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Abstract

While the last missing components of the SM puzzle seem to be successfully found, particle physi-

cists remain hungry for what might be there, beyond the cosy boundaries of the well studies el-

ementary particle world. However, the sophisticated technique of data analysis and acute Monte

Carlo simulations remain fruitless. It appears that the successful intrusion into the realm, in which

we were not welcome so far, may require a very different implication of effort. All those results

might suggest, though banal, that we need an improvement on the hardware side. Indeed, the

hadronic calorimeter of CMS is no competitor to its other state-of-art components. This obstacle

in many cases significantly complicates the flow of the physics analysis. Besides, the era of high

luminosity LHC operation in the offing is calling for the same. After exploration of the analysis

debri with 8 TeV collision data, we investigate various approaches for better calorimetry for the

CMS detector.
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and 91.2 GeV, respectively) and account for the short range of the weak interaction. Both leptons

and quarks interact by means of weak forces, in other words, all fermions possess a quantum

number, related to the weak interaction – the weak isospin. Since weak interaction admits not

only neutral current (Z0 exchange), but also charged currents (W± exchange), they hence admit

the change of fermion flavors1.

The strong interaction is caused by the exchange of electrically neutral massless gluons. Quarks

are the only fermions which carry a threefold color charge (anti-quarks carry corresponding anti-

color charges) and hence participate in the strong interaction. Due to phenomenon of color con-

finement quarks do not exist as free particles but rather are bound into color singlet combinations,

hadrons. There are two options for forming a color singlet state: three quarks (or antiquarks) with

different color charges form a baryon or quark-antiquark pair with color-anticolor charges makes

up a meson.

Because of a threefold nature of a color charge there exist 9 possible combinations of color

charge-anticharge pairs for the interaction carriers, but there is one linear combination of those

which is color-symmetric and hence the number of interaction carriers is reduced to eight gluons2.

Since gluons themselves possess color charge not only they mediate the interaction, but, unlike

photons, can also be its source: gluons can be emitted and absorbed by other gluons.

If one attempts to build a consistent gauge field theory which includes exclusively the above

mentioned fields, the only way to succeed is to put up with the fact that all gauge bosons in the

model are massless particles: the addition of add hoc mass terms into the Lagrangian would spoil

the gauge invariance and make theory non-renormalizable. While there is nothing wrong with

massless interaction carriers for electromagnetic and strong forces, one cannot go along with it in

case of weak interaction. The generally acknowledged method to cure this problem is to introduce

a scalar field that permeates all space and whose vacuum state does not share the symmetry of

the Lagrangian, leading to spontaneous symmetry breaking. It is this phenomenon that is not only

responsible for the non-zero masses of W± and Z0 bosons, but also gives rise to the massive scalar

Higgs boson(s). Once introduced into the model, Higgs field can interact with the fermionic fields

1Strictly speaking, SM allows for the flavor-changing neutral currents (FCNCs) too, but only beyond the tree-level,
and such processess are strongly suppressed by the GIM mechanism.

2Such symmetric combination is a color singlet. Hadrons, formed by quarks, are color singlets too and can only
interact with other color singlets. So, if color singlet gluons existed, there have to be a long-range strong interaction
by means of such gluons, but as we know, strong interactions are short-range.
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and thereby generate fermion masses1.

This mass generation mechanism is justified by the experiment: while electromagnetic and

weak interactions are revealed very differently on an everyday energy scale, once the energy ex-

ceeds the ”unification energy” which is of the order of 100 GeV, they appear to be a single unified

electroweak interaction with four gauge bosons: W±, W0 of weak isospin and B0 of weak hyper-

charge. The spontaneous symmetry breaking results in amalgamation of the W0 and B0 bosons

into Z0 boson, and photon γ:


 γ

Z0


 =


 cos θW sin θW

− sin θW cos θW




B0

W 0


 ,

where θW is the Weinberg angle. From this mixing between W0 and B0 it follows, that the mass of

a neutral boson Z0 differs from that of W±: mZ = mW

cos θW
.

The Standard Model is so far the most precisely tested theory in history. Such discoveries

of great importance as neutral currents (1973, Gargamelle experiment at CERN), bottom quark

(1977, E288 experiment at Fermilab), observation of W± and Z0 bosons (1983, UA1 and UA2 ex-

periments at CERN) and measurement of their masses, top quark (1995, CDF and DØ experiments

at Fermilab), tau neutrino (2000, DONUT experiment at Fermilab) with the observation of a Higgs

boson in 2012 as the grand finale are all falling into the list of SM predictions.

And yet the Standard Model cannot pretend to be a complete theory of fundamental inter-

actions. To begin with it fails to incorporate gravity. It does not provide an explanation for

matter-antimatter imbalance in the Universe - a so called baryon asymmetry problem. There is

no satisfactory dark matter candidate in the model to account for the non-baryonic matter. It does

not accomodate the phenomenon of the accelerating expansion of the Universe. There is no mech-

anism to generate neutrino masses. Aside from the questions beyond the scope of the Standard

Model it also suffers from the internal problems. It contains 19 external parameters which cannot

be calculated. Those are usually taken to be 9 fermionic masses, 3 coupling constants, 4 param-

eters of the quark mixing matrix, masses of Z and H and a phase allowing for the violation of a

combined charge-conjugation and parity-inversion symmetry in strong interactions. Not only we

1Fields of matter are Yukawa-coupled to the Higgs field; once the spontaneous symmetry breaking occurs, each
Yukawa term is split in two parts – the true interaction term and the fermion field mass term.
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don’t understand what dictates the values of those parameters, but the span of parameters over 32

orders of magnitude gives rise to hierarchy problem and inconsistency with aesthetical naturalness

principle. This broad list of drawbacks of the existing working model persistently intensifies the

déjà vu of the “Nineteenth Century clouds” of Lord Kelvin encouraging the search for possible

extensions and generalizations of the Standard Model.

1.2 Beyond the SM

1.2.1 Grand Unified Theories (GUT)

After the successul unification of weak and electromagnetic interactions, the possibility of further

unification with strong interaction was a very natural assumption.

According to the Grand Unified Theories based on that idea, strong, weak and electromagnetic

interactions are merged into a single fundamental interaction above a certain energy scale of the

order of ∼ 1015 GeV1. At the energies above that threshold the gauge couplings αS , αW , αem

become equal to a unique gauge coupling αGUT . Ultra-massive quanta of the field of this universal

interaction, X , set the scale of GUT, MX : above that scale this gauge symmetry is unbroken, while

below it undergoes spontaneous breaking and gauge couplings evolve independently.

Precise values of the GUT scale vary from theory to theory, but one thing remains unshakable:

the energies corresponding to the Grand Unification are not only outside the reach of the accelera-

tors for any foreseeable future, but are also unheard of as it comes to the cosmic rays – the ultimate

source of highest energy particles. However, the processes governed by the unified interaction

should exhibit themselves at the whole range of energies. Even though this gauge symmetry is

strongly broken at the accessable energy range, it should mix quark and leptons by means of their

interactions with gauge bosons of the GUT field. As a consequence the transitions between quarks

and leptons would be possible and imply non-conservation of baryon and lepton numbers.

The important signature of GUT is the decay of the proton. The predictions for lifetime of

protons depend on the model with typical values of the order of 1030 years. Hence an experiment

1However, it is worth mentioning that this number comes from the extrapolation of running gauge couplings to the
point of their unification which is many orders of magnitude away from the energy scale currently studied. Therefore
such estimates of GUT scale strongly rely on an assumption that new unknown processes do not come into play, as
this would affect the evolution of the gauge coupling and hence the GUT scale as well.
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in search of such events should be sensitive to single acts of such decays within the hundred of

tons of monitored material.

The Grand Unification is attractive not only due to the elegance of underlaying concept, but also

due to impressive results in predicting some values the SM fails to predict. For instance, the sim-

plest GUT based on SU(5) symmetry follows the value of cos2 θW , parameter of the electroweak

theory, which cannot be derived from the SM and is determined from experimental data. The same

unification model also predicts the values of electrical charges of quarks and the difference in the

electric charge among the leptons of the same generation.

But GUT did not evade their intrinsic problems. The presence of two mass scales, MW and

MX , separated by many orders of magnitude gives rise to the hierarchy problem. The mass of

the Higgs boson corresponding to electroweak symmetry breaking should be on the mass scale

MX for the cancellation of diagrams in perturbation theory to happen at sufficiently low energy to

satisfy unitarity. In its turn, the Higgs particle of symmetry breaking at GUT scale is responsible

for giving the mass MX to the bosons of GUT and hence should posess the mass of the order of

MX . To achieve such hierarchy of vacuum expectation values, the parameters of a scalar potential

would have to be fine-tunned with a breathtaking accuracy in each and every order of perturbation

theory, which seems unplausible.

1.2.2 Supersymmetry (SUSY)

Hierarchy problem can be elegantly solved if the corrections coming from boson and fermion loop

diagrams cancel out. This is possible in case if bosons and fermions have identical couplings to

the Higgs boson and implies a boson-fermion symmetry – supersymmetry, which is broken on the

habitual everyday energy scale.

In its simplest form SUSY requires doubling the number of particles of the SM: each SM

particles acquires a superpartner: a particle with the same electric, weak and strong charges, but

with the spin differing by half a unit.

All supersymmetric particles are denoted by the tilde. Superpartners of SM fermions are named

by prefixing the names of particles with s: squarks q̃, sleptons l̃ (selectrons ẽ, etc.), sneutrinos ν̃.

The names of SM bosons end with ”-ino”: wino W̃±, W̃ 0, bino B̃, higgsino H̃ . After electroweak

6



symmetry breaking, wino, zino and photino are not the mass eigenstates. Neutral gauginos mix

with neutral higgsinos to form four neutralinos χ̃0
i . Charged winos mix with charged higgsinos

to form two charginos χ̃±
i . The common convention is that the mass of charginos and neutralinos

increases with the index. At the same time three of eight degrees of freedom of the Higgs field

become longitudinal modes of W± and Z0 bosons, and the other five form Higgs scalars h0, H0, A0

and H±.

However, SUSY by construction does not require baryon and lepton number conservation. To

impose such property, the SUSY model has to obey the conservation of R-parity, which can be

defined as follows:

PR = (−1)3(B−L)+2s ,

where B and L represent baryon and lepton numbers, respectively, and s is the spin. Therefore all

SM particles and all Higgs bosons have even R-parity, while sparticles have odd. Not only R-parity

eliminates baryon and lepton number violation, but it also ensures that all the interaction vertices

involves an even number of sparticles. In particular, the sparticles are pair-produced in collisions

of particles and all non-stable sparticles decay into an odd number of sparticles. As the lightest

supersymmetric particle (LSP) cannot decay into SM particles in accord with this requirement, it

should be stable. If this particle is electrically neutral, it also makes a candidate for dark matter.
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Chapter 2

Input of the HEP Studies – What Do We

See?

Armed with the theoretical description of the elementary particle zoo, one now has to apply this

knowledge to the observables, provided by the experiment. Unfortunately some properties of parti-

cles cannot be measured directly, others strongly rely on our knowlendge of their other properties.

Hence for the species of particle to be determined, the simultaneous presence of several various

detectors in the setup is required. Even the members of the same four-momentum vector, energy

and three-momentum of the particle, require two fundamentally different ways of measuring.

While precise determination of the energy implies that the particle is completely stopped by the

material of the detector and the energy discharged is collected, momentum measuring is conducted

based on the curvature of the charged particle’s trajectory in the magnetic field and hence benefits

from the minimal impact on the particle. From this point of view all detectors can be characterized

as performing destructive or (almost) non-destructive measurements.

The first challenge is thus the decision about the combination and order of the detectors in
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which they would provide the most information and as far as possible wouldn’t harm all the other

ongoing measurements.

The direct detection is only possible for (electrically) charged particles and is based on ion-

ization or excitation of the atoms of the detector material by the passage of charged particles or

the radiation those particles emit under certain circumstances. The neutrals are registered only

mediately, based on their interactions, which give rise to charged particles.

The main components of a general purpose hermetic detector are covered below.

2.1 Biometrics of Individual Particles

The information from different particle detectors does not come in terms of properties of particles

and global characteristics of an event. In its raw form it is a collection of signals from many of

the readout channels of the detectors of different nature. A many-stage reconstruction process is

required to aggregate it into high-level compound objects. Let’s follow the same logic and start by

considering the systems which allow to reconstruct the basic characteristics of individual particles.

2.1.1 Trackers: Charge and Momentum

Measurements of particles’ charge and momentum are based on the Lorentz force which in the

presence of constant magnetic field compels electrically charged particles to deflect from straight

lines and follow helical trajectories. The direction of the trajectory curving then suggests the sign

of electical charge the outgoing particle possesses and the momentum measurement comes from

the curvature of track, which has to be reconstructed. In general case the helical trajectory is de-

fined by five parameters; they are to be defined from the spartial coordinates of those channels

along the particle trajectory which happened to detect its interaction with the material of the de-

tector. Since many particles are traversing the volume of the detector at the same time, the hits

that neighbouring tracks leave behind should be associated with the proper tracks for the cor-

rect reconstuction, and increasing the number of channels would simplify such pattern-recognition

problem. There is however a trade-off. As it was mentioned above, momentum measurements re-

quire minimal impact on the particle’s properties, and therefore independently on what particular

kind of detector technology is used for the tracker, whether it is wire chamber of some kind or a
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semiconductor-based sensor, the amount of the material in the tracker should be minimized. The

main source of energy loss by electrons and positrons in matter is Bremsstrahlung: as a result of

a Coulomb interaction with the electric fields of the atomic nuclei, electrons and positrons emit

photons. Depending on the energy and direction of the emitted photon, the radiating particle itself

undergoes more or less substantials deviation from the initial trajectory – multiple scattering. This

process hence contributes a constant term (A) into a fractional transverse momentum resolution of

a tracking system. The second term is proportional to the momentum of the particle and comes

from the finite resolution of the track curvature (C). For the particles with very high momentum

their trajectories will appear in the tracking system as straight lines, which cannot be used to deter-

mine the curvature and hence the momentum. The overall fractional resolution for the transverse

momentum hence can be expressed as:

σpT

pT

= A ⊕ C · pT .

2.1.2 Calorimeters

As it was mentioned above, measurement of energy is a destructive measurement, which results in

stopping the particle in the material of a detector – calorimeter. For this reason the measurement of

the energy is conducted after the measurement of the momentum is done, i. e. the calorimeters are

positioned behind the tracking system. The characteristic scale for the electromagnetic interaction

is set by the radiation length, X0, which defines how far on average an electron, positron or photon

travel through the given material before going through the interaction process. The interaction of

hadrons with matter at the same time is characterized by the nuclear interaction length, λI .

Electromagnetic Calorimeters

If the tracker presents less that one radiation length of the material to the outgoing particles, then

the first acts of Bremsstrahlung and pair production, which are the dominant processes of electron,

positron and photon interaction with matter at high energies, will occur in the electromagnetic

calorimeter, then those processes will repeat with all the particles in the cascade, which still have

sufficient energy for the multiplication. In a simplified model of such electromagnetic cascade,
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when the energy is split in half between the daughter particles in a multiplication process, the

number of particles will basically double after every radiation length of the material. Once the

energy of individual particles drops below the multiplocation process threshold, the number of

particles in the cascade starts to go down, as now particles loose energy by other means and are

shortly fully stopped in the material. The depth of the material required to stop a particle is then

a logarithmic function of the energy of a particle. Therefore, an electromagnetic calorimeter with

the depth of 15-30 X0 should be sufficient for most of the applications. The transverse dimensions

of electromagnetic shower are given by the Molière radius, which is commonly defined as a radius

of a cylinder in which 90% of the electromagnetic shower is deposited and is expressed as:

RM = 0.0265 X0 · (Z + 1.2).

While all electrically charged particles interact electromagnetically and hence can loose energy

through the same radiative processes as electrons and positrons, those radiative losses are negligible

for heavier particles, as the radiation length scales like a squared mass of the incident particle.

Therefore, already for a muon, which is roughly 200 times heavier than an electron, a single

act of Bremsstrahlung would require on average traversing the depth of the material which is

∼40000 thicker than what is required for an electron. Therefore it does not make any sense to even

attempt stopping muons in the electromagnetic calorimeter. Hadrons, which are also sufficiently

heavier than electrons, also barely interact within the electromagnetic calorimeter by means of the

described above mechanisms.

The formation of the electromagnetic cascade is a random process, and the number of particles

in the cascade will fluctuate as the square root of the number of particles. This gives rise to a

stochastic term (S) in a fractional energy resolution, which is inversely proportional to the square

root of the energy. Other contributions to the fractional energy resolution come from the electronics

noise (N) of the channels contributing to the energy calculation (inversely proportional to energy)

and from the systematic, or constant, term (C), which reflects the intrinsic non-uniformities of

the detector and any inaccuracy in intercalibration of the channels. The overall fractional energy

resolution can then be expressed as:
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σE

E
=

S√
E

⊕ N

E
⊕ C.

Electromagnetic calorimeters can be either completely made of a sensitive material, such as

heavy scintillating crystals or Cherenkov radiators (homogeneous calorimeter), or out of layers of

heavy material – absorber – interleaved with layers of sensitive material, such as plastic scintillators

(sampling calorimeters).

For heavy materials the approximations for radiation and nuclear interaction lengths are:

X0 ρ = 120
g

cm2
Z− 2

3 ,

λI ρ = 37.8
g

cm2
A0.312.

For many of the heavy crystals used as active materials the X0 has values of the order of 1 cm,

while the nuclear interaction length, λI , is signifficantly larger (compare for example 0.89 cm and

20.3 cm for PbWO4, 1.12 cm and 22.3 cm for BGO crystals)1. In case if the depth of the material

will not exceed one nuclear interaction length, the hadrons impinging through the electromagnetic

calorimeter will not loose much energy there, while electrons, positrons and photons will be fully

stopped. Hence the name ”electromagnetic”. The electrons and positrons can then be identified

by the energy deposits they produce in the electromagnetic calorimeter with the charged track in

the tracking system pointing to those energy clusters. Photons, as they do not possess electrical

charge, do not produce signals in the tracking system and are identified as solitary energy clusters

in the electromagnetic calorimeter.

Hadronic Showers and Calorimeters

Hadrons, although start loosing energy in electromagnetic calorimeters2, and can produce some

signal there, deposit most of their energy in the hadronic calorimeter that follows.

At first glance development of a hadronic and electromagnetic showers may seem very much

alike. Indeed, in both cases particles, produces by the governing interaction, can further loose

1In general case this is however not true. For example for the concrete used for shielding this difference is barely
a factor four: X0 = 11.55 cm, λI = 42.39 cm.

2As it follows from the numbers and formulas above, electromagnetic calorimeters normally present about one
nuclear interaction length of material for projectiles.
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energy by ionization losses or in the new acts of multiplication processes. Hence, the number of

particles in the cascade keeps on growing for several interaction lengths. Later on, as the energy

of individual particles in the cascade drops below critical energy, the absorbtion of particles in the

material leads to decreasing the particle multiplicity. But the very nature of strong interactions

results in tremendous complexity of hadronic showers compared to electromagnetic ones.

First of all, while strong interaction processes have no analog in the development of the elec-

tromagnetic shower, hadronic showers do contain electromagnetic showers developed by decaying

π0 and η.

Besides while in electromagnetic cascades all energy deposited in the calorimeter is eventually

used to ionize the absorbing material and hence can be measured, hadronic showers deposit a

significant fraction of its energy in a fundamentally undetectable form, and its fraction fluctuates

in a very wide range from event to event.

As this phenomenon has important consequences for hadron calorimetry, let’s discuss it in

more detail.

As a hadron projectile traverses the detector medium, it encounters the atomic nucleus and

initiates a spallation process. The incoming particle undergoes a series of collisions with nucleons

inside of the nucleus. In its turn those nucleons collide with the others. In the acts of collisions

pions and other hadrons are produced. Hence the intra-nuclear cascade of fast nucleons devel-

ops; some of those showering particles escape the atom and contribute into the visible part of

the hadronic shower, while others get caught inside of the nuclear boundary and loose the excess

energy by distributing it among other nucleons. The nucleus which ends up in an excited state

undergoes a slow de-excitation process by means of ”evaporation” of several nucleons. The re-

maining excitation energy, which is less than binding energy of a single nucleon, is dumped in

form of γ radiation.

The binding energy of the nucleons, released in this process, cannot be measured. The second

source for undetectable energy is introduced by the leptonic decay of π and K mesons, when the

energy is carried away by the neutrinos and muons.

Those two mechanisms contribute to the so-called invisible energy. On average it accounts for

30-40% of the non-electromagnetic energy of the shower. One of the immediate consequences

for calorimeters is that the calorimeter response to hadrons (h) is lower than that for the photons
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and electrons (e). The invisible energy fluctuates in a wide range, depending on the underlying

processes in the hadronic shower development. As a result, the energy resolution of the hadronic

calorimeters is sufficiently, roughly an order of magnitude, worse than that of the electromagnetic

ones.

The calorimeters with h
e

< 1 are referred to as non-compensating. As non-compensation causes

many undesired effects, there have been many attempts to overcome this problem. One of the

approaches is a controlled degrading of the electomagnetic response by using the low Z cladding

of the absorber layers, which results in stopping a fraction of low energy γ’s. Another approach

was based on selective increase of the energy deposits from the hadronic showers by introducing

depleted uranium (238U) as an absorber: nuclear fission would contribute extra energy to the non-

electromagnetic part of the shower, primarily as soft neutrons and nuclear γ’s[1]. However a more

elegant approach suggests the use readout by two systems with signifficantly different e
h

[2]. So

far this approach was exploited in full only by the DREAM collaboration[3].

2.1.3 Muon Detectors

As it was described above, muons do not loose much energy in the calorimeters. They do not

interact strongly, as for the electromagnetic interactions, the radiation length for the muons is

somewhat 40000 larger than that for electrons. With the typical materials used for the calorimeters

it would then require hundreds of meters of detector depth. Muons pass through the entire traking

and calorimetric systems experiencing only minimum ionizing energy losses which add-up to about

2 GeV in total. Therefore the main goal of the muon system is to register the particle escaping from

the calorimeters and, as far as possible, contribute into the tracking hence improving the resolution

of the central tracking system.

2.2 Collective Information

Although individually reconstructed particles provide a lot of information about the event, some

compound objects also deserve apt attention. Below there is a description of a few of them of

special importance.
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One or several of the detector subsystems described above are used in construction of those

objects.

2.2.1 Vertexing – Back to the Origin

In high energy experiments one of the most important characteristics of the particles’ interaction is

the position of the interaction point (IP), or primary vertex. Even for fixed target experiments the

IP position is not constant and varies from event to event with transverse position within the beam

spot of a high energy beam on the target and longitudinal position depending on the material of the

target and the energy of the incident beam. In a colliding beam experiment the position of the IP

is delimited by the region of beam crossing1.

Not only precise determination of the IP simplifies reconstructing the trajectories of the out-

coming particles, but also it is important for other reasons. First of all, in high luminosity machines

several interactions can take place during a single bunch crossing, and if in case of Tevatron ex-

periments it was a few, ATLAS and CMS detector at the LHC witness a couple of dozens and

more. It is therefore very important to segregate particles originating from different interactions;

and it is the easiest to do so by tracking them back to the origin. One more good motivation is the

potential for heavy flavor identification. As for B-mesons cτB < 500 µm, a decay of its b-quark

will typically happen only few millimeters away from the IP. This would produce a secondary ver-

tex. The detector for IP measurements should therefore possess appreciable spatial resolution, but

nonetheless cannot be placed so close to the beam.

Typical vertex detector is made of several layers of silicon pixel sensors, providing several 3D-

measurements for impinging particles. At the same time, as those sensors are thin enough, they do

not introduce too much of the material on the way of particles and do not corrupt the momentum

measurement by tracking systems. Once extrapolated into the interaction region, the hits left in the

vertex detector by two of more particles provide measurements of primary and secondary vertices

with the required precision.

1The size of the beam crossing region in turn depends not only on the size of the bunches, but also on the conditions
of their crossing, such as the use of crab cavities for bunch rotation.
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2.2.2 Undetectables

Neutrinos are electrically neutral and weakly interacting. They can be exclusively detected by ded-

icated experiments operating with large volumes of material and patiently awaiting for extremely

rare events of neutrino interaction with matter. But at general purpose detectors they escape de-

tection by all of the subsystems. However some information about neutrinos (and other weakly

interacting non-SM particles, if those happen to be produced in the event) is retained in the form of

a transverse energy imbalance,
−→
��E T . It is basically the negative of the vector sum of the transverse

momenta of all the particles in the detector. However, more sophisticated calculation schemes can

be employed to improve the resolution.

2.2.3 Jets

Jets reveal the strongly interacting partonic origin of the final state particles and hence grant an

insight into short distance dynamics. Jets are clusters of particles produced in the hadronization of

the initial partons – quarks and gluons – and moving in the similar direction.

The longitudial momentum of a jet is defined by the initial parton, while transverse momenta

of the final state hadrons is mainly due to the soft processes and thus remains small, which leads to

collimated structure of the jets. While there is a certain flexibility in the definition of jet, it still has

to be treated with caution. To begin with, the partons which give rise to the jets are color-charged,

while the final state particles are not. Hence there can be no unique association between the former

and the latter. If one wishes to employ the apparatus of perturbative QCD for calculation of jet-

related quantites, such as cross sections, then definitions of the jets should be insensitive to the

effects of soft particles emission and collinear splittings. In addition, the definition and treatment

of jets depends on the type of colliding particles.

Electron-positron and hadron-hadron collisions

The global event structure is quite different in case of electron-positron and hadron-hadron colli-

sions. Since the whole initial state in case of electron-positron collision is purely electromagnetic,

all particles of the final state can be associated with the hard scattering process.

This is not the case for hadron-hadron collision where only one parton from each incident
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Anti-kT algorithm uses the distance measure

dij = min

(
1

k2
⊥i

,
1

k2
⊥j

)
(yi − yj)

2 + (φi − φj)
2

R2
,

which favors clustering of hard particles and is IRC safe[15]. The resulting jets are circular, which

simplifies many detector-based and pileup corrections. Anti-k⊥ hence became a standard for the

LHC experiments.
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Chapter 3

The LHC experimental facility

3.1 The accelerator complex

Remanent magnetic fields in the bending magnets do not allow to ramp an accelerator up from

arbitrarily small field level. Therefore the acceleration to significantly high energies proceeds in

stages by means of a chain of accelerators which gradually increase the particle energy.

Before being fed into the LHC, protons should undergo a sophisticated treatment in the in-

jection chain: protons are extracted from hydrogen atoms and then preaccelerated in the chain

of accelerators: Linear accelerator (Linac-2) – Proton Synchrotron Booster (PSB) – Proton Syn-

chrotron (PS) – Super Proton Synchrotron (SPS) – each of which gradually increases their energy.

For heavy ion beams the injection chain starts at a dedicated linear accelerator – Linac-3, which

provides it with energy 3.2 MeV/nucleon. The ions are then directed into the Low Energy Ion

Ring (LEIR), where they are accelerated to 72.2 MeV/nucleon before reaching the PS. The CERN

accelerator complex also includes various beam lines for fixed target physics and the Antiproton

Decelerator (AD). The latter accumulated antiprotons, which arise from colliding of the PS proton
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beam with the block of metal. Antiprotons are then decelerated and used for the studies of anti-

matter. The structure of the CERN accelerator complex is shown on the Fig. 3.1. The size of the

synchrotrons is not drawn to scale. This section contains the broader description of the accelerators

and beam lines involved in the LHC proton beam generation.

3.1.1 Proton Source – Duoplasmatron

Particle source is an inherent part of any accelerator complex and its importance should not be

underestimated – in many cases the availability of the source dictates the acceleration scheme.

The proton source of the CERN accelerator complex is shown in Fig. 3.2. It is the tank of

hydrogen gas that gives rise to the protons to collide in the LHC[19]. The gas is fed into a plasma

chamber of a duoplasmatron[20]. There a thermionic cathode emits electrons which are accelerated

toward an intermediate electrode. On their way they bombard the molecules of gas forming plasma.

The plasma chamber is surrounded by a magnetic coil which produces a field parrallel to the

direction of plasma flow. This increases the path of electrons in the chamber by forcing them to

follow helical trajectories. The plasma chamber is constricted towards the anode which increases

the anode plasma density. The plasma is then extracted into an expansion cup through a small

aperture and used for proton segregation. Protons which leave the duoplasmatron source have an

energy of 90 keV. The beam current at this point is up to 300 mA.

3.1.2 Radio-Frequency Quadrupole

After leaving the duoplasmatron, protons are directed into the radio-frequency quadrupole (RFQ)

via short (about 1 m long) low energy beam transport. The RFQ was completely designed and

built at CERN and was installed in 1992-93 in the preparation for the LHC era replacing the

750 kV Cockcroft-Walton pre-injector. The RFQ consists of a cavity loaded with two pairs of

opposing undulating vane electrodes with a radio frequency voltage of opposite polarity applied

(see Fig. 3.3). The resulting electric field in the transverse plane focuses the beam in one direction

and defocuses in the other. As the polarity of the electrodes changes, the beam is focused in

the other diraction. The RFQ hence provides alternating-gradient focusing. As particles proceed

through the cavity, the undulations on the electrodes gradually get longer which gives rise to the
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5.8 Results

The expected signal yields and efficiencies are derived by applying the full event selection to the

Monte Carlo simulated samples and are shown in Figure 5.4. The MC-based background estima-

tions are used to derive results for this analysis, for now the expected limits prior to unblinding.

The systematic uncertainties for the top/EWK backgrounds are mostly symmetric, and are com-

bined in quadrature for simplicity. The tt, W and single top predictions are combined into a single

entry. For the QCD background MC integration is performed to properly combine the sometimes

strongly asymmetric uncertainties. Table 5.1 summarizes the central values and uncertainties as-

summed per background for all search regions.

Search Region
BDT tt + W + t Z → νν ttZ QCD

P

Training Point (Notation)
T2bW:

M(t̃) =550, 575 GeV/c2

M(χ̃0) = 175, 200 GeV/c2 5.83 ± 1.86 1.81 ± 0.83 0.59 ± 0.19 2.71 ± 1.08 10.93 ± 2.31
χ =0.25 (LX)
M(t̃) =350, 375 GeV/c2

M(χ̃0) = 75, 100 GeV/c2 25.05 ± 5.82 4.32 ± 1.80 2.46 ± 0.78 0.36 ± 0.19 32.20 ± 6.15
χ =0.75 (LM)
M(t̃) =550, 575 GeV/c2

M(χ̃0) = 125, 150 GeV/c2 2.46 ± 0.84 1.61 ± 0.75 0.83 ± 0.29 0.15 ± 0.13 5.05 ± 1.17
χ =0.50 (MXHM)
M(t̃) =400, 425 GeV/c2

M(χ̃0) = 25, 50 GeV/c2 7.60 ± 1.89 1.66 ± 0.55 1.72 ± 0.57 0.025 ± 0.011 11.00 ± 2.05
χ =0.75 (HXHM)
M(t̃) =550, 575 GeV/c2

M(χ̃0) = 25, 50 GeV/c2 1.14 ± 0.47 1.18 ± 0.55 0.62 ± 0.21 0.024 ± 0.010 2.96 ± 0.75
χ = 0.75 (VHM)

T2tt:
M(t̃) =300 GeV/c2

M(χ̃0) = 25 GeV/c2 (LM) 18.84 ± 2.99 0.64 ± 0.22 1.34 ± 0.44 0.92 ± 0.58 21.73 ± 3.08

M(t̃) =425 GeV/c2

M(χ̃0) =75 GeV/c2 (MM) 7.33 ± 1.62 2.19 ± 0.68 2.66 ± 0.94 0.17 ± 0.07 12.35 ± 2.00

M(t̃) =550 GeV/c2

M(χ̃0) = 25 GeV/c2 (HM) 2.55 ± 0.88 1.86 ± 0.82 1.62 ± 0.58 0.042 ± 0.021 6.07 ± 1.33

M(t̃) = 675 GeV/c2

M(χ̃0) =250 GeV/c2 (VHM) 0.75 ± 0.44 0.56 ± 0.30 0.99 ± 0.42 0.011 ± 0.005 2.31 ± 0.67

TABLE 5.1: Background yields and systematic uncertainties in all search regions as used for the
limits calculations.

The modified-frequentist CLs method[42] with one-sided profile likelihood ratio test statistics

is used to test signal models: for each pair of masses {mLSP , mt̃} the value of the cross section of

the model which results in CLs = 0.05 is computed. The limits are shown in Figure 5.5. One of the

search regions is selected at each mass point based on the best expected upper limit performance.
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The search regions chosen for each of the mass points are shown in Figure 5.6. Further, at each

mass point the value of the cross section is compared to the nominal production cross section

(SUSY cross sections are computed using the Prospino package[43]), and the expected excluded

area is represented with a solid line, while ±1σ variations of the exclusion region are shown with

dashed lines.
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FIGURE 5.4: LEFT: Expected yields and RIGHT: efficiencies for the t̃t̃∗ → ttχ0χ0 (TOP row)
and t̃t̃∗ → χ+χ−bb (three BOTTOM rows) signal topologies.
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FIGURE 5.5: 95% C.L. upper limits on cross section for simplified models. TOP LEFT: t̃t̃∗ →
ttχ0χ0. (TOP RIGHT and BOTTOM) t̃t̃∗ → χ+χ−bb.
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FIGURE 5.6: Search regions providing the best limits in the mt̃ − mχ0 plane for TOP LEFT:
t̃t̃∗ → ttχ0χ0 and (TOP RIGHT and BOTTOM) t̃t̃∗ → χ+χ−bb. The notation for t̃t̃∗ → ttχ0χ0

is: 1 = LM , 2 = MM , 3 = HM , 4 = V HM ; for t̃t̃∗ → χ+χ−bb: 1 = LX , 2 = LM ,
3 = MXHM , 4 = V HM , 5 = HXHM .
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Chapter 6

Beam Lines at CERN

As new detector technologies become available, and the detectors in use grow old, the experiments

go through an upgrade stage by having minor or even substantial components replaced. No change

is done to the experimental equipment before the replacement is tested in full and proved to be

a reliable and beneficial renovation. An essential part of the evaluation and calibration process

before the actual replacement is testing of the prototype in a beam of known properties – particle

type, energy, etc.

The beam test can be considered as a high energy (fixed target) experiment of its own with the

beam line being part of the setup. Like with any other equipment, it is important to understand the

functioning of the beamline in use, be capable to ensure its proper usage and identify all posible

malfunctioning; otherwise, the data collected during the beam test might become hard to interpret

and even completely useless. It is of primary importance therefore to understand the beam forma-

tion process and any changes the beam line equipment can introduce at any stage for taking reliable

measurements during the beam tests.

CERN has a unique set of experimental areas that can provide a large variety of particle beams

85



for such R&D projects and fixed target experiments. There are currently two complexes of beam

lines at CERN, which supply beams for the East Area and North Area.

6.1 East Experimental Area

East Area makes use of the beams extracted from the PS. It contains four beam lines: T8, T9, T10

and T11. The latter three are extracted from common primary North (N) target and are therefore

highly correlated in momentum and production angle. The experimental area of T11 can supply up

to 3.6 GeV beam and currently houses the CLOUD experiment, T10 provides up to 7 GeV beam

for the ALICE experiment test beam activities, T9 provides up to 15 GeV beam to various users

(ATLAS, CMS, etc.). The T8 line is independent from those listed above, it receives a 24 GeV

beam from the PS and houses a new irradiation facility, which combines a proton irradiation facility

(IRRAD) with a mixed field facility (CHARM)[45].

This is the modern state of the area, which went through an extensive upgrade during the first

Long Shutdown (LS1) of the LHC in 2012-2014. The former state of the facility, less flexible, was

nevertheless extremely usefull for the irradiation studies of the materials and equipment used for

the upgrade of the CMS experiment in LS1.

6.2 North Experimental Area

The North Area beam lines, which are most frequently used by the CMS experiment, are described

in more detail below. The North Experimental Area was constructed at the end of the 1970s

to house the fixed target physics experiments for the SPS accelerator, which was built at that

time. Therefore the beamlines there are extremely flexible in terms of particle type, energy, energy

spread, beam profiles, etc.

As understanding the properties of test beams is essential to the success in R&D and the proper

callibration of the new detectors, the formation of those beams is discussed in detail below.
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6.2.1 Beam Preparation and Slow Extraction for the North Area

Proton beams intended for the North Area are accelerated on the same injection chain as the ones

meant for the LHC, but the maximum energy of the proton beam is lower, 400 GeV , and the bunch

train generation scheme is different. At the end of the CPS RF gymnastics, the bunch train is

split into 420 bunches. The extraction to SPS is then done by means of Continuous Transfer (CT)

extraction. The bumper magnets deflect the nominal closed orbit such that part of the beam is

shaved off by a thin electrostatic septum every turn (Fig. 6.1). The entire beam is extracted in five

turns (Fig. 6.2).

SEPTUM
Extracted beam

Bumper magnets

FIGURE 6.1: Slow extraction. For non-resonant Continuous Transfer extraction fast bumper
magnets dump the beam to the septum, and the beam is fully extracted in several turns (CPS to
SPS transfer for NA high intensity beams). In the case of resonant extraction the bumpers only
serve to steer the beam close to the septum, the beam is then slowly driven into the septum by
increasing betatron oscillations of the particles in resonance and is extracted in many thousands of
turns (SPS slow resonant extraction toward NA).

The SPS is then filled with two five-turn CPS batches at the beginning of the supercycle, which

yields 4200 bunches trapped at the harmonic 4620. Once the beam is accelerated, it is debunched

before extraction (RF system is turned off), as this way not only a more continious beam can be

achieved, but the extraction without interference with the RF system is technically simpler.

The extraction toward the North Area goes through a dedicated extraction line (see Fig. 3.1) and

is based on a different concept. When the SPS beam is due to be injected into the LHC, the entire

bunch train is extracted from the SPS by means of fast single-turn extraction: the extraction kicker

magnets are rapidly ramped up, which deflects the entire beam into the septum, and further into the
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FIGURE 6.2: Continuous Transfer extraction principle. The septum magnet is shaving off a
fraction of the beam with every turn. Before the last turn the bumper magnets steer the closed orbit
even deeper into the septum. The entire beam is extracted in five turns.

transfer tunnels. However this approach makes no sense for beams meant for fixed target setups:

it would imply that the experimental area is exposed to beams of tremendous intensity within a

fraction of the microsecond followed by a long no-beam period. This is usually inconvenient: not

only the standard data acquisition systems are incapable to take advantage of such pattern, but this

mode of operation is also frequently at variance with the physics goals of the final beam user.

Therefore the concept of slow resonant extraction is made use of [46]. In a linear machine the

particles follow closed circular orbits in the phase space (Fig. 6.3). However, if sextupole magnets

are introduced, the phase space is perturbed: closed trajectories of the stable motion are delimited

by the separatrices, which form a triangle. The area of the triangle is controlled by the betatron

tune, which is set close to the third fractional resonance. By following along the separatrix, the

particles with high amplitude of betatron oscillations eventually get to the ”corner” of the triangle –

a fixed, unstable, point – and then contunue to stream out along the outgoing arm of the separatrix.

As those particles deflect enough from the ”triangle”, they are picked up by a thin septum mag-

net, which gives them a kick toward the transfer line (Fig. 6.1). In the SPS in general a particle

spends about 2 − 3 milliseconds in resonance before it reaches the septum. To extract not only
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FIGURE 6.3: Slow extraction principle. LEFT: Phase space in a linear machine. RIGHT:
Phase space in a machine with sextupoles. Once the particle reaches the corner of the triangle (1),
it leaves the stable motion region and with each subsequent revolution in the synchrotron drifts
further and further along the separatrix (2, 3), until finally it is far enough to be picked up by the
extraction septum magnet (4).

particles with big betatron amplitude, but also the ones with small ones, the betatron tune is moved

closer to the resonance, which leads to the shrinking of the stable motion triangle. Hence more

particles resonate and eventually get extracted. By controlling the pace of approaching the reso-

nance, the speed of the extraction is controlled. Such multiturn extraction can be spread in the SPS

over several 100000 turns, the spill delivered to the fixed target experimental areas hence lasts for

several seconds.

6.2.2 Beam Transfer and Primary Targets

Even the intensity of slowly extracted SPS beams is very high. Therefore several beam users

can split the beam for multiple simultaneous tests: the beam passes through two splitter septum

magnets (Fig. 6.4, left). As thin electrostatic septa are not strong enough to provide the desired

level of beam separation, the thicker steel septa are used leading to signifficant beam losses in the

barrier between the region with magnetic field and field-free cavity. Hence splitters are among the

hottest objects in the accelerator complex. Splitting of the intensity between the beams is tuned by
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positioning of the beam relative to the septa’s barriers.

splitter1 splitter2 T2

T4

T6

FIGURE 6.4: Beam splitting in the North Area. LEFT: Splitting by splitter septum magnets
before the primary targets. RIGHT: Final separation of the beam lines by the wobbling stations.

Finally the beams hit the primary targets – T2, T4 or T6, each enclosed in the target station:

a common support with a set of berrylium and lead targets of different lengths and cross-sections

can be moved by the operator to select the target and adjust its position in the beam. Along with

several Secondary Emission Monitors (SEMs) a target-carrier assembly is enclosed in the massive

iron shielding (Fig. 6.5).

RL

FIGURE 6.5: LEFT: Primary targets T2 and T4. Along with a set of targets, the station contains
beam monitors for positioning of the beam on the target, intensity measurements etc. RIGHT:
Split-foil beam monitors: two sets of top-bottom and left-right imbalance monitors provide the
data for target centering.
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SEMs upstream from the target box and in the target box assembly, upstream and downstream

of the target, are used to monitor various characteristics of the beams. The BSI monitor is a single

T i conversion foil used to measure the intensity of the beam. As this monitor is located upstream

from the target, its readings only characterize the beam and do not imply that it hits the target

in the case of misalignment. Two monitors upstream and downstream from the target (Al-foil

BSI monitors, parts of TBIU and TBID systems) provide the particle flux measurement for the

calculation of a measure of the secondary particle production efficiency – target multiplicity.

Another important parameter is the symmetry of the target. It is defined as follows. For each

direction (top-bottom, left-right) two sets of the split-foil detectors are installed in front of the

target (Fig. 6.5), one set inside of the target box assembly and one somewhat 30 m upstream from

the target. As the beam hits the foil, the flux measure is available for left and right (or top and

bottom) foil converters. The values S =
√

1 − |R−L|
R+L

then defines the symmetry of the beam on

that monitor. The SEMs upstream from the target box can be moved in and out of the beam. If

this monitor is in the beam and the symmetry it measures is good, then the overall symmerty of the

target is defined as follows:

ST = 100 ∗ SHorizontal
1 SHorizontal

2 SV ertical
1 SV ertical

2 ,

where 1 and 2 refer to the first and second sets of split-foil monitors, and a letter ”a” follows

the value of symmetry to indicate that the angle is also taken into account. If for some reason the

upstream monitor information is unavailable, the symmetry is calculated with a simplified formula:

ST = 100 ∗ SHorizontalSV ertical,

and the letter ”a” does not accompany the value. As each of the individual monitor symmetries

cannot exceed 1, which is achieved when the beam is equally distributed between the two halves

of the monitor, the overall value of ST cannot exceed 100. Only the symmetry measurement with

two sets of monitors is trustworthy, even if the symmetry is high for the location of the second

set of SEMs, it does not guarantee good angular steering on the target and, as consequence, good

properties of the secondary beam. It is recommended to achieve at least a value of 75 for the ST

with ”a” for satisfactory operation.
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6.2.3 SPS page-1

These important parameters are always shown on the SPS page-1 – an SPS summary page (Fig. 6.6),

which is normally shown in the control rooms, experimental baracks and also available online.

Note that the SPS page-1 shows that multiplicity and symmetry for target T10 are equal to zero.

This is due to the fact that this secondary target is not equipped with a downstream monitoring

station, which is essential for such measurements.

FIGURE 6.6: SPS page-1. Magnetic cycle curve (white) and instantaneous intencity in the mach-
ince curve (turquoise) and beamlines and primary targets information.
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Along with the above described parameters of the beams in the North Area, the SPS page- 1

provides information about the performance of the SPS itself and the phases of operation. There

are two curves on the SPS page-1. The white curve reflects the magnet cycle, the other one in

yellow and turquoise (or sometimes purple) represents the instantaneous beam intensity in the

SPS. Two different colors for different parts of this curve are due to two different Beam Current

Transformers (BCT) used for the measurement of the beam intensity: for high intensity beams

measured with BCT3 the yellow color is used, for the low intensity beams measured by means

of BCT4 the turquoise (or purple) color is used. Yellow and turquoise hence represent not only

measurements done by different detectors, but also correspond to different scales.

The correspondence between the phases of the acceleration cycle and parts of the graph is as

follows: flat bottom on magnet cycle curve, several steps of the intensity curve – beam injection

from the CPS; linear rise of the magnet cycle graph, fixed plato on the intensity plot – acceleration

(magnets are ramped up); flat top on the magnet cycle graph with linearly decreasing intensity plot

– slow extraction toward the North Area; immediate step down to the base level in the intensity

curve – fast extraction of the beam (to LHC or for Gran Sasso); linear fall of the magnet cycle

curve with the intensity curve staying low at the base level – ramping down of the magnets in

preparation for the new acceleration cycle. The moving vertical line indicates the current phase

of the cycle. The top left corner of the SPS page-1 shows the number of the super cycle after the

abbreviation SC (this number gets reset to zero after every 65000), the number of basic periods and

the total duration of the supercycle (the products of the number of basic periods and the duration

of the basic period, 1.2 sec).

6.2.4 Multipurpose Wobbling Station

Several beams can be simultaneously delivered by the same target by means of the “wobbling

station” – an arrangement of three dipole magnets, two upstream and one downstream from the

target, followed by the special thick dump-collimators, called TAXes. An example for the beam

lines H2 and H4, originating from the target T2, is shown in Fig. 6.7.

The magnet downstream from the target, B3T, is set to provide momentum separation and

sweep the particles of desired momentum produced at zero production angle into the center of
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FIGURE 6.7: T2 wobbling station. Dipole magnet B3T deflects particles of a chosen momenta
into the holes of the TAX block. The incident angle of the primary beam on the target is controlled
by the dipole magnets upstream from the target – B1T and B2T. The picture is from [47]

the TAX holes. However, the distance between the TAX holes of beam lines H2 and H4 is fixed,

therefore the required separation of the beams often implies non-zero angle of incidence on the

target. This is achieved by the steering of the beam with the magnets B1T and B2T upstream from

the target. The attenuated primary proton beam hits the TAX block between the holes and gets

dumped. However, this is not the only option – in the case of the primary target T4 the attenuated

proton beam is picked up by the beam line P0 and transmitted to the target T10. In some cases the

primary proton beam can also be deflected by B3T into one of the other beam lines; however due

to radiation issues this can only be safely done for highly attenuated proton beams. Primary target

T6 has no wobbling station, the momentum ratio between the P61 and M2 lines is fixed at 2.0 (400

GeV/c primary beam in P61 implies -200 GeV/c momentum in M2.

Hence the currents in the three dipole magnets B1T, B2T, B3T essentially determine the state

of the wobbling station and the secondary hadrons beam momenta that the wobbling is optimized

for. To provide more flexibility in momentum selection to the final user of the beam, the adjustable

holes in the TAX blocks possess significant aperture (Fig. 6.8) to select a wide secondary hadron
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momentum bite1. The particles which are not deflected into the apertures, hit the TAX blocks

and are properly dumped. The wobbling station is therefore a radiation hot area; it is hidden

underground to ensure sufficient shielding.

FIGURE 6.8: TAX blocks of the beam lines H2 (right) and H4 (left). The movable TAX blocks
provide a selection of collimators and serve as a first stage of the secondary beam momentum
selection.

6.2.5 Beam line Equipment

The layout of the H2 beam line is available at [48]. It documents the positions of all the beam line

elements starting from the primary target T2. More than 400 m of the beam line downstream from

the target are hidden underground or protected by concrete blocks for shielding purposes.

Part of the beam is enclosed in vacuum pipes to minimize the losses due to the interactions with

molecules of air. However, in the case of the short term installations and for ease of maintenance

1For example, when the wobbling station of T2 is set to multipurpose wobbling, with 150 GeV/c positively charged
hadrons for H2 and 150 GeV/c negatively charged hadrons for H4, both beam lines can be supplied with particles with
a momentum in the range of 100-360GeV/c, however only 150 GeV/c particles follow the zero production angle line.

95



of various beam monitoring equipment, the beam frequently leaves the vacuum tubes through thin

windows and travels through normal air. Technical up to date listings of the beam line elements

can be found at [49], in particular, those listings include records of the vacuum beam pipe sections.

All the outfit of the beam line is remotely controlled from the main experiment control room by

means of CESAR (Cern Ea SoftwAre Renovation)[50] graphical user interface (Fig. 6.9). CESAR

is a client-server control system based on Java and constructed around an ORACLE database.

Below, as the equipment of the beam line is described, their aliases used by CESAR are given in

capital letters.

FIGURE 6.9: CESAR graphical interface for controlling the North Area beam lines by the beam
user. This interface is automatically invoked on all of the front-end computers in the control rooms
of the North Area.

The momentum selection is done downstream from the TAX blocks by the first dipole magnets

of the beam lines (Fig. 6.10). Dipole magnets of the beam lines, called BENDs, are six meter long

warm magnets with peak field of about two Tesla. Further BENDs are used for steering the beam

from the underground area to the experimental zone. Therefore their currents normally should not

be modified by the users.

In case the beam is not wanted in the experimental zone, powering down the first BEND leads

to complete dumping, and the beam does not even enter the experimental hall.
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FIGURE 6.10: BEND1 and BEND11 in H2 and BEND1 in H4 beam lines in the underground
shielded area. The first dipole magnets in the beam lines provide the momentum selection of the
secondary beams.

TRIMs are small, 40 cm long warm dipole magnets, which serve for small corrections in the

beam steering (Fig. 6.11). Hence the current in the TRIMs should normally be set to zero and only

the last pair (for vertical and horizontal fine steering) of TRIMs before the experiment is to be

used. Those magnets are quite weak – typical values of a 100 GeV/c beam displacement by the

TRIM7 and TRIM8 with 100 A current is 22 mm.

Quadrupole magnets, called QUADs (Fig. 6.12), are used to focus or defocus the beam and

hence to change the beam spot size. Normally the first QUADs of a beam line serve to refocus

particles produced in the primary target before the momentum defining slit. Intermediate QUADs

help to eliminate any reminant correlations between position and momentum of the beam particles

after the final bending magnet. The last QUADs before the experiment are set up to minimize the

beam spot.

This however isn’t the only possibility. Most of the beam tests of the hadron calorimetry do

not require a focused beam, as even a highly defocused hadron beam spot is still smaller than

a single independently read-out calorimeter cell (for more details see the section on the CMS
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FIGURE 6.11: TRIM7 (left) and TRIM8 (right) in H2 beam line serve for fine beam steering in
vertical (TRIM7) and horizontal (TRIM8) directions. Note that they are installed around the short
vacuum beam pipe; before and after this vacuum section the beam travels through the air.

Hadron Calorimeter). Some equipment benefit from the beam intensity spread homogenously over

a sufficient area during the beam tests. In the course of the test beam in the fall of 2012 the author

has created a set of beam configurations with a diagonal beam spot of 1 cm× 4 cm of the required

intensity for the Silicon Beam Telescope team; such extraordinary beam profiles cannot be realized

by means of few pieces of beam line equipment and imply extensive use of the entire beam line.

The collimators in the beam line, called COLLs (Fig. 6.13), are essentially adjustable motorized

slits. Depending on their position along the beam line, their function can be of a distinct nature. If

used after the bending magnet, they can be a part of a momentum bite defining spectrometer. In

other cases they can define the acceptance of the beam hence affecting the size of the beam spot in

the main experimental area. In both cases the collimators affect the intensity of the beam, as the

particle flux is proportional to the slit opening.

Besides the beam shaping and steering equipment, the beam lines are also outfit with various

beam monitoring tools, which help to establish various characteristics of the beam.

The scintillators, called SCINT, are tiles of scintillating plastic coupled to large PMTs with a

fishtail light guide (Fig. 6.14, top left). They are used to monitor the beam intensity or to strobe
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FIGURE 6.12: One of the Quadrupole magnets in the H2 beam line. Most frequently used for
focusing of the beam on the main experiment, if needed, they can also be used to create quite
sophisticated beam profiles.

more complicated equipment. The scintillators provide the integrated count per spill. As those

counters present a significant amount of the material to the beam, the scintillators are motorized and

can be removed from the beam, once their task has been accomplished, to minimize the multiple

Coulomb scattering and Bremsstrahlung.

The multiwire proportional chambers, MWPCs (Fig. 6.14, top left), have an analog readout that

integrates charge for every wire over the whole spill. Since the total charge on a wire is proportional

to the number of particles on it, the plot of charge vs. wire position gives a beam profile in the

direction normal to the direction of the wires. The wire spacing in the MWPCs used in the H2

beam line is 1 mm, but the number of readout channels is limited to 32, therefore the cabling has
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FIGURE 6.13: Collimator COLL14 in H2 beam line. As collimators redefine the acceptance of
the beam, they are among the hottest objects in the beam line. This particular collimator is the only
one in the beam line which is not hidden under protective concrete shielding.

been made such that either each wire or only every second or third wire can be read out. Depending

on the beam characteristics, different arrangements can be used. Hence, if every wire is used, only

the central one third of the chamber is read out. The sensitivity of the MWPSs strongly depend

on the high voltage applied (the maximum HV for MWPC operation is 4000 V). For low intensity

beams higher HV is required to produce a large signal-to-noise ratio. As the highly collimated

high intensity beams require much lower HV to avoid saturation, the HV is automatically reduced

if the signal ecxeeds 1024 counts.

As the MWPCs often share the motor with the scintillator counter, special attention is required

when the later is moved out of the beam.

The delay wire chambers, XDWCs (Fig. 6.14, top right), provide higher resolution beam pro-

files and are more sensitive than MWPCs. As in any other multiwire proportional chambers, par-

ticles passing through the XDWCs ionize the gas and create free electrons and ions. The high

voltage between anode and cathodes then accelerates the electrons towards the 20 micron anode
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FIGURE 6.14: Beam instrumentation in H2. TOP LEFT: Multiwire proportional chamber and
a scinntillator counter sharing the same motor. TOP RIGHT: Delay wire proportional chamber.
BOTTOM: Filament scanners.
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wires, where they start a multiplying avalanche. At the same time an image current is induced in

the cathode wires closest to where the anode avalanche takes place. The XDWCs are composed of

a sandwich of two cathode planes surrounding a central plane carrying anode wires. The pecular-

ity of the XDWC is that the position data is taken not from the anode wires, but from the cathode,

where individual wires are connected to a tapped delay line. The induced signal from the cathode

wires builds up two waves in the delay line, one in each direction. These travelling waves are the

integral of the contribution from the different cathode wires, summarized according to the delay

per tap of the delay line. The anode signal is used as the common start. Then the time delays for

the integrated waves to reach the amplifiers at the ends of the delay line are measured. This deter-

mines the position of the hit, where ionization took place, with a resolution about ten times better

than the spacing of wires in the XDWC. The second cathode-anode-cathode sandwich, providing

the measurement in the other plane, is located in the same chamber. These drift chambers with

a simple time-to-digital converter over a delay line register the individual tracks with a resolution

better than 200 micron. The beamline control software has access only to the beam profiles accu-

mulated over the spill, but the output signals of the delay wire chambers can be used by the DAQ

of the experiment, using private time-to-digital converters.

The filament scanners, FISCs (Fig. 6.14, bottom), consist of motorized scintillator filaments,

200 microns wide and 4 mm thick along the beam direction, and a pair of photomultiplier tubes

for detecting the light produced by charged particles in the scintillator. This kind of detector is

integrated into the vacuum system. The filament can be moved through the beam step by step

to measure the beam profile. The measurement can be done in a slow mode, when the filament

moves one step per spill, or in a fast mode, when the entire profile is measured in one spill. The

slow mode of operation provides a precise profile measurement, but requires long time, as only

one point is measured during the spill. The fast mode is less precise as it relies on a stable flux

of particles during the entire spill. Besides the result of the fast scan is conclusive only in case

of intense beams: while getting a decent beam profile in the case of a slow scan requires a beam

intensity higher than 1000 particles per spill, and for the fast scan it should be higher than 10000

particles per spill.
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6.2.6 Control of the Particle Type in the Beam

Usually each user of a beam line is interested in particular sets of beam energies, beam intensities

as well as a beam profile at the main experimental zone. These sets of corresponding magnet

currents and collimator apertures are summarized in so called “Beam Files”. The files are usually

prepared in advance by the senior beam physicist according to the user’s request. They are then

used by the CESAR application for initial beam set up.

The type of particles in the beam is however the full responsibility of the final user of the beam,

as the settings of equipment responsible for it are not stored in the Beam Files.

The secondary particles produced in the target region form beams of mixed composition, which

depends on the momentum and production angle. The conposition of the hadronic part of the beam

can be calculated with the PARTPROD program[51]. The beam is the mixture of different types

of hadrons (p, K, π), muons and a small electron component.

The beam lines are equipped with an absorber, a lead plate 3−10 mm thick, located somewhere

half way along the beam line. Once moved into the beam, it removes the electron component, as

the electrons loose a substantial part of their energy by Bremsstrahlung and are not transported

further along the beam line. At the same time, the absorber almost does not affect the hadronic

component of the beam.

To get a pure electron beam, one has to use a converter, a lead plate several millimeters thick,

which is located right after the TAX block upstream from the BEND1. Once the converter is

moved into the beam, the photons, contained in the neutral component of the secondary beam, are

converted into electron-positron pairs, which can be momentum selected and delivered to the main

experiment.

The muons are produced by the decay of pions. Therefore to get a muon beam, one needs to

set up a beam line for a pion beam, then prevent the pions which haven’t decayed from reaching

the experiment. This can be done in two ways. The first option is by moving into the beam a

dump block, XTDV, which is located right upstream from the H2A experimental zone, used by

CMS, or closing in an off-center position one of the collimators downstream from the last bending

magnet. In this case the muons are not momentum selected, and the spread of the muon momenta

in the beam is between 57% and 100% of the pion momentum. The second option is to close the
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collimator upstream from the last bending magnet. In this case muons are momentum selected.

Setting the converters, absorbers and dumps to the appropriate position to achieve the desired

composition of the beam remains the responsibility of the beam user and is not stored in the Beam

Files.

6.2.7 Beam File Creation from Scratch

FIGURE 6.15: The appearance of the Wobbling Calculator standalone tool. The chart at the top
allows one to set the parameters of the secondary beam and TAX blocks apertures. The right-
hand side chart below the drawing summarizes the settings of the wobbling station: currents in the
magnets and positions of the Secondary Emission Monitors. The left-hand side chart summarizes
the secondary beams’ parameters along with the current in the first bending magnet of the beam
line required to properly steer the particles with selected momentum.

Although a certain set of the “Beam Files” exists for the users of the beam and is stored in
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the CESAR application, sometimes there is a need to create new ones. As the beams in the H2

and H4 experimental areas arise from the same primary target, T2, they are highly correlated both

in energy of the secondary beams and production angles and hence the settings of the wobbling

station T2 are sometimes changed to accomodate the needs of H2 and H4 users at the same time.

The settings of the wobbling station can also be changed in the case where some piece of equipment

in the upstream region is out of order, provided the operation still can be managed without it with

different settings of the wobbling station. As a sufficient part of the beamline is a radiation hot

area, immediate repairs are not always possible.

The settings of the wobbling station can more or less be described by the currents in three

main magnets, B1T, B2T, B3T. The sets of those currents which are commonly used and well

studied, are grouped into the wobbling beam files. One can find the list of those settings in the

CESAR standalone program [52]. Only the senior beam physicists are in charge of changing the

“wobbling” settings, in most cases such changes also require retuning of the SPS beam by the SPS

operator. The wobbling settings are agreed on a weekly meetings and posted on the corresponding

beam line’s whiteboards[53].

The final users of the beam can play around with a “wobbling calculator”[54] stand-alone to

estimate the parameters of the wobbling station, which would suit their needs (Fig. 6.15). The

values of secondary beam momenta for particles with zero production angle at all beam lines

originating from the same target should be specified in the column “P(Exp)“, after clicking the

“calculate wobbling” button. The program calculates the values of currents in the magnets of the

wobbling station and draws the corresponding beams.

The same standalone program can be used to create the beam files in a critical situation, when

they haven’t been provided by the senior beam physicist, but the beam time cannot be spared in

waiting. In this scenario the following steps should be followed:

1. Once the settings of the wobbling station are known from the beamline whiteboard web

page, they can be specified in the wobbling calculator in the right-hand side table below the

drawing in the column “Current”.

2. The momenta of the beams at zero production angle for all beamlines originating from the
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same target is normally also provided on the whiteboard1 and should be specified in the

“P(Exp)” column in the chart at the top of the wobbling calculator.

3. The appropriate size of the TAX blocks apertures should be set in the same chart.

4. The energy of the secondary beam for the appropriate beamline has to be specified in the

column “P” in the top chart.

5. The calculation is initiated by clicking the “Reverse wobbling” button. After that, the draw-

ing should updated to show the propagation of the beams through the wobbling station. The

numbers in the left-hand side chart at the bottom of the calculator will also update. The

information of primary importance in this case is the value of current in the first bending

magnet in the beam line of interest, which can be found in a column “BEND1”.

At the same time the drawing provides a visual check that the selected beam safely reaches its

beam line. If on the plot the beam hits one or both TAX blocks or a wall of the B3T magnet

of the wobbling station, it means that the beam of the selected momentum got dumped and

cannot be extracted in the specified way, even if the chart provides the value for the current

in the first bending magnet of the beam line.

Figure 6.16 shows the example of a low energy, 20 GeV, beam, which hits the TAX blocks

and gets dumped before reaching the beam line H2.

Figure 6.17 shows an example of a low energy beam which hits the wall of the B3T magnet

of the wobbling station and gets dumped before reaching the beam line H2.

In both cases above the wobbling station is set to the so called “Democratic multipurpose

wobbling”, which is optimized to center in the TAX block apertures the following beams:

both beam lines, H2 and H4, receive 150 GeV/c hadrons: H2 – negatively charged, H4 –

positively charged.

Such low energy beams cannot be picked up by the beam line H2 from the secondary par-

ticles produced in the primary target. However, as the neutral hadronic component of the

1If these momenta are not provided, it is possible to find them by identifing the appropriate “wobbling file” in the
wobbling manager, described above.
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FIGURE 6.16: Wobbling calculator with Democratic multipurpose wobbling. Example of dump-
ing of the beam of interest (20 GeV ) in the TAX blocks. This beam cannot be directed into the H2
beam line.

beam, K0 and Λ0, decay in the air, the products of their decays, pions and protons, can be

picked up and momentum selected to obtain low-energy hadron beams.

6. It is possible to make the Beam File completely from scratch, advancing step by step in set-

ting the beamline parameters and monitoring the beam with various beam instrumentation.

However, this way is more time consuming than starting from some existing hadronic beam

file as a template – it does not matter in this case if it corresponds to the same or a different

wobbling. Therefore here the latter method is shown, while the first one obeys the same

logic.

Therefore it is suggested to open some hadronic beam file and create its copy with a different

name (“Copy” option in CESAR). According to the naming convention for the Beam Files,

the name of the Beam File starts with the name of the Beam Line or experimental zone (i.e.

H2A), followed by a unique number. There is also a field to provide extra information, which
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FIGURE 6.17: Wobbling calculator with Democratic multipurpose wobbling. Example of dump-
ing of the beam of interest (10 GeV ) in the B3T magnet of the wobbling station. This beam cannot
be directed into the H2 beam line.

can be useful: number of the wobbling file1, the energy of the beam, type of particles, and

any extra information of high importance (tertiary beam2, specific production angle, etc.)

7. The value of current in the first bending magnet of the beam line, obtained in the previous

steps, is used as a starting point to create a Beam File. Once the template with a new name

is ready for modifications, it has to replace the value for BEND1. As this setting determines

1In the wobbling manager application the most common wobbling files are enumerated. For example, the Demo-
cratic Multipurpose wobblings have numbers 1 and 2.

2This is important information indeed: tertiary beams naturally have low flux compared to the secondary beams.
Therefore, the Beam Files for tertiary beams have collimators widely opened to deliver more particles per spill. Beam
Files for secondaries on the other hand, set the collimators to somewhat moderate apertures. Therefore, when the user
switches from a tertiary to secondary beam, it is highly recommended to load the collimators (i.e. partially close the
slits) before magnets.
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the momentum of the particles in the secondary beam, it should not be changed when further

fine-tunning of the beam is performed.

8. Check the profiles of the beam in a pair of wire chambers (for vertical and horizontal mea-

surements) closest to the origin of the beam. A good profile is a Gaussian-like peak centered

about the origin of the coordinate axis.

If the beam is off-centered, it can be steered by the dipole magnets upstream from the cham-

bers – the currents in the relevant magnets have to be ajdusted. Then with the next spill from

the SPS beam profiles from the wire chambers will be updated. Adjustments of the current

are usually intuitive, even though this take some practice, as they depend on both the type

of magnet and momentum of the beam. It is possible however to get a feeling for it with-

out spending beamtime by studying the Bending Power versus Current characteristic curves

of the relevant magnet in a CESAR standalone BlAndCurrentConversion[55]. This utility

allows one to choose a particular magnet in the beam line of interest and shows the plot of

bending power as a function of current, as well as allows one to calculate the bending power

for a particular point.

The beam position has to be adjusted by means of the secondary bending magnets (BEND2,

BEND3 for the vertical deflection and BEND5, BEND6 for the horizontal). Those magnets

are exptremely powerful, so even tiny changes of the current will result in significant deflec-

tion of the beam (for instance, a change of 1 Amp in BEND2 results in 15-40 mm deflection

of the user’s beam – depending on the energy of the secondary beam.

9. The distortion of the Gaussian shape of a profile, especially for the off-centered beams, can

be due to partial dumping in the upstream equipment – collimators or even magnets. It is

better to correct the position of the beam before taking any steps toward the profile shape

correction.

10. The size of the beam spot (width of the profile) can be changed by adjusting currents in

the quadrupole magnets upstream from the wire chambers. Those magnets affect the beam

spot size by focusing the beam in one plane and defocusing it in the other one. In most

cases the desired beam spot size can be obtained by changing the currents in the several
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downstream-most quadrupole magnets (QUAD16, QUAD17, QUAD18).

11. Since primary dipole magnets, BENDs, are located upstream, further adjustment of the beam

spot position by means of downstream trimming magnets may be required. This final ad-

justment though has to be postponed until the quadruple magnets are finally set in that part

of the beamline – as the beam is focused by the quadrupole magnet in one direction, it is

naturally defocused in the other one. Therefore the off-centering of the beam profile which

seemed insignificant before the beam got defocused, can turn out to be substantial after ap-

plying a correction to the quadrupole’s current. Vice versa, the result of centerring the beam

might not be worth the effort, if the subsequent correction of the quadrupole’s current will

sufficiently narrow the beam.

12. The flux of particles in the beam can be changed by adjusting the openning of the colli-

mators. In every beam line there is a collimator, located in the dispersive focus, serving as

a momentum slit. In the H2 beam line this is a COLL6. For those collimators the beam

flux is proportional to the opening, but at a cost of momentum spread, which also grows

linearly with the opening. For the other collimators, the flux grows with the opening, but in

a non-linear way.

13. If an electron beam is needed, first of all, a hadron Beam File has to be made, then the

“Extrapolate” button has to be used, then the option to select is “Hadrons→Electrons”. This

procedure invokes a special algorithm which properly takes into account the energy losses

due to synchrotron radiation.

Beam tuning steps might need to be repeated several times to get a satisfactory result, especially

for the tertiary beams, which naturally possess a low flux. It might therefore be hard to even find

them by means of the low-sensitivity equipment upstream.

It is also worth to remember the following tips:

• For the beam horizontal and vertical planes can be treated independently. However, the

vertical plane is more important for steering the beam into the hall – as the beam originates

from the underground hall, it significantly gains in altitude on its way to the final user.
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of the distance between the LED and PIN diode measured for four different fibers. As mentioned

above, the statistical errors are negligibly small, systematical ones come from the pecularities of

the fibers: while visual examination of capillaries two and three (shown in yellow and red) did

not reveal obvious imperfections (good fibers), the other two (with numbers one and four, shown

in blue and green, respectively) displayed cracks and lacunae in the glue (bad fibers). While all

fibers demonstrate moderate attenuation, it is clear from the plots that ”good fibers” demonstrate

firm attenuation trend, which is easier to correct for, as well as higher light outputs. ”Bad fibers”,

on the other hand, demonsrate irregular, non-monotonic attenuation, confirming the importance of

high-grade optical coupling between the core and the shell.

FIGURE 8.3: Light output (PIN diode currents, µA) as a function of distance between LED and
PIN diode (in cm) for complex fibers with Y11 core. Fibers 2 and 3 with flawless optical coupling
demonstrate monotonic attenuation. Faulty fibers 1 and 4 show non-monotonic result, confirming
the importance of a smooth core-shell transition.

8.5 Tests of Liquid Scintillating EJ-309 Core

This liquid scintillator from ELJEN, when excited, emits blue light. A complex fiber with this type

of core is shown in Fig. 8.2. It was included into those studies because of the interesting possibility

to build a system with a circulating liquid circuit for light-emitting cores, where radiation-damaged

liquid could be pumped out and replaced outside of the long-term shutdowns and maintenance

periods, if necessary.
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For the tests this viscous liquid was injected into the quartz capillary and sealed there with

small rubber corks on both ends. This way the liquid core naturally did not contribute to the output

signal. The optical coupling of the core and the shell did not require additional materials. However,

removing all the air bubbles without involving a complex dedicated technique was impossible

due to the significant viscosity of the scintillator and small inner radius of the quartz shell. The

effect of non-homogeneity introduced by the bubbles is reflected in Fig. 8.4. The dependance of

the photocurrent on the distance to the photodetector demonstrates systematic discrepancy with

monotonic attenuation due to bubbles in the liquid core. The latter effect has to be carefully

avoided, especially for the circulating liquid circuit design, where both timely outgassing of the

scintillator and studies of cavitational effects in the circuit have to be performed.

FIGURE 8.4: Light output (PiN diode current, µA) as a function of distance between LED and
PiN diode (in cm) for complex fibers with liquid scintillating EJ-309 core.

8.6 Double-Sided Readout for

SCSF-81MJ Scintillating Core

The data shown above represent the results of a single-sided read-out of complex fibers with light

emitting cores. Those preliminary results show that the attenuation length of the complex fibers is

about 50 cm. However, if double-sided readout is employed instead, the attenuation effect can be
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partially compensated.

Fig. 8.5 presents the results of single-sided and double-sided readout of a complex fiber with

the core made of SCSF-81MJ scintillating fiber from KURARAY. The sum of signals from the ends

of the fiber remains nearly constant, while the single-sided readout exhibits moderate attenuation

of the signal.

It is worth while to note that such summation of the signal can be performed not only on the

digitalized signals read out by independent photodetectors. This can also be achieved at the analog

level by guiding the signals from both ends to the same photodetector. Such approach can be

beneficial in the case of the low light yields and high levels of noise in the front-end electronics.

FIGURE 8.5: Light output (PIN diode currents, µA) as a function of distance between LED and
PIN diode (in cm) for complex fibers with scintillating SCSF-81MJ core. Single-sided readout
demonstates moderate attenuation. Double-sided readout offers signifficant compensation of this
effect.

8.7 Radiation Damage Studies of Y11 Core

The comparison of irradiated and non-irradiated cores of complex fibers is shown in Fig. 8.6.

Wavelength shifting fiber Y11 is used in this case. The optical coupling between the core and

the shell is done by means of water.

After the first set of measurements the fiber was irradiated at the PS irradiation facility at CERN

with a proton beam up to 40 Mrad. This plot demonstrates the results of measuring the photocurrent
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for the fiber before and after irradiation and with and without quartz capillary shell. In all cases

plots represent the result of a single-sided read-out.

The plot for the non-irradiated fiber without the core (in yellow) stands out and demonstrates

signifficantly higher light output. Therefore it might seem at first glance, that the use of a quartz

capillary shell is an unnecessary complication of the design. However, one should keep in mind,

that the light modes measured in this test differ from the ones measured by means of the quartz

capillary shell: the light propagated in the shell was not trapped in the core as it escaped total

internal reflection. Therefore it is not possible to compare the light outputs of the fibers with and

without quartz shells. Instead, the results of degradation due to the irradiation has to be compared

for both cases. Such a comparison shows that the light output for the bare Y11 fiber went down by

at least a factor of three, and so did the photocurrent for the quartz-shell enclosed fiber. However,

the irradiated complex fiber exibit less of the attenuation.

This result is an improvement already; however, it does not look satisfactory after the big

expectations for the radiation hard complex fibers. This is a good chance to stop and re-think the

mechanism of light propagation in such a complex fiber. Because there are several components

involved, each possessing its own refractive index, the light propagation is more complex than in

the case of ordinary fiber. As red-shifted light is emitted in the wavelength shifting fiber, depending

on the direction it was emitted relative to the direction of the fiber, there are different possibilities

for its further propagation.

• The light was emitted in the cone close to the axis of the fiber. In this case the light will be

trapped in the core, and will continue propagating along the fiber by means of total internal

reflection in the fiber. As we do not plan to read out the signal from the light emitting core,

this part of the re-emitted light is of a little value to us – this light will eventually be absorbed

in the material of the fiber or escape through the non-readout end.

• The light was emitted almost perpendicular to the direction of the fiber. Such light will

successfully penetrate through the cladding (or optical coupling substance or both) and the

quartz shell and escape detection as well.

• The light was emitted in such a range, that it can escape the core, but undergoes total internal

reflection on the boundary between the quartz capillary shell and outer environment. This
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FIGURE 8.6: Light output (PIN diode current, µA) as a function of distance between the LED
and PIN diode (in cm) for normal Y11 fibers and same fibers as a core of a complex fiber. The
measurements are performend before irradiation and after irradiation with 40 Mrad of proton beam.
See test for the discussion of result.

light will bounce back and, following the laws of geometrical optics, will make his way back

into the light-emitting core. However, in the assumption that the transparancy of the core

is highly degraded due to radiation damage, the probability of light attenuation in the core

is very high. The solution can be in such a design of the fiber, that the light could undergo

several internal reflections before hitting the core again. This can be achieved by

1. Increasing the ratio of quartz shell cross-section to light-emitting core cross-section to

increase the fraction of light path in the quartz shell.

2. Off-centering the light-emitting core in the complex fiber to increase the number of

reflections between penetrations of the core. It is also possible that the light will un-

dergo total internal reflection on the boundary between the quartz capillary core and

light emitting shell.

The proposed options are demonstrated in Fig. 8.7 in comparison with the design used for

the studies above. As in the current design the light travels inside of the core material a

significant fraction of time. It is not surprising that this design did not show dramatic im-
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provement compared to normal fibers. The partial improvement however can be attributed

to partial propagation in the shell, which does not attenuate the light that much. In the case

of a relatively thin core off-centered in the quartz capillary shell, the light is capable of un-

dergoing several acts of total internal reflection before penetrating the core. If the light guide

with complex fiber is not too long, this might be sufficient to transport light to the photode-

tector without significant attenuation, as traversing the darkened core is the main source of

attenuation.

8.8 Beam Tests in 2012

In 2012 during the fall beam test campaign a set of tests was performed with complex fibers with

light-emitting cores. A small module formed by the brass absorber loaded with nine complex

fibers was tested for a proof of concept. The complex fibers were based on the light-emitting cores

made of � 0.99 mm SCSF-81MJ scintillating fibers. The light-transporting shells used were quartz

capillaries: outer � 3 mm, inner � 1 mm. Optical coupling agent between the core and a shell was

EJ-309 liquid scintillator. Therefore, light-emitting cores were also an active material for shower

detection.

8.8.1 Geometry of the Module and DAQ

The volume of a brass absorber was shaped to reproduce the tapered geometry and size (approx-

imately 3×3×22 cm3) of a standard PbWO4 crystal used in the endcap of the electromagnetic

calorimeter of the CMS experiment. In this brass element, 9 complex fibers were inserted into holes

of 4 mm diameter and supported at the ends with thin brass washers to prevent contact between

the light-transporting shell and the wall of the absorber block in unwanted locations (Fig. 8.8). The

scintillating fibers of the core had mirrors at the ends to avoid direct light transmission from the

cores to the optical readout.

The prototype has been tested in the H2 test beam line at the Super Proton Synchrotron (SPS)

at CERN. The detailed description of this experimental facility is presented in the relevant section.

The module was inserted in the center of a 3×3 matrix of PbWO4 crystals of the ECAL module,

very much like the LuAG-based module, described in the previous chapter (Fig. 7.3, top). The
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FIGURE 8.7: Cross-sectional view of the TOP: current design and BOTTOM: two improved
designs of the quartz capillaries with light emitting cores. LEFT: Decrease in relative size of the
light emitting core allows the light to travel a larger fraction of its path through the shell. RIGHT:
Off-centered position of the light emitting core allows the light to undergo several acts of total
internal reflection before penetrating the core.

PbWO4 crystals were calibrated in the previous tests of ECAL and their signals were used for

centering of the beam on the complex fiber module. An example of the signals from the PbWO4

for a 50 GeV electron beam are shown in Fig. 8.9. The similar outputs in all channels surrounding

the complex fiber module demonstrate proper centering of the beam spot on the module.

For the light extraction, each extremity of the complex fiber module was coupled with Silicon

grease (Rhodorsil Paste 7) to 9 clear optical fibers (Fig. 7.3, bottom left) which then transported the
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FIGURE 8.8: Tapered brass absorber for the beam tests of complex fibers with light-emitting
cores. LEFT: Front view of the absorber loaded with the complex fibers. RIGHT: Overall view
of the absorber prototypes. The one used for the complex fibers beam tests is shown on the right.

analog signal to silicon photomultipliers, SiPM (Fig. 7.3 on page 116, bottom right). The readout

system and data acquisition system in this case are the same as for the mini-CFcal module, as

described in detail in section 7.3.

8.8.2 Pulse Shapes and Signal-Pedestal Separation

As it was explained in section 7.4, two wire chambers located upstream from the setup were used to

reconstruct hit positions on the module and study the response of the LuAG fibers as a function of

such. However, at the time of data accumulation with the complex fiber module the hit information

from the upstream wire chamber WCA was unavailable. As a result, such comprehensive study

of the complex fiber response is not possible with the data currently available, as the data from a

single wire chamber in front of the module does not allow to reconstruct the particle hit position

on the complex fiber module.

Instead, the available data is used to demonstrate the timing characteristics of the complex fiber

signals and that it is possible to separate the signals of showering particles from the pedestals.

First of all, the reconstructed pulse shapes of the signal (Fig. 8.10) demonstrate its rather fast

decay – most of the signal is deposited within two time slices.

The presented histograms show the integral pulse shape of all the events in the run. However,

the question on the possibility to discriminate between the pedestal and signal events on an event-

by-event basis remains open. With no access to the information from the second wire chamber, the
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FIGURE 8.9: Signals in the PbWO4 crystals surrounding the complex fiber module validate the
proper centering of the beam on the module.

following approach can shed light on it.

For each event let us integrate the charge produced by each of the readout channels of the

module in the entire sampling window. The 2-dimentional histograms of the integrated charge

versus hit position in the available wire chamber are shown in Fig. 8.11. It is clear from those

plots, that most of the events produce fairly low signals (if the particle hits the module far from

a particular channel, then only the tails of the shower reaches the channel). Events of this type

form a dense cloud along the spatial axis. There are however events producing high signals – those

correspond to particles penetrating the module in close proximity of the complex fibers.
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