 (left) a scan of the combined local p-value p0 in the low-mass region. The local

p-values shown in Fig. 7 are obtained with the asymptotic formula (lines) and validated by

generating ensembles of background-only pseudo-datasets (points).

A broad offset of about one standard deviation, caused by excesses in the channels with poor

mass resolution (bb, ττ, WW), is complemented by localized excesses observed in the ZZ →
4� and γγ channels. The largest excess in the combination is at 125 GeV and arises mostly

from the observed excess in the γγ channel. The narrow feature in the H → ZZ
(∗) → 4�

channel at 119.5 GeV, associated with three ZZ → 4� events, is considerably reduced in the

combination, mostly by the H → γγ channel that has a better sensitivity and actually shows

a deficit of events for that mass. Figure 8 shows the interplay of contributing channels for

the two Higgs boson mass hypotheses mH = 119.5 and 125 GeV. The plots show the level of

Combined exclusion limit

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 20/24
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Figure 2: The observed (full line) and expected (dashed line) 95% CL combined upper limits on the SM

Higgs boson production cross section divided by the Standard Model expectation as a function of mH

in the full mass range considered in this analysis (a) and in the low mass range (b). The dotted curves

show the median expected limit in the absence of a signal and the green and yellow bands indicate the

corresponding 68% and 95% intervals.
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CMS Results by Decay Mode  

5.1 SM Higgs boson 13
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Figure 7: The observed local p-value p0 (left) and best-fit µ̂ = σ/σSM (right) as a function of

the SM Higgs boson mass in the range 110–145 GeV. The local p-values for individual channels

and their combination are obtained with the asymptotic formula (lines); the combined local p-

value is validated by generating ensembles of background-only pseudo-datasets (points). The

dashed line shows the expected local p-values p0(mH), should a Higgs boson with a mass mH

exist. The band in the right plot corresponds to the ±1σ uncertainties on the µ̂ values.
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Figure 8: Values of µ̂ = σ/σSM for the combination (solid vertical line) and for contribut-

ing channels (points) for two hypothesized Higgs boson masses: 119.5 GeV (left) and 125 GeV

(right). The band corresponds to ±1σ uncertainties on the overall µ̂ value. The horizontal bars

indicate ±1σ uncertainties on the µ̂ values for individual channels.
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Figure 7: The observed local p-value p0 (left) and best-fit µ̂ = σ/σSM (right) as a function of

the SM Higgs boson mass in the range 110–145 GeV. The local p-values for individual channels

and their combination are obtained with the asymptotic formula (lines); the combined local p-

value is validated by generating ensembles of background-only pseudo-datasets (points). The

dashed line shows the expected local p-values p0(mH), should a Higgs boson with a mass mH

exist. The band in the right plot corresponds to the ±1σ uncertainties on the µ̂ values.
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the Standard Model Higgs boson, if it exists, is most likely to have a mass 
constrained to the range 115 to 127.5 (CMS)  117.5-118.5 and 122.5-129  
(ATLAS)  Only with the data we shall collect this year, will we definitely be able 
to confirm or rule out a Standard Model Higgs. 

Summary 

Remarkable 
Progress 
by ATLAS 
and CMS 
In just  
9 months 
and  
consistency 

the final LEP result

3/24/2011 Ulrich Heintz - Moriond QCD

exclude mH < 114 GeV
16

!"#$%&$'()"'%*+%"#$%$,-$&./$0"%1$&$%.02*02)('.3$%'*%1$%#45%"*%('$%'"4".'".2'6667
from Louis Lyon’s book “statistics for nuclear and particle physicists”

CLs
• small if data agree better with 

background only
• large if data agree better with 

signal+background

signal can be excluded at 95% CL if CLs < 0.05

Combined exclusion limit

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 20/24



Four lepton candidate: 
               2e2µ 

Mµµ = 90.2 GeV/c2  

Mee= 93.4 GeV/c2 

M4l = 323 GeV/c2 
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If Higgs is found a major milestone final missing piece of SM.  The end of the 
beginning of a ~45 year quest to understand electroweak symmetry breaking.  
Next stage: Is it really the SM Higgs? Determine properties couplings, spin, width etc. 
Is our simplest picture of the origin of mass correct or is electroweak symmetry  
breaking intertwined with beyond standard model physics?   
Both LHC and future lepton colliders will contribute 
If Higgs is not found: certain SM processes (WW scattering) have bad high energy 
behavior without a Higgs, so something must take its place  

SLAC Experimental Seminar, 12/14/11 Greg Landsberg, Search for the SM Higgs Boson in CMS

2012: the Case for 8 TeV
• Need up to 15/fb of data to establish SM Higgs at 5! at 7 TeV in the 

115-130 GeV range
• Going to 8 TeV helps!
• It is also easier to produce luminosity at 8 TeV

– Win ~20% in integrated luminosity and another ~15% in sensitivity to light Higgs
• Helps searches for heavy objects, e.g. 1.5 TeV gluinos (400% 

improvement)
– Need to consider this seriously if the Higgs is indeed light!
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23

Updated w/ today
results!

Wednesday, December 14, 11

Higgs Search Prospects  
We are tracking earlier 
projections well 
 
We can therefore reasonably 
confidently extrapolate 
 
Confirmation/refutation of low 
Mass Higgs hypothesis will  
Need > 10/fb  @ 7 TeV 
 
Increasing √s =8 TeV is significant 5σ (local significance) at 125 GeV, if excess 

due to a signal, in reach in 2012 
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Higgs mass:                                
Virtual particles contribute to the Higgs mass via “loop 
corrections” that diverge quadratically! 

 is a huge quantity! Could be the Planck scale (1019 times the 
mass of the proton i.e. 1019 GeV) 

This is an example of the hierarchy problem 
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Partner particles fix this: 
Need same coupling  
Need partners to have roughly similar masses 

Otherwise the logarithmic term becomes too large, which 
would require more fine-tuning. 

But where do the partner particles come from?  
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An important very basic symmetry 
For each  integer spin particle (Fermion) there is an 
integral spin (Boson) partner and vice versa 

Complete spectrum of partners to standard model particles 
They are heavier and their spins are different by  unit 

The only unused Symmetry of the Poincare Group 
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SUSY unifies the strengths of all forces at high energy  
i.e. going backwards toward the big bang 

And predicts stable heavy neutral particles  
That do not interact much with other particles and are abundantly 
produced in early stages of the universe  

Solution to Higgs mass problem (as just described) 
 
Provides a path to unification with gravity 
 
String theory requires supersymmetry  
 
Predicts the existence of stable massive neutral particles (LSP)  that are 
dark matter candidates ex: neutralino  or gravitino 
 
25% of the mass-energy of the universe is dark matter, SUSY can happily predict 
this amount 

Implications of SUSY 

Unification: a mass scale (interaction 
energy) at which the electromagnetic 
weak and strong interaction have  
the same strength. This happens in  
SUSY but not in the SM  

Shipsey	
  Moriond	
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SUSY has >100 free 
parameters 
We like simplicity 
and unification 
Derive all of them 
from minimal set at 
the unification scale. 

Where you end up 
(now) depends on 
where you started 
(unification scale just 
after the Big Bang) 

Example of a Supersymmetric Model: (CMSSM) 
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5 main parameters  
mo , m1/2 , Ao , tan( ), 
and sign( ) 

mo and m1/2 are 
“universal masses” 
We don’t know what 
mo and m1/2 were  at 
the start so we have 
to scan ... 

More on this later… 

Example of a Supersymmetric Model: (CMSSM) 
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!

SUSY Search 
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Example LHC produces 
Q  (Squark–antisquark pair) 

Q decay to quarks and 
Dark Matter (LSP): 

Q  q+LSP 
  +LSP 
Lightest SUSY Partner (LSP) 

Signature  
2 or more jets of particles 

from q and   
 And missing energy  

From the 2 LSP  

    Anatomy of a  SUSY search using events with jets  
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Main concern: jets from 
quarks and gluons 

Showers of many particles 
in our detectors 
Sometimes imbalanced 
because one or more is 
mismeasured 

Other backgrounds 
W+jets (also from top 
quarks) and Z+jets 
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Jets that are not balanced              
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We cannot detect 
neutrinos 
Top quarks decay to a W 
and a bottom quark 

t  Wb 

W’s sometimes decay to 
a lepton and neutrino 

W e

Z’s sometimes decay to 
2 neutrinos 

Z  !

e+ Jet 4

Jet 1

Jet 3Jet 2

run #40758, event #44414
24 September,  1992

SVX Display

ν Mtop = 170 ±  10 GeV/c2Fit

l1

l2

l1

l2

= 4.5 mm

= 2.2 mm

CDF

top, W+jets or Z +jets backgrounds 

 
 
ttbar, with t à Wb, Wàlv 
 
Z+jets, with Z -> vv 
 
W +jets, with  W à lv 
 
 
 
 

We cannot detect 
neutrinos 
Top quarks decay to a W 
and a bottom quark 

t  Wb 

W’s sometimes decay to 
a lepton and neutrino 

W e

Z’s sometimes decay to 
2 neutrinos 

Z  !

e+ Jet 4

Jet 1

Jet 3Jet 2

run #40758, event #44414
24 September,  1992

SVX Display

ν Mtop = 170 ±  10 GeV/c2Fit

l1
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CDF
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This plot shows a distribution 
of measured numbers of 
events (black points with 
error bars) as a function of 
the sum of the energy of the 
jets in the event (HT) 

The green curve is what we 
roughly expect to come 
from jets 
The blue curve is what we 
expect from W’s, Top, Z’s 
The red and magenta 
curves are what we expect 
from some possible SUSY 
points (different mo, m1/2) 
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How to deal with these 
jet events? 
We use a kinematic 
variable that can 
separate the signal from 
the background 

CERN Joint EP/PP/LPCC Seminar, 15th March 2011.

T!
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Data
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, W, Z + Jetstt
LM0
LM1

Hadronic search with !T

! At least 2 jets with ET>50 GeV & |!|<3 anti-kT (0.5)
! Leading jet |!|<2.5 and ETj2>100 GeV
! Veto events isolated electrons, muons and photons
! Event cleaning cuts
! HT ("ETJi) > 350 GeV (beyond previous searches) and #T>0.55

28

LSPLSP

jet jetjet

jet

! 

"T=
ET j2

MT j1 j 2

=
ET j2 /ET j1

2(1# cos$%)

PRL101:221803 (2008) & arXiv:1101.1628
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Signature:  
Typically  2 jets + 
Missing energy 

For T > 0.55  
Essentially no jet events   
But there is SUSY and 
some top quarks, W,  
and Z events 

SUSY 

SUSY 

2j 
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 SUSY status report, David Stuart (UCSB) ‏" 9!

All-hadronic: HT/MHT, !T 
Strong QCD suppression with !T variable. 
Backgrounds are dominantly leptons from W (incl. top) and Z decay.  
Predicted from W!µ" and #$Z and fit together to search in bins of HT. 

Henning Flaecher, https://indico.cern.ch/conferenceDisplay.py?confId=131005 
Edward Laird, https://indico.cern.ch/conferenceDisplay.py?confId=145171 Method applicable to  

multiple jets too 

Application to the data 

CMS Reference 

Method works 
well 

Measure standard model  
top, W Z backgrounds 
in independent control 
Samples in data 
 
Look for an excess above 
Background, none found 
 
Calculate acceptance 
& efficiency for each value  
of m0, m1/2 
 
Obtain upper limits as a  
a  function of m0, m1/2 
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Summary of CMS αT Search for SUSY 
•  Observed limits from the αT SUSY search plotted in the 

CMSSM (m0, m1/2) plane	
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Figure 4: Observed and expected 95% CL exclusion contours in the CMSSM (m0, m1/2) plane
(tan β = 10, A0 = 0, µ > 0) using NLO signal cross sections with the CLs method. The expected
limit is shown with its 68% CL range. The SUSY benchmark model LM6 is also shown.

represents a tight constraint on the parameter space of SUSY models like the CMSSM.
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Summary of CMS αT Search for SUSY 
•  Observed limits from the αT SUSY search plotted in the 

CMSSM (m0, m1/2) plane	
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 Global Fit of SUSY (pre LHC) 
•   Precision Particle Physics data 
• Flavour observables (e.g. B-Physics, g-2 
•  Electroweak observables (e.g. mt, mW) 
•   Cosmology/astrophysical data 
•   Relic density (WMAP) 

•    
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Summary of all CMS Searches for SUSY 

•  Squarks < ~ 1 TeV are excluded in cMSSM, gluinos too for m0<500 GeV	


•  Update to full data set (x5 this plot) is in  process, some 5/fb searches shown at 

both Morionds (2012) from ATLAS and CMS	
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg × days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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 Global Fit of SUSY : 
•   Precision Particle Physics data 
• Flavour observables (e.g. B-Physics, g-2 
•  Electroweak observables (e.g. mt, mW) 
•   Cosmology/astrophysical data 
•   Relic density (WMAP) 

•   ATLAS, CMS, LHCb  data 
•   Direct searches  

1.  XENON100 direct Dark Matter search cut 
2.  into allowed fit region 2010 LHC run  
3.  Allowed region has moved lower in 2011 
4.  LHC run (red dashed arrow) 
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Best fit prediction 

Experimental Data 

Global fit of Supersymmetry è wimp mass & cross 
section compared to direct dark matter searches 
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WIMPs are assumed to be distributed in an isothermal halo
with v0 ¼ 220 km=s, Galactic escape velocity vesc ¼
ð544þ64

$46Þ km=s, and a density of !" ¼ 0:3 GeV=cm3.
The S1 energy resolution, governed by Poisson fluctuations
of the PE generation in the PMTs, is taken into account.

Uncertainties in the energy scale as indicated in Fig. 1, in
the background expectation, and in vesc are profiled out
and incorporated into the limit. The resulting 90% con-
fidence level (C.L.) limit is shown in Fig. 5 and has a
minimum# ¼ 7:0& 10$45 cm2 at a WIMP mass ofm" ¼
50 GeV=c2. The impact of Leff data below 3 keVnr is
negligible at m" ¼ 10 GeV=c2. The sensitivity is the ex-
pected limit in absence of a signal above background and is
also shown in Fig. 5. Because of the presence of two events
around 30 keVnr, the limit at higher m" is weaker than
expected. Within the systematic differences of the meth-
ods, this limit is consistent with the one from the optimum
interval analysis, which calculates the limit based only
on events in the WIMP search region. Its acceptance-
corrected exposure, weighted with the spectrum of am" ¼
100 GeV=c2 WIMP, is 1471 kg days. This result excludes
a large fraction of previously unexplored WIMP parameter
space, and cuts into the region where supersymmetric
WIMP dark matter is accessible by the LHC [19].
Moreover, the new result challenges the interpretation of
the DAMA [20] and CoGeNT [21] results as being due to
light mass WIMPs.
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expected sensitivity of this run (green-yellow band). The
limits from XENON100 (2010) [7], EDELWEISS (2011) [6],
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220 km=s), CDMS (2011) [22], and XENON10 (2011) [23]
are also shown. Expectations from CMSSM are indicated at
68% and 95% C.L. (shaded gray [19], gray contour [24]), as well
as the 90% C.L. areas favored by CoGeNT [21] and DAMA (no
channeling) [20].

PRL 107, 131302 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

23 SEPTEMBER 2011

131302-5

cMSSM 

DM Expt. limits: 
http://dmtools.brown.edu/ 
Fit: arXiv:1102.4585v1 
Fig. PRL 107 131302 



LHCb is an intensity frontier experiment at LHC  studying b  & c quarks 
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Rare Decays at LHCb

LHCb is searching for physics beyond the Standard Model (SM) by studying rare B and D

meson decays

The rare decays considered here are Flavour Changing Neutral Current processes

These are mediated by loop diagrams in the SM

New physics particles can make significant contributions to these diagrams

New physics contributions can affect:

The Lorentz structure, accessible through angular analysis

The total amplitude, accessible through branching fraction measurement

Indirect searches at LHCb are complimentary to direct searches at the GPDs
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Then: 
(prior to  
June 2011) 

Now: 

SOON  these decays will be measured providing complementary information to 
direct searches for SUSY particles 

Straub 
Moriond 
EWK 
Parkinson 
Moriond 
QCD 
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The road to SUSY 
Minimal SUSY models severely constrained  
 

………… many more SUSY possibilities pMSSM, NMSSM, low MET 
signatures, R-parity violating… 
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Where we are… 

! The CMS Experiment 
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! Inclusive hadronic analysis 
! Search with many jets 
! Direct sbottom production 

! Leptonic searches 
! Searches with photons 
! Long-lived particles 
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Large zoo of models that predict different incarnations of New Physics at the LHC 

… Non exhaustive list (by far) 

14 TeV 

14 TeV 

14 TeV 

Exotica: Off Road 
Contact Interactions ? 
Excited quarks ? 

New Gauge  
Bosons ? Technicolour ? Leptoquarks ? 

Little Higgs ? Extra Dimensions ? Black Holes ?? 
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L.Bellagamba, Search for physics beyond the SM in ep collisions at HERA, EPS-HEP 2011  6

Mass limit (95% C.L.) assuming ! = 0.3 (e.m. strength)

 U(1)Y x SU(2)L x SU(3)c invariance
 lepton and baryon number conservation
 either left- or right-handed coupling to lepton

   but not both (strong bounds from rare decays)

- 7 scalar + 7 vector states
- decay to eq or "q with Br=0,1/2,1

Phenomenological model of Buchmuller-Ruckl-Wyler used in limit setting

   For masses beyond 300 GeV, HERA limits still the best in a large part of the !-M plane 
At a coupling of em strength masses up to 630 GeV are excluded (95%CL)

e.m. strength

LQ limits

Wednesday, 20 July, 2011

Bellagamba, EPS HEP 2011 
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Isolated high Pt photon or jet + missing Transverse Energy (MET)	



monophoton 

Collider Search for Dark Matter 



Polytechnique 

Shipsey Moriond QCD 2012 97 

MONOJET – DATA SAMPLE

• !"#$%&'(#()*+&,"-#$%&,$'.%*&(/+$"#*0&/1
2 3*)*45#-&*6*#+,&7"+8&",(%$+*0&*9&:&
2 3*)*45#-&*6*#+,&7"+8&",(%$+*0&+;$4<,

• =((0&$-;**'*#+&>(;&>?%%&@AB&;$#-*&
2 C*#,"56"+1&+(&#*7&.81,"4,&DE@9&FEEG&
"#&+8*&+$"%,

2 H.5'",*&,*$;48&>(;&/*,+&*I.*4+*0&
,*#,"56"+1&+(&#*7&.81,"4,

2 @AB&J&KLM&=*N&>(;&E@&,*$;48

‣ !"#$%&'&()&'*+,'"-"./0'12$'3*

15

 [GeV] T
missE

200 400 600 800 1000

E
ve

n
ts

 /
 2

5
 G

e
V

1

10

210

310

410

510

νν→Z

νl→W

tt

QCD

-
l+l→Z

Data

DM-AVd m=1GeV

3δ2DADD M

CMS Preliminary

=7 TeVs at 
-1

L dt = 4.7 fb∫

MET+Lep

MONOPHOTON – SEARCH RESULTS

‣!"#$%&$''#"('$)*$+#,#-""+#.-)$$/$01#2314#51.0+.)+#6"+$7#
.0+#(.&8-)"90+#$%:$&1.;"0'

8

 [GeV]TE
200 300 400 500 600 700

Ev
en

ts
 /G

eV

-410

-310

-210

-110

1

10

210

 [GeV]TE
200 300 400 500 600 700

Ev
en

ts
 /G

eV

-410

-310

-210

-110

1

10

210
CMS Preliminary   = 7 TeVs

-1 Ldt = 4.7 fb!
=1 TeV, n=3) 

XP
SM + ADD (M
DATA 
Total uncertainty on Bkg

"## $" Z
# e$W

MisID Photon (MJ)
"+jets, W"

BeamHalo

MONOPHOTON – SEARCH RESULTS

‣!"#$%&$''#"('$)*$+#,#-""+#.-)$$/$01#2314#51.0+.)+#6"+$7#
.0+#(.&8-)"90+#$%:$&1.;"0'

8

 [GeV]TE
200 300 400 500 600 700

Ev
en

ts
 /G

eV

-410

-310

-210

-110

1

10

210

 [GeV]TE
200 300 400 500 600 700

Ev
en

ts
 /G

eV

-410

-310

-210

-110

1

10

210
CMS Preliminary   = 7 TeVs

-1 Ldt = 4.7 fb!
=1 TeV, n=3) 

XP
SM + ADD (M
DATA 
Total uncertainty on Bkg

"## $" Z
# e$W

MisID Photon (MJ)
"+jets, W"

BeamHalo

photons jets 

Collider Search for Dark Matter 



Moriond EW2012 EXP Summary -- Alain Blondel   

Presented at Moriond EWK 

DARK MATTER SPIN-INDEPENDENT LIMITS

‣ !"#$%&'('$#%)*+%&*,%(-##%./0%1"&*,%234%5"60%-%+"7'*8%-#%9"$%:8";<&*+"=%
19%='+">$%="$">?*8%";<"+'("8$#

20

]2 Mass [GeV/cχ
1 10 210 310

]
2

-N
u

cl
e

o
n

 C
ro

ss
 S

e
ct

io
n

 [
cm

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010
CMS Monojet, 90% CL
CMS Monophoton, 90% CL 
XENON-100 
CoGeNT 2011
CDMSII 2011 
CDMSII 2010

CMS Preliminary
=7 TeVs at 

-1
L dt = 4.7 fb∫

Spin Independent

DARK MATTER SPIN-DEPENDENT LIMITS

‣ !"#"$%&'()'(%(*$&$+(&#,%$&%$'"*-(*$&.,*%$'/"*$%&01&%(2('/3&,'4('%&,5&
#/-*"$64(&,2('&(*7'(&898:::&;(<&#/%%&'/*-(

21

]2 Mass [GeV/cχ
1 10 210 310

]
2

-N
u
cl

e
o
n
 C

ro
ss

 S
e
ct

io
n
 [
cm

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010
CMS Monojet, 90% CL
CMS Monophoton, 90% CL 

CDMSII 2011
Picasso 2009
COUPP 2011

CMS Preliminary
=7 TeVs at 

-1
L dt = 4.7 fb∫

Spin Dependent

CONCLUSIONS

22

‣ !"#$%&'()'(*+&+(*+(,$-"*+.%/$0+%,$.'-',%$1"#$."2$-3%%$45/$0+."2$678$9+:/$3$
#+;'"($3%$<+,$=(+>&."#+*$0<$,?+$*'#+@,)*+,+@A"($+>&+#'-+(,%7

‣ !"#$%&'()*+&+(*+(,$-"*+.%/$.'-',%$#+&#+%+(,$,?+$-"%,$%,#'(;+(,$@"(%,#3'(,%$0<$
%+B+#3.$"#*+#%$"1$-3;(',=*+$"B+#$+(A#+$C)CDDD$9+:$-3%%$#3(;+$%,=*'+*7

!"#$#%&#'($#)"*+#$(,-"(%#.(/+0$1*$(1%(2-%-3#&()%'(2-%-/+-&-%(*+)%%#4$(
5$1%6(789(:;<(-,(')&)8

!"#'1*=-%$(,-"(>?(@)*A6"-5%'(*-%$1$&#%&(.1&+(-@$#"B#'(')&)C(("$+>@+%%(
,-5%'8((D121&$($#&(-%(E)"A(?)F#"(/"-'5*=-%C("#$54=%6(1%()($16%1G*)%&(
#H&#%$1-%(-,(/"#B1-5$40(#H*45'#'(/)")2#&#"($/)*#I

J5"&+#"("#)'1%6I(KLM;<<;NOP(Q2-%-3#&R()%'(KLM;<<;NPS(Q2-%-/+-&-%R()&(
+F/$ITT&.1A18*#"%8*+T&.1A1T@1%TB1#.TU?>!5@41*T!+0$1*$V#$54&$KLM

DARK MATTER SPIN-INDEPENDENT LIMITS

‣ !"#$%&'('$#%)*+%&*,%(-##%./0%1"&*,%234%5"60%-%+"7'*8%-#%9"$%:8";<&*+"=%
19%='+">$%="$">?*8%";<"+'("8$#

20

]2 Mass [GeV/cχ
1 10 210 310

]
2

-N
u

c
le

o
n

 C
ro

s
s
 S

e
c
ti
o

n
 [

c
m

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010
CMS Monojet, 90% CL
CMS Monophoton, 90% CL 
XENON-100 
CoGeNT 2011
CDMSII 2011 
CDMSII 2010

CMS Preliminary
=7 TeVs at 

-1
L dt = 4.7 fb∫

Spin Independent

DARK MATTER SPIN-DEPENDENT LIMITS

‣ !"#"$%&'()'(%(*$&$+(&#,%$&%$'"*-(*$&.,*%$'/"*$%&01&%(2('/3&,'4('%&,5&
#/-*"$64(&,2('&(*7'(&898:::&;(<&#/%%&'/*-(

21

]2 Mass [GeV/cχ
1 10 210 310

]
2

-N
u

c
le

o
n

 C
ro

s
s
 S

e
c
ti
o

n
 [

c
m

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010
CMS Monojet, 90% CL
CMS Monophoton, 90% CL 

CDMSII 2011
Picasso 2009
COUPP 2011

CMS Preliminary
=7 TeVs at 

-1
L dt = 4.7 fb∫

Spin Dependent

Moriond EW2012 EXP Summary -- Alain Blondel   



99 

Exotica: long lived particles!

eg: hidden valley scenario  
SM ~ HV weakly coupled  
➸ hidden hadrons: long lifetime  ➶ 
also source of dark matter candidates 
 

theory 

Shipsey Moriond QCD 2012 



100 

long lived particles!

eg: hidden valley scenario  
SM ~ HV weakly coupled  
➸ hidden hadrons: long lifetime  ➶ 

signature:  highly  

displaced 
vertices 

si
m

ul
at

io
n 

theory experiment 

Shipsey Moriond QCD 2012 

Probe beyond SM scenarios, experiment driven important to 
look because we can +  ‘hidden valley’,SUSY,  Z’  
with Dark Matter candidates.  
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Long-lived particle search 

5

nificance itself.

Figures 3 shows the reconstructed dilepton mass for dielectron and dimuon candidates after
all selection cuts. In the dielectron channel, the background is dominated by Z bosons, which
survive the cut on the decay length significance, as a result of bremsstrahlung giving non-
Gaussian tails to the resolution function. In the dimuon channel, the simulated background is
dominated by a single QCD event which has a large weighting.

By inverting the cut on the transverse decay length, one can obtain a control sample which
is dominated by promptly produced dileptons. The dilepton mass spectrum obtained with
this inverted cut is shown in Fig. 4. Good agreement is seen in both shape and normalisation
between data and Monte Carlo simulation.
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Figure 2: The transverse decay length significance of the candidates for the dielectron (left) and
dimuon (right) channels. It is required to be more than 8 for dielectron candidates and more
than 5 for dimuon candidates.

5 Systematic Uncertainties and Corrections
5.1 Luminosity

For the running period corresponding to this analysis, CMS estimates the relative uncertainty
on the luminosity to be 4.5% [15].

5.2 Effect of Pile-Up

The number of reconstructed primary vertices in data and simulation gives rise to a relative
systematic uncertainty in the signal selection efficiency of less than 2% for all mass points.

5.3 PDF, Renormalisation and Factorisation Scale Uncertainties

All simulated samples were generated using the CTEQ6L1 [16] PDF set. Systematic uncertain-
ties on the acceptances due to uncertainties in this PDF set are evaluated using the procedure
[17], which uses the uncertainty eigenvector sets of MSTW2008nlo [18] and CTEQ66 [19]. For
all mass points, the relative uncertainty in the efficiency to select a X → �+�− arising from this
source is less than 1%.

Require Lxy/σ>5 
plot  mass#

 X 

µ+ 

µ- 

Decay length significance #
No events 
consistent with 
signal found #
compute upper 
limits (most 
sensitive to 
date)#

H è X X 
X è µµ 



Shipsey Moriond QCD 2012 102 

Summary of (selected) Exotica Searches (ATLAS) 
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#
The 2010 and  2011 LHC runs have been very successful#

• Restart running LHC at 8 TeV, 50 ns bunch spacing, after a careful risk 
analysis based on 2011 experience 
•  Gain 20% for Higgs production cross section & X3-4 for high mass objects 
• Aim: 15/fb of data (x3 2011) 

• Priority: discover the SM Higgs or exclude it in 2012 
….and keep looking for new physics which might #
appear at any moment#
#
The LHC program must be complemented by comprehensive#
programs  at the intensity frontier: beauty Factories, 
 Mu to electron conversion, g-2, Rare kaon, the study of  
Neutrinos, 0vvββ and cosmic frontier: direct detection of  
dark matter, dark energy with WL, BAO, Clusters and SN1a etc. with each 
technique taken to its astrophysical limits 

Imminent Future 
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