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Outline ... a selection of ... 
 
•  LHC experiments – a “how to” 
•  Standard Model and Top-Quark 
•  Higgs 
•  SUSY & BSM  
•  else ... e.g. B0 -> µµ 

18.09.2012, Korfu; NW 

apologies ... my slight bias towards ATLAS 
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LHC startup for physics: March 2010!

ALICE 

ATLAS 

CMS 

The new energy frontier  
Proton-proton collisions at ECM = 7-14 TeV 

LHC ring: 
27 km circumference 

6"

Lake Geneva 

energy	
  (3.5-­‐7)	
  x	
  Tevatron	
  
luminosity	
  ≈	
  30	
  x	
  Tevatron	
  	
  



pp	
  collisions	
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•  with protons the highest cm-energies are attainable, but … 
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TEVATRON 
2 TeV 

LHC 
14 TeV 

gluon/10 

	
  x	
  =	
  frac9on	
  of	
  proton	
  momentum	
  

to	
  produce	
  2mtop	
  ≈	
  340	
  GeV	
  	
  

advantage:	
  scan	
  a	
  range	
  of	
  cm	
  energies	
  for	
  the	
  subprocesses	
  
disadvantage:	
  very	
  “dirty”	
  

PDFs	
  
well	
  measured	
  at	
  HERA	
  	
  

pp	
  collisions	
  



“hadronisa9on”	
  into	
  detectable	
  par9cles	
  

from	
  quark/gluon	
  processes	
  to	
  
measurable	
  par2cles	
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Peak and Integrated Luminosity"
Peak Luminosity 0.8 1034 cm-2s-1!

~ 600 million pp collisions/s 

 Nreactions = σ ∫ L dt 

differen9al/specific	
  

integrated	
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  5.61 /fb 2011 
14.97 /fb 2012 



•   beam (1011 protons/bunch, 2808 bunches) collisions every 25 (50) ns 
•   bunch size 16 µm x 77 mm (pencil shape) 
•   on average ~25+ simultaneous pp - reactions per bunch crossing   
•   on average 120 stable particles per reaction 
•   ⇒ ~2500 particles/collision (25 ns) ⇒ 1011 per second 
•   ⇒ filter x 10-5 and then store 2 CD/s  

Challenges for the experiments / detectors 

• 	
  measure	
  tracks	
  with	
  high	
  granularity	
  detectors	
  (pixels	
  close	
  to	
  IP)	
  
• 	
  energy	
  and	
  posi9on	
  of	
  “jets”	
  measured	
  with	
  “calorimeters”	
  
• 	
  muons	
  filtered	
  out	
  and	
  measured	
  precisely	
  “outside”	
  

9me	
   9me	
  

V	
  

50	
  ns	
  

25	
  ns	
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Z à µµ event  
with 25 simultaneous 
interactions 
 
 
 
highest average  
pile-up = 37 

 

Pile	
  up	
  

18.09.2012, Korfu; NW 



installation 

Pixel	
  Detector	
  (closest	
  to	
  IP)	
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-  a new invention/development for LHC 
-  pixel camera with 40 MHz exposure rate 
-  ~15 years from idea to realization 

during	
  construc9on	
  

outermost	
  cylinder	
  (of	
  3)	
  

ATLAS	
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CMS	
  



…	
  to	
  watch	
  further	
  	
  
	
  	
  	
  	
  

q 	
  irradia9on	
  by	
  par9cles	
  (protons,	
  neutron,	
  pions)	
  	
  
	
  ~	
  1015	
  par9cles/cm2/LHC	
  life	
  9me	
  (near	
  IP)	
  	
  
 ≙	
  500	
  kGy	
  (50	
  Mrad)	
  dose	
  	
  
	
  à	
  need	
  radhard	
  materials	
  and	
  electronics	
  

q 	
  	
  no	
  access	
  for	
  several	
  years	
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Cross	
  sec2ons	
  	
  

poss. early discoveries 

bread and butter 

a few years 

100 mb 

500 µb 

100 nb 

1 nb 

50 pb 

100 fb 

  all collisions à not interesting 

   store à possibly interesting (0.0005%)  

           poss. discoveries à only 0.000000001% 

trigger 
(2.5 µs) 

LHC Tevatron 

must	
  understand	
  the	
  	
  
background	
  extremely	
  well	
  	
  



…	
  the	
  par2cles	
  “X-­‐ray”	
  the	
  material	
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photon conversions 
 
beam pipe 
and  
pixel detector layers 

Simula9on	
  

	
  Data	
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An Example of Performance  
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Jets 8 Jets with transverse  
momenta > 60 GeV 

18.09.2012, Korfu; NW 
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Important: Jets ≙ Quarks/Gluons 
Very detailed jet measurements are done LHC that are compared  
with QCD calculations … 

Inclusive jet cross sections  
in various angular intervals 

The data are spanning: 
 
-   20 GeV < pT < 1500 GeV 
 
-  9 resp 25 orders of magnitude  
     in cross-section  
 

ATLAS-CONF-2011-047 18.09.2012, Korfu; NW 
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  Top	
  Quark	
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•  very heavy (~170 GeV) 
•  short life time (~5×10-25 s) 
•  decays as a “bare” quark 
•  Yukawa coupling ≈ 1 
 

LHC	
  Tevatron	
  

mt =
1p
2
gtv

) gt =
mt

246GeV/
p
2
=

mt

173.9GeV

	
  ~2	
  Million	
  i-­‐pairs	
  produced	
  



e + µ + 2 jets (b-tagged) +ETmiss tt candidate event 
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Inner error: statistical"
Outer error: total"

σ (ppà H) mH=125 GeV"

σ×BR(ZZà 4l) "
~ 40 fb"

The big picture:  
A summary of the main electroweak and top measurements 

24 18.09.2012, Korfu; NW 
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V(Φ)	
  

|Φ1| 

|Φ2| 

Search 
for the 
Higgs 

-> in SM: origin of particle masses 
 

18.09.2012, Korfu; NW 

The SM says ... 



How the Higgs is produced in pp collisions … 

is 10 x larger  
than 

smaller still 
but distinct 
signature 

small and exp. difficult 

but extra 
jets as 
handle 
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Higgs Decay 

note	
  logarithmic	
  scale	
  

bb WW 

ZZ tt 
ττ	



cc 

“gg” 

BR = Γi / Γtot 

light	
   heavy	
  

γγ 
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Fractions of Higgs final states 
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H -> WW -> lvqq  

18.09.2012, Korfu; NW courtesy: E. Gross 
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After triggering … 

eilam gross, WIS, LHC2TSP, August 2011

Usable Ingredients

10

Trigger ripped off
 the jet channels

Tuesday, August 30, 2011

H->ZZ->llττ	
  

H->WW->lvqq 

courtesy: E. Gross 

most effective triggers contain leptons 

18.09.2012, Korfu; NW 
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The detection efficiency changes the picture again... 
For different mass regions different final states 
contribute with different “weight” to the Higgs 
sensitivity … 

18.09.2012, Korfu; NW 

courtesy: E. Gross 

at low mass 
 
H -> γγ 
 
H -> WW 
 
H -> ZZ  
 
are the most  
sensitive 
search channels 
 
next: ττ and Wbb 
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The backgrounds (σHiggs ~ 10 fb – 10 pb) 

eilam gross, WIS, LHC2TSP, August 2011

The BG: Powers of Ten

12

Vivek Sharma

Tuesday, August 30, 2011

18.09.2012, Korfu; NW 

... are fierce ... 
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... but are (largely) measured 



Hypothesis testing and limits (*) 
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2)  Construct a likelihood for the data to be as they appear: 
 
 
 
 
where µ = σ/σSM is the “signal strength factor”,  
θ is a set of “nuisance” quantities → treatment of systematics (e.g. bkg levels) 

1)  Try to reject the H0 hypothesis (opposite to what you look for) 
 
i.e.  ”b”:  data consistent with background only, NO Higgs (observation test) 

  
     or  ”s+b”: data consistent with Higgs+SM-background (exclusion test, limit) 
 

(*) see (1) A. Read; (2) Glowan, Cranmer, Gross, Vitellis; (3) T. Junk 
      



Sven Kreiss

One Slide on Statistics

17
Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

ATLAS Open Reading, June 15, 2012
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Follow LHC-HCG Combination Procedures
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Hypothesis testing and limits 

35	
  18.09.2012, Korfu; NW 

3)  to assess whether the measured data are compatible with e.g.  s+b  
 a “test statistic” is constructed (“hat” values are fitted): 
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The green/yellow limit bands 
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4)  If for µ=1 (=SM) CLs < 5%, we would state that the SM Higgs boson 
is excluded with 95% confidence level. 

eilam gross, WIS, LHC2TSP, August 2011

Understanding The Yellow and Green Bands

14

µ =
σ
σ SM

Tuesday, August 30, 2011

To find the 95% CL sensitivity bands we change µ (toy) until CLs = 
5% is reached. 

E. Gross 



Hypothesis testing and limits 
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5)   likewise we can test the background-only hypothesis (observation test) 
 
 
 
 
 
 
 
 
and ask for the probability p0 that the data are consistent with it. 
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Do this for all possible Higgs test masses 
 
Situation before July 4th 

s + b exclusion limits  

bkg only compatibility 

compatibility 
with SM Higgs 
hypothesis 
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Together with knowledge of mtop and MW 
The situation before 4th of July 



July 4th ICHEP2012, exclusion 

40	
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 Observed:  111 < MH <  122 GeV  
           and  131 < MH <  559 GeV 

       110 < MH < 121.5 GeV 
and 128 < MH < 600 GeV 

in a signficant mass range a SM Higgs is excluded  
in both experiments exclusion is much weaker than expected at low masses 

Expected:   110 < MH < 582 GeV 110 < mH < 600 GeV 



Higgs discovery test: (p0) 
consistency with background only hypothesis 

41 18.09.2012, Korfu; NW 

contribution of 5 decay channels development with time: 3 channels 

for mH~126.5 GeV 

w/ LEE: 5.1(5.3) σ in 110<MH<600(150) GeV   

5.9 σ	

 5.0 σ	



4.6(4.5) σ in 110 < MH <130 (145) GeV   

for mH~125.5 GeV 



The Golden Channel H à ZZ(*) à 4l 

Eilam Gross, WIS, Freiburg Jan 2012

Higgs Decay Modes
Once the Z and W channels are opening (mH>120) it decays 
to ZZ* and WW*

The Higgs decay modes are classified according to the decays 
of the daughter bosons, thus the main decay modes are

the golden channel 4l=4 leptons

and other WW or ZZ channels

28

•  small signal rate at low Higgs mass 
•  4 isolated leptons, consistent with decay Zà2 l 
•  reconstruction of M4l  
•  good mass resolution: ~2 GeV 

µµ	
  ee	
   µµ	
  µµ	
  

42	
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H -> ZZ -> µµ µµ  
•  very clean but low rate 
•  kinematics can be fully reconstructed: m2µ, m4µ 

m4µ= 124.5 GeV 

18.09.2012, Korfu; NW 



HàZZà4l 

ATLAS: Status of SM Higgs searches, 4/7/2012 

H 4l mass spectrum after all selections: 2011+2012 data 

32 

Enhanced by relaxing cuts on  
m12, m34 and pT(μ4) 

Peak at m(4l) ~ 90 GeV from 
single-resonant Z 4l production 

Observed: 57 events 
Expected: 65 ± 5 

excess at  M4l = 125.6 GeV  

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√

s = 7 TeV and
√

s = 8 TeV data in the entire phase-space of the
analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].

The uncertainties on the lepton reconstruction and
identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4" = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4" = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4" = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4" = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4" distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.

The theoretical uncertainties associated with the sig-
nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4"
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4", for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√

s = 8 TeV data. The signal expectation for a SM Higgs with
mH = 125 GeV is also shown.

4.4. Results

The expected distributions of m4" for the background
and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

excess at  M4l = ~125 GeV  

18.09.2012, Korfu; NW 44	
  



H à 2 Photons 

•  clean identification of high pT 
photons 

•  reconstruction invariant di-
photon mass 

 
•  ATLAS: longitudinally 

segmented LAr calorimeter 

•  CMS: PbWO4 crystal 
calorimeter 

•  mass resolutions 1.5 - 2 GeV 
 

Eilam Gross, WIS, Freiburg Jan 2012

Higgs Decay Modes
The Higgs Boson decays to the heaviest 
kinematically available particles pair

A light Higgs (mH<130) decays to tau 
tau and mainly to bb

But H->bb is hard to detect or trigger 
on unless produced in assosiation with 
a W or a Z

Leptons (electrons or muons) and 
photons are easy to trigger on and 
detect. 
Though BR(H->gamma gamma)~10-3, 
H->gamma gamma is a favorite channel 
for a Higgs with mH~110-120

27

45	
  



H	
  →	
  γγ	
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enhance sensitivity by splitting events in 
different categories with different S/B 
ratios and resolutions: 
•  γ→ee conversion yes/no 
•  central/forward region of detector 
•  etc. 
 
 



H → γγ mass Spectrum 

ATLAS: excess at  Mγγ= 126.5 GeV 
signal strength 1.8±0.5 x SM 

CMS: excess at 125 GeV  
signal strength: 1.6±0.4 x SM 

47	
  



H→ ττ, H→bb, and H→WW	


Hàττ	

 VH, Hàbb	

 HàWWàlνLν	



limit:  1.1 (1.3 exp)  limit:   2.1 (1.6 exp)                          

observed (expected) sensitivities at MH=125 GeV 

excess observed  
(1.9±0.7 x SM in 2012) 

analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the Wγ
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
Wγ∗ with m"" < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
Wγ∗/WZ(∗) with m"" > 7 GeV is 1.5 ± 0.5. These un-
certainties affect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ(∗)/ZZ/Wγ(∗) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/γ∗ + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe

 [GeV]Tm

50 100 150 200 250 300

E
ve

nt
s 

/ 1
0 

G
eV

0

20

40

60

80

100

120

140  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets
  H [125 GeV]

ATLAS  
-1 Ldt = 5.8 fb∫ = 8 TeV, s

 + 0/1 jetsνeνµ/νµνe→
(*)

WW→H

Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal for mH = 125 GeV is
shown stacked on top of the background prediction. The W+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT

are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic λ(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-

15

limit:   1.4 (1.6 exp)                          
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Is the Higgs THE Higgs? 
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•  mass 

•  spin and parity (JP) 

•  CP (even, odd or a mixture) 

•  couplings to vector bosons 
- is this particle related to EWSB ? 
- is custodial symmetry at work ? 

•  couplings to fermions 
- is Yukawa – interaction at work ? 
 

•  only one Higgs ? elementary or composite ? 
 
•  does it show self interaction ... HHH ? 

•  is it condensed in the universe ? 
 



Mass versus Signal Strength 

in each final state: determine best µ and MH 
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Figure 11: Confidence intervals in the (µ,mH) plane for the
H→ZZ(∗)→ 4!, H→ γγ, and H→WW(∗)→ !ν!ν channels, including
all systematic uncertainties. The markers indicate the maximum like-
lihood estimates (µ̂, m̂H ) in the corresponding channels (the maximum
likelihood estimates for H→ZZ(∗)→ 4! and H→WW(∗)→ !ν!ν coin-
cide).

plane of µggF+t  tH ×B/BSM and µVBF+VH ×B/BSM, where
B is the branching ratio for H→ γγ, can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H→ ZZ(∗)→ 4!, H→ γγ and
H→WW (∗)→ eνµν channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb−1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H→ ZZ(∗)→ 4!
and H→ γγ channels, which have been updated with the
improved analyses presented here.

The Standard Model Higgs boson is excluded at
95% CL in the mass range 111–559 GeV, except for
the narrow region 122–131 GeV. In this region, an ex-
cess of events with significance 5.9σ, corresponding
to p0 = 1.7 × 10−9, is observed. The excess is driven
by the two channels with the highest mass resolution,
H→ZZ(∗)→ 4! and H→ γγ, and the equally sensitive
but low-resolution H→WW (∗)→ !ν!ν channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1σ,
which corresponds to p0 = 1.7 × 10−7.
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Figure 12: Likelihood contours for the H→ γγ channel in the
(µggF+t  tH , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantity µggF+t  tH (µVBF+VH) is a common scale factor
for the ggF and t  tH (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (×).

These results provide conclusive evidence
for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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overall consistent with SM 
ATLAS: 1.4 ± 0.3 @126 GeV        CMS:    0.87 ± 0.23 @ 125 GeV 

 
currently most striking observation: high γγ – rate 

ATLAS: 1.8 ± 0.5         CMS:    1.6 ± 0.4 
 



Overall signal strength 

largest signal strength at mH= 126.0 GeV 

                         µ  = 1.4 ± 0.3 

largest signal strength at mH= 125.5 GeV 

µ  = 0.87 ± 0.23 

consistent with expectation in Standard Model   

Determination of the “best” signal strength  µ = σbeob/σSM  for each hypothetical MH 

assumption: ratio of σProd’s and BR’s are as predicted in Standard Model 
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plane of µggF+t  tH ×B/BSM and µVBF+VH ×B/BSM, where
B is the branching ratio for H→ γγ, can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H→ ZZ(∗)→ 4!, H→ γγ and
H→WW (∗)→ eνµν channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb−1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H→ ZZ(∗)→ 4!
and H→ γγ channels, which have been updated with the
improved analyses presented here.

The Standard Model Higgs boson is excluded at
95% CL in the mass range 111–559 GeV, except for
the narrow region 122–131 GeV. In this region, an ex-
cess of events with significance 5.9σ, corresponding
to p0 = 1.7 × 10−9, is observed. The excess is driven
by the two channels with the highest mass resolution,
H→ZZ(∗)→ 4! and H→ γγ, and the equally sensitive
but low-resolution H→WW (∗)→ !ν!ν channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1σ,
which corresponds to p0 = 1.7 × 10−7.
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These results provide conclusive evidence
for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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assumed:  only SM decays and only SM particles in loops	



ATLAS:  test Hàγγ decay 
assume: ggàH and ttH scale with µggF+ttH  
               VBF and  VH scale  with µVBF+VH 	



consistent with SM at 1.5 σ level 

CMS:  test fermion against boson coupling 
assume: common scaling of  
           -  H to fermion by CF 

           -  H to W/Z by CV 

consistent with SM at  <  2σ level 

A first look at the couplings 



Spin and Parity ? 

§  Cannot be spin 1 due to Yang’s theorem 

•  JP tests ongoing 
- use angular correlations in ZZ*, WW* and γγ 
- can separate 0+ vs 0- or 2+ at 4σ level in 2012 

•  CP more tricky as mixture of CP-odd/even  
possible -> distinguish pure odd from pure even  
at 3.5σ soon. 

Matrix Element Likelihood Analysis 

LHC2TSP - 13 Jul 21 G. Petrucciani (UCSD, CMS) 14 

PRD81,075022(2010),arXiv:1001.5300 

2D analysis using m4l and MELA 

sig
na

l  
ba

ck
gr

ou
nd

 

54	
  18.09.2012, Korfu; NW 



Standard Model (meta)-stable up to Mpl ?   

mtop and mH well known 

if top were heavier by only 3% => instability 
but also: SM may be (meta-)stable up to MPL 

NNLO analysis 
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SUSY 



Beyond SM searches 
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complation G. Dissertori 



Generic	
  approach	
  (SUSY	
  cascades)	
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q  	
  search	
  for	
  strongly	
  produced	
  
(heavy)	
  spar9cles,	
  that	
  decay	
  via	
  
cascades	
  

q  	
  assume	
  a	
  stable	
  LSP	
  -­‐>	
  missing	
  ET	
  
q  	
  à	
  (many)	
  jets&leptons,	
  large	
  

overall	
  ET	
  plus	
  missing	
  ET	
  	
  	
  
q  	
  do	
  “robust”	
  searches,	
  

background	
  largely	
  controlled	
  
from	
  data	
  	
  

q  	
  define	
  “signal	
  regions”	
  count	
  
events	
  and	
  es9mate	
  backgrounds	
  	
  

q  	
  à	
  interpreta9on	
  within	
  models	
  

Missing 
Transverse 
Energy 

jets	
  and	
  leptons	
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meff,	
  miss	
  ET	
  -­‐	
  analysis	
  



Result	
  of	
  a	
  generic	
  search	
  

59	
  18.09.2012, Korfu; NW 



60	
  

A non-exhaustive summary of current SUSY limits (CMS has similar limits) 

Is low energy SUSY 
dead?  
à a bit too early! 
since it is almost 
impossible to give 
absolute limits, 
always assumptions 
involved. 

18.09.2012, Korfu; NW 

inclusive 
searches!

na
tu

ra
l S

U
SY
!

long lived particles!
e.g. split SUSY!

RPV!
other!

Currently the 1 TeV 
mass range is reached,  
ultimately the LHC will 
probe masses up to  
2.5 - 3 TeV 



strongest	
  coupling	
  to	
  H	
  t̃1, t̃2, b̃

g̃ affects	
  stop	
  mass	
  

A	
  hot	
  topic:	
  the	
  stop	
  and	
  the	
  light/heavy	
  Higgs	
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SUSY stabilizes the Higgs mass against  
quantum loop corrections 
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  versus	
  stop	
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M(stop)<m(top)	
  

M(stop)>m(top)	
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other	
  BSM	
  searches	
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1	
  TeV	
   10	
  TeV	
  

Ex
tr

a 
D

im
!

V’!
Contact Int. !

Leptoquarks!

new families!

excited states!

else!



Outlook:	
  Parton	
  luminosi2es	
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from	
  hip://www.hep.phy.cam.ac.uk/~wjs/plots/plots.html	
  

2	
  TeV	
  

~50	
  x	
  more	
  gg	
  –	
  luminosity	
  
at	
  14	
  TeV	
  than	
  now	
  (for	
  MX	
  =	
  2	
  TeV)	
  

assumed	
  mass	
  to	
  be	
  produced	
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B0 -> µµ 



B0 -> µµ 

66	
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q  Highly	
  SM-­‐suppressed	
  decays	
  are	
  sensi9ve	
  
to	
  new	
  physics	
  
Ø  is	
  effec9ve	
  FCNC	
  
Ø  SM	
  predic9on	
  is	
  

Ø  Cabibbo	
  enhancement	
  (|Vts|	
  >	
  |Vtd|)	
  
favoring	
  B0s➞	
  µµ	
  over	
  B0

d➞ µµ	
  	
  
	
  

q  Nice	
  channel	
  
Ø  good	
  detec9on	
  efficiency	
  
Ø  small	
  theore9cal	
  error	
  	
  
Ø  new	
  physics	
  sensi9vity	
  

•  2HDM:	
  BR	
  ~	
  (tan	
  β)4	
  
•  MSSM:	
  BR	
  ~	
  (tan	
  β)6	
  

signal	
  

bkg	
  



The	
  measurements	
  

67	
  18.09.2012, Korfu; NW 

q  	
  normalize	
  to	
  a	
  well	
  known	
  decay:	
  B±	
  -­‐>	
  (J/ψ	
  -­‐>	
  µµ)	
  K±	
  

ATLAS	
  
	
  CDF	
   D0	
  

combined	
  
	
  
	
  
BR(B0

d ! µµ) < 8.1⇥ 10�10

BR(B0
s ! µµ) < 4.2⇥ 10�9

SM	
  measurement	
  soon	
  
stay	
  tuned	
  !	
  

SM	
  



My personal conclusions 

68	
  

q  LHC	
  and	
  its	
  experiments	
  …	
  are	
  running	
  extremely	
  well	
  ...	
  

q  The	
  Higgs	
  ...	
  is	
  not	
  just	
  a	
  SM	
  confirma9on	
  
	
  
...	
  but	
  rather	
  (if	
  it	
  is	
  the	
  Higgs)	
  
§  it	
  is	
  the	
  first	
  9me	
  that	
  a	
  fundamental	
  scalar	
  par9cle	
  	
  

is	
  found	
  
§  it	
  is	
  likely	
  to	
  play	
  a	
  key	
  role	
  in	
  our	
  understanding	
  	
  

of	
  the	
  fundamental	
  laws	
  of	
  Nature	
  
§  symmetries	
  which	
  are	
  spontaneously	
  broken	
  exist	
  	
  

in	
  nature	
  
	
  

q  ...	
  and	
  perhaps	
  one	
  finds	
  BSM	
  physics	
  by	
  scru9nizing	
  	
  
the	
  Higgs	
  

	
  
	
  

18.09.2012, Korfu; NW 



	
  
Backup	
  Slides	
  

18.09.2012, Korfu; NW 69	
  



	
  
Higgs	
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Higgs mechanism in the nut shell 

Empty	
  vacuum	
  (unbroken	
  phase)	
  
Massless	
  par9cles	
  traverse	
  with	
  the	
  	
  
speed	
  of	
  light.	
  
All	
  par9cles	
  are	
  massless	
  and	
  move	
  with	
  same	
  
speed.	
  

Vacuum	
  filled	
  with	
  Higgs	
  field	
  (broken	
  phase)	
  
Massless	
  par9cles	
  interact	
  with	
  a	
  background	
  
`Higgs’	
  field,	
  present	
  everywhere,	
  and	
  slow	
  down.	
  
Effec9vely	
  they	
  acquire	
  a	
  mass.	
  
Speed	
  (=mass)	
  of	
  par9cle	
  depends	
  on	
  interac(on	
  
strength	
  with	
  the	
  Higgs	
  field.	
  

Higgs	
  par2cle	
  	
  
Quantum	
  mechanical	
  fluctua9ons	
  of	
  the	
  
background	
  itself:	
  the	
  Higgs	
  par9cle.	
  	
  
A	
  necessary	
  consequence	
  of	
  the	
  Higgs	
  
background	
  field.	
  	
  

The syrup analogy 

71 
to	
  match	
  β	
  -­‐	
  decay	
  

71	
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Empty	
  vacuum	
  (unbroken	
  phase)	
  
Massless	
  par9cles	
  traverse	
  with	
  the	
  	
  
speed	
  of	
  light.	
  
All	
  par9cles	
  are	
  massless	
  and	
  move	
  with	
  same	
  
speed.	
  

Vacuum	
  filled	
  with	
  Higgs	
  field	
  (broken	
  phase)	
  
Massless	
  par9cles	
  interact	
  with	
  a	
  background	
  
`Higgs’	
  field,	
  present	
  everywhere,	
  and	
  slow	
  down.	
  
Effec9vely	
  they	
  acquire	
  a	
  mass.	
  
Speed	
  (=mass)	
  of	
  par9cle	
  depends	
  on	
  interac9on	
  
strength	
  with	
  Higgs	
  field.	
  

Higgs	
  par9cle	
  	
  
Quantum	
  mechanical	
  fluctua9ons	
  of	
  the	
  
background	
  itself:	
  the	
  Higgs	
  par9cle.	
  	
  
A	
  necessary	
  consequence	
  of	
  the	
  Higgs	
  
background	
  field.	
  	
  

The syrup analogy 

72 

for	
  fermions	
  

to	
  match	
  β	
  -­‐	
  decay	
  

=	
  

Higgs	
  in	
  the	
  vacuum	
  (2)	
  

72	
  18.09.2012, Korfu; NW 



Noble	
  history	
  	
  
" Early ‘Electroweak model’ of quarks and leptons  

"  Weinberg, Glashow & Salam (late sixties) – Nobel prize 1979 
" Problem: Electroweak SU(2)⊗U(1) model not renormalizable!  

"  Serious calculations (loop level) produced infinities. 
" Useless? 

Ø  Renormalisation of massless Yang-Mills gauge theories 
" Veltman & ‘t Hooft (~1972) 

One believer 
left: Veltman 

Nobel prize 1999 
For elucidating the quantum structure of  

electroweak interactions in physics 

" How to give the vector bosons (W+,W-,Z0) mass without destroying 
renormalization? 
"  ‘t Hooft: Symmetry breaking with Higgs-mechanism,  

and apply it to the Standard Model 
"  Mechanism preserves renormalization: it works! 

t‘Hooft + Veltman 

Veltman: ‘verrek, 
dat is het!’ 

No experimental clue that this 
is the correct description for 
EW symmetry breaking 

18.09.2012, Korfu; NW 73	
  



Higgs	
  mechanism	
  	
  
•  Poten9al	
  V(ϕ)	
  minimal	
  for	
  ϕ	
  ≠	
  0.	
  	
  
•  Symmetry	
  breaks	
  spontaneously	
  →	
  

non-­‐zero	
  vacuum	
  expecta9on	
  value	
  
(vev)	
  for	
  ϕ:	
  	
  	
  

	
  
	
  	
  
	
  We	
  consider	
  fluctua9on	
  around	
  this	
  
minimum.	
  

•  Breaking	
  of	
  rota9onal	
  symmetry	
  
leads	
  to	
  goldstone	
  bosons	
  that	
  are	
  
absorbed	
  by	
  W+,W-­‐,Z0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(3rd	
  polariza9on	
  degree)→	
  gauge	
  
bosons	
  become	
  massive	
  

•  Excita9ons	
  of	
  the	
  Higgs	
  field	
  around	
  
minimum	
  lead	
  to	
  Higgs	
  par9cle	
  
d.o.f.	
  

	
  

•  Counting of degrees of freedom: 
  ϕ has two complex = 4 real d.o.f. ,  
  W+,W-,Z0 absorb three, one real d.o.f. 
  remains à Higgs boson 
  (the absorbed d.o.f. correspond to the 
  new long. pol. d.o.f. needed)  

Φ =
ϕ +

ϕ 0

"

#

$
$

%

&

'
'
→

0
v/ 2

"

#
$
$

%

&
'
'
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… in mathematical language 

SUW(2)⊗UY(1)	
  symmetry	
  
3	
  massless	
  SUW(2)	
  vector	
  bosons	
  
1	
  massless	
  UY(1)	
  vector	
  boson	
  
1	
  complex	
  doublet	
  self-­‐interac9ng	
  
Higgs	
  fields	
  (=4	
  real	
  scalar	
  fields)	
  	
  
	
  
Interac9on	
  between	
  Higgs	
  doublet	
  
and	
  massless	
  quarks	
  &	
  leptons	
  

UQ(1)	
  symmetry	
  
3	
  massive	
  vector	
  bosons:	
  W+,	
  W-­‐,	
  Z0	
  

1	
  massless	
  UQ(1)	
  boson:	
  γ	
  
1	
  real	
  scalar	
  Higgs	
  field	
  
+3	
  Goldstone	
  Bosons	
  
‘eaten’	
  by	
  the	
  massive	
  vector	
  bosons	
  
Mass	
  terms	
  for	
  quarks	
  &	
  leptons	
  

Unbroken Higgs potential 

Broken vacuum at 
scale v=246 GeV 

Broken Higgs potential 

75 75	
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Winter 2007 

76	
  

What do we know already ? 
• 	
  m2

H	
  =	
  2λv2	
  à	
  1	
  parameter	
  in	
  SM	
  
• 	
  A	
  Higgs	
  (or	
  similar)	
  is	
  needed	
  to	
  save	
  unitarity	
  of	
  weak	
  i.a.	
  à	
  mH	
  	
  <	
  870	
  GeV	
  
• 	
  Triviality	
  …	
  all	
  coupling	
  “constants”	
  run	
  …	
  also	
  λ	
  à	
  must	
  be	
  small	
  at	
  Q2	
  =	
  v2	
  
• 	
  	
  Vacuum	
  Stability	
  …	
  EWSB	
  must	
  “happen”	
  à	
  must	
  have	
  a	
  W-­‐shaped	
  poten9al	
  	
  	
  

allowed 

forbidden by vac. stability 

forbidden by “triviality” 

Λ	
  =	
  scale	
  of	
  “new”	
  physics	
  

from	
  theory	
   from	
  experiment	
  (LEP)	
  

if	
  SM	
  ok	
  



… list of interaction terms:   

Gauge-Higgs interactions WWH ZZH WWHH ZZHH 

Higgs self interactions HHH HHHH 

Fermion (l,q)-Gauge i.a. llγ qqγ llZ qqZ 

νlW 

ννZ 

qq’W 

Fermion-Higgs (Yukawa) llH qqH 

fermion higgs gauge 

77	
  

H 

W,Z 

W,Z 

H 

W,Z 

W,Z 
H 

Gauge interactions WWγ WWZ 

WWγγ WWZZ WWγZ WWWW 

ZZZ 
W 

W 

γ,Z 
3 gauge 

4 gauge 

77	
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ZZHH 

… list of interaction terms:   

Gauge interactions WWγ WWZ 

WWγγ WWZZ WWγZ WWWW 

ZZZ 
W 

W 

γ,Z 

Gauge-Higgs interactions WWH ZZH WWHH 

Higgs self interactions HHH HHHH 

Fermion (l,q)-Gauge i.a. llγ qqγ llZ qqZ 

νlW 

ννZ 

qq’W 

Fermion-Higgs (Yukawa) llH qqH 

fermion higgs gauge 

H 

Z 

Z 

H 

,v 

,v 

v v 

=	
  

ZZvv 

W	
  –	
  mass	
  
term	
  

78	
  

3 gauge 

4 gauge 

78	
  18.09.2012, Korfu; 
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ε1	
   ε2	
  

Yang’s	
  Theorem	
  

79	
  

•  Theorem:	
  a	
  Spin-­‐1-­‐par9cle	
  cannot	
  decay	
  into	
  two	
  massless	
  photons	
  	
  

•  Proof:	
  	
  in	
  cms	
  of	
  the	
  decaying	
  par9cles	
  
	
  Mfi	
  can	
  only	
  depend	
  on	
  observables	
  of	
  the	
  decay	
  par9cles	
  and	
  must	
  be	
  rota9onally	
  
invariant	
  à	
  Mfi	
  ~	
  J	
  ·∙	
  M	
  	
  
	
  with	
  vector	
  M	
  constructed	
  (linearly)	
  from	
  the	
  photon	
  polariza9on	
  vectors	
  ε1	
  ,	
  ε2	
  	
  and	
  the	
  
momentum	
  vector	
  k	
  of	
  the	
  photons	
  (k	
  =	
  k1	
  =	
  -­‐k2=	
  -­‐k)	
  

	
  
	
  2γ	
  wave	
  func9on	
  Ψ(2γ)	
  must	
  be	
  symmetric	
  ⇒	
  Mfi	
  	
  must	
  be	
  invariant	
  unter	
  	
  γ1	
  ↔	
  γ2	
  	
  	
  	
  	
  	
  

	
  
	
  possibili9es	
  to	
  construct	
  M	
  are:	
  	
  

	
  	
  i.	
  	
  M	
  =	
  ε1	
  x	
  ε2	
  	
  …	
  	
  	
  then	
  under	
  1ó2:	
  	
  	
  M21	
  	
  =	
  ε2	
  x	
  ε1	
  	
  =	
  -­‐	
  ε1	
  x	
  ε2	
  	
  =	
  -­‐	
  M12	
  	
  	
  ⇒	
  	
  NO	
  	
  

	
  ii.	
  	
  M	
  =	
  (ε1	
  ·∙	
  ε2	
  )	
  k	
  …	
  then	
  under	
  1ó2:	
  	
  M21	
  	
  =	
  (ε2	
  ·∙	
  ε1	
  )	
  (-­‐	
  k	
  )	
  =	
  -­‐	
  M12	
  ⇒	
  	
  NO	
  

	
  iii.	
  M	
  =	
  k	
  x	
  (ε1	
  x	
  ε2	
  )	
  …	
  then	
  under	
  1ó2:	
  M21	
  	
  =	
  ε1	
  (k	
  ·∙	
  ε2)	
  –	
  ε2	
  (k	
  ·∙	
  ε1)	
  =	
  0	
  	
  
	
  

	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  =	
  0,	
  for	
  m=0	
  (transverse)	
  photons	
  	
  

	
   	
  thus	
  	
  	
  Mfi	
  (J	
  =	
  1)	
  ~	
  J·∙M	
  	
  	
  not	
  possible	
  
	
  

	
  
18.09.2012,	
  Korfu;	
  NW	
  



… prove that it is “condensed” 

80	
  

• 	
  first	
  find	
  the	
  ZH	
  final	
  state	
  
	
  	
  i.e.	
  a	
  ZZH	
  vertex	
  	
  

• 	
  generally	
  we	
  know:	
  if	
  
	
  	
  Z	
  =	
  gauge	
  boson	
  
	
  	
  Φ	
  =	
  a	
  arbitrary	
  scalar	
  par9cle	
  
	
  	
  ⇒	
  only	
  two	
  ver9ces	
  

Φ	
  

Φ	
  

X	
  

H	
  

 ⇒ this proves that it is  
  “condensed” in the universe  

Hitoshi Murayama, hep-ex/9606001 

• 	
  to	
  make	
  a	
  ZZH	
  vertex	
  …	
  	
  	
  	
  
	
  	
  we	
  need	
  a	
  condensate	
  	
  

Higgs	
  qe ,−

qe ,+

18.09.2012, Korfu; NW 
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A. Read 

A. ReadTerascale Alliance School and 
Workshop August, 2012

Other
Hypothesis

Tests

21

�(µ = 0,mH) = L(µ=0,mH ,�̂)

L(µ̂,mH , ˆ̂�)
Background (scan mH)

Signal (scan mH)

Mass consistency

Mass

Signal and mass

test statistic = ratio of profiled likelihoods   (PDF for it known in asymptotic limit) 
 
L = likelihood to observe data depending on parameters MH and µ and … 
 
signal strength µ = σsignal/σSM-H ,        θ = nuisance parameters for sys. uncertainties 
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SUSY	
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SUSY	
  par2cle	
  spectrum	
  

89	
  

Ø  BUT … SUSY particles must be heavy ! … otherwise already found  
    à SUSY symmetry must be broken 
    à how ? … in a “hidden” sector coupling to the “visible” sector  
                   via gravity (mSUGRA) or gauge interactions (GSMB) or anomalies 
    à ugly 

Genova,	
  Jan.	
  28,	
  2008	
  18.09.2012, Korfu; NW 
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Extra	
  Dim	
  
&	
  
BHs	
  

18.09.2012, Korfu; NW 91	
  



Example	
  

92	
  

If LHC reaches the fundamental mass = Planck mass mpl
2+n 

then it probes … 

Note:  

18.09.2012, Korfu; NW 



Randall-­‐Sundrum	
  Graviton	
  produc2on	
  

93	
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Mini	
  Blck	
  Holes	
  

94	
  

Schwarzschild radius scales with “new real planck mass” MS like … 

18.09.2012, Korfu; NW 



Mini	
  Black	
  Holes	
  at	
  the	
  LHC	
  
(if	
  theories	
  with	
  Extra	
  Dimensions	
  are	
  	
  true)	
  

95	
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Example for a search for  
Microscopic Black Hole  
production in models with  
large extra dimensions 
(Arkani-Hamed, Dimopoulos, Dvali) 

Decay into many objects 
(jets, leptons, photons) 
 
ST : scalar sum of the ET of 
the N objects in the event 

A CMS 9 objects event 

Phys, Lett. B 697 (2011) 434 

Updated with 2011 data: 
CMS-PAS-EXO-11-071 18.09.2012, Korfu; NW 



Exo2ca:	
  execu2ve	
  summary	
  (CMS)	
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Resolu9ons	
  

18.09.2012, Korfu; NW 98	
  



•  Resolu9ons	
  of	
  various	
  detectors	
  
	
  

Resolu2ons	
  

18.09.2012, Korfu; NW 99	
  



	
  
Else	
  

18.09.2012, Korfu; NW 100	
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Point-­‐like	
  Parton-­‐Parton	
  Process	
  

q	
  q	
  

g	
  g	
  

elementary	
  process,	
  lowest	
  order	
  

quarks,	
  gluons	
  not	
  free	
  
become	
  par9cle	
  “jets”	
  

18.09.2012, Korfu; NW 102	
  



Point-­‐like	
  Parton-­‐Parton	
  Process	
  

higher	
  order	
  “effects”	
  

18.09.2012, Korfu; NW 103	
  



Point-­‐like	
  Parton-­‐Parton	
  Process	
  

interac9ons	
  of	
  the	
  “rest”	
  à	
  underlying	
  event	
  	
  

18.09.2012, Korfu; NW 104	
  



“hadronisa9on”	
  into	
  detectable	
  par9cles	
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Standard	
  Model	
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•  all found and 
well studied 

•  except Higgs  

•  w/o Higgs (or 
alternative) all 
particles would 
be massless 

•  Higgs influence 
on SM precision 
measurements  
à SM Higgs 
should be light 
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probably found 
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Jets Jets with 1.9 and 1.7 TeV  
transverse momenta (pT) 
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Collision event  
with 29 simultaneous 
interactions 
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Z à µµ event  
with 20 simultaneous 
interactions 

 

Pile	
  up	
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|z|<26 cm"

Need to understand the detector response very precisely"
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Software is in good shape ! (simulation, 
reconstruction and analysis)!

e.g. Monte Carlo samples are generated for background and a “signal”. After 
generation the events are passed through the full detector simulation and 
analyzed with the same analysis code as measured data are. 
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