
The SM Lagrangian – Revised

Higgs Field
Yukawa Couplings

Higgs  
Potential

Higgs Fermion 
Interaction

Gauge Boson masses: 
Fermion masses: 

L = L0 + L� + LYuk + L��

L� = (⇤µ�†)(⇤µ�)� V (�)
LYuk = cf (⇥̄L⇥R� + ⇥̄R⇥L�)

i�µ ⇥ i(�µ � ieAµ)

cf ⇥̄⇥� } ⇥� = ⇥� �0

and

Vacuum  
expectation value

Lecture 2



SM Parameters

3 Couplings gs, e, sin ⇥W
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Fig. 3. Branching ratios of the SM Higgs boson (left) and total decay width (right) for Higgs-bosonmasses accessible at LEP and before, calculated with the
programme Hdecay [51].
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Fig. 4. Branching ratios of the SMHiggs boson (left, taken fromRefs. [26,52]),with the bandwidths illustrating the parametric and theoretical uncertainties,
and total decay width in the Higgs-boson mass range accessible by the LHC.
Source: Right, taken from Ref. [25].

Fig. 5. Leading-order diagrams for the various SM Higgs-boson decay channels, where Q denotes any heavy quark.

Theoretically this situation is very challenging, because production and decay processes do not factorize anymore from each
other. Instead, a proper treatment of the broad resonance has to deal with the signal, consisting of Higgs-boson production,
propagation, and decay, background, comprising non-resonant diagramswith the same final state as the Higgs-boson decay,
and of interference effects between signal and background at the same time. Even the proper field-theoretical definition of
mass and width of a heavy Higgs boson to parametrize the resonance becomes subtle. For more details about these issues,
which are still under investigation, we have to refer to the literature (see e.g. Refs. [25,26,54,55] and earlier references
therein). In the followingwe put the emphasis on the Higgs-bosonmass range 100 GeV < MH < 200 GeV, which is favoured
by the overall fit of the SM to precision data and the results of the direct searches.

To deliver precise predictions for the Higgs-boson decay widths and branching ratios, a huge effort was made by many
theorists. The decay channels that are most important for Tevatron and the LHC are:

• H ! f f̄ (mainly f = ⌧ , b, t) [56–68].
In describing a Higgs boson decaying into bottom (or even lighter) quarks it is essential to base the Yukawa coupling

on the running quark mass at the relevant scale, which is set by the Higgs-boson mass. For instance, for MH & 100 GeV
the transition from the pole to the running bottom mass mb(MH) reduces the H ! bb̄ partial decay width by ⇠60% or
more. Starting from this improved LO prediction, the perturbative QCD series, which is known in NLO [58] and beyond
that even up to NNNNLO [60], shows nice convergence with a small residual scale uncertainty of ⇠0.1%. Recently, the
NNLO QCD corrections to H ! bb̄ became available for fully differential observables [61] as well. Generally, a proper
treatment of the qq̄ threshold region deserves particular attention [59].

For the decay into top quarks, the full mass dependence of the tt̄ final state has to be included, and the issue of a
running mass is not as pronounced as for the lighter quarks. The QCD corrections, which are available at NLO [58,62] and
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that even up to NNNNLO [60], shows nice convergence with a small residual scale uncertainty of ⇠0.1%. Recently, the
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treatment of the qq̄ threshold region deserves particular attention [59].

For the decay into top quarks, the full mass dependence of the tt̄ final state has to be included, and the issue of a
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on the running quark mass at the relevant scale, which is set by the Higgs-boson mass. For instance, for MH & 100 GeV
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Fig. 3. Schematic view of part of one of the 24 jet chamber 

sectors. Anode wires are depicted with " x "  symbols, and 

potential wires with "o"  symbols. 

calibration procedures,  and performance of the d E / d  x 

system have been given in detail elsewhere [8] and only 

a short summary of these results is presented. 

2. Description and operation 

The sensitive volume of the jet  chamber  is a cylin- 

der with a length of about 4 m with conical end plates 

and is divided in d~ into 24 identical sectors, each 

containing a sense wire plane with 159 anode wires and 

two cathode wire planes that form the boundaries 

between adjacent sectors. The anode wires are located 

between radii of 255 mm and 1835 mm, equally spaced 

by 10 mm and alternating with potential  wires. The 

maximum drift distance varies between 3 cm and 25 

cm. To resolve left-right ambiguities, the anode wires 

are staggered by _+ 100 ~m alternately to the left and 

right side of the plane defined by the potential  wires. A 

schematic drawing of a section of a jet chamber  sector 

is shown in fig. 3. Gravitational sag of the anode wires 

reaches a maximum of 192 ~m at z = 0. A solid angle 

of 73% of 4w is covered with 159 points on a track, 

and 98% of 4-rr with at least eight points• 

The anode wires are at ground potential,  and the 

potential  wires are maintained at - 2 . 3 8  kV, determin- 

ing the chamber  gas gain. The outer  cathode wires are 

held at - 2 5  kV graded to - 2 . 5  kV at the inner 

cathode wires, leading to an electric drift field of 890 

V / c m .  Electrostatic deflection of the anode wires 

reaches a maximum of 57 ~ m  at z = 0. More details of 

the high voltage system are described in refs. [6,8]. 

The chamber  is operated with a gas mixture of 

88.2% argon, 9.8% methane,  and 2.0% isobutane at a 

pressure of 4 bar. The gas pressure chosen optimizes 

[9] particle separation using d E / d x ,  and is also a 

compromise between high pressure to minimize diffu- 

sion effects that degrade spatial resolution at long drift 

distances, and low pressure to minimize multiple scat- 

tering for good momentum resolution. A track travel- 

ling perpendicularly to the anode wires encounters 

4.9% of a radiation length of material due to the 

chamber  gas. The gas is recirculated and purified in a 

closed system and the oxygen content is kept below 2 

ppm to minimize electron at tachment over long drift 

distances. The water  content of the gas is maintained 

at 500 + 50 ppm to alleviate wire aging and to reduce 

field distortions at the field degraders at the outer  

radius of the jet chamber. 

In the jet chamber  tracking volume, the magnetic 

field of 0.435 T is measured to be uniform to within 

_+0.5%. The Lorentz angle by which drift paths are 

tilted due to the magnetic field is c~ L = 20 °. The given 

high voltage configuration results in a gas gain of 104 

and a drift velocity that is approximately saturated at 

L' D -- 53 ~zm/ns. 

100 MHz flash analog-to-digital converters (DL300 

FADCs  [10]) digitize the waveforms of amplified sig- 

nals from each end of every anode wire, and 256 (or 

1024) samples are stored in fast memories.  The FADCs  

have a 6-bit resolution, which is effectively extended to 

8 bits by a nonlinear response function. By reading out 

data in special pulser runs, pedestals in the FADCs  are 

determined to better  than 0.1 counts and show a stabil- 

ity of better  than 0.03 counts for any channel over a 

period of one week. Zero  suppression, linearization, 

and pedestal  subtraction are performed, and then drift 

times, charges and z-values are calculated online by a 

microprocessor system. Hits are recognized using a 

"difference of samples" (DOS) algorithm [11], and the 

charge of a pulse is obtained by integrating each pulse 

over 200 ns with respect to the start of the pulse. Af ter  

the readout  and processing, the event size of an aver- 

age hadronic decay of the Z ° is 45 kbytes. 

3. Calibration 

The desired spatial, angular, and momentum reso- 

lution puts high demands on the stability of the coordi- 

nate measurements  and therefore on the stability and 

precise knowledge of several detector  parameters  such 

as drift velocity c'i~ and Lorentz angle a L. This section 

outlines how coordinates are calculated and describes 

the calibration procedures used to determine the vari- 

ous parameters  needed for coordinate reconstruction. 

3.1. Coordinate reconstruction 

In the R - ~  plane, space points x and y are calcu- 

lated in a sector reference f lame with the x axis along 
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chamber  and  the  cal ibrat ion and correct ion procedures  

necessary to achieve design goals, this repor t  presents  

measu red  point  resolut ions and  the  pe r fo rmance  of the  

jet  chamber .  In some cases, the  pe r fo rmance  of the jet  

chamber  combined  with the  o ther  e lements  of the  

O P A L  centra l  de tec tor  will be  shown. The  description,  

\ /Q 
1 

f 

Y 

Fig. 2. A hadronic Z ° decay event tracked in the jet chamber. The lower jet contains an inclusive electron visible as high 

momentum track pointing at a high energy deposit in the electromagnetic calorimeter. The track fulfils the d E / d x  requirement 

for electrons. 
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SM Higgs Production at LEP
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SM Higgs Production at LEP
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Higgs Decay at LEP Energies
Higgs Decays
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is also sought

at high the -decay becomes relevant (but

difficult, still under study)

total decay width small compared to experimental resoul-
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bb-decay 
dominant !!



LEP Higgs Signatures
Higgs Search Channels

Z!qq
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Topology Background
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~80% of all final states (for m = 115 GeV)
H
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4-jets

missing 
energy

τ-channel

τ-channel

lepton 
channel

51%

15%

2.4%

5.1%

4.9%

WW ➛ qqqq 
ZZ ➛ qqqq 
QCD 4-jets

WW ➛ qqlν 
ZZ ➛ bbνν

WW ➛ qqτν 
ZZ ➛ bbττ 
ZZ ➛ qqττ 
QCD low mult. jets

ZZ ➛ bbee 
ZZ ➛ bbμμ



Higgs Candidate [MH=114 GeV]

Standard Model: Experimental Tests of Electroweak Interaction

4J. Pawlowski / U. Uwer

Higgs candidate with MH=114 GeV

B mesons have a 

lifetime !"1.6 ps: 

# finite flight path

Another candidate  with MH=115 GeV



Standard Model: Experimental Tests of Electroweak Interaction

5J. Pawlowski / U. Uwer

@ MH=115 GeV

Consistent w/ 

background

LEP Higgs candidates w/ M~115 GeV

LEP Summary: No signal 

above background seen 

Invariant mass of 

Higgs candidates:

17 candidate 
events

Observation:

Expectation:
15.8 background  
events

8.4 signal events 
for MH =115 GeV

LEP  
final result

LEP Higgs Candidates

Observation consistent with background !



Standard Model: Experimental Tests of Electroweak Interaction

5J. Pawlowski / U. Uwer

@ MH=115 GeV

Consistent w/ 

background

LEP Higgs candidates w/ M~115 GeV

LEP Summary: No signal 

above background seen 

Invariant mass of 

Higgs candidates:
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LEP Summary:  
No signal above background  

Final LEP Result

Invariant mass of  
Higgs candidates

MH > 114.4 GeV @ 95% CL

Reconstructed Mass mH [GeV]



Blue Band Plot
[Indirect Information on SM Higgs]



Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 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
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012

LEP “Zedometry”

Top Mass

W Mass 
W Width

Effective mixing angle 

Forw./Backw. Asymmetries 

Z Mass 
!
Z Width 
Had. Pole Cross Section

Hadronic 
vaccuum polarization

Left/Right Asymmetries 

Ratios

Lepton Asymmetries 

March 2012



The Higgs Influencing the SM
2. Consequences of precision electroweak data.

Very precise tests of the Standard Model are possible given the large sample

of electroweak data from LEP, SLC and the Tevatron. Although the Higgs

boson mass (mh) is unknown, electroweak observables are sensitive to mh

through quantum corrections. For example, the W and Z masses are shifted

slightly due to:

W± W± Z0 Z0

h0 h0

The mh dependence of the above radiative corrections is logarithmic.

Nevertheless, a global fit of many electroweak observables can determine

the preferred value of mh (assuming that the Standard Model is the correct

description of the data).
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The Blue Band Plot 2010 ...

EW-Fits: 

MH = 89	 GeV       
MH < 158 GeV @ 95% CL 

!
From direct 
search at LEP: 
!

MH > 114 GeV	   
	 @ 95% CL           

!
From direct 
search at Tevatron: 
!

158 < MH < 175 GeV 
	 @ 95% CL 

+35
–26

[Status: Summer 2010]
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Theory uncertainty
July 2010 mLimit = 158 GeV
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The Blue Band Plot 2012 ...

ATLAS: 

MH = 125.5 	  GeV     
 

CMS: 

MH = 125.3      GeV 

+ 0.5
– 0.6

+ 0.6
– 0.6



Higgs Search
at Tevatron







Tevatron: Higgs Discovery Potential

1 Introduction

The Standard Model of fundamental interactions has had at its origins a mechanism for
generating mass in elementary particles[1]. Direct and indirect searches conducted over
the last 30 years provide compelling evidence for a low mass Higgs boson. The search
for this particle and any other manifestation of new physics at the electroweak scale is the
principal driving force behind the experimental high energy physics program. The possibility
of contributing to this physics at the Tevatron collider warrants careful review.

In 1998 physicists from the CDF and DØ collaborations and the Fermilab Theoretical
Physics Department organized a workshop to study the potential for discovering the Higgs
boson in Run II of the Fermilab Tevatron. The results of this workshop are documented
in a paper entitled Report of the Higgs Working Group of the Tevatron Run 2 SUSY-Higgs
Workshop [2]. Their findings are summarized in Figure 1.

Figure 1: This figure summarizes the findings of the SUSY-Higgs Working Group study. The
vertical axis is the required integrated luminosity per experiment for three di�erent levels of
Higgs search sensitivity, 95% CL exclusion, 3⇤ evidence and 5⇤ discovery.

Several event topologies were examined for sensitivity to a standard model Higgs boson
signal. The most promising modes were associated production of a Higgs boson and an
intermediate vector boson: (1) pp̄ � WH, followed by W � ⌥⇥, where ⌥ = e or µ and
H � bb̄, and (2) pp̄ � ZH, with Z � ⇥⇥̄, and H � bb̄. The studies were based on a
parameterized simulation known as the “SHW simulation,” which was used to estimate the
response of a generic Tevatron detector. Comparisons of the SHW simulation and Run I data
were used to validate this approach, and e⌅ciencies measured in data, such as the e⌅ciency
for tagging b-flavored jets based on the presence of a displaced secondary vertex, were used
to make the estimates of signal acceptance and background rates as realistic as possible.

It is now four years after the completion of the SUSY-Higgs Working Group (SHWG)
study. Run II of the Fermilab Tevatron is under way, and both experiments have accumulated

1

Tevatron: 
Max. expectation
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FIG. 4: (color online). The log-likelihood ratio LLR as a
function of Higgs boson mass for all of CDF and D0’s SM
Higgs boson searches in all decay modes combined. The solid
line shows the observed LLR values, the dark long-dashed
line shows the median expectation assuming no Higgs boson
signal is present, and the dark- and light-shaded bands cor-
respond, respectively, to the regions encompassing one and
two s.d. fluctuations around the background-only expecta-
tion. The red long-dashed line shows the median expectation
assuming a SM Higgs boson signal is present at each value
of mH in turn. The blue short-dashed line shows the median
expected LLR assuming the SM Higgs boson is present at
mH = 125 GeV/c2.

ity to separate the two hypotheses is limited. For mH

from 115 to 140 GeV/c2, an excess above two s.d. in
the data with respect to the SM background expectation
has an amplitude consistent with the expectation for a
standard model Higgs boson (dashed red line). Addi-
tionally, the LLR curve under the hypothesis that a SM
Higgs boson is present with mH = 125 GeV/c2 is shown.
This signal-injected-LLR curve has a similar shape to
the observed one. While the search for a 125 GeV/c2

Higgs boson is optimized to find a Higgs boson of that
mass, the excess of events over the SM background es-
timates also affects the results of Higgs boson searches
at other masses. Nearby masses are the most affected,
but the expected presence of H → W+W− decays for a
125 GeV/c2 Higgs boson implies a small expected excess
in the H → W+W− searches at all masses due to the
poor reconstructed mass resolution in this final state.
The upper limit on SM Higgs boson production as a

function of mH is extracted in the range 90–200 GeV/c2

in terms ofRobs
95 , the ratio of the observed limit to the pre-

dicted SM rate. The ratios of the 95% C.L. expected and
observed limit to the SM cross section using the Bayesian
method are shown in Fig. 5 for the combined CDF and
D0 analyses. The observed and median-expected ratios
are listed for the tested Higgs boson masses in Table IV,
as obtained by the Bayesian and the CLs methods.
Intersections of piecewise linear interpolations of the

observed and expected rate limits with the SM=1 line are
used to quote ranges of Higgs boson masses that are ex-

1
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100 120 140 160 180 200
mH (GeV/c2)

95
%
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. L
im

it/
SM Tevatron Run II, Lint ≤ 10 fb-1

SM Higgs combination
Observed
Expected w/o Higgs
Expected ± 1 s.d.
Expected ± 2 s.d.
Expected if mH=125 GeV/c2

SM=1

FIG. 5: (color online). Observed and median expected (for
the background-only hypothesis) 95% C.L. Bayesian upper
production limits expressed as multiples of the SM cross sec-
tion as a function of Higgs boson mass for the combined CDF
and D0 searches in all decay modes. The dark- and light-
shaded bands indicate, respectively, the one and two s.d prob-
ability regions in which the limits are expected to fluctuate in
the absence of signal. The blue short-dashed line shows me-
dian expected limits assuming the SM Higgs boson is present
at mH = 125 GeV/c2.

cluded and that are expected to be excluded. The regions
of Higgs boson masses excluded at the 95% C.L. are 90
< mH < 109 GeV/c2 and 149 < mH < 182 GeV/c2. The
expected exclusion regions are 90 < mH < 120 GeV/c2

and 140 < mH < 184 GeV/c2.
The observed excess for mH from 115 to 140 GeV/c2

is driven by an excess of data events with respect to
the background predictions in the most sensitive bins
of the discriminant distributions, favoring the hypoth-
esis that a signal is present. To characterize the com-
patibility of this excess with the signal-plus-background
hypothesis, the best-fit rate cross section, Rfit, is com-
puted using the Bayesian calculation, and shown in
Fig. 6. The measured signal strength is within 1 s.d. of
the expectation for a SM Higgs boson in the range
115 < mH < 140 GeV/c2, with maximal strength be-
tween 120 GeV/c2 and 125 GeV/c2. At 125 GeV/c2,
Rfit = 1.44+0.49

−0.47 (stat)+0.33
−0.31 (syst)± 0.10 (theory).

The significance of the excess in the data over the
background prediction is computed at each hypothesized
Higgs boson mass by calculating the local p-value under
the background-only hypothesis using Rfit

profile, chosen a
priori, as the test statistic. This p-value expresses the
probability to obtain the value of Rfit

profile observed in
the data or larger, assuming a signal is absent. These
p-values are shown in Fig. 7 along with the expected p-
values assuming a SM signal is present, separately for
each value of mH . The median expected p-values assum-
ing the SM Higgs boson is present with mH=125 GeV/c2

for signal strengths of 1.0 and 1.5 times the SM prediction

Observed and expected  95% C.L. upper limits on the  
ratios to the SM cross section, as functions of the Higgs  
boson mass for the combined CDF and D0 analyses ...

Tevatron: Latest Result
[Phys. Rev. D 88 052014]
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The LHC  
A New Dimension in Particle Physics

ATLAS
ALICE

LHCb

CMS

The LHC  
A New Dimension in Particle Physics



Circumference: 	27 km

Proton beam

Detector

Collision rate: 	 40 MHz
CMS-Energy: 	 14 TeV

Proton bunches 
[number: 2808]

	 	 Proton collisions  
	 [109 per second]  

Parton-parton 
interactions

New physics?

Dipols: ca. 1200
	 [Field: up to 8.3 T]           
	 [Temperature: 1.9 K]           
	 [Stored energy: 9.2 GJ]          

The LHC  
A New Dimension in Particle Physics



Generic Detector Design 
[Example: ATLAS Exp.] 



Two Basic Architectures

μ
⊗ ⊗ ⊗ ⊗ μ

⊗
⊗

⊗⊗⊗
⊗

⊗ ⊗ ⊗
⊗

μ μ

ATLAS: A Toroidal LHC ApparatuS CMS: Compact Muon Solenoid

Hight: 25 m 
Length: 40 m 
Weight: 7000 t

Hight: 15 m 
Length: 22 m 
Weight: 12500 t



The ATLAS Detector

EM Calorimeters: σ/E ≈ 10%/√E ⊕ 0.7% 
excellent e/γ identification 
good energy resolution (e.g. for H → γγ)

Prescision Muon Spectrometer:  σ/pt ≈ 10% @ 1 TeV ⊕ 
fast trigger response 
good momentum resolution 
(e.g. A/Z’ → μμ, H → 4μ)

Hadron Calorimeter:  

σ/E ≈ 50%/√E ⊕ 3% 
good jet resolution 
good missing ET resolution 
(e.g. H → ττ)

Inner Detector:

Si Pixel & strips; TRT

σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001 
good impact parameter res., i.e. 
σ(d0) ≈ 15 μm @ 20 GeV 
(e.g. H → bb)Magnets:  

Solenoid (inner detector): 2 T  
Toroid (muon spectrometer): 0.5 T



ATLAS October 2005

View into 
ATLAS Detector



ATLAS July 2006

Insertion of 
Tile Calorimeter



ATLAS August 2006

Insertion of 
Inner Detector



The CMS Detector

EM Calorimeters:  
σ/E ≈ 3%/√E ⊕ 0.5% 
[vergl. ATLAS: σ/E ≈ 10%/√E ⊕ 0.7%]

Hadron Calorimeter:  

σ/E ≈ 100%/√E ⊕ 5% 
[vergl. ATLAS: σ/E ≈ 50%/√E ⊕ 3%]

Inner Detector:

σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001 
[vergl. ATLAS σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001]

Muon Spectormeter

σ/pt ≈ 10% @ 1 TeV  
[vergl. ATLAS: σ/pt ≈ 10% @ 1 TeV] 

Magnet:  
Solenoid: 4 T



CMS June 2002

Insertion of  
vacuum tank 3



CMS September 2005

Insertion of the CMS  
coil into the barrel yoke 



CMS February 2007

Central Section 
arrives underground



ATLAS vs. CMS

Silicon pixels; Silicon strips; 
Transition Radiation Tracker; 
2 T magnetic field

Silicon pixels, Silicon strips, 
4 T magnetic field

Lead plates as absorbers;  
active medium: liquid argon; 
outside solenoid

Central region: Iron absorber with 
plastic scintillating tiles; 
Endcaps: copper and tungsten 
absorber with liquid argon

Large air-core toroid magnet; 
muon chambers: drift tubes  
and resistive plate chambers;0.5 T 
magnetic field

Lead tungsten (PbWO4) crystals; 
both absorber and scintillator; 
inside solenoid

Stainless steel and copper with 
plastic scintillating tiles

Magnetic field from return  
yoke (solenoid field: 4 T);  
muon chambers: drift tubes and 
resistive plate chambers
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A Needle  
in a Haystack

109 Events/sec
[1 Mbyte/Event]

1010

10 Events/min
[mH ≈ 100 GeV]

Trigger !

with 	 0.2%	  H → γγ 
		     	1.5%	  H → ZZ

Efficient 
rate reduction needed

[Storage rate: 100 Hz]



Higgs Production Mechanisms	

Gluon fusion

Associated  
production

Vector  
boson fusion

tt-fusion-



Higgs Production Cross Sections



Higgs Boson Decays

For M < 135 GeV:  H  ➛  bb, ττ dominant 
For M > 135 GeV:  H  ➛  WW, ZZ dominant 

ZZ
WW

ττ

bb

Tiny but also 
important: H  ➛   γγ

γγ

bb



Direct Higgs Channels

Channel LHC Potential

gg ➛ H ➛ bb   Huge QCD background (gg ➛ bb);  
extremely difficult

gg ➛ H ➛ ττ   Higgs with low pT, hard to discriminate  
from background; problematic

gg ➛ H ➛ γγ Small rate, large combinatorial background, but excellent 
determination of mH (CMS: crystal calorimeter)

gg ➛ H ➛ WW   Large rate, but 2 neutrinos in leptonic decay, Higgs spin 
accessible via lepton angular correlations

gg ➛ H ➛ ZZ ZZ ➛ 4μ: “gold-plated” channel for high-mass  
Higgs (ATLAS: muon spectrometer)



Vector Boson Fusion

Channel LHC Potential

	 qq ➛ qq H 
	 [with H ➛ bb]

Very large QCD background (gg/qq ➛ bbqq); 
still very difficult

	 qq ➛ qq H 
 	 [with H ➛ ττ]

Higher pT than direct channel; interesting discovery  
channel for mH < 135 GeV

	 qq ➛ qq H 
	 [with H ➛ γγ]

Most likely combined with gg ➛ H ➛ γγ  
to inclusive diphoton signal

	 qq ➛ qq H 
	 [with H ➛ WW] 

Additional background suppression w.r.t. direct channel;  
interesting discovery channel for mH > 135 GeV

	 gg ➛ ttH	  
	 [with H ➛ bb]

Top-associated production; Seemed very promising,  
but overwhelmed by SM ttbb production



Higgs Searches @ LHC: Examples
Two high-energy 
photons

4 muons 
[Mμμ = MZ]

2 electrons 
2 jets



QCD at LHC. LHC X-sections as a figure.
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Fig. 13. ATLAS sensitivity for the discovery of a Standard Model Higgs boson for integrated luminosities of 10 and 30 fb−1 .
The signal significances are plotted for individual channels, as well as for the combination of channels. A systematic uncertainty
of ± 10% on the background has been included for the vector boson fusion channels.
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Full mass range can already  
be covered after a few years  
at low luminosity  
!
Several channels available  
over a large range of masses  
!
Low mass discovery requires 
combination of three of the most 
demanding channels 
!
Comparable situation for the CMS 
experiment


