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What topics are included in “Experimental HEP”?
• Survey of large experiments worldwide

• Measurement of cross sections, ratios, luminosity, etc.

• Classes of particle measurements:

• Momentum vectors for charged hadrons (tracking)

• Neutral particles (calorimetry)

• Muons

• Neutrinos

• Jets (tracking and/or calorimetry)

• Interpretation and treatment of data with statistical fluctuations

• Simulation of experimental data

• Particle identification methods and technologies

• Specialized analysis techniques

• Trigger and data acquisition systems

• Magnet systems

• Accelerator types and technologies
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Too much for 90 minutes (two semesters would be enough) so mention all + focus in a few areas

See ICFA school, and various other schools, for more

Will stop somewhere around here, today



Survey of large experiments worldwide



Survey of large experiments worldwide
• http://pdg.lbl.gov/ is an enormously useful resource and is the starting 

point for this topic. Explore it.

• HEP/particle physics vs. nuclear physics

• Accelerator-based laboratories:

• CERN (Geneva, Switzerland)

• Fermi National Accelerator Laboratory (“Fermilab”)

• Brookhaven National Laboratory; RHIC

• Jefferson Lab (“JLab”)

• Stanford Linear Accelerator Center (“SLAC”)

• DESY (Hamburg, Germany)

• KEK (Tsukuba, Japan)

• JINR (Dubna, Russia)

• more: http://www-elsa.physik.uni-bonn.de/accelerator_list.html

• http://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics4
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Survey of large experiments worldwide
Non-accelerator based experiments

• http://en.wikipedia.org/wiki/
List_of_neutrino_experiments

• e.g., Super-K, SNO+, IceCube...

• Others (see map)

• At higher energies, neutrons (energy up to GeV) are generated by muon spallation pro-
cesses: this contribution is related to the site depth.

• Radioactive radon concentration in the air depends on local geology, but increases in
closed halls. This can only be tuned by proper ventilation.

• Cosmogenic processes may produce radioactive nuclides.

• Concrete around the detector, supports, shielding, electrical connections, etc. contribute
to the radioactive background.

3 Overview of underground laboratories

All the main sites available for astroparticle physics are reported in figure 1: Features of some
of the main underground laboratories and facilities will be now taken into account.

Figure 1: Worldwide map of underground physics laboratories.

3.1 European facilities

• The INFN Gran Sasso National Laboratory (LNGS) is the largest underground laboratory
and it is a worldwide facility for scientists - presently over 900 from 30 di↵erent Countries
- working in one of the fifteen experiments currently in operation. LNGS (see figure 2)
is near the town of L’Aquila and at about 120 kilometres from Rome. The underground
facilities are located on one side of the ten-kilometre long highway tunnel crossing the
Gran Sasso massif. They consist of three large experimental halls, each about 100 m
long, 20 m wide and 18 m high and linked by service tunnels, for a total volume of about
180000 m3. The average 1400 m rock coverage (3400 m.w.e.) gives a reduction factor
of one million in the cosmic ray flux; moreover, the neutron flux is thousand times less
than the one on the surface. LNGS scientific program is quite rich and includes: CNGS
Project (CERN neutrinos to Gran Sasso) for OPERA and ICARUS experiments; dark
matter search (DAMA-LIBRA, CRESST2, XENON, WARP); neutrinoless double beta
decay (COBRA, CUORE, GERDA); neutrinos from Sun and geoneutrinos (BOREXINO);
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Accelerator types and operations

• ‘Collider’ vs. ‘fixed target’

• beam types

• primary beams vs. secondary (tertiary)

• charged particles - electrons/positrons, protons, ions

• neutral particles - photons, neutrons, neutrinos

• see SNS and how it works

• FNAL main injector: 

• 120 GeV protons on cooled graphite

• →π, K. Decay in flight:

• →ν,𝜇.  Large  mass  of  iron:

• →ν
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General characteristics of detector systems

• Combine many technologies

• Granularity

• Resolution

• Separated functions

• Ordering important

• ATLAS example: 1) collision in vacuum, 2) low-mass 
tracking in magnetic field, 3) electromagnetic calorimetry, 
4) hadronic calorimetry, 5) muon spectrometer with 
magnetic analysis

• Trigger, data acquisition system, data storage, data processing 
system

7



General characteristics of analysis methods.

• Computer-intensive processing

• First processing on farm or Grid (ATLAS: > 10 PB/yr)

• Subsequent processing: attempt to reduce dataset size while 
retaining needed variables (→ hundreds of TB)

• Final dataset: reside locally (10‘s TB) or remain on Grid 

• Object oriented programming (e.g., Python and C++)

• Shared, validated, documented, archived code

• “Events” “containers” “hits” “tracks” “particle candidates”

• Kinematic combinations of particle information

• Logical requirements (“cuts”) or probabilistic assignments

• Subtraction of “backgrounds”

• Corrections of data, e.g.: inefficiencies, resolution effects

8



Measurement of cross sections; luminosity



Measurement of cross sections, ratios, 
luminosity, etc.

• “Cross section” ~ probability for a process to happen

• e.g., at CM energy of 8 TeV, p+p → 3  jets

• Relationship between cross section, luminosity, rate:

10

� · L = R
• Units of cross section are area. Common unit is a “barn”. One barn equals 

10-24 cm2. Unit of rate is s-1. Luminosity is often given in cm-2s-1. (possible 
interactions per area, per second)

• This equation can be used to measure luminosity if the cross section is 
known for some particular process. Ratios of cross sections are 
independent of luminosity, if measured simultaneously. This can result in 
higher precision. The relation is differentiable: 

d�(x)

dx

· L =
dR(x)

dx



(pµ+ + pµ�)i(pµ+ + pµ�)i = m2
µ+µ�

251

there is on average 0.27% of the signal events outside of the peak. Those

events are not counted in the signal but are subtracted as a background.

Thus there is a systematic deficit of 0.54% on average in the estimation of

the number of signal events using this method.

Fig. A.1: MC distribution of the number of events assumed to be the invariant mass

of the two photons. By construction, the peak is purely a Gaussian and

the background is the first order polynomial. The statistical fluctuation on

the number of events in the peak, relevant to the fitting method, are given

by the normalization of the Gaussian fit ( ± 170 events). The fluctuations

stemming from the sideband subtraction method are defined by the statis-

tics under the peak in the full 6� (± 200 events). As anticipated, the errors

of two methods happen to agree, moderately.
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Figure 1: Invariant mass, transverse momentum and rapidity distribution of selected J/ candidates,
before any correction is applied. Left: Invariant mass distribution. Right: pT and y⇤ distributions.

A successful extension of the muon trajectory in to the geometric acceptance of the TRT is required.248

Muon ID tracks are rejected either if it has no TRT hits associated, or to a set of TRT hits associated as249

outliers. Let nhits
TRT be the number of TRT hits in the muon track, noutliers

TRT be the number of TRT outliers250

on the muon track and n = nhits
TRT + noutliers

TRT . Then the following cuts are applied.251

• If 0.1 < |⌘| < 1.9, it is required that n > 5 and noutliers
TRT < 0.9n252

• If |⌘| < 0.1 or |⌘| > 1.9253

254

6.4 J/ candidate selection255

The dimuon invariant mass is constructed combining oppositely charged muons that pass the selection256

described in Section 6.3. The study is focused in the region of dimuon invariant mass between 2.5 and257

3.5 GeV, the  (2s) region is removed and the left part of the window is added to constrain the background258

shape. The dimuons whose invariant mass are in this region are described as “J/ candidates”. Possible259

sources include: oppositely charge muons coming from heavy flavor decay, pairs coming from Drell-Yan260

process, and random combinations of muons could yield an invariant mass in the region of interest. A261

total of 41,332 muon pairs were selected and are used for this study, the invariant mass distribution of262

these J/ candidates is shown in the left panel of Figure 1, while in the right panel are shown the pT and263

y⇤ distributions.264

7 J/ prompt and non-prompt yields265

To account for both kinematic and detector acceptance of the production of the J/ and the momentum266

of the daughter muon tracks, and correct for both trigger and reconstruction e�ciencies the total weight267

applied to each J/ candidate is:268

w�1 = ✏reco(pT , y) ⇥ ✏µ
+

trig(pµ
+

T , ⌘
µ+) ⇥ ✏µ�trig(pµ

�

T , ⌘
µ�) ⇥A(pT , y). (1)

The first term is the reconstruction e�ciency, and is a function of pT and y using dimuon variables,269

the second and third terms are the trigger e�ciency term, one for each muon, and the last term is the270

acceptance for J/ decay. When the weights applied are 1 the distributions are referred as corrected;271

Common examples

• Form kinematic invariant from the observed particles

• e.g., invariant mass (results in peak if all particles observed)

• missing mass (low energies)

• Select events of interest

• by hard cuts

• by assigning probabilities

• Estimate and remove backgrounds

• different types of background: random, combinatorial, “physics”

Techniques for data analysis

11 Invariant mass of two photons

Invariant 
mass of 

two 
muons

233

the default 5� value, meanwhile fixing the range on the other end at default value

±5�. Thus, the ranges for our systematical studies are: R
1

=(-5.5, 5)� and R
2

=(-

4.5, 5)� on the left, and R
3

=(-5, 4.5)� and R
4

=(5, 5.5)� on the right as illustrated

on Fig 6.8. The RMS (equation 6.4.1), constructed from the deviation of R
1,..,4

Fig. 6.7: Illustration of invariant mass fits at fixed kinematics (2.2< ⌫ <3.2, 0.3 <

z < 0.4 and 0. < p

2

T

< 0.1). Left and right plots illustrate fits employed

for the systematical studies. Left plot contains fit in the range (-5.5,3.5)� in

blue, and (-4.5,3.5)� in green. Right plot contains fit in the range (-3.5,4.5)�

in green and (-3.5,5.5)� in blue. Plot in the middle illustrates the default fit

in the range (-5,5)� in red.

from the default value R, provides an estimate of the systematical uncertainties

related to the linear component and curvature of the background. A test carried

out using a set of MC events has validated this approach (see appendix 7.2.4). The

study of the background tilt using varying range is as well a sensitive measure of

how the parameters of fit depend on the range in which the distribution is fitted.

�R =

r
(R� R

1

)2 + (R� R
2

)2 + (R� R
3

)2 + (R� R
4

)2

4
(6.4.1)



Computing and Data Flow

12

From Ian Fisk adapted from CHEP 2007 7

Computing Models

Figure 1. Outline of the TDAQ system. The trigger path is sketched on the left, the data path
on the right. The nominal and 2011 rates are shown in black and red respectively.

2. The ATLAS TDAQ system
The ATLAS TDAQ architecture [4] is outlined in Fig. 1. It is organized in three levels of online
event selection. Starting from the nominal bunch crossing rate of 40 MHz, the rate of selected
events is reduced to an average rate of a few hundred Hertz for permanent storage. The first
level (L1) is built from dedicated hardware and makes use of coarse information coming from
muon and calorimeter systems. The L1 trigger has a maximum accept rate of 75 kHz and a
latency of 2.5 µs. The High-Level Triggers (HLT) are distributed software systems executed on
commodity computers and have access to the detector data at full granularity. The Level 2 (L2)
accesses only a few percent of the available data in the so-called regions-of-interest (RoI). They
are identified by the L1 and assembled by a dedicated hardware component, the RoI builder
[5]. The L2 has a design output rate of 3 kHz and the average processing time is about 40 ms.
The Event Filter (EF) operates on the complete events built in the Event Builder system (EB),
which is composed of a farm of about 50 nodes. The EF has a design output rate of ⇠200 Hz
and the average processing time is about 4 s. In both L2 and EF, the HLT selection is managed
by the HLT Steering [6], that schedules the HLT algorithms corresponding to the trigger menu
prescriptions.

On L1 accept, data are sent from the front end electronics to detector-specific modules (ROD),
which build event fragments and push them via ⇠1600 optical links [7] to dedicated memories
[8]. The latter are in charge of storing the data during L2 and EB latencies and are hosted
on PCI boards mounted on ⇠150 PCs (ROS). The backbone of the TDAQ system is composed
of two Gigabit Ethernet networks: the data collection (DC) and the back end (BE). The DC
network allows the L2 and EB systems to collect the data from the ROSes, while the BE network
is used to move built events from the EB to the EF and accepted events from EF to the data
logger system.

2

On L1 accept, data are sent from the front end 
electronics to detector-specific modules (ROD), which 
build event fragments and push them via ∼1600 optical 
links to dedicated memories. The latter are in charge of 
storing the data during L2 and EB latencies and are 
hosted on PCI boards mounted on ∼150 PCs (ROS). 
The backbone of the TDAQ system is composed of two 
Gigabit Ethernet networks: the data collection (DC) and 
the back end (BE). The DC network allows the L2 and 
EB systems to collect the data from the ROSes, while 
the BE network is used to move built events from the 
EB to the EF and accepted events from EF to the data 
logger system.
(adapted from A. Negri paper for ICHEP 2012)

ATLAS Computing - Ueda I. - ICHEP 2012.07.07.

Uploa
d

ATLAS Computing System
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The ATLAS Distributed Computing System manages world-wide

• Data processing, MC production and analysis jobs running on over 120k computing 
cores 

• Data transfers to and accesses from ~ 50 PB disk space (and ~ 30 PB tape) 
• On over more than 100 sites set-up with the “LHC Computing Grid” middleware
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Data Corrections
There are many reasons that data need to be “corrected.” The reasons 
depend on the detector, the beam type, and other factors.  Examples: 

• Efficiency - detection, trigger, reconstruction, deadtime, etc.

• Acceptance - multi-variable, can be correlated for multiple particles, 
also takes into account losses and distortions due to many processes

• Kinematic - distortions, energy loss, etc.

• Radiation (lepton beams, particularly electron/positron beams)

• Resolution unfolding, such as with the SVD method

13
CLAS electron acceptance for fixed 

momentum: laboratory angles.
Grey areas have zero acceptance.

Example of ATLAS trigger efficiency

Figure 2: a). The simulated number-of-events response matrix A. b). The true test
distribution xtest (solid line) compared to the unfolded one (data points). The dashed
histogram corresponds to the initial distribution xini according to which the response ma-
trix was generated. c). The absolute values of di (solid line) compared to the regularized
r.h.s. (dashed line) and the one una!ected by the statistical fluctuations (dotted line).
The horizontal line shows statistical errors in di, while the arrow indicates the boundary
between the significant and non-significant equations. d). The deviation of the unfolded
distribution from the true exact one (see text for details).

19

Resolution unfolding for rho meson reconstruction 
from Hoecker and Kartvelishvili

http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html
http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html
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https://www.jlab.org/Hall-B/notes/clas_notes02/02-005.ps%E2%80%8E
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerPublicResults
http://arxiv.org/abs/hep-ph/9509307
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Classes of particle measurements:
momentum vectors for charged hadrons (tracking)



Preface:  we are performing experiments to learn about physics 
through detecting particles.

Ideal:
1. Measure all particles in each event - none missed
2. Perfect measurement quality - no inefficiency, resolution
3. Identify all particle types that are measured
4. Determine momentum vector and vertex for each particle

Reality: (1) acceptance limitations; (2) inefficiencies/resolution/
distortion of measured properties; (3) can identify some 
particles within some momentum ranges; (4) can determine 
momentum vector p and vertex origin r for charged particles.

Also, some neutral particles decay into charged particles, so p 
and r can often be determined for them.

15



Tracking

• With “tracking” of charged particles we sample the 
particle trajectories as they pass through a magnetic field

• measure how much they bend → momentum

• measure their directions → vertex, matching

• Sample particle trajectories in various ways:

• solid state detectors

• silicon-based detectors

• scintillators (fibers/strips)

• gas-based detectors (MWPC {Nobel prize 1992 - 
Georges Charpak} drift chambers, MPGDs, etc)

• Other position-sensitive detectors

16



4. Determine momentum vector and vertex for each particle

(4) can determine momentum vector p and vertex origin r for 
charged particles

Determination of p and r for charged particles is usually the 
foundational function for all accelerator-based experiments

Recall: charged particle with constant velocity in a constant 
magnetic field perpendicular to the velocity moves in circular path:

⊥ Magnetic field Charged particle 
moving at constant 

velocity

qvB=mv2/R,
R=mv/qB = p/qB

This is the principle we use in 
measuring momentum - 

measure the trajectory in a 
known magnetic field, 

calculate p17



Bubble Chamber

Invented 1952, 
Nobel prize 1960,

used through 1970’s
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“Sagitta” s (red line)

Momentum measurement method (pedagogical)

Basics)of)measurements:)momentum)

 

Momentum can be derived from measuring sagitta: 
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Momentum can be derived from measuring sagitta: 
 
 
 
 
 
 
 
 
 

27&August&6,&2012& Andrey&Korytov&(UF)&

! = pT
qB

s = ! 1! cos"
2

"
#$

%
&' ( !"

2

8
( ! L / !( )2

8
= 1
8
qBL2

pT

pT =
1
8
qBL2

s

Radius of circular arc

Sagitta is:

Momentum transverse to the direction of the magnetic field, pT

If we measure the trajectory well enough to determine the 
sagitta for known magnetic field, we measure pT



• “Well enough” → precision of position determination:

• granularity of position readout (e.g., semiconductor pixels 
detectors)

• position resolution (e.g., gas-based detectors; calibrations, 
gas system control)

• high degree of control in fabrication quality

• high precision alignment (potentially including, e.g., thermal 
control and continuous alignment monitoring)

• “known magnetic field” → superconducting magnets

• precise knowledge of coil placement, under load

• extensive specialized subfield

20

“If we measure the trajectory well enough to determine 
the sagitta for known magnetic field, we measure pT”

The determination of charged particle trajectories in a 
magnetic field is called “tracking.” Systems that do this are 
called “tracking systems.” Some tracking systems follow:



14. Detector Systems

Gregor Herten / 14.  Tracking Systems 28



14. CMS Detector
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14. CMS Silicon Tracker 

Gregor Herten / 14.  Tracking Systems 30

Micro Strip:

• 214 m2 of silicon strip sensors

• 11.4 million strips

• Diameter: 2.4 m

Pixel:

• Inner 3 layers: silicon pixels (∼ 1 m2)

• 66 million pixels (100x150 µm2)

• Precisio: σ(rφ) ∼ σ(z) ∼ 15 µm

14. CMS Silicon Tracker 
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Micro Strip:

• 214 m2 of silicon strip sensors

• 11.4 million strips

• Diameter: 2.4 m

Pixel:

• Inner 3 layers: silicon pixels (∼ 1 m2)

• 66 million pixels (100x150 µm2)

• Precisio: σ(rφ) ∼ σ(z) ∼ 15 µm

CMS Silicon Tracker

Silicon Microstrips: 214 m2 of silicon strip 
sensors, 11.4 million strips, diameter: 2.4 m

Silicon pixel tracker:
Inner 3 layers: silicon pixels 

( 1m2), 66 million pixels 
(100x150 μm2). Precision: 
σ(rφ) ∼ σ(z) ∼ 15 μm
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Event Display
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |� | < 3.2.
The hadronic calorimetry in the range |� | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|� | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |� | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |� | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

14.  ATLAS Experiment

G. Herten, ATLAS Detector 35

ATLAS



14. ATLAS Inner Detector

Gregor Herten / 14.  Tracking Systems 36
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Figure 1.2: Cut-away view of the ATLAS inner detector.

The layout of the Inner Detector (ID) is illustrated in figure 1.2 and detailed in chapter 4. Its
basic parameters are summarised in table 1.2 (also see intrinsic accuracies in table 4.1). The ID is
immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m. The precision tracking detectors (pixels and SCT) cover the region
|⇥ | < 2.5. In the barrel region, they are arranged on concentric cylinders around the beam axis
while in the end-cap regions they are located on disks perpendicular to the beam axis. The highest
granularity is achieved around the vertex region using silicon pixel detectors. The pixel layers are
segmented in R�� and z with typically three pixel layers crossed by each track. All pixel sensors
are identical and have a minimum pixel size in R��⇥ z of 50⇥400 µm2. The intrinsic accuracies
in the barrel are 10 µm (R�� ) and 115 µm (z) and in the disks are 10 µm (R�� ) and 115 µm (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers
(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R�� . They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 µm. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately
80 µm. The intrinsic accuracies per module in the barrel are 17 µm (R�� ) and 580 µm (z) and in
the disks are 17 µm (R�� ) and 580 µm (R). The total number of readout channels in the SCT is
approximately 6.3 million.

A large number of hits (typically 36 per track) is provided by the 4 mm diameter straw tubes
of the TRT, which enables track-following up to |⇥ | = 2.0. The TRT only provides R�� informa-
tion, for which it has an intrinsic accuracy of 130 µm per straw. In the barrel region, the straws are
parallel to the beam axis and are 144 cm long, with their wires divided into two halves, approxi-
mately at ⇥ = 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels. The
total number of TRT readout channels is approximately 351,000.
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Figure 1.2: Cut-away view of the ATLAS inner detector.

The layout of the Inner Detector (ID) is illustrated in figure 1.2 and detailed in chapter 4. Its
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segmented in R�� and z with typically three pixel layers crossed by each track. All pixel sensors
are identical and have a minimum pixel size in R��⇥ z of 50⇥400 µm2. The intrinsic accuracies
in the barrel are 10 µm (R�� ) and 115 µm (z) and in the disks are 10 µm (R�� ) and 115 µm (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers
(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R�� . They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 µm. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately
80 µm. The intrinsic accuracies per module in the barrel are 17 µm (R�� ) and 580 µm (z) and in
the disks are 17 µm (R�� ) and 580 µm (R). The total number of readout channels in the SCT is
approximately 6.3 million.

A large number of hits (typically 36 per track) is provided by the 4 mm diameter straw tubes
of the TRT, which enables track-following up to |⇥ | = 2.0. The TRT only provides R�� informa-
tion, for which it has an intrinsic accuracy of 130 µm per straw. In the barrel region, the straws are
parallel to the beam axis and are 144 cm long, with their wires divided into two halves, approxi-
mately at ⇥ = 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels. The
total number of TRT readout channels is approximately 351,000.
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14. ATLAS - Sensors traversed by charged track
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Figure 4.2: Drawing showing the sensors and structural elements traversed by a charged track of
10 GeV pT in the barrel inner detector (� = 0.3). The track traverses successively the beryllium
beam-pipe, the three cylindrical silicon-pixel layers with individual sensor elements of 50�400
µm2, the four cylindrical double layers (one axial and one with a stereo angle of 40 mrad) of
barrel silicon-microstrip sensors (SCT) of pitch 80 µm, and approximately 36 axial straws of 4 mm
diameter contained in the barrel transition-radiation tracker modules within their support structure.

This chapter describes the construction and early performance of the as-built inner detector.
In section 4.2, the basic detector sensor elements are described. Section 4.3 describes the detector
modules. Section 4.4 details the readout electronics of each sub-detector, section 4.5 describes the
detector power and control and section 4.6 describes the ID grounding and shielding. Section 4.7
discusses the mechanical structure for each sub-detector, as well as the integration of the detectors
and their cooling and electrical services. The overall ID environmental conditions and general
services are briefly summarised in section 4.8. Finally, section 4.9 indicates some initial results on
the operational performance and section 4.10 catalogues the material budget of the ID, which is
significantly larger than that of previous large-scale tracking detectors.
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Charged track of 

pT =10 GeV at η=0.3. 

traverses:

• beryllium beam pipe

• 3 pixel layers

• 4 double SCT layers

• about 36 TRT 

straws

ATLAS Inner Tracker



ATLAS Inner Tracker
Pixel Detector
3 pixel layers
Pixel size in R-φ × z: 50 × 400 μm2
Barrel accuracies are 10 μm (R-φ), 115 μm (z)
Disk accuracies are 10 μm (R-φ), 115 μm (R) 
80.4 million readout channels!

Silicon Strip Tracker SCT
Barrel
8 strip layers (4 space points) per track
stereo strips (40 mrad) parallel to z
6.4 cm long daisy chained sensors (80 μm pitch) accuracies 17 μm (R-φ), 580 μm (z)

Endcap
set of radial strips
set of stereo strips (40 mrad)
mean pitch about 80 μm
accuracies 17 μm (R-φ), 580 μm (z)

Transition Radiation Tracker TRT
351 000 readout channels
36 hits per track
4 mm diameter straw tubes
144 cm long straws, divided in 2 halves
accuracy 130 μm per straw endcap 37 cm long radial straws



14. ATLAS - Sensors in the Endcap
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Charged track of pT =10 GeV.  It traverses 

at η=1.4 :  beryllium beam pipe, 3 pixel layers, 4 disks with double SCT layers,  about 

40 TRT straws.

at η=2.2: beryllium beam pipe, 1 pixel B-layer,  2 endcap pixel disks,  4 disks with 

double SCT layers,  no  TRT straws.
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Figure 4.3: Drawing showing the sensors and structural elements traversed by two charged tracks
of 10 GeV pT in the end-cap inner detector (� = 1.4 and 2.2). The end-cap track at � = 1.4 traverses
successively the beryllium beam-pipe, the three cylindrical silicon-pixel layers with individual sen-
sor elements of 50⇥400 µm2, four of the disks with double layers (one radial and one with a stereo
angle of 40 mrad) of end-cap silicon-microstrip sensors (SCT) of pitch ⌅ 80 µm, and approxi-
mately 40 straws of 4 mm diameter contained in the end-cap transition radiation tracker wheels.
In contrast, the end-cap track at � = 2.2 traverses successively the beryllium beam-pipe, only the
first of the cylindrical silicon-pixel layers, two end-cap pixel disks and the last four disks of the
end-cap SCT. The coverage of the end-cap TRT does not extend beyond |� | = 2.

4.2 Inner-detector sensors

This section describes the detector sensors of the pixel, SCT and TRT sub-systems - silicon pixel
and micro-strip sensors in section 4.2.1, and straw tubes filled with a Xe/CO2/O2 gas mixture
in section 4.2.2. As discussed in section 3.3, the detector sensors are subject to large integrated
radiation doses. They have therefore been developed and controlled to withstand the expected
irradiation, with a safety factor of approximately two.

4.2.1 Pixel and SCT detector sensors

The pixel and SCT sensors [63, 64] are required to maintain adequate signal performance over
the detector lifetime at design luminosity (with the exception of the pixel vertexing layer, as dis-
cussed above). The integrated radiation dose has important consequences for the sensors of both
detectors. In particular the required operating voltage, determined by the effective doping concen-
tration, depends on both the irradiation and the subsequent temperature-sensitive annealing. The
sensor leakage current also increases linearly with the integrated radiation dose. The n-type bulk
material effectively becomes p-type after a fluence Fneq of ⌅ 2⇥1013 cm�2. The effective doping
concentration then grows with time in a temperature-dependent way. To contain this annealing
and to reduce the leakage current, the sensors will, as noted above, be operated in the temperature
range –5⇤C to –10⇤C. The sensors must further meet significant geometrical constraints on their
thickness, granularity and charge-collection efficiency.
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How do {tracking} detectors work?
(how do particles interact with matter??)

  4

Event reconstruction
Particle parameters can be calculated from the detector 
measurements and conservation laws

● Tracking detectors determine whether the particles are charged, and in 
conjunction with a magnetic field, measure the sign of the charge and 
the momentum of the particle

● Calorimeters detect neutral particles, measure the energy of particles, 
and determine whether they have electromagnetic or hadronic 
interactions 

The various elementary particles give different 
characteristic pictures or signatures in the separate 
detectors, that allows their identification

An original process can be 
reconstructed and 
parameters of primary 
Particle parameters can be 
calculated from the detector 
measurements and 
conservation laws

Different physics processes can 
produce similar picture in the 
detector.

Pictures from different events can 
overlap due to pileup.



• Relativistic Formula: Bethe (1932), others added more corrections later
• Gives “stopping power” (energy loss = dE/dx) for charged particles passing through material:

   where
A, Z: atomic mass and atomic number of absorber
z: charge of incident particle
β,γ : relativistic velocity, relativistic factor of incident particle
δ(βγ): density correction due to relativistic compression of absorber
I: ionization potential
Tmax: maximum energy loss in a single collision; 

dE/dx has units of MeV cm2/g
x is ρ s, where ρ is the material density, s is the pathlength

 

Energy loss of particles passing through matter

• The energy deposited by a particle in the detector elements must be large enough so 
that a reliable signal can be formed from it

• This can place minimum limits on the detector thickness: more thickness → more 
energy deposited → bigger signal
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Ionization Loss: minimum ionization

• Position of minimum is a function of βγ = p/Mc
• occurs around p/Mc = 3-3.5 
 ~ independent of material
• Characteristic shape of 1/β2 fall-off followed by 

relativistic rise
• Approximate value (e.g., for plastics and 

common low-Z materials): 
 dE/dx ~ 2 MeV/cm ×ρ (g/cm3)
• Typical values:

– liquids/solids: 
~ few MeV/cm

– gases:
~ few keV/cm

⇒ valid over wide range of most common 
momenta in accelerator-based 
experiments
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Most Probable Energy Loss

for a detector of thickness x. 

Δp /x compared to minimum dE/dx Distribution of Δp /x  

Note: dependence 
on x is not simple
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Multiple Scattering

• Often called Multiple Coulomb Scattering: momentum transfer 
between particle and medium diverts particles from straight path

– usually electromagnetic; hadronic interactions contribute, too

– scattering angles well-described by Molière theory:

Here θ0 is a (mostly) gaussian distribution defined as

with a width of

This process can be limit on tracking accuracy34



Energy Loss Fluctuations

• Energy loss in material can be 
significant (c.f. ATLAS or CMS 
trackers): radius of curvature 
increases along path as p falls

• Fluctuations in Energy Loss in thin/
thick samples of material:

δ-electron

thin:

thick:

- Few collisions
- some with large energy transfer
- large fluctuations in energy loss
⇒ Landau distribution
- e.g.: 300um thick Si sensor:
ΔEmp = 82 keV, <ΔE> ~ 115 keV

- Many collisions
- wide spectrum of energies
- distribution tends toward 
gaussian
- ΔEmp ≈ <ΔE>

35



Ionization Loss: full spectrum

• Full dE/dx description includes many different effects

36



{back to tracking}



Reminder: semiconductor properties
• Pure silicon: 4 valence electrons. Forms crystal, good 

insulator because four electrons in covalent bonds.

• Dope with small amount of P or As, which have 5 
valence electrons. Get N-type semiconductor.

• Dope with small amount of B or Ga, which have 3 
valence electrons. Get P-type semiconductor.

• P-N junction: get diode. Current flows one direction 
but not the other.

• Depletion zone: junction has a zone with few charge 
carriers, due to diffusion and to reverse-bias.

• Band gap: range of energy-levels between the top of 
the valance band and the bottom of the conduction 
band of a semiconductor.

38

Diamond 
cubic crystal 
structure of 
Si and Ge



Solid state detectors (pixels) - basic operational principle

• crystalline silicon band gap is 1.1 eV 

• yields 80 electron-hole pairs/µm for minimum-ionizing track

• ( 1 e-h pair per 3.6 eV of deposited energy )

• 99.9% of ejected electrons have less than 1µm path length

• fine-granularity devices can easily be made
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electrons excited (thermally or 
otherwise) into conduction band 
become mobile

P P

N

e+
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++

Use reverse biased, fully depleted semiconductor
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Solid State Detectors 
Free Electron Energy 

Unfilled Bands 

Conduction Band 

Band Gap 

Valance Band 

Conductor, Insulator, Semiconductor 
In case the conduction band is filled the crystal is a conductor. 

In case the conduction band is empty and ‘far away’ from  
the valence band, the crystal is an insulator. 

In case the conduction band is empty but the distance to the valence band is small, the crystal is 
a semiconductor. 

En
er

gy

Si Si Si Si Si

← Localization →

Conduction band

← Valence band →

Valence Band

Adapted from W. Riegler



• As mentioned, we use doped semiconductors for tracking detectors.

• The fundamental reason for this is to get a larger signal size so as to 
achieve a good signal-to-noise (S/N) ratio. “Noise” is primarily thermal 
noise from the semiconductor itself.

• The signal size is larger because the charge carrier concentration is 
higher. In a non-doped (intrinsic) semi-conductor the density of electrons 
and holes is equal and it depends on temperature:   ne = nh = ni(T).

• For low doping levels, if the density of electrons and holes is ne and nh, 

More Details on Semiconductor Detectors
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and the temperature dependence of the charge carrier concentrations is:

ne · nh = n2
i

where EC is the minimum energy of the conduction band, EV is the 
maximum energy of the valence band, and EF is the Fermi level. The 
m* are the effective masses of the electrons and holes.

ne = 2(
2⇡m⇤

ekT

h2
)3/2 · e

(EF �EC )
kT nh = 2(

2⇡m⇤
hkT

h2
)3/2 · e

(EV �EF )
kT

http://en.wikipedia.org/wiki/Fermi_level
http://en.wikipedia.org/wiki/Fermi_level
http://en.wikipedia.org/wiki/Effective_mass_%2528solid-state_physics%2529
http://en.wikipedia.org/wiki/Effective_mass_%2528solid-state_physics%2529


• The easiest thing to do is put down sensor lines, read out at end

• Charge sharing improves position resolution:

SSTDs: Silicon Microstrips

bias resistor

bias ring guard ring

• Typical pitch width: 50µm – 200µm
• one strip: width/√12
• two strips: width/4
• more than two: width/2

Adapted from Mike Hildreth



SSTDs: Silicon Microstrips

• Exquisitely complicated micro-mechanical construction

HV Kapton

Readout Chip

Pitch Adaptor

Carbon, graphite frame

Sensor

10 Adapted from Mike Hildreth
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Solid)state)detectors:))
CMS)Si)pixel)detector)

44"August"7,"2012" Andrey"Korytov"(UF)"

1 m2 of sensitive area 
66 M channels 
100x150 µm2 pixels 
Spatial resolution: 13 µm  

Pixel detectors - True 2-dimensional readout

Uses bump bonding to connect 
pixels to electronics



Classes of particle measurements:
Neutral particles (calorimetry)



Calorimeters

• Calorimeters in high energy physics are often divided into 
electromagnetic {shower} calorimeters or hadronic calorimeters

• electromagnetic calorimeters: higher energy e-, e+, γ (π0,,η, ....) 

• hadronic calorimeters: higher energy hadrons (p, n, π+, π- K+ K-, ...)

• Calorimeters measure energy. Either: 

• total particle energy (e.g., crystal calorimeters) or, more 
commonly, 

• sample a fraction of the particle energy and infer the total particle 
energy (“sampling calorimeters”).
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How do {calorimeter} detectors work?
(how do particles interact with matter??)

  4

Event reconstruction
Particle parameters can be calculated from the detector 
measurements and conservation laws

● Tracking detectors determine whether the particles are charged, and in 
conjunction with a magnetic field, measure the sign of the charge and 
the momentum of the particle

● Calorimeters detect neutral particles, measure the energy of particles, 
and determine whether they have electromagnetic or hadronic 
interactions 

The various elementary particles give different 
characteristic pictures or signatures in the separate 
detectors, that allows their identification

An original process can be 
reconstructed and 
parameters of primary 
Particle parameters can be 
calculated from the detector 
measurements and 
conservation laws

Different physics processes can 
produce similar picture in the 
detector.

Pictures from different events can 
overlap due to pileup.

Start with electromagnetic shower calorimeters: alternating between 
bremsstrahlung and pair production



Electromagnetic processes of the photon on Pb (Z=82)
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27. Passage of particles through matter 293
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Figure 27.14: Photon total cross sections as a function
of energy in carbon and lead, showing the contributions of
di!erent processes:

!p.e. = Atomic photoelectric e!ect (electron ejection,
photon absorption)

!Rayleigh = Rayleigh (coherent) scattering–atom neither
ionized nor excited

!Compton = Incoherent scattering (Compton scattering o!
an electron)

"nuc = Pair production, nuclear field
"e = Pair production, electron field

!g.d.r. = Photonuclear interactions, most notably
the Giant Dipole Resonance [48]. In these
interactions, the target nucleus is broken up.

electron (or positron), and k is the incident photon energy. The
cross section is very closely related to that for bremsstrahlung,
since the Feynman diagrams are variants of one another. The
cross section is of necessity symmetric between x and 1 ! x, as
can be seen by the solid curve in Fig. 27.15. See the review by
Motz, Olsen, & Koch for a more detailed treatment [51].

Eq. (27.29) may be integrated to find the high-energy limit for
the total e+e! pair-production cross section:

! = 7
9(A/X0NA) . (27.30)
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Figure 27.15: The normalized pair production cross
section d!LPM/dy, versus fractional electron energy
x = E/k.

Equation Eq. (27.30) is accurate to within a few percent down to
energies as low as 1 GeV, particularly for high-Z materials.

27.4.5. Bremsstrahlung and pair production at very high en-
ergies : At ultrahigh energies, Eqns. 27.26–27.30 will fail
because of quantum mechanical interference between amplitudes
from di!erent scattering centers. Since the longitudinal momen-
tum transfer to a given center is small (" k/E(E ! k), in the
case of bremsstrahlung), the interaction is spread over a compar-
atively long distance called the formation length (" E(E ! k)/k)
via the uncertainty principle. In alternate language, the for-
mation length is the distance over which the highly relativistic
electron and the photon “split apart.” The interference is usually
destructive. Calculations of the “Landau-Pomeranchuk-Migdal”
(LPM) e!ect may be made semi-classically based on the av-
erage multiple scattering, or more rigorously using a quantum
transport approach [41,42].

In amorphous media, bremsstrahlung is suppressed if the
photon energy k is less than E2/(E + ELPM) [42], where*

ELPM =
(mec2)2#X0

4$!c%
= (7.7 TeV/cm) # X0

%
. (27.31)

Since physical distances are involved, X0/%, in cm, appears. The
energy-weighted bremsstrahlung spectrum for lead, k d!LPM/dk,
is shown in Fig. 27.11. With appropriate scaling by X0/%, other
materials behave similarly.

For photons, pair production is reduced for E(k ! E) >
k ELPM . The pair-production cross sections for di!erent photon
energies are shown in Fig. 27.15.

If k $ E, several additional mechanisms can also produce
suppression. When the formation length is long, even weak
factors can perturb the interaction. For example, the emitted
photon can coherently forward scatter o! of the electrons in the
media. Because of this, for k < &pE/me % 10!4, bremsstrahlung
is suppressed by a factor (kme/&pE)2 [44]. Magnetic fields can
also suppress bremsstrahlung.

In crystalline media, the situation is more complicated, with
coherent enhancement or suppression possible. The cross section
depends on the electron and photon energies and the angles
between the particle direction and the crystalline axes [53].

* This definition di!ers from that of Ref. 52 by a factor of two.
ELPM scales as the 4th power of the mass of the incident particle,
so that ELPM = (1.4 # 1010 TeV/cm) # X0/% for a muon.
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Equation Eq. (27.30) is accurate to within a few percent down to
energies as low as 1 GeV, particularly for high-Z materials.

27.4.5. Bremsstrahlung and pair production at very high en-
ergies : At ultrahigh energies, Eqns. 27.26–27.30 will fail
because of quantum mechanical interference between amplitudes
from di!erent scattering centers. Since the longitudinal momen-
tum transfer to a given center is small (" k/E(E ! k), in the
case of bremsstrahlung), the interaction is spread over a compar-
atively long distance called the formation length (" E(E ! k)/k)
via the uncertainty principle. In alternate language, the for-
mation length is the distance over which the highly relativistic
electron and the photon “split apart.” The interference is usually
destructive. Calculations of the “Landau-Pomeranchuk-Migdal”
(LPM) e!ect may be made semi-classically based on the av-
erage multiple scattering, or more rigorously using a quantum
transport approach [41,42].

In amorphous media, bremsstrahlung is suppressed if the
photon energy k is less than E2/(E + ELPM) [42], where*

ELPM =
(mec2)2#X0
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Since physical distances are involved, X0/%, in cm, appears. The
energy-weighted bremsstrahlung spectrum for lead, k d!LPM/dk,
is shown in Fig. 27.11. With appropriate scaling by X0/%, other
materials behave similarly.

For photons, pair production is reduced for E(k ! E) >
k ELPM . The pair-production cross sections for di!erent photon
energies are shown in Fig. 27.15.

If k $ E, several additional mechanisms can also produce
suppression. When the formation length is long, even weak
factors can perturb the interaction. For example, the emitted
photon can coherently forward scatter o! of the electrons in the
media. Because of this, for k < &pE/me % 10!4, bremsstrahlung
is suppressed by a factor (kme/&pE)2 [44]. Magnetic fields can
also suppress bremsstrahlung.

In crystalline media, the situation is more complicated, with
coherent enhancement or suppression possible. The cross section
depends on the electron and photon energies and the angles
between the particle direction and the crystalline axes [53].

* This definition di!ers from that of Ref. 52 by a factor of two.
ELPM scales as the 4th power of the mass of the incident particle,
so that ELPM = (1.4 # 1010 TeV/cm) # X0/% for a muon.



• Large discrete energy loss

• Acceleration due to interaction with Coulomb field of nuclei

• Dominant energy loss mechanism for electrons and positrons:

Bremsstrahlung

Overall probability of photon emission ∝ m-4; can become important for high energy 𝜇
Electron/positron bremsstrahlung in tracking systems undesirable, dictates low-mass 
and low-Z components
49

∝ Z 2α 3

where 
k = photon energy

y = k/E
E = lepton energy



Electromagnetic showers

X0 (radiation length)

shower depth

RM = 0.0265X0(Z + 1.2) Molière radius 

X = X0
ln(E0/Ec)

ln2

X0 =
716.4 ·A

Z(Z + 1) ln 287p
Z

g · cm�2

Material X0
air 14460 cm

Pb (lead) 0.56 cm
http://pdg.lbl.gov/2010/reviews/contents_sports.html

http://pdg.lbl.gov/2010/reviews/contents_sports.html
http://pdg.lbl.gov/2010/reviews/contents_sports.html
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Fig. 1. Horizontal midplane slice through the CLAS detector.
The beam enters from the left. Forward electromagnetic calori-
meters and Cherenkov counters provide the hardware electron
trigger.

A schematic view of the CLAS is shown in Fig. 1.
Six superconducting coils generate a toroidal
magnetic "eld having azimuthal symmetry. The
coils divide CLAS into six sectors, each functioning
as an independent magnetic spectrometer. Each
sector is instrumented with multi-wire drift cham-
bers (DC), time-of-#ight scintillation counters (SC)
and for the forward region (83(!(453), a gas-
"lled threshold Cherenkov counter (CC) and an
electromagnetic calorimeter (EC). The sensitive re-
gion of each sector covers a range of polar angles
from 103 to 1503. Azimuthal coverage for CLAS is
limited only by the magnet coils, and is approxim-
ately 90% at large angles and 50% at forward
angles.

This paper describes the design, construction,
calibration and initial performance of the calori-
meter, which serves three main functions in CLAS:

! Detection and triggering of electrons at energies
above 0.5GeV. The total energy deposited in the
EC is available at the trigger level to reject min-
imum ionizing particles or to select a particular
range of scattered electron energy.

! Detection of photons at energies above 0.2GeV,
allowing !3 and " reconstruction from the
measurement of their 2# decays.

! Detection of neutrons, with discrimination be-
tween photons and neutrons using time-of-#ight
measurements.

2. Requirements

The design of the calorimeter was based on the
following criteria, the determination of which is
discussed in the following sections:

! e/# energy resolution "/E)0.1/!E (GeV);
! position resolution #r+2 cm at 1GeV;
! !/e rejection greater than 99% at E41GeV;
! fast ((100n) total energy sum for the event

trigger;
! mass resolution for two photon decays

#m/m40.15;
! neutron detection e$ciency '50% for E

!
'

0.5GeV;
! time-of-#ight resolution +1 ns.

2.1. Electron identixcation and pion rejection

The transverse and longitudinal granularity re-
quirements of the calorimeter were based on several
factors. First, the measurement of cross-sections to
an absolute accuracy of a few percent requires high
electron detection e$ciencies ('98%), and large
hadron rejection factors (+10!), independent of
energy, incident angle and impact position on the
EC. Pion rejection is provided by the threshold CC
for momenta less than 2.8GeV/c, but at higher
momenta identi"cation of pions and electrons must
be obtained by comparing the energy deposited in
the EC with the momentum determined from the
curvature of the trajectories in the magnetic "eld,
and from di!erences in the pattern of energy depos-
ition in the EC. Second, because of the large solid
angle subtended by each EC module, enough seg-
mentation to distinguish multiple hits within one
sector is needed. Finally, good particle identi"ca-
tion depends on matching EC hits with those in the
SC and CC detectors as well as with drift chamber
tracks projected onto the EC detector plane.
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The CLAS12 forward 
electromagnetic 

calorimeters
(photo December 2013)

Fig. 2. Exploded view of one of the six CLAS electromagnetic
calorimeter modules.

Fig. 3. Schematic vertical cut of EC light readout system. PMT
} photomultiplier, LG }light guide, FOBIN } "ber optic bundle
inner, FOBOU } "ber optic bundle outer, SC } scintillators, Pb
} 2.2 mm lead sheets, IP } inner plate (composite: two 1.905mm
stainless steel face sheets and 72.2mm foam core plate).

triangle, with the orientation of the strips rotated
by 1203 in each successive layer (Fig. 2). Thus
there are three orientations or views (labeled U,
V and W), each containing 13 layers, which provide
stereo information on the location of energy depos-
ition. Each view is further subdivided into an inner
(5 layers) and outer (8 layers) stack, to provide
longitudinal sampling of the shower for improved
hadron identi"cation. Each module thus requires
36 (strips)!3 (views)!2 (stacks)"216 PMTs.
Altogether there are 1296 PMTs and 8424 scintil-
lator strips in the six EC modules used in
CLAS.

Our design uses a "ber optic light readout system
to transmit the scintillator light to the PMTs.
Fig. 3 displays a schematic side view and vertical
cut of the "ber optic readout unit for a single inner
and outer stack of the calorimeter module. As de-
scribed later, these "bers were bent in a controlled
way to form semi-rigid bundles originating at the
ends of the scintillator strips and terminating at
a plastic mixing light guide adapter coupled to
a phototube. Because of the compound angles in-
volved, each "ber bundle in a given detector mod-
ule has unique dimensions.

The PMT and the light guide adapter are op-
tically coupled using optical grease, while the light
guide adapter is glued to the "ber readout bundle
with a UV curing compound. The contact between

the end of the scintillator and the "ber bundle,
however, is made mechanically without optical
coupling material at the joint. A special spring
loaded expansion assembly is used to push the end
locator, in which the "bers are glued, against the
end of the scintillator. This coupling allows #exibil-
ity in positioning the scintillators in the contain-
ment box during assembly, and also prevents
possible damage of the scintillator strips from ther-
mal expansion.

4. Electronics

4.1. Photomultiplier tubes

Photomultiplier tubes used in the calorimeter
were selected for a linear response over the full
operating range of deposited energy and count rate,
and for time and amplitude resolutions good
enough to have a negligible e!ect on the overall
resolutions for the calorimeter.
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Fig. 3 displays a schematic side view and vertical
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scribed later, these "bers were bent in a controlled
way to form semi-rigid bundles originating at the
ends of the scintillator strips and terminating at
a plastic mixing light guide adapter coupled to
a phototube. Because of the compound angles in-
volved, each "ber bundle in a given detector mod-
ule has unique dimensions.

The PMT and the light guide adapter are op-
tically coupled using optical grease, while the light
guide adapter is glued to the "ber readout bundle
with a UV curing compound. The contact between

the end of the scintillator and the "ber bundle,
however, is made mechanically without optical
coupling material at the joint. A special spring
loaded expansion assembly is used to push the end
locator, in which the "bers are glued, against the
end of the scintillator. This coupling allows #exibil-
ity in positioning the scintillators in the contain-
ment box during assembly, and also prevents
possible damage of the scintillator strips from ther-
mal expansion.

4. Electronics

4.1. Photomultiplier tubes

Photomultiplier tubes used in the calorimeter
were selected for a linear response over the full
operating range of deposited energy and count rate,
and for time and amplitude resolutions good
enough to have a negligible e!ect on the overall
resolutions for the calorimeter.
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(5 layers) and outer (8 layers) stack, to provide
longitudinal sampling of the shower for improved
hadron identi"cation. Each module thus requires
36 (strips)!3 (views)!2 (stacks)"216 PMTs.
Altogether there are 1296 PMTs and 8424 scintil-
lator strips in the six EC modules used in
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Our design uses a "ber optic light readout system
to transmit the scintillator light to the PMTs.
Fig. 3 displays a schematic side view and vertical
cut of the "ber optic readout unit for a single inner
and outer stack of the calorimeter module. As de-
scribed later, these "bers were bent in a controlled
way to form semi-rigid bundles originating at the
ends of the scintillator strips and terminating at
a plastic mixing light guide adapter coupled to
a phototube. Because of the compound angles in-
volved, each "ber bundle in a given detector mod-
ule has unique dimensions.

The PMT and the light guide adapter are op-
tically coupled using optical grease, while the light
guide adapter is glued to the "ber readout bundle
with a UV curing compound. The contact between

the end of the scintillator and the "ber bundle,
however, is made mechanically without optical
coupling material at the joint. A special spring
loaded expansion assembly is used to push the end
locator, in which the "bers are glued, against the
end of the scintillator. This coupling allows #exibil-
ity in positioning the scintillators in the contain-
ment box during assembly, and also prevents
possible damage of the scintillator strips from ther-
mal expansion.

4. Electronics

4.1. Photomultiplier tubes

Photomultiplier tubes used in the calorimeter
were selected for a linear response over the full
operating range of deposited energy and count rate,
and for time and amplitude resolutions good
enough to have a negligible e!ect on the overall
resolutions for the calorimeter.
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Fig. 1. Horizontal midplane slice through the CLAS detector.
The beam enters from the left. Forward electromagnetic calori-
meters and Cherenkov counters provide the hardware electron
trigger.

A schematic view of the CLAS is shown in Fig. 1.
Six superconducting coils generate a toroidal
magnetic "eld having azimuthal symmetry. The
coils divide CLAS into six sectors, each functioning
as an independent magnetic spectrometer. Each
sector is instrumented with multi-wire drift cham-
bers (DC), time-of-#ight scintillation counters (SC)
and for the forward region (83(!(453), a gas-
"lled threshold Cherenkov counter (CC) and an
electromagnetic calorimeter (EC). The sensitive re-
gion of each sector covers a range of polar angles
from 103 to 1503. Azimuthal coverage for CLAS is
limited only by the magnet coils, and is approxim-
ately 90% at large angles and 50% at forward
angles.

This paper describes the design, construction,
calibration and initial performance of the calori-
meter, which serves three main functions in CLAS:

! Detection and triggering of electrons at energies
above 0.5GeV. The total energy deposited in the
EC is available at the trigger level to reject min-
imum ionizing particles or to select a particular
range of scattered electron energy.

! Detection of photons at energies above 0.2GeV,
allowing !3 and " reconstruction from the
measurement of their 2# decays.

! Detection of neutrons, with discrimination be-
tween photons and neutrons using time-of-#ight
measurements.

2. Requirements

The design of the calorimeter was based on the
following criteria, the determination of which is
discussed in the following sections:

! e/# energy resolution "/E)0.1/!E (GeV);
! position resolution #r+2 cm at 1GeV;
! !/e rejection greater than 99% at E41GeV;
! fast ((100n) total energy sum for the event

trigger;
! mass resolution for two photon decays

#m/m40.15;
! neutron detection e$ciency '50% for E

!
'

0.5GeV;
! time-of-#ight resolution +1 ns.

2.1. Electron identixcation and pion rejection

The transverse and longitudinal granularity re-
quirements of the calorimeter were based on several
factors. First, the measurement of cross-sections to
an absolute accuracy of a few percent requires high
electron detection e$ciencies ('98%), and large
hadron rejection factors (+10!), independent of
energy, incident angle and impact position on the
EC. Pion rejection is provided by the threshold CC
for momenta less than 2.8GeV/c, but at higher
momenta identi"cation of pions and electrons must
be obtained by comparing the energy deposited in
the EC with the momentum determined from the
curvature of the trajectories in the magnetic "eld,
and from di!erences in the pattern of energy depos-
ition in the EC. Second, because of the large solid
angle subtended by each EC module, enough seg-
mentation to distinguish multiple hits within one
sector is needed. Finally, good particle identi"ca-
tion depends on matching EC hits with those in the
SC and CC detectors as well as with drift chamber
tracks projected onto the EC detector plane.
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and outer stack of the calorimeter module. As de-
scribed later, these "bers were bent in a controlled
way to form semi-rigid bundles originating at the
ends of the scintillator strips and terminating at
a plastic mixing light guide adapter coupled to
a phototube. Because of the compound angles in-
volved, each "ber bundle in a given detector mod-
ule has unique dimensions.

The PMT and the light guide adapter are op-
tically coupled using optical grease, while the light
guide adapter is glued to the "ber readout bundle
with a UV curing compound. The contact between

the end of the scintillator and the "ber bundle,
however, is made mechanically without optical
coupling material at the joint. A special spring
loaded expansion assembly is used to push the end
locator, in which the "bers are glued, against the
end of the scintillator. This coupling allows #exibil-
ity in positioning the scintillators in the contain-
ment box during assembly, and also prevents
possible damage of the scintillator strips from ther-
mal expansion.

4. Electronics

4.1. Photomultiplier tubes

Photomultiplier tubes used in the calorimeter
were selected for a linear response over the full
operating range of deposited energy and count rate,
and for time and amplitude resolutions good
enough to have a negligible e!ect on the overall
resolutions for the calorimeter.

242 M. Amarian et al. / Nuclear Instruments and Methods in Physics Research A 460 (2001) 239}265

Particle from interaction

Light produced in scintillators is transported through 
fiber lightguides to the PMT (light detector)

The CLAS12 forward 
electromagnetic 

calorimeters

Alternating layers of Pb metal (2.3 mm thick) 
with plastic scintillator (10 mm thick) which 

creates light in proportion to energy deposited

This is a typical sampling calorimeter



2 GeV electron
Lead glass

10 GeV electron
Lead glass

80 GeV electron
Lead glass



A	  prototype	  “pre-‐shower”	  calorimeter	  for	  the	  future	  Electron-‐Ion	  Collider	  (USA)
built	  at	  UTFSM	  over	  the	  past	  few	  months
LySO	  crystals	  
4	  radiaGon	  lengths

Crystal-‐based	  calorimeters!



Crystal Materials, 1

• Cerium-doped Silicate Yttrium Lutetium Crystal (Ce:LYSO)
• Lutetium Oxyorthosilicate (LSO)
• Naturally occurring lutetium (Lu) is composed of 1 stable 

isotope 175Lu (97.41% natural abundance) and one long-lived 
radioisotope, 176Lu with a half-life of 3.78 × 1010 years (2.59% 
natural abundance).
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Crystal Materials, 2

• LSO/LYSO is a bright (200 times PWO), fast (40 ns) and radiation 
hard crystal scintillator. The light output loss of 20 to 28 cm long 
crystals is at a level of 10% after 1 Mrad γ–ray irradiation, much 
better than all other crystal scintillators. (See talk presented at 
Calor2012, Santa Fe, by Ren-Yuan Zhu, Caltech)
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a

• test
• test
•

Crystals for HEP Calorimeters 
Crystal NaI(Tl) CsI(Tl) CsI(Na) CsI BaF2 CeF3 BGO PWO(Y) LSO(Ce) 

Density (g/cm3) 3.67 4.51 4.51 4.51 4.89 6.16 7.13 8.3 7.40 

Melting Point  (ºC) 651 621 621 621 1280 1460 1050 1123 2050 

Radiation Length (cm) 2.59 1.86 1.86 1.86 2.03 1.70 1.12 0.89 1.14 

Molière Radius (cm) 4.13 3.57 3.57 3.57 3.10 2.41 2.23 2.00 2.07 

Interaction Length (cm) 42.9 39.3 39.3 39.3 30.7 23.2 22.8 20.7 20.9 

Refractive Index a 1.85 1.79 1.95 1.95 1.50 1.62 2.15 2.20 1.82 

Hygroscopicity Yes Slight Slight Sligh
t 

No No No No No 

Luminescence b (nm) 
(at peak) 
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Experiment Crystal 
Ball 

BaBar 
BELLE 
BES III 

- KTeV 
 

(L*) 
(GEM) 
TAPS 

- L3 
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CMS 
ALICE 
PANDA 

Mu2e 
SuperB 
CMS? 

a. at peak of emission;  b. up/low row: slow/fast component;  c. QE of readout device taken out. 
June 5, 2012 Talk presented at Calor2012, Santa Fe, by Ren-Yuan Zhu, Caltech 3 
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How do {calorimeter} detectors work?
(how do particles interact with matter??)

  4

Event reconstruction
Particle parameters can be calculated from the detector 
measurements and conservation laws

● Tracking detectors determine whether the particles are charged, and in 
conjunction with a magnetic field, measure the sign of the charge and 
the momentum of the particle

● Calorimeters detect neutral particles, measure the energy of particles, 
and determine whether they have electromagnetic or hadronic 
interactions 

The various elementary particles give different 
characteristic pictures or signatures in the separate 
detectors, that allows their identification

An original process can be 
reconstructed and 
parameters of primary 
Particle parameters can be 
calculated from the detector 
measurements and 
conservation laws

Different physics processes can 
produce similar picture in the 
detector.

Pictures from different events can 
overlap due to pileup.

Next: hadronic shower calorimeters: many types of high-energy hadronic 
interactions contribute to creating a shower of hadrons



Hadronic processes

Hadronic processes at rest
• π- absorption
• K- absorption
• Neutron capture
• Anti-proton/anti-neutron annihilation
• µ- capture

Processes with moving hadrons
• Elastic scattering
• Inelastic scattering
• Nuclear fission
• Neutron and antineutron capture

and many more.....



1406 Color figures

Plots of cross sections and related quantities (p. 395)
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Figure 41.10: Summary of hadronic, !p, and !! total cross sections, and ratio of the real to imaginary parts of the forward
hadronic amplitudes. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/.
(Courtesy of the COMPAS group, IHEP, Protvino, August 2005)



12 6 Summary

Total inelastic
-610×>5ξ > 1 track

> 2 tracks
> 3 tracks
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Figure 5: The two types of CMS measurements of the inelastic pp cross section (red filled circle
and squares) compared to predictions from several Monte Carlo models for different criteria, as
labelled below the abscissa axis. The MC predictions have an uncertainty of 1 mb (not shown).
The label PYTHIA 6 (tunes D6T, Z1 LEP, AMBT1, DW-Pro, and Pro-PT0) and PYTHIA 8 (versions
8.127–8.139, Tunes 2C 8.140 Cor10a, Tune 2M 8.140 Cor10a, and Tune 4C 8.145 Cor10a) indicates
several versions that give equivalent results. Other LHC experimental results are also included
for comparison.

6 Summary
The inelastic cross section in pp collisions at

p
s = 7 TeV has been measured using two methods

that incorporate information either from central or from forward detectors of CMS. The results
for the different choices of final states considered are:

sinel(x > 5 ⇥ 10�6) = [60.2 ± 0.2 (stat.) ± 1.1 (syst.)
± 2.4 (lum.)]mb,

sinel(> 1 track) = [58.7 ± 2.0 (syst.) ± 2.4 (lum.)]mb,
sinel(> 2 tracks) = [57.2 ± 2.0 (syst.) ± 2.4 (lum.)]mb,
sinel(> 3 tracks) = [55.4 ± 2.0 (syst.) ± 2.4 (lum.)]mb,

where each track must have pT > 200 MeV/c and |h| < 2.4. The comparison of these re-
sults with the cross section expected from Monte Carlo models used in collider and cosmic-

Inelastic cross section, proton-proton collisions

Illustration of a hard proton-proton  
interaction 

Cross sections for important hard scattering  
Standard Model processes at the Tevatron and  
the LHC colliders  

4.2 Hard scattering formalism 



Hadronic showers

λI = nuclear interaction length

Material λI
air 74800 cm

Pb (lead) 17.6 cm

1.3 Formation of Cerenkov Light

Figure 1.5: Comparison between electromagnetic and hadronic shower. Shown
are the tracks of individual secondary particles as projected into the (x,z) plane,
taken from Monte Carlo simulations [17] (picture taken from [13]).

1.3.1 Atmospheric Cerenkov Light

The threshold energy for the emission of Cerenkov light depends on the mass of the particle
m0 and the refraction index n of the medium [20]:

Emin =
m0 c2

!
1 " n!2

. (1.14)

This indicates that light particles like electrons and positrons dominate Cerenkov emission
in air showers. Since the density of air changes continuously with height also the refraction
index and thereby the threshold energy as well as the emission angle depend on the altitude
in the atmosphere. With decreasing height, the density increases and also the refraction
index. Under the simplified assumption of an isothermal atmosphere one can use the
barometric formula for the density of air to express the dependence of the refraction index
on the height in the atmosphere:

n(h) = n0 e!h/h0 , n0 = 0.00029 , h0 = 7250 m . (1.15)

Using cos !C = (" n)!1 and eq. (1.15) one can calculate the emission angle !C as a function
of height (see Figure 1.6).

Particles emit Cerenkov light on a narrow cone around their trajectory with an opening
angle of 2!C. On observation level this results in a roughly circular ring with Radius R
given by

R =
h " H

tan !C
,

where H is the height of the observation level. The change of R with the emission-height
is shown in Figure 1.6.

13

http://pdg.lbl.gov/2010/reviews/contents_sports.html

→ Hadronic calorimeters are 
generally much “thicker” than 
electromagnetic calorimeters

http://pdg.lbl.gov/2010/reviews/contents_sports.html
http://pdg.lbl.gov/2010/reviews/contents_sports.html


Calorimeters in ATLAS

• Electromagnetic and hadronic calorimeters surround the tracking region

Figure 1. Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in height and
44 m in length. The overall weight of the detector is approximately 7000 tonnes.

is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|η | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |η | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |η | = 4.9.1290

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers. The
muon instrumentation includes, as a key component, trigger chambers with timing resolution of the1295

order of 1.5-4 ns. The muon spectrometer defines the overall dimensions of the ATLAS detector.
The proton-proton interaction rate at the design luminosity of 1034 cm!2s!1 is approximately

1 GHz, while the event data recording, based on technology and resource limitations, is limited to
about 200 Hz. This requires an overall rejection factor of 5"106 against minimum-bias processes
while maintaining maximum efficiency for the new physics. The Level-1 (L1) trigger system uses a1300

subset of the total detector information to make a decision on whether or not to continue processing
an event, reducing the data rate to approximately 75 kHz (limited by the bandwidth of the readout
system, which is upgradeable to 100 kHz). The subsequent two levels, collectively known as the
high-level trigger, are the Level-2 (L2) trigger and the event filter. They provide the reduction to a
final data-taking rate of approximately 200 Hz.1305

Due to budgetary constraints, some detector systems had to be staged. They will be completed
and installed as soon as technically and financially feasible. These include, in particular, a sig-

– 33 –

65



Figure 3. Cut-away view of the ATLAS calorimeter system.

1.375 < |η |< 2.5, and an inner wheel covering the region 2.5< |η | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete φ symmetry without azimuthal cracks. The1385

lead thickness in the absorber plates has been optimised as a function of η in terms of EM calorime-
ter performance in energy resolution. Over the region devoted to precision physics (|η | < 2.5), the
EM calorimeter is segmented into three longitudinal sections. For the end-cap inner wheel, the
calorimeter is segmented in two longitudinal sections and has a coarser lateral granularity than for
the rest of the acceptance.1390

In the region of |η | < 1.8, a presampler detector is used to correct for the energy lost by
electrons and photons upstream of the calorimeter. The presampler consists of an active LAr layer
of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region.

1.4.2 Hadronic calorimeters

Tile calorimeter The tile calorimeter is placed directly outside the EM calorimeter envelope.1395

Its barrel covers the region |η | < 1.0, and its two extended barrels the range 0.8 < |η | < 1.7. It is
a sampling calorimeter using steel as the absorber and scintillating tiles as the active material. The
barrel and extended barrels are divided azimuthally into 64 modules. Radially, the tile calorimeter
extends from an inner radius of 2.28 m to an outer radius of 4.25 m. It is longitudinally segmented in
three layers approximately 1.5, 4.1 and 1.8 interaction lengths thick for the barrel and 1.5, 2.6, and1400

3.3 λ for the extended barrel. The total detector thickness at the outer edge of the tile-instrumented
region is 9.7 λ at η = 0. The tiles are 3 mm thick and the total thickness of the steel plates in
one period is 14 mm. Two sides of the scintillating tiles are read out by wavelength shifting fibres
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ATLAS Calorimeters
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Figure 78. Sketch of a barrel module where the different layers are clearly visible with the ganging of
electrodes in φ . The granularity in η and φ of the cells of each of the three layers and of the trigger towers
is also shown.

axis. One half-barrel covers the region with z > 0 (0 < η < 1.475) and the other one the region
with z < 0 (!1.475 < η < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in3940

front of its inner surface, over the full η-range.
A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout electrodes.

The electrodes are positioned in the middle of the gap by honeycomb spacers. The size of the drift
gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time of about 450 ns
for an operating voltage of 2000 V. Once assembled, a half-barrel presents no discontinuity along3945

the azimuthal angle φ ; however, for ease of construction, each half-barrel has been divided into
16 modules, each covering a Δφ = 22.5". The total thickness of a module is at least 22 radiation
lengths (X0), increasing from 22 X0 to 30 X0 between |η | = 0 and |η | = 0.8 and from 24 X0 to 33 X0
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in depth, three in the precision-measurement region (0 < |η | < 2.5) and two in the higher-η region
(2.5 < |η | < 3.2) and in the overlap region between the barrel and the EMEC. In the precision-
measurement region, an accurate position measurement is obtained by finely segmenting the first
compartment in η . The η-direction of photons is determined by the position of the photon cluster3830

in the first and the second compartments. The calorimeter system also has electromagnetic cover-
age at higher η (3.1 < |η | < 4.9) provided by the FCal. Furthermore in the region (0<|η | < 1.8)
the electromagnetic calorimeters are complemented by presamplers, an instrumented argon layer,
which provides a measurement of the energy lost in front of the electromagnetic calorimeters.

For the outer hadronic calorimeter, the
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Figure 75. Cumulative amount of material, in units
of interaction length, as a function of |η |, in front of
the electromagnetic calorimeters, in the electromag-
netic calorimeters themselves, in each hadronic com-
partment, and the total amount at the end of the active
calorimetry. Also shown for completeness is the total
amount of material in front of the first active layer of
the muon spectrometer (up to |η | < 3.0).

3835

sampling medium consists of scintillator tiles
and the absorber medium is steel. The
tile calorimeter is composed of three parts,
one central barrel and two extended bar-
rels. The choice of this technology pro-3840

vides maximum radial depth for the least cost
for ATLAS. The tile calorimeter covers the
range 0 < |η | < 1.7 (central barrel and
extended barrels). The hadronic calorime-
try is extended to larger pseudorapidities by3845

the HEC, a copper/liquid-argon detector, and
the FCal, a copper-tungsten/liquid-argon de-
tector. The hadronic calorimetry thus reaches
one of its main design goals, namely coverage
over |η | < 4.9.3850

The numbers of radiation and interac-
tion lengths in front of and in the electromag-
netic and hadronic calorimeters are shown in
Figs. 74 and 75.

Section 5.1 describes the LAr cryostats and feed-throughs. Sections 5.2 and 5.3 are devoted3855

to the description of the electromagnetic and hadronic calorimetry, respectively. The instrumention
in the gaps between the cryostats is described in Section 5.4. The front-end readout electronics,
back-end electronics and services are described in Section 5.5. Finally, test-beam measurements
obtained with production modules of the different calorimeters are shown in Section 5.6.

5.1 Cryostats and associated feed-throughs3860

5.1.1 Cryostat description

As mentioned above, the liquid-argon calorimeters are located in three different cryostats. Fig-
ure 3 shows the general features and location of the barrel and end-cap cryostats in the overall
calorimeter system. Each cryostat is composed of two concentric aluminium vessels, an inner cold
vessel and an outer warm vessel. Each vessel forms a cylindrical torus centred on the beam axis3865

and the space in between the vessels is under vacuum. As described in Section 2.1.1, the cen-
tral solenoid is housed in the insulating vacuum of the barrel cryostat and supported by the inner
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Classes of particle measurements:
muons
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Ionization Loss: full spectrum

69

GeV muons primarily lose energy by ionization
→ penetrate ~all materials until stopped

TeV muons primarily radiate  4

Event reconstruction
Particle parameters can be calculated from the detector 
measurements and conservation laws

● Tracking detectors determine whether the particles are charged, and in 
conjunction with a magnetic field, measure the sign of the charge and 
the momentum of the particle

● Calorimeters detect neutral particles, measure the energy of particles, 
and determine whether they have electromagnetic or hadronic 
interactions 

The various elementary particles give different 
characteristic pictures or signatures in the separate 
detectors, that allows their identification

An original process can be 
reconstructed and 
parameters of primary 
Particle parameters can be 
calculated from the detector 
measurements and 
conservation laws

Different physics processes can 
produce similar picture in the 
detector.

Pictures from different events can 
overlap due to pileup.



The ATLAS muon system

70 Figure 4. Cut-away view of the ATLAS muon system.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers1445

around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.

1.5.1 The toroid magnets

A system of three large air-core toroids generates the magnetic field for the muon spectrometer.
The two end-cap toroids are inserted in the barrel toroid at each end and line up with the central1450

solenoid. Each of the three toroids consists of eight coils assembled radially and symmetrically
around the beam axis. The end-cap toroid coil system is rotated by 22.5! with respect to the barrel
toroid coil system in order to provide radial overlap and to optimise the bending power at the
interface between the two coil systems.

The barrel toroid coils are housed in eight individual cryostats, with the linking elements1455

between them providing the overall mechanical stability. Each end-cap toroid consists of eight
racetrack-like coils in an aluminium alloy housing. Each coil has two double-pancake type wind-
ings. They are cold-linked and assembled as a single cold mass, housed in one large cryostat.
Therefore the internal forces in the end-cap toroids are taken by the cold supporting structure be-
tween the coils, a different design solution than in the barrel toroid.1460

The performance in terms of bending power is characterised by the field integral
!

Bdl, where B
is the field component normal to the muon direction and the integral is computed along an infinite-
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Muons penetrate through calorimeters; precision measurement of trajectories, requires ultra-
precise dynamic alignment system. Eight toroidal coils provide field for momentum analysis.
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Classes of particle measurements:
neutrinos



Neutrinos

• To directly measure neutrinos, you need a LOT of MASS (or 
a LOT of TIME)

• cross sections are small

• It also helps to make the neutrinos with an accelerator....

72

MINERVA experiment at Fermilab 3

FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄
e

e� !
⌫̄
e

e� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak
at 1016 eV is due to the W� resonance, which we will discuss in greater detail in Section VII.
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FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p

⌫

and an electron at rest
with 4-momentum p

e

. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq2

dy
= 2m

e

E
⌫

. (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

⌫̄ee
� ! ⌫̄ee
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