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HOW CAN the HIGGS BOSON be PRODUCED ?

4

Production Decays
STANDARD MODEL PREDICTIONS
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HIGGS PRODUCTION in proton-proton collisions
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Higgs boson production is a very 
small fraction of the  
standard p-p collisions: 10-9 

Higgs production is rare:  
cross-section is ~10-100 pico-barn.

High energy to explore unknown territory 

High frequency & high beam intensity: 

   Maximize number of proton-proton collisions  

   Try to reveal rare phenomena.

10-9

Collision energy
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This good idea came with many many obstacles to master
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                     LHC            LEP 
Crossings  40 MHz          50 kHz 
L1 trigger 100 kHz             1 Hz 
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QUITE A LOT TO CHEW ON !
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An hermetic calorimeter
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Janvier 1990 Daniel Fournier
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A segmented calorimeter

12Janvier 1990 Daniel Fournier
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So many questions to answer
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Production

First accordion module

?
2001-2003

1990

Technical Design Report1997
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Beginning of production 

TDR

First accordion module
1990

1996

cyl. geom. 
Pb tempred

cyl. geom.
Opening gap

cyl. geom. 
Angles=f(R)

Fresnel
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opening
E=f(R)
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pipeline
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voltage
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1995 Daniel  Fournier
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Barrel in the pit 
in October 2004

1995 Daniel  Fournier
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 Testbeams, testbeams, testbeams
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η

ϕ

beam

2000 - 2002

3 layers
pixel detector

2 sectors
TRT

4 layers
silicon detector

The ATLAS combined testbeam in 2004

Where the ATLAS reconstruction was born.  
Lines of code dating from the CTB are still running today.
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Construction at Birmingham
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High precision tracking

Measure momenta very well – esp. high 

momentum particles

Reconstruct decay vertices (b, c, τ)

Silicon strip sensors, 80µm pitch → 
23µm spatial precision

Silicon Tracker - SCT

L1Calo

Wire bounding

One module - 4088 in SCT

L1Calo @ CTB in 2004 
Trigger saw the beam.

Richard	Staley	&	Gilles	Mahout	with	a		
Cluster	Processor	Module	at		
Birmingham	(Richard	designed	the	module)
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ARTIST view of the LHC and the experiments
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Pb Pb - Pb-p collisions
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Installation in the ATLAS counting room
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Dave as part of the underfloor crewSteve with a lot of cables

Xen supervising Pete Watkins and Eric 
Eisenhander pulling underfloor cables
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ATLAS 
is a giant microscope 
with 100 M channels

100 metres underground 
50m long 
25m high 

7000 tonnes (one Eiffel tower) Protons come in 
here. 

and the energy 
at 1%

Measure particle trajectory  
with a precision of 
 0.0002 m (20µm)
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A glimpse at performance

30

Juillet 1990

M. R. Jäkel,  ASPEN 2013ATLAS detector review & upgrade

2012 : Trigger

CEST Time

31-06h 31-08h 31-10h 31-12h 31-14h 31-16h

R
a

te
 [

H
z
]

10

210

310

410

510

LHC Fill 2686 May. 31 2012

ATLAS Trigger Operations

-1s-2 cm
33

Starting Luminosity: 6.37 x 10
-1s-2 cm

33
Ending Luminosity: 2.91 x 10

L1_total

L2_total

EF_recording_physics

L1:$up$to$~$65$kHz$

L2:$up$to$~$5$kHz$

EF:$~$400Hz$

Complicated trigger menu with > 550 trigger items !
Optimization of selections to maintain low un-prescaled 
thresholds (e.g. for inclusive leptons) in spite of x2 higher 
luminosity and pile-up than in 2011

• Pile-up robust algorithms developed 
(~flat performance vs pile-up, minimize CPU usage, ...)

• Results from 2012 operation show trigger is coping very 
well (in terms of rates, efficiencies, robustness, ..) with 
harsh conditions while meeting physics requirements

Example : Inclusive single electron trigger
High efficiency for electrons with ET > 25 GEV and |n| <2.47

Event Filter stream recording rates per month, averaged over the 
periods for which the LHC declared stable beams. Special run periods 
such as VdM scans or ALFA runs have been left out.

Nominal
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 ATLAS data taking and data quality

95.8%

31

All good for physics

93.5%
DQ

In 2012, 89.5% of DELIVERED data were good for physics. 

To my knowledge, never an experiment has reached such a level of efficiency. 
Even experiements at e+e- colliders, pp at lower intensity, …… with much less challenges. 

At LHC, even with more pile-up than designed, we are happy! 

My interpretation: the coherence between motivation, rigour, the challenging physics 
aim (the aim is not to discover; it is to find out what is there), the very spirited people.

X
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2010-2012 data taking

32

M. R. Jäkel,  ASPEN 2013ATLAS detector review & upgrade

2012 : Pile Up - Challenge

Running with 50ns (instead of 25ns) bunch spacing → double pile-up for same luminosity

Has to be addressed at all levels : Trigger, reconstruction of physics objects, isolation cuts, data 
processing (CPU time)....

Z → µµ event with 25 reconstructed vertices. 
Average'number'of'interac1ons'per'bunch'crossing'

Experiment’s,design,value,

2012 - 8TeV 
 23 evts/fb

2011 - 7TeV 
 5 evts/fb

2010 - 7TeV 
 0.05 evts/fb

5 evts/fb for 
4th of july 2012
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 ATLAS detector simulation: a tool towards physics
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4th July 2012
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4th July 2012 - HIGGS DISCOVERY with ATLAS  & CMS 
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 ● ▲ : THE data
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

Higgs boson (prediction)

background
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

Higgs boson (prediction)

background

Data need the Higgs boson.

Excess also observed in WW channel
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Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).
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ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1
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All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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points represent the data, the filled histograms represent the background, and the open his-
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background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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This is actually the beginning 

Eminently inspired people were very courageous to embark in this adventure. 
We owe then the luck to have been on this boat 

which reached the tresor island on 4th of july 2012! 
Actually the crew was very dedicated, very enthusiastic,  

though with some doubts from time to time. 
Now it is time to open the tresor and look at what happened since. 36
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The LARGE HADRON COLLIDER at CERN
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LEP tunnel exists at CERN: 
27 km circonference 

It was built in the 80’s to produce 
electron-positon collisions: 

to study the Z boson  
to test the standard model 
discover the Higgs boson 

December 1994: the LHC will be installed inside the LEP tunnel  
proton-proton collider at very high energy

LEP operation stops in 2000 
The Higgs boson has not been observed:  

The Higgs boson mass is higer than 114.6 GeV

9 km
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The HIGGS mechanism and the HIGGS boson
Peter Higgs, François Englert, Robert Brout and a 
few more theoreticians, proposed in 1964 a 
mechanism to explain how the W and Z bosons 
can acquire a mass: the Higgs mechanism, and at 
the same time preserves the requirements from 
the theory. 
The Higgs field fills the space and interacts with 
particles, following rules. 
The existence of this field leads to the existence of 
a massive spin-0 particle which mass is not 
predicted. 
The search for the Higgs boson started. 

Several experiments have looked for the Higgs 
boson:  

the four LEP experiments in 1989-2000 
(mH>114.6 GeV); 
the CDF and DZero at the Tevatron at 
Fermilab (USA) (1985-2011) 
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The Large Hadron Collider (LHC)
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1983 First studies for the LHC project 
1988 First magnet model  (feasibility) 
1994 Approval of the LHC by the CERN Council 
1996-1999 Series production industrialisation 
1998 Declaration of Public Utility & Start of civil 

engineering  
1998-2000 Placement of the main production contracts 
2004 Start of the LHC installation 
2005-2007 Magnets Installation in the tunnel 
2006-2008 Hardware commissioning 
2008-2009 Beam commissioning

A 27 km circumference collider…

2010-2040…  Physics exploitation 
2010 – 2012        Run 1 ;7 and 8 TeV 
2015 – 2018  Run 2 ; 13 TeV  
2021 – 2024  Run 3 (14 TeV) 
2025 – 2026  HL-LHC installation 
2027 – 2040…  HL-LHC operation

~ 25 years

~ 30 years


