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Introduction to Bernard Pope

(from Wales ==> funny accent!)

Professor at Michigan State since 1982 MICHIGAN STATE
UNIVERSITY

Worked at the European Lab for Particle Physics
(CERN), Geneva since 1971

Experiments at Fermilab (lllinois) since 1977
Founder member of the D@ Collaboration

Institutional Representative on
the ATLAS Experiment
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High Energy Physics

The Science of Matter, Energy, Space and Time

Key questions that
define the field ==>

8.

9.

What is the origin of mass?

Are there undiscovered principles of
nature: new symmetries or laws?

How can we solve the mystery of dark
energy?

Are there extra dimensions of space?

Do all the forces become one?

Why are there so many kinds of particles?
What is dark matter? How can we make
it in the laboratory?

What are neutrinos telling us?

How did the universe come to be?

.,.;_wn-a.‘;l}.,,.,, -« o 18. What happened to the antimatter?




3¢ Fermilabp»

The Experimental High
Energy Physics Group
at Michigan State has
been actively involved in
research at the Fermi
National Accelerator
Laboratory in lllinois for
the past 30 years.

Two large detectors are
located at the 4-mile in
circumference, and
(almost) 2 Trillion Volt
Tevatron Collider. They
are called CDF and D@.
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CDF and DO mearmmsi]

MSU is one of the few
universities to participate in
both of these large
international collaborations.

Research at Fermilab has involved:-

studies of quarks and gluons and their interactions
(Quantum Chromodynamics)

precision measurements of the W and Z bosons,
the “heavy photons” that are the gauge particles
for the weak force

discovery and subsequent study of the

(extremely massive) Top Quark
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Reasons for going to Higher Energy

= We want to probe the structure of matter at the smallest possible
distance scale

e Higher energy means shorter wavelength (A = 4/p)

= We want to search for new heavy particles
e E = mc? implies that more E results in more m

= The probability for producing even previously discovered particles
(top and bottom quarks, W and Z bosons, etc) increases with energy

e larger cross section =» more events =>» precision studies

= Can we understand “electroweak symmetry breaking” i.e. why are
the W and Z heavy while the photon is massless?

» find the Higgs particle!

All of these require the highest energy that we can achieve
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CERN, the LHC, and ATLAS

‘CERN -- the European
Center for Particle Physics

LHC -- the Large Hadron
Collider (a 7 TeV
synchrotron)

x
x
++++++

CERN sites
s accelerator
® LHC experiment

*ATLAS -- one of four large L BVA
detectors at the LHC —— ==

Chamonix
(Mont Blanc)
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A Brief Explanation of Synchrotrons

Reminder: 1 eV is the energy gained by a particle with a
charge e = 1.6x10-'° C in traversing a potential difference of
1 Volt. = 1 eV =1.6x10-1° Joules.

[We also use MeV = million, GeV = billion, TeV = trillion]

A linear accelerator of 7 TeV would be = 150 miles long and
cost $75 billion. Instead we use a magnetic field to bend the
protons into a circle, and reuse the same voltage source of
350,000 kV approximately 20 million times. The magnetic
field is created by 1232 superconducting dipole magnets +
numerous focusing and correction magnets.

As the particle energy rises, the magnetic field is increased
to compensate and keep the proton in a circle.
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Superconducting Magnets

15 m long

Zero resistance — a good thing!
Magnetic field = 9 Tesla

They have to be kept cold: around 1.9K
Magnetic stored energy = 10 GJ

Y
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The ATLAS Detector

b~ Detector characteristics
Muon Detectors Electromagnetic Calorimeters - Width: ~ 44m
\ e Diameter: 22m
\,‘\ <« Weight: 7000t
Solenoid '\\ ; CERN AC - ATLAS V1997
\ ' Forward Calorimeters
\\ End Cap Toroid
\

. s— L N
i Inner Detector ieldi
Bamel;Torald Hadronic Calorimeters Shisiding
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; Jura Tue Sep 20 21:0

«—— The superconducting
toroid (8 coils in total)

The team responsible for inserting
the calorimeter system inside the
magnet. The central calorimeter,
weighing approximately 2000
tons, is the silvery object behind
the group. Many of the
calorimeter modules were

assembled at MSU.
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Tilecal modules arriving at CERN
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Tllecal Assembly
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MSU engineer, Ron Richards, (on left) at CERN
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Tilecal being assembled
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The Tile Calorimeter
being installed inside
the coils of the toroid
magnet
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The ATLAS Toroid
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The ATLAS Muon Spectrometer

ATLAS Detector

Muon chambers
Barrel toroid
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We would like to measure a
1 TeV muon momentum to
about 10%.

Implies a sagitta resolution of
about 100 um.
over distances of ~10 m!

These very large, precision
drift chambers were built by
several of the collaborating
institutes including the
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Cross Sections and Rates

The LHC will collide two beams of 7 TeV protons
Each beam contains ~3x10'+ protons

Each proton takes ~90 usec to travel the ~17 mile
circumference, i.e. ~11,000 circuits/sec

Beam size ~20 um but protons are so small they
mostly miss each other

Collision rate is “only” 1x10° Hz

Most collisions involve “known” physics ==> need
a trigger system to extract the interesting events
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A Brief Explanation of Cross Section

From the first measurements of Ernest Rutherford it was
realized that the probability of a nuclear reaction is related
to the area of the nucleus.

“Typical” nucleus

Area = 10-24cm? = 1 barn
> “as big as the side of a barn”
10-12cm

A proton has a cross sectional area of approximately

7x10-%6 cm? and so a total “cross section” of o = 70 mbarns.

The likelihood of a specific result of a collision eg producing
a W boson is much less, but still quoted as a cross section,
for example, o, = 50 nb

April 21 2012 MIAAPT Meeting 23



A Brief Explanation of Luminosity

The number of collisions (or interactions) depends on the
number of protons squeezed into the small area of each
beam, and the size of each proton. We express this
(confusingly!) as an inverse area.

Instantaneous Luminosity is (typically) about 3x1033 cm=2 s
Total Luminosity in 2011 was 5.4 fb™’

This system has the advantage that the number of collisions,
or expected events, or particles produced, can be found by

multiplying the luminosity (£) and the cross section (o).
For example:-

Number of collisions per second = £o = 3x1033x 7x10-2°

= 200 million per sec
Total # of collisions in 2011 = 5.4 b1 x 70 mb = 400 trillion
# of W’s produced in 2011 = 5.4 fb-! x 50 nb = 270 million
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ATLAS Trigger/DAQ

*Our MSU group has been involved in designing and building
the complicated fast electronics and computers that make up
the trigger and data acquisition system (TDAQ) for ATLAS.

CERN SDX1  dual-CPU nodes Trigger / DAQ architecture
computer - *1600 Ly "-)00
saniem Event rate Storage Event Builder LVL2 Second- o
Data ~ 200 Hz v Filter e level 1=
storage et (EF) | 7 M | riggor il B
i 7 v
31111 =
Manager switches i:?'_':s =
/1 e Network swithes | output )
Super- g
i) £
zisor g & _g _g
£ 8§ b
5§18 =
] E g
HER: & .
Event data . Tg 53
@ @ -
pulled: § 2 j
artial events S
p -g USA15 o Data of ovonts. accepted
@ < 100 kHz, > ~150 Road- by first-level trigger .
cc . .
full events PCs Out Xg"ai cicatad ks
@ ~ 3 kHz Read-Out [H%e "
Subsystems Drivers
Rol (ROSS) (RODS) \‘— First-
4 Builder X level W
Timing Trigger Control (TTC) \ trigger

- Event data pushed @ < 100 kHz,
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Here is a picture of some of us working hard at CERN!

The MSU group in
residence at CERN
presently consists of one
professor, five postdocs,
one graduate student and
one engineer. Many more
during the summer!
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ATLAS Computing

<GB
CERN facility:
il cpu~5SMSI2k

10 GB/s storage~| PB

In: France, Germany, Spain, S, BNL: 2MSI2k/2PB

Britain, Taiwan, Canada, Italy, -~

Netherlands, Sweden/Norway
- 2.5 GB/s
a Om=
I ™
W |
C] =
all US universities ~2.5 GB/s ucnu
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Collider Operations History

MSU joined the ATLAS collaboration in 1996.
The first beams were recorded in September 2008.

Ten days later, a small resistive zone (< 200 nQ) occurred
in a bus splice connecting two magnets. The resulting
quench released helium into the tunnel and punctured the
vacuum pipes of the LHC. The force of the explosion
damaged 57 of the magnets.

(Reminder: the stored energy in the magnets = 10 GJ,
same as a 747 at top speed!)
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Collider Operations History (continued)

After extensive repairs, the collider resumed
operation in December 2009 at a “conservative”
energy of 3.5 TeV x 3.5 TeV.

=» Successful running in 2010.

60— T T T
ATLAS Onllne Luminosity Vs=7TeV

LHC Delivered  93.6% efficiency
[ ] ATLAS Recorded

Peak luminosity = 2.1x1032 cm2 s

=> 15 million collisions per sec. 50

3. lTeV dijet

40 Total Delivered: 48.1 pb”

=>» 3.2 trillion collisions recorded Total Recorded: 45.0 pb”

in 2010 30

W event

Top candidate

Z event

lIIIIIIIIlIIIIlIIII

20

Total Integrated Luminosity [pb™

10

L EE R DRI Rer ., . SRR SN ST S ST S S

0 Lo
24/03 19/05 14/07 08/09 03/11
Day in 2010

All subdectors operating at >97%
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Total Integrated Luminosity [fo ]

Even more successful last year!

Peak luminosity = 3.65x1033 cm-'s-' =» 260 million collisions per sec.

LT T T LR R BLELEEELEE L [T ]
7 ATLAS Online Luminosity Vs=7TeV —
- LHC Delivered :
6 ~ ATLAS Recorded y
5 Total Delivered: 5.61 fb" 0
- Total Recorded: 5.25 fb™ . o
41— — =>» 370 trillion
- 7 collisions recorded
3 —
2 —
1= —
b e = 5
28/02 30/04 30/06 30/08 31/10

Day in 2011
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2012

The 2012 run started on April 4 with beam energies of 4 TeV x 4 TeV.

Total Integrated Luminosity [fo 7]

0‘8 rl' T 1T I 1T 17T 177177 I T T T 17T | IIIIII I 7T 17T 1T 7177 I LI _'i
- ATLAS Online Luminosity \/s=8TeV ]
075 [ Lhc pelivered E
0.6 [_]ATLAS Recorded =
05F Total Delivered: 0.59 fb” E
"E  Total Recorded: 0.55 fb™ 1
0.4 =
0.3 i
0.2 i
0.1 =
- L L | R BT AR 1:

0 T T T L1l
06/03 13/03 20/03 27/03
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We have already exceeded
the integrated luminosity for
all of 2010.

Plus we have set new
records for peak luminosity

3.65 x 1033 cm1s

L 3.92 x 1033 cm-'s?

And luminosity per day

135 pb-1

L 159 pb-1

Set just last Saturday.
31



Top Physics at ATLAS

Following our work at the Fermilab collider, we are playing a significant
role in the Top physics group, particularly interested in the production of
single Top quarks.

At LHC, we need to consider 3 separate production processes:
.

9 b W q t
q q
W b W
A\ t
t b
b £,
g t q b

g

W-gluon fusion (65 pb) Wt (16 pb) W#(s-channel) (5 pb)

==> total LHC single top cross-section > 80 pb
Recently observed at Fermilab (o ~ 5 pb)
Important to measure each process separately (and W, top helicities)

April 21 2012 MIAAPT Meeting 32



Rediscovering the top quark

RN\ y ! I J Y o e
CATLAS
i\g;,)ﬂ#; - P

* Electron + 1A EXPERIMENT|
jets event

« Secondary
vertex tagged
jet

» Extra pileup
Interaction
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The Higgs Mechanism

*Perhaps the prime (but not the only!) objective of the LHC is
to understand the mechanism of symmetry breaking — if the
weak force and the electromagnetic force are just two aspects
of the same Electroweak Interaction, why are the W and Z
bosons so massive while the photon is massless?

*A possible solution was suggested in 1964.

*The universe is filled with a quantum field, called the Higgs
field, that interacts with particles giving them their mass.

*The quantum of the Higgs field is the Higgs boson. Its mass
IS not predicted.

*Its observation is complicated by a variety of production
processes and, depending on its mass, several different
decay modes.
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2010 Sakurai Prize
... for "elucidation of the properties of sponfaneous symmeftry
breaking in four-dimensional relafivistic gauge theory and of the
mechanism for the consistent generatfion of vecftor boson masses."
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2010 Sakurai Prize

.. for "elucidation of the properties of sponfaneous symmeftry
breaking in four-dimensional relafivistic gauge theory and of the
mechanism for the consistent generatfion of vecftor boson masses."

Englert Brout nggs Guralnlk Hagen Klbble
— PRL 13, 321323 (1964)
— PRL 13, 508509 (1964)
: — PRL 13, 585587 (1964)
Disclosure: Though we often refer to the Higgs mechanism/boson,
we're really discussing the BEGHHK mechanism/boson.
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Higgs Production Processes
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Higgs Decay Processes
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Combining all nggs Channels

 If there is a Higgs boson, %’ [ BT WmenE
ATLAS will find it with a few £ s B o220 -
years' data, no matter what & .| E Z:Z:%:_q .Tl”
its mass is " Total sgaifieance
N
* For most of the mass
range, we will see the
Higgs in multiple channels
— We can start probing its .
couplings: it looks like a
Higgs, but does it act
like a Higgs? 100 1
(no K-factors)
 The other large experiment, R - C
CMS, has comparable 10 m,, (GeV)
sensitivity
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The Higgs Boson

The results on Standard Model (SM) Higgs searches by ATLAS were
reported in a CERN seminar in December 2011. The Higgs boson is
predicted to decay into several decay channels. The most sensitive
channels are:-

H-2>vy
H 2> ZZ - 4 charged leptons
H > WW - 2 charged leptons + 2 neutrinos

The results have just been submitted for publication and are essentially
unchanged from those presented at the seminar, and the overall conclusion
also remains the same.

"If the SM Higgs exists, it is most likely to have a mass in the range
116-131 GeV. Despite tantalizing hints in the region of 126 GeV, more
data are needed to resolve whether or not the SM Higgs exists. The
requisite data should be available by the end of the 2012 LHC
proton-proton run.”

April 21 2012 MIAAPT Meeting 40



atest Higgs Result from ATLAS
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From last month’s MSU News headline stories:-

Elusive

Higgs boson in sight?

After 40 years of searching, physicists have the elusive Higgs boson in their
sights. Wade Fisher, MSU assistant professor of physics, presented the
team’s results March 7 at a physics conference in La Thuile, Italy.

Tevatron Run Il Preliminary, L <10 fb!

epnn Exibected
=== Observed
10 Boog [ -+ 1 Expectdd

T ATLASIOMS
Tevatrpn Exclusion

-------- +ATLAS+EMS Even the Tevatron

.............

e SR

§ ----- £ 1 32¢ Expected
=

.......................

.....................

xclusion ; 961’5 into the act!

.................

...........................................

...................

................
1

ATLAS+CMS

....................

Ratio of 95% C.L. Exclusion Limit
to SM Higgs Boson Cross Section
Vi
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February 37, 2012
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Already Observed at ATLAS

Peter Higgs
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Other Visitors to ATLAS
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Stephen Hawking
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Steven Chu
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ﬂlnge[&&ﬂ)emons at CERN
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In the ATLAS Control Room
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The /- efs at CERN'
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The Muppets (Dr Bunsen Honeydew, far Ief‘r) visit the ATLAS
detector at CERN during The Muppet Movie. Beaker, Bunsen's
assistant, is absent due to being sucked up a vacuum tube.

Image courtesy Walt Disney Studios.
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Some web sites

 CERN
The LHC
ATLAS
US/LHC
US/ATLAS
MSU HEP

April 21 2012

public.web.cern.ch
lhc.web.cern.ch/lhc/
www.atlas.ch
www.uslhc.us/
www.usatlas.bnl.gov/
www.pa.msu.edu/hep/

MSU ATLAS www.pa.msu.edu/hep/atlas
Bernard Pope www.pa.msu.edu/people/pope
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