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Abstract

While the last missing components of the SM puzzle seem tadeessfully found, particle
physicists remain hungry for what might be there, beyoncctisy boundaries of the well
studies elementary particle world. However, the soplastid technique of data analysis
and acute Monte Carlo simulations remain fruitless. It appéhat the successful intrusion
into the realm, in which we were not welcome so far, may regjaivery different implica-
tion of effort. All those results might suggest, though datieat we need an improvement
on the hardware side. Indeed, the hadronic calorimeter dd@who competitor to its other
state-of-art components. This obstacle in many casedisgmily complicates the flow of
the physics analysis. Besides, the era of high luminositZLderation in the offing is
calling for the same. After exploration of the analysis debth 8 TeV collision data, we

investigate various approaches for better calorimetryiferCMS detector.
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Chapter 1

Introduction

Particle physics predates all other branches of physiasedine fundamental building
blocks of matter have been of great interest to people fa.aggearly as in the™ century
B.C. Greek phylosophers have already proposed an ideamh&tas elementary, indivis-
ible constituents of all material objects. But ever sina@ uhderstanding of the origins of
matter have barely evolved and this realm of physics rendaimalmost embryonic state.
Thus even though the atomistic theory was not only widelgpted but also strongly sup-
ported with the discoveries in the realm of chemistry, it wasuntil the last decade of the
19" century that the first truly elementary particle has beenatet.

This discovery proved that the atoms are not the smalleseiisipable constituents
of matter and set an important milestone in the developmephgsics. In subsequent
decades many experimental advances and observationsewdttbal breakthroughs pro-

vided a solid ground for developing a self-consistent pgradof fundamental particles

1In 1896 J.J. Thomson and his colleagues have measured tiseameéshe electric charge of “cathode
particles” - electrons - and showed that their charge to maitss was independent of cathode material.
In 1906 Thomson was awarded the Nobel Prize in Physics fadigo®very of the electron and for his work
on the conduction of electricity in gases.



and interactions — the Standard Model.

1.1 Standard Model

The Standard Model summarizes modern vision of the realnumddmental elementary
particles and interactions. It is built as a synthesis otipeelativity and quantum me-
chanics and forms a renormalizable relativistic quantuoggdield theory. Fundamental
particles are hence interpreted as excitations of restivguantum fields (bosonic and
fermionic), and their behaviour is governed by the Lagrangvhich is a function of those
fields.

The roles of fermionic and bosonic fields are different. WHé@rmions form ordinary
matter, bosons of spihare the mediators of fundamental interactions - weak, releg-
netic and strong. Gravity is not incorporated into the mpget theoretical considerations
suggest that it should be mediated by massless quanta dafegi@val field of spir, gravi-
tong.

The Standard Model includes 12 fermions of s@inFor every particle there is a cor-
responding antiparticle which possesses the same masgpiandst opposite charges. It
is convenient to aggregate the fermions into three groultesdcgenerations which exhibit
similar proterties. Each generation then consists of fautigles: two quarks with frac-
tional electric charges 0#% and—% and two leptons with integral electric charges equal
to —1 and0. Charged leptons are electraT §, muon (.~) and tau-lepton«~). Neutral
leptons are called neutrinos,.( v,, v-) and are massless. Each member of higher genera-
tion has a greater mass than the corresponding member afiee ¢ieneration(s). Higher
generation charged particles are unstable and ultimatggydinto particles of the first
generation which are stable and hence form all ordinaryanatt

The mediators of fundamental interactions, 12 gauge bosbiie model, are all spin
1 particles.

Photons+) are the carriers of the electromagnetic force affectihglattrically charged

1Gravitons have to be massless, since gravitational fonmeeféective over an unlimited range. The
spin value follows from the fact that it is the stress-endrgysor that gives rise to gravity which this is a
second-rank tensor.



particles. They are massless in full accord with infiniteacrange of electromagnetic
forces. All fermions but neutrinos interact electromaggaety.

The WF and 2 bosons mediate the weak interaction, their masses aregigitiéicant
(80.4 and91.2 GeV, respectively) and account for the short range of thekvirgaraction.
Both leptons and quarks interact by means of weak forcesthiaravords, all fermions
possess a quantum number, related to the weak interactieweak isospin. Since weak
interaction admits not only neutral current’(xchange), but also charged currentst(W
exchange), they hence admit the change of fermion flavors

The strong interaction is caused by the exchange of elatifrineutral massless glu-
ons. Quarks are the only fermions which carry a threefoldrcdharge (anti-quarks carry
corresponding anti-color charges) and hence participated strong interaction. Due to
phenomenon of color confinement quarks do not exist as freelea but rather are bound
into color singlet combinations, hadrons. There are twaootfor forming a color singlet
state: three quarks (or antiquarks) with different coloarges form a baryon or quark-
antiquark pair with color-anticolor charges makes up a meso

Because of a threefold nature of a color charge there exiesSilple combinations of
color charge-anticharge pairs for the interaction casrileut there is one linear combination
of those which is color-symmetric and hence the number efattion carriers is reduced
to eight gluond. Since gluons themselves possess color charge not onlyrthdiate the
interaction, but, unlike photons, can also be its souragorg can be emitted and absorbed
by other gluons.

If one attempts to build a consistent gauge field theory whicludes exclusively the
above mentioned fields, the only way to succeed is to put upp thi fact that all gauge
bosons in the model are massless particles: the additioddhac mass terms into the
Lagrangian would spoil the gauge invariance and make theanyrenormalizable. While
there is nothing wrong with massless interaction carriersefectromagnetic and strong

forces, one cannot go along with itin case of weak interacfidhe generally acknowledged

1Strictly speaking, SM allows for the flavor-changing nelttarents (FCNCs) too, but only beyond the
tree-level, and such processess are strongly suppressked &yM mechanism.

2Such symmetric combination is a color singlet. Hadronsnfedt by quarks, are color singlets too and
can only interact with other color singlets. So, if colorgiat gluons existed, there have to be a long-range
strong interaction by means of such gluons, but as we knosngtnteractions are short-range.



method to cure this problem is to introduce a scalar field geatmeates all space and
whose vacuum state does not share the symmetry of the Lagnafepding to spontaneous
symmetry breaking. It is this phenomenon that is not onlypoesible for the non-zero
masses of W and 2 bosons, but also gives rise to the massive scalar Higgs t&)son
Once introduced into the model, Higgs field can interact tfith fermionic fields and
thereby generate fermion masses

This mass generation mechanism is justified by the expetinadmle electromagnetic
and weak interactions are revealed very differently on aryalay energy scale, once the
energy exceeds the "unification energy” which is of the onfdi0 GeV, they appear to be
a single unified electroweak interaction with four gaugednss W=, W° of weak isospin
and B’ of weak hypercharge. The spontaneous symmetry breakinjg@samalgamation

of the W and B bosons into Z boson, and photof:

v cosOy  sin Oy B

)

Z° —sinfy  cos Oy wo

wherefy; is the Weinberg angle. From this mixing betweef &vid B it follows, that the

mass of a neutral bosor! differs from that of W: m, = 2w

cos Oy *

The Standard Model is so far the most precisely tested thadmgtory. Such discover-

ies of great importance as neutral currents (1973, Gardgamgleriment at CERN), bottom
quark (1977, E288 experiment at Fermilab), observation 6fatd 2 bosons (1983, UA1
and UA2 experiments at CERN) and measurement of their masgegquark (1995, CDF
and DY experiments at Fermilab), tau neutrino (2000, DONUT experit at Fermilab)
with the observation of a Higgs boson in 2012 as the grandefiaad all falling into the list
of SM predictions.

And yet the Standard Model cannot pretend to be a completeythad fundamental
interactions. To begin with it fails to incorporate graviltydoes not provide an explanation
for matter-antimatter imbalance in the Universe - a so dali@yon asymmetry problem.

There is no satisfactory dark matter candidate in the madattount for the non-baryonic

IFields of matter are Yukawa-coupled to the Higgs field; ohesspontaneous symmetry breaking occurs,
each Yukawa term is split in two parts — the true interactemtand the fermion field mass term.

4



matter. It does not accomodate the phenomenon of the aattetgexpansion of the Uni-
verse. There is no mechanism to generate neutrino massede #sm the questions
beyond the scope of the Standard Model it also suffers framnternal problems. It con-
tains 19 external parameters which cannot be calculatedselare usually taken to be 9
fermionic masses, 3 coupling constants, 4 parameters afithek mixing matrix, masses
of Z and H and a phase allowing for the violation of a combinkedrge-conjugation and
parity-inversion symmetry in strong interactions. Notyowe don’'t understand what dic-
tates the values of those parameters, but the span of pan@oger 32 orders of magnitude
gives rise to hierarchy problem and inconsistency withreatal naturalness principle.
This broad list of drawbacks of the existing working modelgigtently intensifies the déja
vu of the “Nineteenth Century clouds” of Lord Kelvin encogirag the search for possible

extensions and generalizations of the Standard Model.

1.2 Beyondthe SM

1.2.1 Grand Unified Theories (GUT)

After the successul unification of weak and electromagnetaractions, the possibility of
further unification with strong interaction was a very natassumption.

According to the Grand Unified Theories based on that ideangt weak and elec-
tromagnetic interactions are merged into a single fundaah@meraction above a certain
energy scale of the order ef 10'°> Ge\L. At the energies above that threshold the gauge
couplingsags, aw, a., become equal to a unique gauge coupling,r. Ultra-massive
guanta of the field of this universal interactiok, set the scale of GUT)/x: above that
scale this gauge symmetry is unbroken, while below it unaesgspontaneous breaking
and gauge couplings evolve independently.

Precise values of the GUT scale vary from theory to theory,dme thing remains

IHowever, it is worth mentioning that this number comes frawa éxtrapolation of running gauge cou-
plings to the point of their unification which is many ordefsmagnitude away from the energy scale currently
studied. Therefore such estimates of GUT scale strongfyorelan assumption that new unknown processes
do not come into play, as this would affect the evolution & ¢fauge coupling and hence the GUT scale as
well.



unshakable: the energies corresponding to the Grand Wioficare not only outside the
reach of the accelerators for any foreseeable future, leuslap unheard of as it comes to
the cosmic rays — the ultimate source of highest energygbesti However, the processes
governed by the unified interaction should exhibit themselat the whole range of ener-
gies. Even though this gauge symmetry is strongly brokeheaaitcessable energy range,
it should mix quark and leptons by means of their interaciaith gauge bosons of the
GUT field. As a consequence the transitions between quatkkeptons would be possible
and imply non-conservation of baryon and lepton numbers.

The important signature of GUT is the decay of the proton. gifeelictions for lifetime
of protons depend on the model with typical values of the oade 0°° years. Hence an
experiment in search of such events should be sensitivagéesicts of such decays within
the hundred of tons of monitored material.

The Grand Unification is attractive not only due to the elegaof underlaying con-
cept, but also due to impressive results in predicting soahgeg the SM fails to predict.
For instance, the simplest GUT based%ir(5) symmetry follows the value abs? Oy, pa-
rameter of the electroweak theory, which cannot be derixad the SM and is determined
from experimental data. The same unification model alsoigpiethe values of electrical
charges of quarks and the difference in the electric chamgeng the leptons of the same
generation.

But GUT did not evade their intrinsic problems. The presesfdevo mass scales\/y,
and My, separated by many orders of magnitude gives rise to tharblgy problem. The
mass of the Higgs boson corresponding to electroweak symrhetaking should be on
the mass scal&/x for the cancellation of diagrams in perturbation theorydpgen at suf-
ficiently low energy to satisfy unitarity. In its turn, thegtjs particle of symmetry breaking
at GUT scale is responsible for giving the mags to the bosons of GUT and hence should
posess the mass of the orderldk . To achieve such hierarchy of vacuum expectation val-
ues, the parameters of a scalar potential would have to beuimmeed with a breathtaking

accuracy in each and every order of perturbation theorychvbeems unplausible.



1.2.2 Supersymmetry (SUSY)

Hierarchy problem can be elegantly solved if the corregiocoming from boson and
fermion loop diagrams cancel out. This is possible in casgm#ons and fermions have
identical couplings to the Higgs boson and implies a bogwsmion symmetry — super-
symmetry, which is broken on the habitual everyday energlesc

In its simplest form SUSY requires doubling the number otipkas of the SM: each
SM patrticles acquires a superpartner: a particle with timeesalectric, weak and strong
charges, but with the spin differing by half a unit.

All supersymmetric particles are denoted by the tilde. Bogeners of SM fermions
are named by prefixing the names of particles with s: sqt@rkheptonsi (selectrong,
etc.), sneutrinog. The names of SM bosons end with "-ino” win&*, W°, bino B,
higgsino H. After electroweak symmetry breaking, wino, zino and photare not the
mass eigenstates. Neutral gauginos mix with neutral higgsio form four neutralinos
YV. Charged winos mix with charged higgsinos to form two chaogiy;:. The common
convention is that the mass of charginos and neutralinaeases with the index. At the
same time three of eight degrees of freedom of the Higgs fietdime longitudinal modes
of W* and 2 bosons, and the other five form Higgs scaldrsHf, A° and Ht.

However, SUSY by construction does not require baryon gpitenumber conserva-
tion. To impose such property, the SUSY model has to obeydhsarvation of R-parity,

which can be defined as follows:

whereB andL represent baryon and lepton numbers, respectivelys @&ithe spin. There-
fore all SM particles and all Higgs bosons have even R-panibjle sparticles have odd.
Not only R-parity eliminates baryon and lepton number \tiola, but it also ensures that all
the interaction vertices involves an even number of sgagidn particular, the sparticles
are pair-produced in collisions of particles and all ncaib# sparticles decay into an odd

number of sparticles. As the lightest supersymmetric glar(LSP) cannot decay into SM



particles in accord with this requirement, it should be &alf this particle is electrically

neutral, it also makes a candidate for dark matter.



Chapter 2

Input of the HEP Studies — What Do We

See?

Armed with the theoretical description of the elementarstipl@ zoo, one now has to ap-
ply this knowledge to the observables, provided by the erpart. Unfortunately some
properties of particles cannot be measured directly, ststeongly rely on our knowlendge
of their other properties. Hence for the species of partizlbe determined, the simulta-
neous presence of several various detectors in the setaguged. Even the members of
the same four-momentum vector, energy and three-momenittime particle, require two
fundamentally different ways of measuring.

While precise determination of the energy implies that dugigle is completely stopped
by the material of the detector and the energy dischargeallscted, momentum measur-
ing is conducted based on the curvature of the charged lggstiajectory in the magnetic
field and hence benefits from the minimal impact on the partiEkom this point of view

all detectors can be characterized as performing desteuoti (almost) non-destructive



measurements.

The first challenge is thus the decision about the combinainal order of the detectors
in which they would provide the most information and as fapassible wouldn’t harm all
the other ongoing measurements.

The direct detection is only possible for (electrically)aohed particles and is based
on ionization or excitation of the atoms of the detector makéy the passage of charged
particles or the radiation those particles emit under cediacumstances. The neutrals are
registered only mediately, based on their interactionschvgive rise to charged particles.

The main components of a general purpose hermetic deteetopaered below.

2.1 Biometrics of Individual Particles

The information from different particle detectors does omine in terms of properties of
particles and global characteristics of an event. In itsf@wm it is a collection of signals
from many of the readout channels of the detectors of diffterature. A many-stage
reconstruction process is required to aggregate it intb-légel compound objects. Let’s
follow the same logic and start by considering the systemsiwdllow to reconstruct the

basic characteristics of individual particles.

2.1.1 Trackers: Charge and Momentum

Measurements of particles’ charge and momentum are bas#tedrorentz force which
in the presence of constant magnetic field compels eleliyriciaarged particles to deflect
from straight lines and follow helical trajectories. Theedition of the trajectory curving
then suggests the sign of electical charge the outgoingclgapssesses and the momen-
tum measurement comes from the curvature of track, whichtdhé® reconstructed. In
general case the helical trajectory is defined by five pararsighey are to be defined from
the spartial coordinates of those channels along the fmttajectory which happened to
detect its interaction with the material of the detectonc8imany particles are traversing
the volume of the detector at the same time, the hits thahbeigring tracks leave behind

should be associated with the proper tracks for the coreszinstuction, and increasing

10



the number of channels would simplify such pattern-rectigmiproblem. There is how-
ever a trade-off. As it was mentioned above, momentum measants require minimal
impact on the particle’s properties, and therefore inddpatly on what particular kind of
detector technology is used for the tracker, whether it iI®whamber of some kind or a
semiconductor-based sensor, the amount of the materfas indcker should be minimized.
The main source of energy loss by electrons and positronsttems Bremsstrahlung: as
a result of a Coulomb interaction with the electric fields loé¢ atomic nuclei, electrons
and positrons emit photons. Depending on the energy anctidineof the emitted photon,
the radiating particle itself undergoes more or less sulisia deviation from the initial
trajectory — multiple scattering. This process hence douties a constant term (A) into a
fractional transverse momentum resolution of a trackirgjesy. The second term is pro-
portional to the momentum of the particle and comes from thitefresolution of the track
curvature (C). For the particles with very high momentumrttrajectories will appear in
the tracking system as straight lines, which cannot be usddtermine the curvature and
hence the momentum. The overall fractional resolutiontferttansverse momentum hence

can be expressed as:

pr

2.1.2 Calorimeters

As it was mentioned above, measurement of energy is a dégé&umseasurement, which
results in stopping the particle in the material of a deteetoalorimeter. For this reason
the measurement of the energy is conducted after the measotref the momentum is

done, i.e. the calorimeters are positioned behind the itngckystem. The characteristic
scale for the electromagnetic interaction is set by theataat length,X,, which defines

how far on average an electron, positron or photon travelidin the given material before
going through the interaction process. The interactionaafrbns with matter at the same

time is characterized by the nuclear interaction length,

11



Electromagnetic Calorimeters

If the tracker presents less that one radiation length aftaierial to the outgoing particles,
then the first acts of Bremsstrahlung and pair productiomghvare the dominant processes
of electron, positron and photon interaction with matteligh energies, will occur in the
electromagnetic calorimeter, then those processes vpdaewith all the particles in the
cascade, which still have sufficient energy for the multigion. In a simplified model
of such electromagnetic cascade, when the energy is sgtialinbetween the daughter
particles in a multiplication process, the number of p&towill basically double after
every radiation length of the material. Once the energy dividual particles drops below
the multiplocation process threshold, the number of pagitn the cascade starts to go
down, as now particles loose energy by other means and ardystutly stopped in the
material. The depth of the material required to stop a dariscthen a logarithmic function
of the energy of a particle. Therefore, an electromagnetioroneter with the depth of
15-30X, should be sufficient for most of the applications. The transg dimensions of
electromagnetic shower are given by the Moliere radiusclvis commonly defined as
a radius of a cylinder in which 90% of the electromagneticvarois deposited and is

expressed as:

Ry = 0.0265 Xo - (Z + 1.2).

While all electrically charged particles interact eleatiagnetically and hence can loose
energy through the same radiative processes as electranpogitrons, those radiative
losses are negligible for heavier particles, as the ramhdéingth scales like a squared mass
of the incident particle. Therefore, already for a muon,chihis roughly 200 times heavier
than an electron, a single act of Bremsstrahlung would requi average traversing the
depth of the material which 40000 thicker than what is required for an electron. There-
fore it does not make any sense to even attempt stopping modhs electromagnetic
calorimeter. Hadrons, which are also sufficiently heawiantelectrons, also barely inter-
act within the electromagnetic calorimeter by means of #scdbed above mechanisms.

The formation of the electromagnetic cascade is a randooepsy and the number of
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particles in the cascade will fluctuate as the square rodte@htimber of particles. This
gives rise to a stochastic term (S) in a fractional energgluti®n, which is inversely pro-
portional to the square root of the energy. Other contrdmgito the fractional energy
resolution come from the electronics noise (N) of the chanoentributing to the energy
calculation (inversely proportional to energy) and frore 8ystematic, or constant, term
(©), which reflects the intrinsic non-uniformities of thaeleor and any inaccuracy in inter-
calibration of the channels. The overall fractional enaggolution can then be expressed
as:

oE S N

EZE@E@O.

Electromagnetic calorimeters can be either completelyenada sensitive material,
such as heavy scintillating crystals or Cherenkov radsafbomogeneous calorimeter), or
out of layers of heavy material — absorber — interleaved Vaylers of sensitive material,
such as plastic scintillators (sampling calorimeters).

For heavy materials the approximations for radiation andear interaction lengths
are:

Xop=120-L 773,
cm

Arp=37.8 L 02,
cm

For many of the heavy crystals used as active materialXthleas values of the order of
1 cm, while the nuclear interaction lengthy, is signifficantly larger (compare for example
0.89cm and 20.3 cm for PbW(Q1.12 cm and 22.3 cm for BGO crystdis)n case if the

depth of the material will not exceed one nuclear interacigmgth, the hadrons impinging
through the electromagnetic calorimeter will not loose mexergy there, while electrons,
positrons and photons will be fully stopped. Hence the naeiectromagnetic”. The

electrons and positrons can then be identified by the energygdits they produce in the
electromagnetic calorimeter with the charged track intaeking system pointing to those

energy clusters. Photons, as they do not possess elechaae, do not produce signals

In general case this is however not true. For example for dinerete used for shielding this difference
is barely a factor fourXy = 11.55 ¢cm, Ay = 42.39 cm.
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in the tracking system and are identified as solitary enelgsters in the electromagnetic

calorimeter.

Hadronic Showers and Calorimeters

Hadrons, although start loosing energy in electromagmefisrimeters, and can produce
some signal there, deposit most of their energy in the hadoatorimeter that follows.

At first glance development of a hadronic and electromagsétbwers may seem very
much alike. Indeed, in both cases patrticles, produces bgadkerning interaction, can
further loose energy by ionization losses or in the new attsutiplication processes.
Hence, the number of particles in the cascade keeps on gydwernseveral interaction
lengths. Later on, as the energy of individual particleshim ¢ascade drops below critical
energy, the absorbtion of particles in the material leadietweasing the particle multiplic-
ity. But the very nature of strong interactions results @amtendous complexity of hadronic
showers compared to electromagnetic ones.

First of all, while strong interaction processes have ndagia the development of the
electromagnetic shower, hadronic showers do containrelaeignetic showers developed
by decayingr’ andn.

Besides while in electromagnetic cascades all energy dtedas the calorimeter is
eventually used to ionize the absorbing material and heacebe measured, hadronic
showers deposit a significant fraction of its energy in a amdntally undetectable form,
and its fraction fluctuates in a very wide range from eventvené

As this phenomenon has important consequences for hadianmoetry, let's discuss
it in more detail.

As a hadron projectile traverses the detector medium, b@mers the atomic nucleus
and initiates a spallation process. The incoming partidéengoes a series of collisions
with nucleons inside of the nucleus. In its turn those nuwtecollide with the others.
In the acts of collisions pions and other hadrons are pratiuééence the intra-nuclear

cascade of fast nucleons develops; some of those showeitigi@s escape the atom and

1As it follows from the numbers and formulas above, electrgnaic calorimeters normally present about
one nuclear interaction length of material for projectiles
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contribute into the visible part of the hadronic shower,lebthers get caught inside of the
nuclear boundary and loose the excess energy by distrgoiittamong other nucleons. The
nucleus which ends up in an excited state undergoes a sl@xai&tion process by means
of "evaporation” of several nucleons. The remaining exmtaenergy, which is less than
binding energy of a single nucleon, is dumped in formy eédiation.

The binding energy of the nucleons, released in this processiot be measured. The
second source for undetectable energy is introduced byetieriic decay ofr and K
mesons, when the energy is carried away by the neutrinos andsn

Those two mechanisms contribute to the so-called invighkrgy. On average it ac-
counts for 30-40% of the non-electromagnetic energy of tlosver. One of the immediate
consequences for calorimeters is that the calorimeteoresspto hadrons (h) is lower than
that for the photons and electrons (e). The invisible en#tgyuates in a wide range, de-
pending on the underlying processes in the hadronic shogw@labment. As a result, the
energy resolution of the hadronic calorimeters is suffityemoughly an order of magni-
tude, worse than that of the electromagnetic ones.

The calorimeters Wité < 1 are referred to as non-compensating. As non-compensation
causes many undesired effects, there have been many atengsercome this problem.
One of the approaches is a controlled degrading of the etexgaetic response by using
the low Z cladding of the absorber layers, which results in stoppifrgetion of low en-
ergy~’'s. Another approach was based on selective increase oh#rgydeposits from the
hadronic showers by introducing depleted uranidtii{) as an absorber: nuclear fission
would contribute extra energy to the non-electromagnedit gf the shower, primarily as
soft neutrons and nucleais[1]. However a more elegant approach suggests the use read-
out by two systems with signifficantly differerit[2]. So far this approach was exploited
in full only by the DREAM collaboratior].

2.1.3 Muon Detectors

As it was described above, muons do not loose much energyeicdlorimeters. They

do not interact strongly, as for the electromagnetic irtoas, the radiation length for the
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muons is somewhat 40000 larger than that for electrons. Whthypical materials used for
the calorimeters it would then require hundreds of metemetéctor depth. Muons pass
through the entire traking and calorimetric systems expeing only minimum ionizing
energy losses which add-up to about 2 GeV in total. Therdfagenain goal of the muon
system is to register the particle escaping from the caleténs and, as far as possible,

contribute into the tracking hence improving the resoluttbthe central tracking system.

2.2 Collective Information

Although individually reconstructed particles provideoadf information about the event,
some compound objects also deserve apt attention. Below itha description of a few of
them of special importance.

One or several of the detector subsystems described abewsead in construction of

those objects.

2.2.1 \ertexing — Back to the Origin

In high energy experiments one of the most important charastics of the particles’ inter-
action is the position of the interaction point (IP), or paim vertex. Even for fixed target
experiments the IP position is not constant and varies freamteto event with transverse
position within the beam spot of a high energy beam on thetangd longitudinal position
depending on the material of the target and the energy ohttident beam. In a colliding
beam experiment the position of the IP is delimited by théoregf beam crossing

Not only precise determination of the IP simplifies recamsting the trajectories of
the outcoming particles, but also it is important for otheasons. First of all, in high
luminosity machines several interactions can take placangua single bunch crossing,
and if in case of Tevatron experiments it was a few, ATLAS aiiSQletector at the LHC
witness a couple of dozens and more. It is therefore very ilapbto segregate particles

originating from different interactions; and it is the ezsito do so by tracking them back

1The size of the beam crossing region in turn depends not enlgesize of the bunches, but also on the
conditions of their crossing, such as the use of crab cavitiebunch rotation.
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to the origin. One more good motivation is the potential feavy flavor identification.
As for B-mesons:tz < 500 um, a decay of its b-quark will typically happen only few
millimeters away from the IP. This would produce a secondegex. The detector for
IP measurements should therefore possess appreciabi@ spsolution, but nonetheless
cannot be placed so close to the beam.

Typical vertex detector is made of several layers of silipoxel sensors, providing
several 3D-measurements for impinging particles. At thmesime, as those sensors are
thin enough, they do not introduce too much of the materiathenway of particles and
do not corrupt the momentum measurement by tracking systé@mee extrapolated into
the interaction region, the hits left in the vertex detettptwo of more particles provide

measurements of primary and secondary vertices with therezjprecision.

2.2.2 Undetectables

Neutrinos are electrically neutral and weakly interactifigey can be exclusively detected
by dedicated experiments operating with large volumes dérred and patiently awaiting
for extremely rare events of neutrino interaction with reattBut at general purpose de-
tectors they escape detection by all of the subsystems. Hovgeme information about
neutrinos (and other weakly interacting non-SM particieyose happen to be produced
in the event) is retained in the form of a transverse energ;alanceET. It is basically
the negative of the vector sum of the transverse momenta thelparticles in the de-
tector. However, more sophisticated calculation scheraede employed to improve the

resolution.

2.2.3 Jets

Jets reveal the strongly interacting partonic origin of timal state particles and hence
grant an insight into short distance dynamics. Jets ardethusf particles produced in
the hadronization of the initial partons — quarks and glue@smd moving in the similar

direction.

The longitudial momentum of a jet is defined by the initialtpar while transverse
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momenta of the final state hadrons is mainly due to the softgases and thus remains
small, which leads to collimated structure of the jets. Wliilere is a certain flexibility in
the definition of jet, it still has to be treated with cautidio. begin with, the partons which
give rise to the jets are color-charged, while the final spatticles are not. Hence there
can be no unique association between the former and the lHtEne wishes to employ
the apparatus of perturbative QCD for calculation of jé&tex] quantites, such as cross
sections, then definitions of the jets should be insensitvihe effects of soft particles
emission and collinear splittings. In addition, the defomtand 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 ofteteepositron and hadron-hadron
collisions. Since the whole initial state in case of eleatpwmsitron collision is purely
electromagnetic, all particles of the final state can be@atad with the hard scattering
process.

This is not the case for hadron-hadron collision where omlg parton from each in-
cident hadron participates in the hard scattering. As altrésel final state contains the
products of soft interactions of the remaining partons @tyihg event) along with the
particles originating from hard scattering process antiirstate Bremsstrahlung from the
partons participating in the hard scattering. The undegyvent along with this initial
state radiation form the so called "beam jets” composed biggbes with small transverse
momenta. This intrinsic difference between the event tiredne* e~ and hadron-hadron
collisions has of course to be accounted for when the defimivf jets is given in both

cases.

Jets in electron-positron collisions

The electron-positron collisions feature rotational mamace. Hence the natural choice of
variables to operate with are the polar anglés ¢;) and energiedr;. Since there is no
underlying event envolved, every final state particle imasged uniquely with one of the

jets. One then studies the exclusive cross sections — tltigtion of exactlyn jets and

18



nothing else.

First jet related studies were conducted for back-to-banes inete™ collisions,
where the finding of an axis of the event was sufficient. Tleeetvhat served as a first
handle for jet reconstruction, was a collection of varighllefining the shape of the event.

For each event one can calculate a sphericity tensor:

S = Zp?pf/z Ipil*,

wherea and run over the three space coordinates, aoder all reconstructed patrticles.
As this tensor is normalized, the sum of its eigenvalueslsqumty.

If now A\; > X\, > A3 > 0 are the eigenvalues of this tensor, then sphericity is d&fine
ass = %()\3 + A\o). Sphericity is close to 1 for spherical events, it is appmadely 3/4 for
flat events and tends to zero for collinear events. The aptgnsidefined asd = %)\3. A
is small for coplanar, and in particular collinear eventdiogies.

Despite providing a clear signature of a back-to-back togglthe above mentioned
event-shape variables are not fully satisfactory — in tts filace, because of the quadratic
form of the original tensor. This form leads to exaggeratésgtes from the contributions of
unusually fast particles and is unsafe against collinekitisgs — a collinear quark-gluon
pair would contribute to this tensor differently than a $enguark with the same momen-
tum. Variables which are linear in particle momenta do ne¢aésuch shortcomings.

Thrust, one of such variables, is defined as follows:

T = max 721 pi- nT‘,
nr Y2 |pil
where the numerator is maximized over directions of the uwadtorn, and the sum is
taken over all final-state hadron momeptgwhose three-vectors age and energies are
E;). The resultingny is known as the thrust axis. In the limit of two narrow back-to
back jetsT" — 1, while its minimum value of 1/2 corresponds to events withngarm
distribution of momentum flow in all directions.

The search for gluon’s manifestation as three-jet evenPEaiRA and further studies

19



of those events after successful discovery of gluon jets9ir91 required a satisfactory
measure of three-jet topology. Such shape variables caonrstracted by generalization
of the thrust variable. A dedicated variable, titled titij@ess, was also introduced i#]]
However, the complexity of corresponding algorithms grolamatically with the number
of jets and the generalization to the case of higher jetiplidities becomes less evident.

Therefore jet finding was further developed in a differemédiion. Instead of asigning
a set of variables to the entire event and then discrimigatiby their means as satisfying
of non-satisfying thex-jet hypothesis, a pattern-recognition approach was adiopthich
allowed instead to identify individual jets and computeioas jet-related quantities for
further implementation in the analysis.

The algorithms for jet finding in this case naturally use ao$eeconstructed particles,
or tracks and calorimetric clusters, as input pseudo-jetstaen merge those proto-jets
based on some measure of closeness. Two techniques fordetgfinvhich significantly
differ, are of the cone-finding type and sequential clustetype.

The algorithm would then iterate the procedure, using thelynéormed compound
pseudo-jets for further merging, reducing the number of@jets by one at a time. The
process is repeated until it either ends up with a set of jhisware separated better that
a pre-defined separation value (number of final jets is nodlfj@ achieves a grouping of

all reconstructed hadrons into exactlysets — final jets forn-jet imposed topology.

Jets in hadron-hadron collisions

While all the jet-reconstruction algorithms for hadrordhan colliders have their roots in
one or another algorithm from the ¢~ experiments, it is important to keep in mind that de-
spite many similarities, there are also significant diffexes between these two situations,
and they have to be respected for the successful migratithreatigorithm.

In the case of hadron-hadron collisions, rotational irasace is no longer present. In
fact, since every parton only carries a fraction of the twtaimentum of the original hadron,
the center of mass reference frame (CMRF) of the partongjpeating in the hard scat-
tering is moving along the beam direction with respect toGMRF of colliding hadrons.

Then a logical choice of variables which emphasizes thei@wee under boosts along the
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beam direction includes pseudo-rapidijty= — In(tan(6/2)), azimuthal angle and trans-
verse momenta; (or the corresponding transverse enefgy = FEsinf). An attempt
to work with the exclusive cross section ofjet production, similar to the case efe™
events, would inevitably require dealing with the beam gdtghe underlying event which
is usually undesirable. Therefore it is reasonable to nreabke inclusive cross sections of

high pr jet production instead.

Below is the brief overview of the jet algorithms.

Cone-Based Algorithms

The forebear of all cone-based algorithms was proposedeinvtrk [5] by defining two
back-to-back jets as collections of particles within a pitback-to-back cones with a
certain angular openning, which carriéd- € or higher fraction of the energy in the event.
It was free of any ambiguity due to infrared radiation or iwahr splitting. It was useful
therefore for the theoretical versus experimental corsparof di-jet production. However
it was impossible to adopt for the case of arbitrary jet nplittity, which gave rise to the
whole cohort of cone-based definitions, many of which werepéetl by experiments at

hadron machines.

Fixed-cone approach is the simplest implementation of a cone-finding idea. letak
the hardest particle in the event and uses it as an axis of @ @oa fixed aperture; then
all the particles inside of this cone are assigned to the gameThe procedure is then
repeated with the hardest particle which is not yet assigmedy of the jets. It is possible,
that some of the cones derived with this procedure can que@ae of the possible cures
for this complication is a progressive removal (PR) appihoaance the cone is formed,
all its constituents are removed from the event before theckefor the new cone starts.
This approach, obviously, suffers from collinear spligtinnsafety: if some hard particle
undergoes collinear splitting, then the order (and heneectintent) of the cones might

change.
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Iterative-cone approach , on the opposite, does not fix the axis of the jet to the most
energetic particle and are more flexible in this respect. Jde track only defines the
initial cone. Then the momentum of all the particles, cdmiting to the cone, is calculated
(normally as a simple vector sum), and the axis of the coneoigehto match the direc-
tion of the integral momentum. As the cone moves, some pestescape it, while some
others now fall into geometical acceptance. On each stagmtmentum is recalculated.
The cycle continues until the cone becomes stable. The sawhanism of PR can be
employed to avoid ambiguous particle assignement. Callinesafety is present here as
well. Instead of PR, one can make use of the "split-merge”8M'split-drop” (SD) ap-
proaches to cure the overlapping cones. In a nutshell, teeig] for the overlapping cones
to calculate the fraction of energy of the less energetiecavhich is due to the shared
particles, and if it is above some threshold, merge the cortesone jet, else either split
shared particles between the jets based on the proximihett (SM) or assign all shared
particles to the harder jet and discard all others (SD). Khid of cone separation tech-
nique, however, introduces the infrared unsafety. Pas@bvering from infrared unsafety
can be achieved by including the middlepoint search: afteha stable cones are found
based on the set of seeds, use middlepoints between theopatedle cones as seeds for
extra cones. However, it does not solve the problem conipleted so far there are no
seeded cone-based algorithms which would be completetydidoth infrared emittion

and collinear splitting unsafety.

Seedless cone algorithm, which does not start with a particular set of seddt instead
finds all possible stable cones, would be free of the IRCHatgacollinear splitting do
not have any effect at all, as the order of cone finding isexaht, and the emission of
soft particles would only lead to formation of extra coneshwio hard particles in them.
However, for a long time these kinds of algorithms were nqliapble for events with a
large number of particles, as the computation time was aarexptial function of particle
multiplicity. Only recently the solution which takes potymial time, was found. It is

currently implemented in the SISCone algoritlain[
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Succesive Recombination Algorithms

LUCLUS LUCLUS is probably the oldest of the algorithms still in usgased on bi-
nary joining with additional preclustering and particleassignment, it was introduced in
1983[7].

It starts by identifying the most energetic particle, whistused as a seed to form a
cluster (of pre-defined size) around it. After that the pchoe is repeated with all the
particles not assigned to clusters. After the preclustesiep is done, the clusters are

merged based on the closeness measure:

L 2iPlpy P~ cosdy)
! (Ips] + |pj|)2E3is

After the protojets are merged, it is possible that somdgleston the far outskirts of the

initial clusters will end up being closer to some other sming clusters. Therefore the
re-assignment of particles to clusters was done after ggerjerging.

The big advance of this clustering scheme is the use of teesymomentum mea-
sure, which allows better separation of perturbative anu perturbative components of
the QCD dynamics. Besides, unlike in the earlier algorithims number of output jets was

not pre-defined.

JADE was based on binary joining without any preclustering ossgmmentf]. For all

pairs of protojetdi,j } the distance measure

2EZEJ(]_ — COS 82])

VLS

Yij

was calculated. If the minimal distance measure was belewebolution threshold, the
corresponding protojets were replaced by the new, mergethjpt, and the process would
repeat. This algorithm is IRC-safe, because both effectddvioe eliminated at the early
stages of recombination. However, thels; product in the measure leads to recombination

of back-to-back particles.
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DURHAM (exclusive k) algorithm is defined in a similar way to JADE, but with trans-
verse momentum instead of the invariant mass in the distareasure]] (by the time
of its creation the studies showed that soft gluon emissiporlentiate with ordering in
transverse momentum, but not in invariant mass):

2min(E7, E3)(1 — cos 6;)
Yij = e :

VS

Because the minimum of the two energies enters the distaresure instead of the
product, two soft back-to-back objects do not get an adggniia merging over a pair of

hard and soft objects. This algorithm soon became a stafetdrdder in the era of LEP.

GENEVA algorithm is somewhat different from all recombinationaithms mentioned
so far, as its dimensional measure was based only on the t@otslcombined, and not on

the rest of the event (such as integral visible endrgy)[10]. It was defined as follows:

~_ 8E;E;(1 —cosb;)
Vim0 (Bt B

where the fatorg comes from the "synchronization” with JADE and DURHAM foreth
cutoff value for three jets from three partong.( = %). While this algorithm strongly
disfavors recombination of two soft objects with each qtktaus providing a solution for
the JADE problem, it is highly sensitive to energy mismeaswents, as integral visible
energy present in the denominators of most of the distan@sunes is measured more

precisely than the energies of individual objects.

Inclusivek,; algorithmis an adaptation of exclusike for experiments at hadron collidetd].
It calculates the measure
di = Eiz“z

for each proto-jet, and

J minE%i, E%J[(Uz —n;)? + (¢: — ¢5)?]
/. R2
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for each pair of proto-jets based on transverse enetgjjes If the minimal value ofd

corresponds to the pair of proto-jets, they are merged im@naproto jet with

Ery = Er;+ Erj,

_ Erini + Ey jn;

" Eri

_ Eri¢i + By o,

oy = TR0 Bl
T,k

When the smallest values dfcorresponds to an individual protojet, it is moved to the lis
of jets. While this algorithm is free of IRC problems and hefevored by the theorists, its
experimental applications involved certain complicasitwecause of the irregular size and

shape of the resulting jets.

Cambridge algorithm implements the same distance measure as DURHAMydes a
different clustering proceduref]. There are two different test variables which are used to
decide, whether the proto-jets should be merged and whatb{pets should be considered
next. The algorithms proceeds as follows: for all objectdugs of the ordering parameter
v;; = 2(1 — cos 0,;) are calculated, and for the pair of objects with minimal eaddiv;; the
DURHAM distance measure is calculated and compared to ttudfaalue. If y;; < yew,

a new protojet is formed by mergingand ;. Else the protojet with lower energy is saved
as a final jet. Such angular ordering prevents "junk jet” fation in case of multiple soft

gluon emission.

Cambridge/Aachen (C/A) algorithm is based on purely geometrical, angular ordering
measure defined bﬁfj = Anfj + A¢§j[13]. It was demonstrated that it is more sensitive
to jet substructure than the others. Therefore its modifinatwere proposed as the basis

for boosted top-jet tagginaf].

Anti-kt algorithm uses the distance measure
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d;j = min ( L ! ) (i = yj)z + (¢ = ¢j)2,

k2K R?
which favors clustering of hard particles and is IRC safg[The resulting jets are circular,

which simplifies many detector-based and pileup correstioAnti--£; 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 atleamp an accelerator up
from arbitrarily small field level. Therefore the accel@atto significantly high energies
proceeds in stages by means of a chain of accelerators wiadhajly increase the patrticle
energy.

Before being fed into the LHC, protons should undergo a stjgaited treatment in
the injection chain: protons are extracted from hydrogematand then preaccelerated
in the chain of accelerators: Linear accelerator (Linae-Broton Synchrotron Booster
(PSB) — Proton Synchrotron (PS) — Super Proton Synchro8B'$) — each of which grad-
ually increases their energy. For heavy ion beams the injechain starts at a dedicated
linear accelerator — Linac-3, which provides it with ene®)g MeV/nucleon. The ions
are then directed into the Low Energy lon Ring (LEIR), whéreytare accelerated to 72.2

MeV/nucleon before reaching the PS. The CERN acceleratoptex also includes various
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beam lines for fixed target physics and the Antiproton Deeasbe (AD). The latter accu-
mulated antiprotons, which arise from colliding of the P8tpn beam with the block of
metal. Antiprotons are then decelerated and used for tliéestof antimatter. The structure
of the CERN accelerator complex is shown on the Bif. The size of the synchrotrons
is not drawn to scale. This section contains the broaderrig¢isn 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 cexrgoid its importance should not
be underestimated — in many cases the availability of thecsadictates the acceleration
scheme.

The proton source of the CERN accelerator complex is shovir8.2 It is the tank
of hydrogen gas that gives rise to the protons to collide enltRHIC[19]. The gas is fed
into a plasma chamber of a duoplasmatfah| There a thermionic cathode emits electrons
which are accelerated toward an intermediate electrodeth@nway they bombard the
molecules of gas forming plasma. The plasma chamber isisuwteml by a magnetic coil
which produces a field parrallel to the direction of plasmafld@his increases the path
of electrons in the chamber by forcing them to follow helit@ljectories. The plasma
chamber is constricted towards the anode which increasesnibde plasma density. The
plasma is then extracted into an expansion cup through d ap&ture and used for proton
segregation. Protons which leave the duoplasmatron shaxeean 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 directedtinoradio-frequency quadrupole
(RFQ) via short (about 1 m long) low energy beam transporte RFQ was completely
designed and built at CERN and was installed in 1992-93 irptkparation for the LHC

era replacing the 750kV Cockcroft-Walton pre-injector. eTRFQ consists of a cavity

loaded with two pairs of opposing undulating vane electsodih a radio frequency volt-
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FIGURE 3.1: CERN accelerator complekHC: Large Hadron ColliderSPS:Super Pro-
ton SynchrontronPS: Proton SynchrotrorSB: Proton Synchrotron BoostdrtEIR: Low
Energy lon Ring;AD: Antiproton DeceleratorL.INAC: LINear ACcelerator]SOLDE:
Isotope Separator On-Line DEVICENGS: CERN Neutrinos to Gran SassolOF: neu-
tron Time-of-Flight.
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FIGURE 3.2: Proton source of the accelerator complex at CEREET: Duoplasmatron

with a hydrogen tank - a duplicate for display. The actualgdasmatron which is linked
to the injection chain is hidden behind the metal mesh of thadlay cage on the left.
RIGHT: Internal structure of the CERN duoplasmatron. The pictsifeam [18].

FIGURE 3.3: Radio-frequency quadrupoleLEFT: RFQ in the accelerator complex
at CERN.RIGHT: Undulating vane electrodes inside of the RFQ. The pictuiaken
through the service opening of the RFQ displayed in the Arammplex.

age of opposite polarity applied (see RBdg3). The resulting electric field in the transverse
plane focuses the beam in one direction and defocuses irtlike @\s the polarity of the
electrodes changes, the beam is focused in the other dimactihe RFQ hence provides
alternating-gradient focusing. As particles proceeduflothe cavity, the undulations on
the electrodes gradually get longer which gives rise to fttuestverse electric mode which
accelerates the protons. The 1.8 m long RFQ accelerategém to 750 keV § = 0.04)

and provides a beam current of 200 mA as an output. The laffigaimatching of the

30



RFQ to the Linac2 is done by means of two bunching cavities.

3.1.3 Linac2

Linac2 has served the CERN accelerator complex since 19€8 iwhad replaced Linaci[].
The present Linac2 accelerates the protons to 50 MeV. Thigli#t tube linear accelerator
of Alvarez type (Fig3.4). It is comprised of three tanks operating at a common RF of
202 MHz. The first tank accelerates protons to 10.3 MeV (pladiacquire the speed of
G = 0.04) and provides a beam current of 185 mA. The second tank btiregenergy up

to 30.5MeV (3 = 0.145) while the beam current on the output drops to 180 mA. Finally
the third tank increases the energy to 50 MéV=€ 0.314). The same 180 mA are avail-
able on the output of the Linac2 and are delivered in shottfdrotons every 1.2 sec.
The beam focusing is achieved by means of electromagnedidrgpoles placed inside of
the drift tubes. With the operation time of Linac2 of abou@6@ours per year the CERN

experimental facilities hence consume aboutg3®f protons per year.

FIGURE 3.4: Linac2. LEFT: Array of Linac2 tanks.RIGHT: Drift tubes inside of
the Linac2 tank. The picture is taken through the servicenmgeof the vacuum vessel
displayed in the Linac2 complex.

The Linac2 has been in service as the main supplier of praabr3ERN for more
than 30 years. With the progress in linac technology ovesdhdecades it now became
extremely outdated; the old-fashioned components of [ Araal recently developed prob-

lems make the maintenance more and more problematic. Betbide the luminosity up-
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grades for the LHC would require higher intensity at the P§Bdtion which essentially

means higher energy on the output of the linac. The limitextsmt the end of Linac2,

however, limits the possible energy increase. All of thevabmotivated the replacement
of Linac2 with Linac4p 1] which would benefit from all recent advances in linac tedhno
ogy. The construction has started in 2008 and the commisgjascurrently scheduled for

2015.

3.1.4 Proton Synchrotron Booster

The next stage in the proton (ion) acceleration is the Pr8sorchrotron Booster which is
the first circular accelerator (synchrotron) in the LHC atjen chainp1, 27]. It is com-
posed out of four superimposed rings with a radius of 25 m;nibminal beams in the
adjacent rings of PSB are 36 cm apart, Ring 3 (third from thi#obo) is leveled with the
PS. The PSB is formed by 32 dipole (bending of the beam) andudéirgpole (focusing
of the beam) magnets, which are arranged in a periodic paitiéh a repeating sequence:
straight section, dipole, triplet of quadrupoles, dipdig(3.5. Each of the magnets is
essentially a column of four magnets which share a commome yokl are powered by
a common power supply. Fine adjustments in individual riags achieved by means of
additional trim power supplies and coils. Straight seigontain other equipment for
small corrections, diagnostics etc. as well as an RF systemictceleration. Currently the
RF system consists of the cavities for harmonic numbers 1H2Mind 2 (4 MHz) and a
higher, variable frequency system (6-16 MHz) for contrdkenittance blow-up.

To fill all four rings of the PSB with a pulse of Linac2, the pels sliced with the
Proton Distributor: a system of five pulsed magnets withiteeiwores (Fig.3.6). Once the
rise time of the Linac2 pulse is over, four of the cores eadledieequal slices of the pulse
toward the different apertures of a septum magnet whictsgh#m even further apart to
separate them according to the levels of the PSB rings. Tls¢ mpstream core at the same
time deflects the tail corresponding to the fall-time of thisp into an absorber block — a
tail dump. The fraction of the pulse corresponding to the-time also hits the absorber —

a head dump. At any time, in case of a missing trigger or PrDistributor system failure,
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FIGURE 3.5: PS Booster, peroids 15 and 16, injection and extractiombeees. Murging
of the beams from four rings into a common beam pipe is clesgBn in the extraction
beam line. The main photo is taken froft]

the entire linac pulse is dumped into the head dump. Howévenly one of the cores
of the Proton Distributor fails, the corresponding pulseesivill be deflected by the next
core downstream to the corresponding ring of PSB. The séceshen further deflected
to achieve the separation of PSB rings and injected into 8i& By means of multi-turn
injection.

After the PSB acceleration cycle is over, the bunches iedfit rings are synchronized,
extracted by a system of slow extraction bumpers and mergedai common beam line
(Fig. 3.5).

The operation of PSB is essentially a repetition of one ofpteeprogrammed super-
cycles, which are made up out of 1.2 sec-long basic cyclesinDeach of the basic cy-
cles the beam for one of the PSB users (such as LHC, ISOLDE fig&$target physics,
etc.) is injected, accelerated and extracted. Nevertheles beams in the basic cycles are
completely independent and can differ by intensity, trans& and longitudinal emittance,

number of PSB rings in use, harmonic at the extraction.
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FIGURE 3.6: Proton Distributor in the injection to PSB. Red and greyetrtories corre-
spond to the rise and fall time of the pulse from linac and amaged, while the medium,
homogeneous part of the pulse is split in four for futuredtifn into PSB rings.

The beams for the LHC are generated by means of double-bdtolh:fiin the first
basic cycle all four rings of the PSB are used, operationgaanbnic 1 (one bunch per
ring), they are then extracted toward the Proton Synchma®®) in order 3-4-1-2. While
the first batch of protons circulates in the PS, unaccelgyaite second basic cycle of the
PSB makes use only of the top two rings, 3 and 4, each acdelgmate bunch on harmonic

1 and extracting them toward PS 1.2 sec after the first batch.

3.1.5 Proton Synchrotron

Once the particles are accelerated to 1.4 GeV, they areaajécto the CERN Proton Syn-
chrotron (PS) — a 100 m radius synchrotron.

PS is the oldest of the major particle accelerators buillEERE and the first proton syn-
chrotron to take advantage of the strong focusing concepteSts comissioning in 1959
it remains in service for more than 50 year§[ Despite many upgrades over those years,
the main magnetic system — state of art at the time of cortgtrue remain unchanged. It

is comprised of 100 magnet units which are, unlike magne®38, combined-function
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elements: the beam focusing is achieved by precisely degitrtansverse gradient in the
bending field. Each magnet unit consists of focusifgand defocusingl) half-units. C-
shape steel magnetic blocks with two different profiles efploles produce alternation of
the gradient. Five such blocks, each 41.7 cm long and weigl2890 kg, form a half-unit.
Ten blocks form a magnetic unit with two common aluminum &ten coils around top
and bottom poles. The straight secti@) (between the main magnetic units are field-free
and carry corrective magnetic lenses for fine adjustmerttsediield, accelerating RF cavi-

ties and other equipment (Fig.7). The main magnetic units of the PS arranged to produce

the recurrenEOFDOD configuration.

FIGURE 3.7: View of the PS tunnel with the accelerating RF cavity sysfenthe middle)
and main magnetic units (on both sides of the RF). The maguoatt to the left from the
cavity is installed with its return yoke inside of the synatnon ring, while the unit on the
right from the RF system is installed with the yoke outsidéhef accelerator ring.

The RF system of the PS consists of tuneable ferrite loadatesaand several types
of fixed frequency accelerating cavities. And yet anotherg side of the PS machine,
which contributed to the success of many physics progran@E&N during five and a
half decades, is the amazing diversity of transformati@rypmed over the bunch train by
means of the RF systems. The treatment of the bunch traihédckC in the PS is indeed
sophisticated. Six PSB bunches are used to fill the PS, saanide done by ejecting
two batches:4 + 2 bunches with 1.2 sec pause (duration of the basic cycle ifPBR)
between the consecutive batchgsH 3 bunch injection PSB beams were also developed
and studied). The PS operates on harmonic 7, so once two R&lebare injected, there
is one vacant bunch spot (the gap in the bunch train thus slfowthe ejection kicker

magnets rise time and hence bunches are not lost duringioneoto the SPS).
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FIGURE 3.8: Principle of bunch splitting in the PS shown for triple $johig. First the
bunch is stretched by the RF of the double harmonic, thendhstactions are formed by
the triple harmonic RF. As the action on the lower harmoracke§ away, the bunch is split
in three with the same distribution of particles as in théahone. Picture taken fron®[].

First, the injected beam of 1.4 GeV is captured by the subdsenheable cavities, oper-
ating at harmonic 7. Then each of the original six bunche8nkdong, is split into three
by successive engaging of the sets of cavities pretunedriodmacs 14 and 21 (Fig.9).
After triple splitting is achieved, the resulting 18 bunslage captured by the set of cavities
at harmonic 21, while the rest of the tunable cavities resfoom harmonics 7 and 14 to 21.
Then, with the RF system operating at harmonic 21, the beatcislerated to 25 GeV. At
this energy the fixed frequency RF (harmonics 42 and 84) takeand each bunch is split
in two twice!, yielding 72 bunches and 12 (consecutive) vacant buncls $§p& operation
on harmonic 84). Finally, the length of bunches is adjustedibans of rotation with the
RF system at harmonics 84 and 168. This results in a bunehwigh 72 bunches of 4ns
and 320ns gap in the sequence of bunches, which allows thgBt®e kicker magnets

to rise.

3.1.6 Super Proton Synchrotron

After the acceleration cycle in the PS is over the transfer Which is about 850 m long di-

rects protons into the Super Proton Synchrotron (SPS). Pigehas been in operation since

1This is the way of generating the nominal bunch train with Spacing. For the 50 ns spaced bunch
train the second splitting in two in the PS is not performed.
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1976 and contributed a lot to particle physics researchrowided high energy beams to
various fixed target experiments. Since the year of 198Xitdegn used as;@ colliding-
beam storage ring, which has led to the discoverylofand Z bosons. Later, between
1989 and 2000, it had served as an injector for the Large fiele¢ositron Collider (LEP).
Nowadays it remains in service as the last stage of the injechain for the LHC, provides
the beams for the NA61/SHINE, NA62, COMPASS experiments@NGS project.

The synchrotron tunnel of the SPS, 4 m in diameter, is localbeadit 40 m underground.
The SPS machine is formed by six circular segments (947 nusadind six straight sec-
tions 250 m each. The circumference of the SPS is dividedZhéohalf-periods. The typi-
cal half-period is formed by six main magnet elements: fowiguadrupole, four bending
magnets, each 6.26 m long, and a defocusing quadrupolee @athe structure in the re-
versed ordér The strong focusing system hence follows B®@DO structure. Although
at the time of construction, the superconducting magnets aleeady available, the deci-
sion had been taken in favor of much better understood remnpérature electromagnets,
providing 1.4 T magnetic field.

The sextants of the synchrotron are formed by 18 subseqeeioids such that four
periods corresponding to the straight section are in thallmidf the sextants. Straight
sections contain RF accelerating systems, merging poiititstie injection beamline and
two extraction beamlines, beam instrumentation equipm@hort straight sections inside
the periods accomodate magnetic lenses for fine correaticthe beam.

When the proton beam reaches the SPS, the velocitiy of gasadready close to the
speed of light. Therefore during acceleration their vajo@nd hence the frequency) does
not change too much (only by a fraction of a percent). Thievedlto make use of fixed

frequency traveling wave cavitiesj] with narrow bandwidth (Fig3.9).

1At first sight it may seem that four magnets of the same functiet next to each other is not the most
optimal solution. But it is due to a historical reason: thelation of the SPS complex was decided to
follow the so called "missing magnet” concept: if the sizéted machine is not an issue, one can design the
synchrotron with long straight sections next to the bendinigs. When the decision of the energy upgrade
is taken, the straight sections accomodate extra bendiggetato increase magnetic flux density. So the
initial design of the SPS included two bending magnets fer2b0 GeV machine and the space for two more
in future upgrades. Later on, however, the decision wamtak@roceed directly to the "upgraded” design
with all four bending magnets installed. In contrast, theletion of the PS was guided by the "missing
power” concept: the magnets were overdesigned to be catmbfeerate with higher power, and it was the
power supply system which was extensively upgraded.
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FIGURE 3.9: Traveling wave accelerating RF cavity in the SBEFT: The internal view
of the RF from the archive of CERN RF/SR secti®iGHT: RF cavities in the SPS tunnel.

The circumference of the SPS is about eleven times that &#&&ence, the SPS could
accomodate eleven batches from the PS. Though, the moiemiftixinch train generation
scheme requires to fill the SPS with a train of three or fouctued from the PS with only a
small gap of 8 vacant bunch spots (to allow for the SPS irgedticker rise time of 220 ns).

After the acceleration cycle in the SPS is over, the beamrisctid into the LHC

through one of the two transfer tunnels.

3.1.7 The Large Hadron Collider

The LHC went live on 10 September 2008. Ever since it remdiagécord holder both
as the most powerful particle accelerator and the largesdtohacollider ever built. It is
housed in the 27 km long tunnel inherited from the LEP ace&ber Construction of that
tunnel at that time was the biggest european civil enginggsroject — it took about three
years to make the tunnel alone. The tunnel spans acrossdhed-Ewiss border and lays
50 to 175 m underground.

Eight arcs of the synchrotron, which carry magnetic elesyaare interlayed with eight
insertion regions (IR) — straight sections are about 528mg.Id’hose are used for exper-
imental and monitoring equipment. The major experimergd@cated at four of the IRs:
ATLAS (IR-1), ALICE (IR-2), CMS (IR-5), LHCb (IR-8). Two ofhem are also used for

the injection of the proton beams from the SPS (IR-2 and IRH8)4 houses the acceler-
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ating cavities. Two beam collimation systems are locatatienR-3 and IR-7. Finally in
the IR-6 the beams are extracted from the LHC for dumping.

As the LHC operation requires not only high energies of haslrbut also high beam
intensities, the antiproton beam was not an option. Heneed#sign for two counter-
rotating proton beams demanded for bending magnetic fid¢ldgmosite polarity and thus
separate beam pipesThe LHC tunnel is only 3.8 m in cross-section; thereforstaiiation
of two separate cryogenic rings would be problematic. Thagieof the main magnetic
units — bending dipoles and focusing quadrupoles — has eddipe twin-aperture structure:
two sets of coils surrounding the beampipes share a commarywke and mechanical

structure. The entire assembly is then installed insidé®ttyostat (Fig3.10).

FIGURE 3.10: Cross-section of the main magnets of the LHC. Picturesakent at the
SM18 — cryogenic testing facilityLEFT: Cryostat of a dipole installed in the vacuum
vessel RIGHT: Cryostat of a quadrupoléa) superfluid Helium guide(b) superconduct-
ing coils; (c) beam chamberqd) austenitic steel collar(e) return yoke;(f) cable trays.
Assorted holes seen in the yoke serve for equalizing of thgnetic flux and avioding of
the yoke saturation.

The magnets are cooled down to 1.9 K and can provide a field 8 B&T. The bend-

ing magnets are 15m long at room temperature, but as theyatedcdown, they shrink

1The only common sections are located in the insertion regimusing the experiments.
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by 4.5cm. To accomodate this significant change in lengtly, ome end of the magnet
is mounted, while the other one is allowed to move freely. agnet shrinking is then
compensated by the stretching of a stainless steel belleigs3(11). To avoid any pertur-
bations of the RF field at the junction of the beam vacuum cleamithe RF-bridge formed

by 30 sliding fingers is installed in the interconnection.

FIGURE 3.11: Steel bellows with RF-shielding fingers connect the beaouuen cham-
bers between the superconducting magnets. The pictures feom [26].

Each of the eight arcs of the LHC is formed by 23 arc-cells;clés are 106.9 m long
and contain two half-cells with 3.10 m quadrupole followedthree 15m dipoles. As
the twin-aperture quadrupole magnets focus one beam andusethe other, the beamline
optics period=ODO in one ring corresponds I©OOFO in the other ring. The multi-pole
magnets used for small corrections serve individual bepegand are installed at the ends
of the main dipoles and quadrupoles.

By the time the beams are finally injected into the LHC, they @ready highly rela-
tivistic: during the entire acceleration cycle in the LH@ ttevolution frequency changes
insignificantly, only about 2.5 ppm, and so does the accihgr®F frequency. With such
a narrow bandwidth of the RF system, standing wave RF cavire used with a res-

onant frequency bandwidth of 100 kHz (the RF frequency ofdaeties is 400 MHz).
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The choice has been made in favor of superconducting tespyohiobium-coated cop-
per cavitiesP7], each with a single cell, are housed in a common cryostatrangs of

four (Fig.3.12. Superconductivity is reached by cooling to 4.5K by meangjaid he-

lium. Each ring is equipped with eight RF cavities providihiylV of accelerating voltage
(16 MV per beam).

FIGURE 3.12: Accelerating cavities of the LHQ.EFT: Bare RF cavity on the display of
the CERN cryogenic testing facilityRIGHT: The actual RF system in the tunnel of the
LHC — two cryostats contain eight standing wave supercamgjdRF cavities.

The RF system is not only used to accelerate the protonsidauticecreate and maintain
the structure of the beam: as the accelerating frequendyeoRE cavities at the LHC is
400 MHz, it operates at the harmonic= % ~ 35640, and creates the same number of
RF buckets for capturing the proton bunches. In practick, 808 of those RF buckets
are occupied by the proton bunches, the rest of the vacaketsis uniformly distributed
around the ring. This ensures that not only the bunches aa# snthe longitudinal direc-
tion (RF bucket is only 2.5 ns wide), but also spaced at I€assZpart, which makes them
suitable for the LHC detectors.

The LHC receives trains of three or four batches from the $R$3.13. Hence in the
LHC ring every three-batch and four-batch structure isoie#d by 38 and 39 vacant bunch

spots correspondingly — both gaps are due to the LHC inje&iicker rise time of 0.94s.

1Except for a few longer gaps which allow for the rise time imi@as magnetic systems of the LHC
complex.
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The entire bunch train in each ring of LHC is followed by an@igap — 119 vacant bunch
spots to allow for the LHC dump kicker rise time ofi3.

It takes about 15min to complete the injection process, thenmain dipoles are
ramped up synchronously with the RF system, which takeshen@0 min. After some

final preparations the beam is ready for the physics run,lwtén last 10-20 hours.

3.2 The experiments

There are four large (ATLAS, CMS, LHCb and ALICE) and threeadiiTOTEM, LHCH,
MoEDAL) experiments at the LHC. There detectors were dexigoonstructed and com-
missioned by international collaborations of many inséi bringing together scientists
from all over the world. Each experiment has particular g@ald is optimized to fulfill its
physics program.

The two biggest experiments, ATLAS and CMS, use genergbgme detectors to both
investigate in detail a variety of known physics phenomeama@obe the terra incognita.
The availability of two independent detectors based oreddffit designs and technologies
provides an opportunity for cross-confirmation of any nescdveries. ALICE and LHCb
are focused on specific phenomena. These four experimecupytiuge caverns on the
LHC ring.

The small detectors, TOTEM, LHCf and MoEDAL, are focused owfard particles.

Hence, their detectors are located on the LHC ring on bo#ssidithe bigger experiments.

3.21 CMS

CMS (CompactMuon Solenoid) is a general purpose detector at the LHC. The e@ekail

description follows in the next chapter.

3.2.2 ATLAS

ATLAS (A Toroidal LHC Aparatl) is one of the two general purpose particle physics
experiments at the LHC. It is lighter and less dense tharoispetitor, CMS (Fig3.14).
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11=12 missing bunches
1>= 8 missing bunches

(SPS injection kicker rise time = 220ns)

3= 38 missing bunches

(LHC injection kicker rise time = 0.94 ys) ———

4= 39 missing bunches
15=119 missing bunches

(LHC dump kicker rise time = 3 |s)

FIGURE 3.13: LHC bunch train and its formation in the PS and SPS.
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With its length of 44 m and diameter of 22 m it is the biggestagahpurpose detector ever
built.

As a general purpose detector, ATLAS is suitable for a wiawyeaof particle physics
tasks: it is capable of improving the existing measurementke realm of the Standard
Model, as well as for probing "new physics” grounds such aiaation theories, Super-
symmetric theories, extra dimensions, etc. Although it tslast missing SM particle,
the Higgs boson detection requirements served as a benklionall subdetector systems
performance during construction of the experiment. Aloritpthe CMS experiment, AT-
LAS has anounced the discovery of a particle fully compatibith the Higgs boson in
2012.

Q Detector characteristics
Muon Detectors Electromagnetic Calorimeters - V\{idth: 44m
N\ = Dia_meter: 22m
/\ \\\_‘ -« ] Weight: 7000t
\ % Solenoid \.\\ CERN AC - ATLAS V1997
\

Forward Calorimeters

1
‘\ \\ i End Cap Toroid
\

iy romwano |

Shielding

Hadronic Calorimeters

FIGURE 3.14: General purpose detectors at the LHC: CMS (on the left) andAs (on
the right). Note the difference in size and weight.

3.2.3 LHCb

LHCb (LargeHadronCollider beauty) experiment is focused on heavy flavor (charm and

beauty) physics. At high energies bdttandb quarks are mostly produced in the same
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sharp forward or backward cone. The LHCb detector implemarsingle-arm design for
the geometry of the spectrometer (RBdgl5. As, in this case, the occupancy of hits can
be an issue at the high luminosities delivered by the LHCp#em focus can be tuned to
lower the luminosity at the LHCb independently from othepesiments.

The physics goals of the experiment cover studies of raradvem decays and pre-
cise measurements of the CP violation in various decays.laiteg can shed light on the
discrepancy between matter-antimatter assymmetry of theeltse and Standard Model

predictions for this assymmetry.

LHC-B

Detector

L ; . v i | v Y
Mertex - <. 1 Elect agnetic
? Calorimigter

Detector characteristics
Width: |, \ 18m

Length: " 12m
Height: ' 12m

Weight: 4270t I

FIGURE 3.15; LHCb detector.

3.2.4 ALICE

ALICE (A LargelonCollider Experiment) is a general purpose experiment, which focuses
on strong interaction studies (Fi16).

It is optimized to studyPb — Pb collisions at a center-of-mass energy of 2.76 TeV per
nucleon. In the collision the resulting energy density ardgerature can be sufficient to

produce a quark-gluon plasma. The detector is also takiteywldh p — p collisions for
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reference. The physics program also includes data takitty wiclei lighter thanPb to

vary the energy density.
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FIGURE 3.16: ALICE detector.

3.25 TOTEM

TOTEM (TOT al cross sectiorklastic scattering and diffractive dissociatigreasurement)
experiment is dedicated to the measurements of thejiotah cross-section by means of
a luminosity independent method. Its other goal is to achteeper understanding of the
proton structure by studying elastic scattering with lang@mentum transfers, and via a
comprehensive menu of diffractive processes.

Unlike previously mentioned experiments — big, but locadizn a particular cavern, —
the stations of TOTEM are spread over 400 m along the LHC tuamoeind the interaction

point, where the CMS detector is installed.
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3.2.6 LHCf

LHCf (LargeHadronCollider forward) experiment is dedicated to measuring a very for-
ward production cross section and energy spectra of nquarttles.

Those measurements are essential for understanding thesotihe ultra-high energy
cosmic rays and the development of atmospheric showersintér@retation of data from
atmospheric-shower experiments strongly depends on teation model. A bunch of
competing models exist, however none could be verified ipteeLHC era, as the energy
scale of highest energy cosmic rays spreads beyoftel, which is several orders of
magnitude higher than the laboratory equivalent of tpgeSSor Tevatron. LHCf will be
capable to test the existing models up to the equivaleh®Gfel” in the laboratory frame,
provided by the LHC.

The detector is modular and installed 140 m on both sidessoATILAS detector.

3.2.7 MoEDAL

In 2010 the decision was taken for construction of its sdvemperiment — MoEDAL
(Monopole andexotics DetectorAt the LHC). It is focused on the search for the magnetic
monopole — a hypothetical particle which carries magndtarge. The experiment is also
looking for highly ionizing Stable Massive Particles (SMP#hich arise in some new

physics models, such as SUSY with R-parity or extra dimerssio
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Chapter 4

The CMS experiment

4.1 Introduction

The Compact Muon Solenoid experiment is a general purpasketector which was de-
signed to accomodate a wide range of searches dictated dyHBephysics programe.
They span from the studies of QCD, electroweak and flavor ipbyte searches for the
Higgs boson, extra dimensions, and dark matter candidatbs. detector requirements

imposed by the physics programe can be summarized as follows

e Good muon identification and momentum resolution in a wiaeea good di-muon
mass resolution, reliable determination of the sign of nsugm to a momentum of

1 TeV/c. This defines the large bending power of the magnet.

e Good reconstruction efficiency and momentum resolutiocli@rged particles in the
inner tracker as well as both efficient triggering and tagghtaus and-jets. This

leads to the use of pixel detectors close to the interacégion.
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e Excellent electromagnetic energy resolution, good diphaind dielectron mass res-
olution, wide geometric coverage! rejection, efficient electron and photon isola-
tion. This is addressed with a fully active scintillatingstal-based electromagnetic

calorimeter.

e Good missing transverse energy and dijet mass resolutibichveads to a hadron

calorimeter with large geometric coverage and fine segrtienta

Total weight : 12500 T
Overall diameter : 150 m
Overall length 215 m
Magnetic field : 4 Tesla

RETURN YOKE

SUPERCONDUCTING
MAGNET

FORWARD
CALORIMETER

HCAL
MUON CHAMBERS

FIGURE 4.1: Layout of the CMS detector

All of the above requirements are satisfied in the design o8CWhe detector is divided
into subdetector systems which perform dedicated but cemg@htary tasks. The layout of

the detector is shown in Fig.1

4.2 Superconducting Magnet

To achieve high precision in measuring the momentum of leigérgy particles large bend-
ing power is required. For a solenoid of moderate size itiregihe use of superconducting

technology. The four layers of winding made from a stabdieeinforced NbTi conductor
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form 220tons of cold mass of the CMS superconducting sotemahnich creates a mag-
netic field of 3.8 T along the beam dirrection. With its inne&rdeter of 6 m and length of
12.5m it hosts tracking and calorimetry systems inside. fliheis returned through the
yoke made of three layers of iron with a total thickness ofml.800, 630 and 630 mm
in the barrel region) interleaved with four muon stations.tHe barrel region the yoke is
formed by one stationary - central - ring and four movablgsirthe endcaps of the yoke
are formed by three discs (250, 600 and 600 mm). The total ofabe iron in the return
yoke is 10 000 tons which makes up 80% of the overall CMS mass.

4.3 Inner tracker

The layout of the inner tracker of CMS is shown on the Big. It has a tracking volume
given by a cylinder of length 5.4 m and radius 1.1 m and pravidacking coverage up to
In| < 2.5. While the tracker is based on semiconductor technologyutifiout, various

parts of it differ from each other substantially.
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FIGURE 4.2: The inner tracker layout (1/4 of the z view). The Pixel Traclks shown in
green. Two colors are used for the Silicon Strip Trackergleisided modules are shown
in red, and the double-sided are in blue.

The nominal interaction point is surrounded by three 53 cng loylindrical layers (at
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radii of 4.4, 7.3 and 10.2 cm) of hybrid pixel detectors in iaerel region and the endcaps.
Each endcap is formed by two fan-blade disks of pixel detsctwhich extend from 6
to 15cm from the nominal beam and are positioned 34.5 cm arfsicat away from the
nominal interaction point. The blades of the endcap disksatated by 20 degrees with
respect to the plane of the disks. Altogether they form thxelPiracker (in Fig4.2it is
shown in green) and provide three-hit coverage in pseudtitapp to || < 2.2 and two-
hit coverage up ton| < 2.5. With a pitch of 10Q:mx150um, the Pixel Tracker provides
a resolution of 1m inr» — ¢ and 20um in z, which is required for secondary vertex
reconstruction. The overall area of the Pixel Detector is’ lamd is hosting 66 million
independent channels.

The Silicon Strip Trackef{d] instruments the tracking volume from 20 to 120 cnrin
and up to 280 cm inz| and provides a pseudo-rapidity coverage upjte< 2.5. The inner
4 layers of the barrel utilizes thin silicon sensors with &lpsize from 80 to 120m. The
outer 6 layers are made of thicker sensors with a strip pigehing from 120 to 18@m.
The endcaps are formed by 3 small disks and 9 big disks, andkeaigned with the strips
pointing to the beam axis, so that the strip pitch is constamingle, but varies linearly.
All over the Tracker the strip pitch varies between 80 and;205rom innermost to the
outmost layer. Some layers of the Silicon Strip Tracker aag@of double-sided, “stereo”
modules: two independent single-sided detection unitsamented back-to-back at an an-
gle of 100 mrad to provide measurements in bothp andr — z. On Fig.4.2those modules
are shown in blue while the single-sided modules are depicteed. The active area of
the Silicon Strip Tracker adds up to almost 20Dand is read out by 9.6 million channels
and together with the Pixel Detector provides precise afidait tracking information for

the determination of charges, momenta and impact parasngfteharged particles.

4.4 Electromagnetic Calorimeter

After passing though the tracker, particles enter the edawgnetic calorimeter (ECAL).
This is a homogenious calorimeter, i.e. the entire volumferisied by the sensitive ma-

terial, scintillating lead tungstate (PbWYcrystals, and contributes to the signal. The
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photodetection is done by means of silicon avalanche pimded (APDs) in the barrel
and vacuum phototriodes (VPTSs) in the endcaps.

The barrel, cylindrical, part of the ECAL is formed by a griti360 crystals iny and
170 crystals im, resulting in a total of 61200 crystals with the overall vole of 8.14 m
and weight of 67.4t. The front face of the crystals in the &lag located at 129 cm from
the nominal interaction point. The tapered-shaped crysththe barrel have a length of
230mm (25.8X,) and a cross-section 0f0174 x 0.0174 in n — ¢, which corresponds
to 22 x 22mn? at the front face of the crystal arf x 26 mm? at the rear face. The
barrel is assembled such that the axis of each crystal makesthangle3°. In this case
particles cannot escape detection by going through thecthicks (0.35-0.5 mm) between
the crystals. The barrel of ECAL provides coverage in pseadity up to|n| < 1.479.

The endcaps of ECAL are located at a distance of 314 cm fromdhenal interaction
point. Each of the endcaps consists of two D-shaped halvesaéh Dee consists of 3662
crystals, the entire endcap part of ECAL contains 14648alysvith an overall volume of
2.90 ¥ and weight of 24.0t. The endcap crystals are all identicdllmave a cross section
of 28.6 x 28.6 mn¥ at the front face and a length of 220 mm, which correspondd f6.2;.
They are arranged in an— y grid (as opposed tg — ¢ grid). The endcap of the ECAL
provides coverage in pseudorapidity in the rangé.¢79 < |n| < 3.0.

In front of the endcaps of ECAL there is a preshower deviceamagding calorimeter
with the total thickness of 20 cm, formed by two layers of I€agroximately 2X, and
1 X, thick) followed by planes of silicon strip sensors with athogonal orientation of
strips with respect to each other. The principle goal of ttesRower is to identify neutral
pions and distinguish their decay products from photonsiegrinom the primary vertex.

The choice of lead tungstate crystals allowed CMS to havergpect and fast calorime-
ter with fine granularity and good radiation resistivity aardexcellent energy resolution of

2.8%/VE ®0.12/E © 0.3%.
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4.5 Hadron Calorimeter

The hadron calorimeter (HCAL) follows the ECAL on the patlpafticles’ passage through
the CMS detector. HCAL is a sampling calorimeter: it corssidtlayers of brass absorber,
where the hadronic shower is produced, interleaved withcéimeamaterial (plastic scin-
tillator), where the light is collected for subsequent degts. The layout of the HCAL
is depicted in Fig4d.3. The active material is segmented such that the cells il
consecutive layers form a tower in— ¢. The signal from such many-storied tower is
then read out in bulk or from several ranges of layers depgnalin the tower position in
the HCAL. Each tile has an embedded wavelength-shifting §)fiber which collects the
light from the scintillator and is spliced to a clear fibertttransports the light to the read-
out. After re-grouping of fibers by the optical decoding @DU) to form the bundle of
fibers responsible for the tiles which will be readout togetfthe whole tower or a set of
subsequent tiles in the tower) the photodetection is donadmns of a hybrid photodiode
(HPD). As many other subsystems of CMS, HCAL has a barret@ndtructure, and the
crack between the barrel and endcap is used for servicescabtibdetectors located in-
side of HCAL. Therefore the crack is pointing away from thiemction point (it makes an
angle of 53 with the beam) to avoid undetected particles due to nomtinstnted; — ¢
segments. Instead the last tower of the barrel is overlgppith the first tower in the
endcap.

In the barrel (HB) region the towers form a cylindrical gridnsisting of 32 towers
in pseudorapidity rangg)| < 1.4 and 72 towers i, which results in a segmentation of
0.087 x 0.087 in n — ¢. The towers of HB make use of the entire space left between the
ECAL and superconducting solenoid and are made of 17 layatssorber and 17 layers of
scintillator. First and last layers of absorber are madee#|40 and 75 mm, respectively)
for extra mechanical durability, others are made of braggh{elates of 50.5mm and
six plates of 56.5mm). This provides 5.8 interaction lesgtky) for normally incident
particles and increases to 10.6as the pseudorapidity reaches= 1.3.

Because the absorption depth of HB was limited by the spdtcbdéveen the ECAL

and superconducting coil, especially for almost normailyident particles, the combined
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FIGURE 4.3: The HCAL layout (1/4 of the — = view). In each tower layers of scintillator
dipicted in the same color contribute into a common deptiaaa

absorber depth of the ECAL and HB is insufficient for some higimergetic hadron show-
ers. Therefore the “tail catcher” calorimeter, the Hadrane® Calorimeter (HO), is placed
outside of the solenoid and hence the superconductingstiéated as an additional ab-
sorber providingdl.4/sin 6 interaction lengths. The HO is designed to match the coostru
tion of the 2.536 m wide rings which form the return yoke of thagnet and serves as a
first, sensitive layer of each ring. The segmentation i ¢ follows the segmentation of
HB. In the range covered by the central ring the interactieptikd of the HB is especially
thin. Therefore the central ring of HO (ring 0) is equippedhaan extra plate of iron
19.5 cm thick which is sandwiched between two layers of 8lEtdr at radial distances
of 3.82 and 4.07 m from the nominal beam. The other rings of iHOn@ade of a single
scintillation layer positioned at 4.07 m from the beam. Tomltabsorber depth is thus

increased to a mimimum of 11.8 interaction lengths.
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The endcaps of the hadron calorimeter (HE) supplement timedie design of HCAL
on both ends of the cylinder. The same tile-fiber technolagyjoa the HB is employed
for HE. The 79 mm thick brass absorber plates are interleawtdplastic stintillator and
provide along with EE about 10 interaction lengths for stogghadron showers &t| up to
3.0. Each of the endcaps has 14 towers.ifive rings of outermost towers, corresponding
to smallest values aof, have 5 segmentation i, the others are segmented in° kles.
Segmentation im is the same as for the HB in the five outmost rings of towersnThsy
increases, the step inchanges between 0.090 and 0.35. Most of the HE is also segthent
in depth. This was partially motivated by the opportunityctimpensate for the radiation
damage when the scintillator will begin to darken in the farsvregion where the detector
is exposed to extreme radiation conditions. The towerseski® the beam feature 3 depth
readouts, while the others, downlig = 1.5, have 2 depth readouts (see H@).

Coverage in pseudorapidity rang® < |n| < 5.0 is provided by the Hadron Forward
(HF) calorimeter. The front face of the HF is located 11.2 onfrthe interaction point
along the beam direction. The HF itself is a cylindrical stame 165 cm long (about 10
interaction lengths) with an outer radius of 130cm and tmeirradius of 12.5cm. The
calorimeter consists of a steel absorber structure pagilaith 0.6 mm thick quartz fibers
which form a lattice 5mm5 mm. There are two types of fibers in the HF. The longer ones
run all the way through the absorber, the shorter ones f2amXrom the front face of the
HF. The two kinds of fibers are arranged checkerwise and reageparately. Since elec-
tromagnetic showers are nearly contained in the first 22 ctheoHF, such design allows
to discriminate between electromagnetic and hadronic shewl he fibers are grouped to
form a grid inn — ¢ with a segmentation of 0.128.175 (except for the lowest-and
highesty tower where the step inis equal to 0.1 and 0.3, respectively, and the step in
equals 0.35 for the tower with highegt Each bundle of fibers is mated to an air-core light
guide which brings the Cherenkov light from the fibers to théTFbased readout behind
the steel-polyethylene shielding. The entire design ofrtRewvas driven by the necessity

to operate in severe conditions of a high radiation enviremm

55



4.6 Muon System

The CMS muons system is hosted in the return yoke of the magikehence the layout
preserves the five-ring segmentation of the yoke @#). In the barrel four muon stations
are located at the radial distances of 4.0, 4.9, 5.9 and 710 the endcap four disks with
muon stations are positioned between 5.5 and 10.5 m fronmteéeaction point.

The vast area which required instrumentation put the lost-technology alongside
with the need for fast triggering and good resolution as &slirequirements driven by
operation in distinct radiation environments and magniegids. This is why three kinds

of gaseous detectors were employed.
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FIGURE 4.4: Muon System layout (1/4 of the— z view).

Drift tube (DT) chambers are used in the barrel region, wiieeeresidual magnetic
field in the gaps of the return yoke is low and the neutron ieduzackground is small (in

Fig.4.4they are shown in cyan). An individual cell of DT is a 2-3 m loalgminum tube
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with a rectangular cross-section of 13 mdR2 mm filled with an Ar+CQ mixture. The
anode wire in the center collects the ionization chargedktiind by the charged particle
penetrating through the chamber. The layers of such tulgestaggered by half-width of
the cell, four layers form a “superlayer” (SL), in which allbes have the same direction.
SLs are used to form a DT chamber: SLs on the opposite siddseafitamber have the
tubes along the beam and hence provide measurements-in plane. Those SLs are
sandwiched with an aluminum honeycomb spacer (for bettesolution) and one SL with
the direction of tubes orthogonal to the beam. This third 8lvijgles the measurement of
z and is not present in the outermost, 4th, layer of DT chamleash of five rings of the
magnet yoke is equipped with four layers of DT chambers: Ehdbers per layer in three
inner layers with each chamber covering 3@ ¢. In the fourth layer the top and bottom
segments i are instrumented with two chambers each, hence 14 DT chamleering
in the outermost layer. Each DT provides a position measenemvith 100um precision
and the direction i with 1 mrad resolution.

Cathode strip chambers (CSC) are used in the endcaps, wberation in high mag-
netic field is essential (in Fig.4 they are shown in gold). Trapezoidal chambers are ar-
ranged on 4 disks into concentric rings, 3 rings on the inwstrdisk and 2 rings on the oth-
ers. The innermost ring on the disks 2 through 4 is segmentedhito 18 chambers, other
rings carry 36 chambers. Each chamber is formed by 7 tragakzb6 mm thick cathode
plates with about 80 strip cathodes milled on each side. Tthh pf the strips varies from
8.4mm to 16 mm. The 9.5mm gaps between the plates are fillddamitAr+CQ+CF;
gas mixture and carry the planes of 3 mm spaced anode wirehahe orthogonal to the
strips. Hence cathode strips providemeasurements while anode wires measure radial
position. Each chamber provides a spatial resolution ofi20@nd an angular resolution
in ¢ of about 10 mrad.

Resistive plate chambers (RPC) are parallel-plate dete(itoFig.4.4they are shown
in red). They are fast, but the spartial resolution they @levs somewhat coarse. Hence
those detectors are mainly used in the trigger to providermétion independently from
DT and CSC. An RPC module consists of two plates with a comnteomeof readout strips

in between operated in avalanche mode. In the barrel RP@anmsnt the front faces of all
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muon stations and the rear sides of the first two stationdidrehdcaps RPCs are located

behind the CSCs and provide coverage upjte= 1.6.

4.7 Trigger

With the LHC bunches crossing every 25ns or 50 ns and more 2Banteractions per
bunch crossing the CMS detector witnesses ab@linteractions/sec; and yet the detailed
data can only be recorded for only about 300 crossings/secétthe trigger system has to
discriminate the events to pick out approximately one eeéitterest in a million which
will be stored for future analysis. The trigger system of CM&ards the unwanted events
in two steps: Level-1 (L1) trigger and the High-Level TriggelLT).

The L1 trigger is implemented in customized electronicsGRB, ASICs and pro-
grammable memory lookup tables). It is housed partiallyhia front-end electronics of
the detectors and partially in the service cavern 90 m away the experimental cavern.
The total time allocated for taking the decision as well asttnsit is 3.2:sec. During
the decision-taking period the high-resolution data aveestin a buffer. L1 uses coarsely
segmented data from the calorimeters and muon system iomedf “trigger primitives”
to identify trigger objects (electron, photon, jet and mwandidates above certaity or
pr) and global quantities (total and missing transverse gngrgmultiplicities, scalar sum
of the transverse energies of jets above a preset threshold)

Once the decision to keep the data is received from the L1dale in the buffer is
streamed to a computer farm of about 1000 processors whictheuHLT software. The
HLT has access to all the read-out data and can apply saiedi algorithms to recon-
struct the objects of interest. The implementation of thd@ ldk a processor farm is highly
beneficial, since this approach allows CMS to take advantdg®mputing technology

advances and the evolution of reconstruction algorithms.
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Chapter 5

All hadronic SUSY search

Even with the high luminosities provided by the state of addcelerator technologies, the
LHC, and sophisticated design of its major experiments haul trigger sytems, search for
the new physics remains a challenging task, as the sigsadfireew physics are normally
hidden in poorly populated regions of phase space. The qpeaioce of such searches
directly depends on the performance of the detectors andiainod recorded data. Limi-
tations in the resolution of the subsystems of the experingza to more strict selection
criteria for the data to ensure that those limitations dodistiorte the search regions. As
a result, the poorly populated search regions become evee deserted. As an exam-
ple, SUSY searches in hadronic final states with missingtanse energy suffer from the
mismeasurements of the latter, which in turn originatemftbe mismeasurements of the
jets. To reach conclusive results, physicists make useeobity guns of statistical meth-
ods and unusual treatment of the MC, which leads to nonfieest and hence possibly
error-prone flow of the analysis. This chapter presents imsiell the search for the scalar

superpartner of a top quark, as conducted by the SUSY Reker&nalysis-2 Group at
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CMS in 2012-2014, which remains unblinded.

5.1 Stop Pair Production — Motivation
of the Search and Signature

To date, there are no experimental observations of supengyrit particles. However,
some important limitations have been established by thentesearches at CMS3J] and
ATLAS[30] experiments at the LHC. Search results place a lower limglaino masses at
1.1 TeV for some decay topologies in the decoupled squaiik fion the squarks of the first
and second generations the lower limit is set-800 GeV in the decoupled gluino limit.
This validated that supersymmetry has to be a broken symnaetd the cancellation of
radiative correction to the Higgs boson mass cannot be e$aute the Yukawa coupling
of the top quark is large in the SM, it is the scalar supergastris, T, that play the
dominant role in naturalizing the quantum effects of thesmds Higgs boson. Therefore,
if supersymmetry is to resolve the hierarchy problem, thesyd a scalar top quark has
to be of the same order as the mass of the top quark. So far éinehss for the scalar
top have only probed a small portion of the possible phasee§pd. However, if the
mass of the scalar top is similar to that of a top quark, stapgraduction can be hard
to distinquish from that of the top quark pairs with modertedtors; hence, stop quarks
could have evaded detection in previous searches.

In the SUSY models with conservation of R-parity after a eagcof decays the final
decay products of a pair of scalar quarks should contain t®&Bd, which will exhibit
themselves as missing transverse momentum. As the aim isabggo identify stops
among the mis-identified tops, a second ingredient of thédiage is a signature for a pair
of top quarks. The top quark only decays into a W boson and dgpa quark with a
dominating contribution coming from the b quark,las > 0.999. If the LSPs are the only
source of the missing transverse momentum, i.e. if thera@reeutrinos among the decay
products of W and b-jets, the total missing momentum of trenegan be associated with

the LSPs and be the signature of supersymmetric particlduption (Fig5.1, top). The
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resulting signature is therefore a pair of b-jets, four &ddal jets and missing transverse

energy {bjjjj + Er).

FIGURE 5.1: Diagrams with scalar top pair production, which contréotd the signature
bbjjjij + Er. TOP: Diagram with stops decaying through on-shell tdBOTTOM:
Diagram with stops decaying through intermediate chargino

However, such a signature does not give exclusive sergitovihe stop decay through
an on-shell top quark (from now on this option is referred ¢oT&tt). This signature is
likewise suitable for the scalar top decay through an inégtiate chargino (referred to as

T2bw). Hence, the presented search is sensitive for botbrapt

5.2 Datasets and Triggers

The datasets used for this study for the search region, dssvebrresponding triggers and
luminosities are shown in Appendix
As it was explained above, the CMS DAQ does not attempt tordeat) the events

occurring in the detector. Instead it records only eventk am interesting signature. How-
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ever, the definition of "interesting” does change with tinker example, to check that the
detector works properly, some of the events which are of tevaéxst for a physical analysis,
are collected. Some other events do not seem to containiagytaw, but could be handy
for cross-checks of the actual physical searches. If edaltitsy into those categories take
place too often compared to more promising events, a googbimise is to record not
all of them, but just some lot. Besides, CMS offers an oppuotyuto vary the fraction of
events with a particular signature which ends up recordedrding to the current needs.
A trigger, responsible for identifying a particular signi, which is fractionally sampled,
is referred to as a prescaled trigger. Both triggers whictewsed for collecting the above
mentioned dataset remained unprescaled during the esti@of data taking.

Let us mention here one more pecularity of the CMS triggessth® underlying algo-
rithms of those triggers is supposed to be very fast to betalikke the decision whether
the event is worth keeping, various quantities which thgger relies on are calculated
approximately, based on simplified, but faster, algorithiighe decision is to keep the
event, those same quantities are re-calculated again, asedlon sophisticated and slow
algorithms which provide the best, most accurate, resuitwiinder the new values of the
same quantities are a bit different. If one now considerslisigibution of the quantity, the
trigger was using for cut-off, it does not look like a steprdtion anymore. The distribution
is smeared around the threshold value: not only some evénthwidn’t have to pass the
trigger, did pass, but also some events, which qualified §s,pgot rejected. The sketch
of this effect is depicted in Fig.2 It is then said that the trigger is inefficient close to
this threshold. To avoid biasing the data sample, colleati¢dl such trigger, one has to
impose a stronger cut on the quantity the trigger is usingke the decision, such that all
the events selected fall within a range of sufficient efficieof the trigger.

All other datasets are listed in Appendixfinally all MC samples utilized are repre-

sented in Appendif.
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FIGURE 5.2: Sketch of a generic trigger efficiency, which is basicalg fraction of
triggered events),,, to all possible events),;, as a function of the reconstructed value of
guantity Q by the trigger (in green) and by the offline aldonit(in red). The hypothetical
guantity Q is used for the decision making by the trigger. ©tie event is stored, the
offline algorithm reconstructs the value of Q more precisalyd the efficiency smears
around the trigger threshold.

5.3 Identification and Reconstruction

5.3.1 Jet Reconstruction. "Picky” jets

Two kinds of jet algorithms were used: the search for the T&igwal uses standard aritj-
jets, while the search for T2tt utilizes custom "picky” jet&nti-k7 jets are corrected for
the effects of pileup according to standard procedGeds|

Since the beginning of operation, the akti-algorithm with R = 0.5 has become a
standart tool for most of the analysis in CMS. However, in saases its performance
is insufficient. In particular, if one considers a fully hadic decay of a top quark and
decides to elaborate a study with a pair of top quarks inehliegeth decaying hadronically,
the fraction of the detector populated with the debris ohsement will be quite high. The
chances that all three jets from top decay will be properspheed and will not overlap
in such case are not inspiring. Top quarks naturally tendadymce jets which sufficiently

vary in momentum, and this is even more so, when the two of grerproduced in the same
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event and with asymmetric momenta. As a result not only thghhering jets originating
from different partons can be merged together in case oftnghpancy of the detector, but
also a softer, wider jet can end up being split, and both®@ing can take place in the same
event. Therefore jet clustering with fixed size parameteroissuitable: if reconstructed
jets are small enough to avoid overlapping between them,ttiey are unable to properly
reconstruct the jets originating from soft partons and tersplit them.

Therefore it is highly desirable to adopt a "picky” jet-dlesng scheme, which would
allow to accomodate the radius from jet to jet in the same teva@me algorithm sum-
marized here is covered iff]. It starts with pre-clustering the "fat” jets according to
Cambridge/Aachen with a size parameter 1.0 and uses thetsnégs metric[7] for jet
splitting.

In general subjettiness measures are defined as

7'(6) _ Zz pT,Z-min {(ARLZ‘)’B, (ARZZ’)’B, ey (ARNJ‘)’B}
" > pri(L)” ’

where the sum runs over all the constituents of a proto-jeiwéver, as far as the "picky

jets” are concernedj = 1, andR, = 1. The second, splitting, part of the algorithm then

proceeds as follows:

e Maximize the subjettiness metrig;

e Compute the discriminator and based on its value decideeiptrformed splitting
should be preserved. In case of a positive decision, repleceriginal proto-jets
with two proto-jets resulting from its splitting; otherigliscard the changes and

move the protojet to a list of final jets;
e Repeat the procedure with remaining proto-jets;

e Once a proto-jet cannot be further split, it has to be movenhfthe list of proto-jets

into the list of final jets.

A natural choice of the discriminator is offered by the defom of N-subjettiness mea-

sures themselves: by constructigrtends to zero as the constituents of the proto-jet cluster
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along one of the: predetermined axes. Hence a small valu€ofvould indicate that the
constituents are in accord with a two-parton hypothesigeratan a single parton.
Jets are further pileup-corrected on an event-by-evens Ibgssubtracting the appro-

priate energy in much the same manner as it is done forkafjgts.

5.3.2 B-tagging

For T2bw signal regions jets originating from b-quark deeag identifiend by the Com-
bined Secondary Vertex (CSV) algorithiz], which uses secondary vertices identified
within the jets and track impact parameters. Additionaggaties can be defined and com-
bined into a likelihood discriminator for the cases whergseudo vertex’is found, or
there is no vertex at all, to provide stronger discriminafrom the much larger background
of gluon, charm and light quark jets.

In case of T2tt signal regions, for which "picky” jets are d$estead of antie, the only
difference in applying the algorithm in this case is thatle/for anti4 jets all tracks inside
of the R = 0.5 cone around jet axis are included into the calculation ofdiseriminator,

for "picky” jets only the tracks associated with PF partectere included.

5.3.3 Top reconstruction

Top candidates are reconstructed out of three "picky” jeith & dedicated CORRAL
algorithm[L6]. As there are many jets in the events of interest, consideraf all com-
binatorial combinations of three jets as top candidatesris-tonsuming. Therefore the
algorithm proceeds in stages, keeping the best candidaéesh stage. Each of the seed
jets, which is of highpr, is paired with two other, lowep, jets, which meet the angu-
lar and invariant mass requirements. The pair of top quarkisen selected such that the
tops are formed by disjoint sets of jets, and the pair sasifie requirements on the di-top

invariant mass, angular properties of the top candidatédanagging of jets.

Lif the real vertex is not found, sometimes it is possible tmbime two tracks and calculate vertex-
assocated quantities even without the actual vertex fit.
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5.4 Main Backgrounds and Baseline Selection

The described signature eliminates many kinds of potebaakgrounds. However, the
expected cross section of scalar top production is verylstoaipared to SM processes.
Therefore apt attention has to be payed to background ssgipremethods. The SM pro-

cesses which contribute into the background in this casedec

e Top quark and W boson production with the subsequent lepttetay of W, where

the lepton is either lost or not identified.
e Z boson production with subsequent invisible decay.
e QCD multijet production.

e Top pair production in conjunction with Z boson, which desawisibly.

While some of the backgrounds have indeed the same sigresuhe signal of inter-
est, the intervention of others comes from the detector ifapgons, which lead to mis-
identification of some objects and the escape of others. Afdebse selection criteria is
used for initial suppression of the SM backgrounds.

Slightly different sets of preselection criterias are uied 2tt and T2bw:

T2bw preselection constraints:

e Events with an isolated leptons are rejected. This supgseSk! backgrounds which

may produce prompt leptons.

e K > 175GeV. This requirement comes mainly from the search triggére re-

maining sample is more than 95% efficient for signal, once ¢hi is imposed.

e Atleast five jets withpr > 30 GeV/c in the barrel region of the detector, with at least
two of them withpr > 70 GeV/c. As it was stated above, the distinct signature of
a hadronically decaying pair of top quarks is the presencaxofet events. How-
ever, it is not uncommon that some of those jets can be softodd glustration of
this feature is the decay of a boosted W, in which one emittedlgapproximately

follows the direction of the boost and hence is observed hitgh p, while another
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travels against the boost direction and therefore is regidtas a soft one. Hence two
different transverse momentum thresholds are employesidBg, SM backgrounds
naturally tend to produce lower jet multiplicities. Theyed this constraint brings
us one step closer to the desired multijet signature of teateand besides strongly

suppresses QCD background.

One b-tagged jet with; > 30 GeV/c in the barrel region. Again approaches us to

the desired signature.

Missing transverse energy should not be collinear with dlyethree most energetic

jets. In particular:

Min(|A¢(Er, jetl)|, |A(Er, jet2)]) > 0.5,
|AG(E'r, jet3)] > 0.3.

This constraint removes events with severe jet mis-measeme Such mis-measurements
are more likely to happen with a single, highly energetianethe event. Therefore

the artificial £, which arises this way is collinear with the mis-measured je

T2tt preselection constraints are very similar in both waiton and implication and

only differ when it comes to the assumption of an on-shellgoark presence:

Events with isolated leptons are rejected.
K> 175GeV.

At least two highly energetic jets withy > 70 GeV/c and in the barrel region of the

detector.
One b-tagged custom jet wigh- > 30 GeV/c in the barrel region.
At least one customly reconstructed candidate for a topkguar

Non-collinearity of the missing transverse energy with aftye three most energetic
jets:
Min(|Ap(E'r, jetl)|, | Ag(Er, jet2)|) > 0.5,
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|A¢(Er, jet3)| > 0.3

5.5 Final Selection:

Boosted Decision Tree

Once the events are pre-selected according to the aboeahEsrequirements, they have
to undergo the Boosted Decision Tree (BDT) trial.
Boosted Decision Trees are among the most powerful metHadatcstical learning, at

the same time they are rather intuitive and easier to vizgalnd interpret than others.

5.5.1 Basics of Statistical Learning

and Decision Trees

Here only the concepts that are relevant to the discussdysaare briefly summarized.
A detailed coverage of this broad field of modern statistaorsloe found in$3]. Statistical
learning in many cases can be defined as building a statistimdel, based on which the
prediction of an output value can be done based on a set dsinfuppose there is a set of

input variables (predictors)S_f, and an output, or responsé, then

Y = f(X) +e,

wheres is an independent ot random error term with a mean value of zef0) is a fixed,
but unknown function ofY . Statistical learning then represents a collection of estor
the estimation off ().

The decision tree methods are based on collections of rategrding to which the
input data are split (assigned to branches). Each of thechesncan in its turn contain
a new bifurcation point (internal node), where the next fiolethe data in a particular
branch is applied (Fidg.3, left. Note that the trees are drawn upside-down). The poce

continues until the stop point is achieved (for example, miine number of events in each
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of the branches falls below a particular threshold, or ai@aer depth is reached). One
of the pros of the decision trees is the ease of visualizatgath of the internal nodes
corresponds to a binary division of a corresponding regma predictor space (Fi§.3
right). Once the decison tree separates the entire predsgace into a collection of non-
overlapping regiong;, the prediction for an observation that falls into somewads the

mean value of the training outputs, which falls into the saeggon.

Rs

FIGURE 5.3: LEFT: Sketch of a simple decision treRIGHT: Visualization of a corre-
sponding predictor space division.

Lety; be the prediction fol” based on some;, while y; is the observation for". The
prediction of this statistical model will be the most acaarid one finds the separation of

predictor spacé?; such that the residual square sum (RSS)

Z Z(yz - QR]-)2>

j=1i€R;
is minimized. The task is therefore reduced to finding theo$dt;, which satisfies this
condition the best. However, in the general case this waddire comparing the results
for an infinite number of predictior space partitions. Onehaf best options is referred to
as "top-down greedy splitting”. It starts with the constran of the tree from the top and
at each step divides the predictor space in such a way th&3I%eis minimal. Hence the
algorithm is not attempting to optimize the resulting tree.

This kind of R; division can be achieved fairly quickly, and will even predugood

predictions on the training set. However, it might overfé thata, as the resulting tree can

turn out to be too complex: it can result in higher varianantla simpler tree with less
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branches.

Therefore the next step for the statistical model buildmgruning the excessive tree.
But again, searching for the best pruned decision tree caxtpemely time-consuming,
if one decides to compare all possible sub-trees of a tredupgem on the previous stage.
Therefore a "weakest link pruning” is often employed. Lgbe the original tree, produced
with the top-down greedy splitting, — a sub-tree of;, anda — a non-negative tuning

parameter, which indexes the sequence of sub-trees:

7|

> > Wi—Ur,)*+alT|

m=11i:2;€ERm

is minimized (7’| is the number of leaves on a sub-tfEe For« = 0 the tree sub-tree is
identical to the original tree. However, asgncreases, the minimization of this expression
corresponds to some sub-tree with less leaves.

In this case the value af can be determined by the k-fold cross-validation method:
a set of training data is divided into sets and for each of the sets the tree-growing and
weakest link pruning are performed. Then each of the foldsested as a validation set,
while the otherk — 1 are used for the fit. The mean square error is then computdtdor
validation set. As this process is repeatetiines (once with each of the folds treated as a
validation set), it results ih estimates for the mean square error. The resultis thengaera
for each value ofr and the value ofy is picked such that it minimizes the average error.

The sub-tree, which corresponds to this value, is then chasea result of the pruning.

5.5.2 Boosted Decision Tree

Even after all steps described above the prediction of sactsin tree would suffer from
an important shortcoming — high variance. In practice it nsg¢hat if instead of using the
whole training dataset at once, one splits it in halves aad fh a decision tree on each of
the subsets separately, the outcomes in general mightisofficdiffer.

There is a whole bunch of ways to approach this problem. Orikerh is a Boosted
Decision Tree. In this approach instead of fitting a singlgendecision tree to data, a

collection of small trees is constructed sequentially,edasn the information from the
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trees, constructed previously. Instead of working with tegponse’, the collection of
current residualsr() is employed: initially the prediction function is set torae In each
cycle the small treg?b with d internal nodes is fit to the training data $ét, ). The small

tree is then added to the main tree, and the residuals aréaeabda

fl@ye = ") + M),

,r,lnew — ,r,;)ld o )\ﬁ(xz)7

where) is a small positive number, a shrinkage parameter, whictralsrthe pace of BDT
learning. As the new trees take into account the trees that dlaeady been grown, the
number of internal nodegl, in each tree can be quite small. As a matter of fdct 1

is not uncommon. Besides small trees simplify the integtien: for instance, the use of
d = 1 stubs results in additivity of the model.

In the current search at first100 variables were pre-selected for BDT based on the
signal againstt and Z — v efficiency curves. After point by point comparison of
the maximum significance for different combinations of ahfes, the final set of BDT
inputs was selected. The complete sets of variables, ustt ifinal BDT, are listed in
AppendixD. All variables using quark likelihood are based on a CMS Kugwon likeli-
hood calculationj4]. This system seems to be insensitive to any fine tuning: Bitdised
with signal points that have minor differences in mass havdlar discrimination over a
wide range of signal point. Therefore a sparse set of signialtg across the mass plane
was selected to find the final search regions. The picking efifip search regions is ac-
complished by determining the set of search regions thatrmae the number of expected
excluded signal points. The detailed description of thectesegion determination can be

found in[35]. Finally, five search regions are defined for T2bw and fourTaitt.
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5.6 Lepton Vetos

5.6.1 Electrons and Muons

The semileptonic decay of with an unidefied charged lepton is the main source of back-
ground in this search. The main challenge is to reject eweititsleptons coming from the
decaylV either directly, or through the intermediatelecay, but at the same time keep lep-
tons from hadron decays, as well as "fake” leptons. To aehmtter separation between
these two classes, a multivariate analysis based on Bob&eidion Trees is employed.
The training was done separately for electrons and muonishvere pre-selected in the
barrel region of the detector and with > 5 GeV;, variables used in the BDT are listed in
AppendixE. The working point for both the muon and the electron vetoeschosen to

obtain 98% efficiency for W-lepton tagging.

5.6.2 Tau Leptons

Semileptonic decays af, where an intermediate decays into final states with hadrons
become the main background to the search after applyary 1 vetos, described above.
As the prevailing majority of those decays are one-prong,ptesence of a single track
was selected as a main component of theeto. Tau-candidates were identified as PF

candidates in the barrel region of the detector with> 5 GeV and

mr = \/2 * pr(track + nearest ) * (1 — cos(Ag)) < 68 GeV.

The selection of is made with the BDT, trained on samples6MC and a representative

T2tt signal point. The list of varibles used in BDT is listedAppendixE.

5.7 Background estimation

The method for background estimation of the electroweakgsses and QCD multijets
used in this anlysis is based on MC and shares a common evaigrging method which

account for the observed discrepancies betwen data andesadwescriptions of various
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SM processes. Correction factors fall into two concepyudifferent classes:

e detector reconstruction effects for lepton, b-taggingger efficiences, jet resolu-

tion, etc.

e modeling of process kinematics such asphespectrum of t-quarks, W and Z bosons,

jet multiplicities, b-production cross section, etc.

The physically meaningful effects are identified, and timeudation is corrected for them.
Closure tests are then performed in a large range of datacogisaseveral channels. This
gives confidence that the corrections are also applied dyopeen in the (search) regions
which are poorly populated. For the first class the standaddscale factors from the mea-
surements performed by other groups in the collaboratiensed, whenever possible. The
effects of the second class come from the generation stdpedimulation, such as finite
order approximation in the matrix element calculationgmmenological models and so
forth. The goal is to derive the scale factors parameter®edenerator-level quantities
rather than observables, such that after the reweightidd@®events after the simulation
step their distributions agree with real data in some congigion. In an ideal case for each
background process there can be found a control regionhwigure and only gets con-
tributions from this process. In reality this is nearly insgible: the background processes
are tangled, and the connection between the yields of retmtesd, simulated MC events
for the ensemble of backgrounds to the scale factors foouarcontributing processes is
reflected in a matrix equation. The scale factors can be ifumeibf some quantites (i.e.
binned in them). As those quantites, strictly speaking natenecessarily observables for

the reconstructed events, the matrix in this equation isqoare:

Ny ntj nY n&(BINy(pr)) n4(BINy(pr)) noher St

Np nt n}Y n&(BINy(pr)) n&(BINa(pr)) ngher SFW

Ne | = | n¥ nl nZ(BIN\(pr)) nZ(BINy(prp)) ngher SEZ(biny(pr))
Np iy np nF(BINi(pr)) np(BINa(pr)) ng' SFZ(bins(pr))
Ng ntg: "EJV n}‘ZE(B]Nl(pT>> "fj(BU\@(pT)) n%ther S Frother

The use of generator-level quantities avoids the distirtibwell-known properties.
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However, the straight-forward solution of a scale factodifiig problem does not work:
there is no reason why the inverse matrix should exist areh) @vthe case where it does,
the method would suffer from large fluctuations. All of these well-known peculiarities
of the subject of unfolding. Therefore a stable unfoldingmoe[3€] is used here instead.
Each generator-level bin scale factor is set to unity andtiteely corrected using Bayes'
equation with the observed and simulated yields as input.mallsnumber §) of such
iterations are sufficient to obtain reweighted distribnsevhich show excellent agreement

with data in control regions.

5.7.1 Top, W and Z( vv)+ jets

All search regions of this analysis have very low yields,eesqlly in backgrounds like
Z boson production. Therefore an MC-based prediction isl useémprove the statisti-
cal precision of data-based methods. The method is basediog W or Z decays into
visible leptons to correct the simulation description adgl processes. The same correc-
tions are then applied for the case of W/Z decaying hadrdwlodo non-reconstructed
leptons/invisible decays of Z. Binning of the scale factafrgenerator level is used for the
simulated processes to increase the number of events ity populated regions of the
phase space.

In data the control regions are based on the triggers fotesgigctron and single muon,
and the adopted definitions of objects are standard in oodalldw the use of correction

factors provided by the electron/muon Physics Object Gsoup

Electron: pr > 15GeV/c, barrel region, in accord with tight identificationteria[39)],
combined PF isolation 0.1 x pr(or < 0.07 x pr for electrons in the ECAL endcap with
pr < 20 GeV/c).

Muon: pr > 15GeV/c, barrel region, in accord with tight identificationteria[40],

combined PF isolatiort 0.12 x pr.
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Jet:  pr > 30 GeV/c, composed by Particle Flow candidates (all but edastand muons
which pass medium electron or tight muon identificationktdued with the antk, algo-

rithm with size parameteR = 0.5.

b-tags: pr > 30GeV/c, barrel region, with the discriminator of the Comlar&econdary
Vertex b-tagging algorithm- 0.898 (“tight” working point) or > 0.679 (“medium” work-
ing point). Only the jets with no leptons are used.

The selection criteria are then as follows:

If the event passes théL. T_IsoMu24eta2plv* trigger, it should contain a muon with
pr > 28GeV/c and|n| < 2.1 in the offline reconstruction. If the event passes the
HLT_Ele27 WP8Qv* trigger, it should contain an electron with > 30 GeV/c and

In| < 2.4.

At least two jets with no leptons.

Distance between all pairs of leptonSR(;, [;) > 0.05.

If there are exactly two leptons of the same flavor in the evefl) > 56 GeV/c.

For the MC smulation to adequately predict the rate of lepfoom non-prompt sources
(punch-through hadrons, anomalous fragmentation of ets highly isolated particles,

mis-reconstruction) the lepton selection criteria isxethfor this process only as follows:
Electron: Loose identification criteria]d], combined PFisolatior 2 x pr.
Muon: Loose identification criteria[J], combined PFisolatior 2 x pr.

Jet: Same, but all the jets, which are closer to the above leptuaasAR < 0.3, are
removed from the list of jets.

Those relaxed selection criteria increase the QCD vyieltd witions by about a factor
250-500 and with electrons by a factor 6-40. The yields age tiormalized to those with

the standard selection to provide a ballpark predictionthiderivation of the top and
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electroweak process reweighting factors only those condgions are used, where the
contribution of multi-jet is at the percent level or less.

The scale factor sets (SFS) are defined by
e A control region, in which the weight scale factors are dedliv
e A set of generator-level quantities, by which the scalediacare parameterized;

e A set of observables, which define a multidimentional histog of yields in data

and simulation.

To avoid ambiguities, each SFS is only applied to a singlegss, and derived in as a pure
control region as possible. The other processes are traatbdckgrounds that are sub-
tracted from the data (using the simulated yields) befopatino the unfolding procedure.
Some consideration in the order of SFS derivation ensuissihable backgrounds are
corrected prior to deriving SFS in less pure control regichypically the largest tensions
are corrected first and in the high-statistics regions.

The control regions and scale factor sets are listed in thpeA@ix??. The predictions
in the £ triggered search region are made using the MC events afpdyiag the de-
tector effect corrections, the MC sample cross-sectiomkation and the generator level

kinematics scaling factors.

5.7.2 Multijets

The method for a QCD background prediction employed in teach, uses the strategy
from [37] as a baseline: the MC is progressively corrected and tumededict the data in
thr high jet multiplicity and high®'; set. However, the current method is adapted to face
the challenge of the MVA-based search regions. This methathiilar to the MC tuning
technigue employed for the electroweak backgrounds, ahd kas its peculiarities: for

a QCD event to enter the search region, it should either godeheavy flavor decay, or

a severe jet mis-measurement (while electroweak evengs grtue to the intrinsicF'r
from neutrinos), and QCD extrapolation into the searchamgiand the determination of

uncertainties on the predictions is different from thatfe electroweak processes. Besides
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all the standard corrections that are applied, fhecorrections were derived for the QCD
samples specifically. For the control region with Ig- the standard pileup correction on
the number of generated vertexes was not used, due to tathmdations: the sample
used here was collected during different run periods wiffedint triggers. Therefore a
specific correction is derived based on the number of renacted vertexes. For each
subset of offlinel/; corresponding to a specific set of triggers the MC is re-wieigso
that the reconstructed number of vertexes matches therdttati{ subsection.

The control region used to correct the QCD kinematics is of 6, and relatively
high Hr. Two sets ofH triggers were used in 2012: PF and Calo triggers. A set of non-
prescaled PF-triggers (starting at a threshold of 650 Ged§ ehosen for data collection.
The lower threshold, pre-scaled Calo triggers were useithéoremaining data sample. The
turn-ons for each trigger are measured by looking at theiefioy of passing that trigger
with at least 99% efficiency for events that pass some lowesttold trigger.

The method of kinematic unfolding differs form the one3if[in two aspects. The first
difference is that the correcton to the magnitude of theustelred energy at the generator
level was removed. FQF ; close to zero the reconstructed magnitude of the unclubtere
momentum agrees relatively well between the MC and data. cbhection for the un-
clustered energy is hence applied only at mode#éte (50 GeV) to rectify the angular
discrepancies fo'; and the rest of the event. The second difference is that fle¢ b-
corections are not applied, as they proved to be unneededagiplying all standard b-jet
related kinematic corrections.

As K is one of the central variables in the analysis used both erstiige of prese-
lection and MVA analysis, it is important to correct it in M@ order to achieve a reliable

prediction of QCD. The corrections applied to missing epeng as follows:

e Correction for the core of the jet resolution, which is moagrow in the MC than in

data;
e Correction for the imprecise unclustered energy simufatio
e Correction for the bias itE; and b-tagged jet correlations;
e Correction for the jet resolution tail discrepancies.
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5.7.3 ttZ

The cross section of a Standard Model proces$ 5fis low (0.2 pb~1), but it becomes an
important background to the searches of high massistbjgh mass of implies that its
decay products, including LSP, are boosted, and therefadupe a sufficient imbalance
in transverse energy, which is exactly the signature oft@eproduction withZ decaying
invisibly (7 — vv). Hence it is an irreducible background to such search. ®Wwecloss
section of this process does not allow one to find a contrabretp perform a standard
MC reweighting procedure based on an enrichigfidata sample. Instead the MC events
simulated with NLO generator are used to obtain the preatidh the search regions.

Two MC samples are available farZ:

e NLO MC generated by M@NLO with the parton shower simulation done by means

of Herwig.
e LO Madgraph with the parton shower simulated by Pythia.

The expected yields of those two samples vary in differeatderegions up to 49%,
which is almost equal to the relative statistical uncettaiifhe difference of these yields
is used as one of the sources of the uncertainty. The signafunterest does not require
more than six jets, therefore the estimation of a centraleved taken from M@NLO, as it
is expected to describe the kinematics of low jet multipjitietter than the LO Madgraph.

To get an uncertainty on théZ cross section a triple lepton control region is used with
events where a Z decays into a pair of same flavor oppositeditgptons, and the pair
of tops decays semileptonically. For this control regiom tiain background comes from
di-bosons, which contribute about 20%. Its contributiotaken from the MC. To factor in
the uncertainty of the di-boson cross section, the conégibn where it dominates théeZ
is produced by inverting the b-tag requirement. Both of éh@gions are selected from the
triggers used by the triple lepton SUSY groups. Accordinthtan the following selection
gives 100% trigger efficiency:

e At least three identified leptons;
e For the leading leptop; > 20 GeV/c;
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e For the sub-leading leptagn- > 10 GeV/c.

Further, electrons are required to satisfy the medium vigriioint of the POG ID and
isolation, and muons — the tight working point of the POG I@ éolation. Finally the
pair of same flavor opposite sign leptons is required to bgedo the mass of the Z boson:
80 GeV/c < m(Z) < 100 GeV/¢.

5.7.4 Top and W: Hybrid Monte Carlo

The background in the search is expected to be dominateddntswith leptonic decays
of W, mostly coming fromit events. In this case the lepton can be out of the kinematic
acceptance, not reconstructed and not rejected by theadediepton vetos.

The control sample of + jet was selected from the datasets used for the search. The

further selection criteria are as follows:

e Pass the search trigger. This is needed to access the dgtéesaith low p; of

leptons.

e Have at least ong in the barrel region and withy > 5 GeV/c, and of high quality
("tight POG selection criteria’}q)).

e Satisfypr (W) > 150 GeV/c.

e Have at least two jets (ankir, R = 0.5) in the barrel part witlp; > 70 GeV/c.

The above selection is loose enough to not bias the predgcttier search cuts.

To predict the background originating from charged leptoamisich escape rejection
by dedicated vetos, the embedding of simulated electronsnsiand tau-leptons (which
later decay leptonically or hadronically) into the data nspéoyed. After that all search
selection criteria, including lepton vetos, are appliethise hybrid sample. This allows the
mimicking of the data environment in terms of jets, pileujg, ewvhich can otherwise be a
large source of uncertainties.

The background fromt + W can be further divided into five categories: pronapt

promptu, 7 — e, 7 — u, hadronicr. The procedure for embedding thes described

79



in[37]. In a nutshell, the muon in the data event from the controifa is replaced with a
simulated tau-lepton with the same four-momentum, but wilipped around the direction

of the originall¥: this preserves the momentum df and the overall event description,
and at the same time avoids shooting thieack into the region of the detector that is bi-
ased by the selection of an isolated muon. For progngind ;. the embedding ofl is
employed instead: the transverse momentunilofs used as an input for generatiag
andy compatible with coming from the initial W decay. With onlatrsverse information
available,e and ;. are built in at the same, but with ¢ at the opposite side diV with
respect to the initial muon. This is accomplished by mearsslobk-up-table (LUT): from
the simulated: + jets in thett, the decays ofV are stored. For a givem- (W) (which

is a vector sum of the,(x) and ET) the LUT contains the transverse momentum of a
corresponding lepton antl¢ (1, £'r) at generator level, which is then used to shoot a gen-
erated lepton at the sameas the original muon. The generated lepton is placed into an
empty generated event at the vertex of the original eventtaBsmearing is then applied
to the vertex location, which is extracted from thiesimulation (in case this step is not
done, the resolutions af,, andd, for the lepton is too narrow, because embedding at the
reconstruction vertex efficiently removes the resolutibthcs reconstucted vertex itself).
The generated event is then fed to TAUOUKA] and PYTHIA for the generator-level decay
treatment. Then the event undergoes the full chain of CMS$ilgition and reconstruction.
Next, the simulated and reconstructed lepton event repldeeoriginal muon at the level
of PF particles and tracks, and all the high-level recomsiva steps, such as pileup sub-
traction, jet clustering ' calculation, vertex finding, b-tagging, etc. are redonetan t
embedded event. The events then undergo the same seleait®sp as the ones in the
search region to produce the prediction of thelV background. This embedding method
increases the statistical precission: if the same evergdad with different random seeds,
slightly different background events are generated. Asalrdifferent events can survive
the signal requirements and increase the pool of the cosaraple, which are used for the

background prediction and hence reduce the statisticartainty.
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5.8 Results

The expected signal yields and efficiencies are derived ipyyaqy the full event selec-
tion to the Monte Carlo simulated samples and are shown iarég4. The MC-based
background estimations are used to derive results for tiasyais, for now the expected
limits prior to unblinding. The systematic uncertainties the top/EWK backgrounds are
mostly symmetric, and are combined in quadrature for sicitgliThett, W and single top
predictions are combined into a single entry. For the QCkdpaomind MC integration is
performed to properly combine the sometimes strongly asgimauncertainties. Tabk1

summarizes the central values and uncertainties assumendzhpkground for all search

regions.
Search Region
BDT tt+ W+t 7 — vv ttZ QCD >
Training Point (Notation)
T2bW:
M (t) =550, 575 GeV/é
M(x%) = 175, 200 GeV/E 5.83 £ 1.86 1.81 +£0.83 | 0.59+£0.19 2.71£1.08 10.93 +2.31
x =0.25 (LX)
M (%) =350, 375 GeV/e
M(x%) = 75,100 GeV/E 25.06 £5.82 | 4.32£1.80 | 2.46£0.78 0.36 = 0.19 32.20 £6.15
x =0.75 (LM)
M (%) =550, 575 GeV/e
M(%°) = 125,150 GeV/& 2.46 £ 0.84 1.61£0.75 | 0.83£0.29 0.154+0.13 5.056 £1.17
x =0.50 (MXHM)
M (%) =400, 425 GeV/e
M(X°) = 25, 50 GeV/A 7.60 £1.89 1.66 £0.55 | 1.72+£0.57 | 0.025+£0.011 | 11.00 +2.05
x =0.75 (HXHM)
M (%) =550, 575 GeV/e
M(x°) = 25, 50 GeV/A 1.14 +£0.47 1.18 £0.55 | 0.62+£0.21 | 0.024 £0.010 2.96 £0.75
x = 0.75 (VHM)
T2tt:
M (t) =300 GeV/é
M(x%) = 25 GeVI& (LM) 18.84 £2.99 | 0.64+0.22 | 1.34 +0.44 0.92 +0.58 21.73 £ 3.08
M (1) =425GeV/@
M (x°) =75GeV/E (MM) 7.33 £1.62 2.19+£0.68 | 2.66 +0.94 0.17 £ 0.07 12.35 £2.00
M (t) =550 GeV/é
M(x°) = 25 GeVIE (HM) 2.55+0.88 1.86 £0.82 | 1.62£0.58 | 0.042 +0.021 6.07 = 1.33
M (t) = 675GeVIE
M (x°) =250 GeV/é (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 isedlch regions as used
for the limits calculations.

The modified-frequentist’ L, methodfZ] with one-sided profile likelihood ratio test
statistics is used to test signal models: for each pair ofses{3n sp, m;} the value of

the cross section of the model which resultgin, = 0.05 is computed. The limits are
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shown in Figuré.5. One of the search regions is selected at each mass poirt basee
best expected upper limit performance. The search regibosen for each of the mass
points are shown in Figufe6. Further, at each mass point the value of the cross section
is compared to the nominal production cross section (SU®¥scsections are computed
using the Prospino packagé]), and the expected excluded area is represented withda soli

line, while 10 variations of the exclusion region are shown with dashegslin
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FIGURE 5.4: LEFT: Expected yields an®IGHT: efficiencies for theli* — tfxoXo
(TOP row) andtt* — xx~bb (threeBOTTOM rows) signal topologies.
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Chapter 6

Beam Lines at CERN

As new detector technologies become available, and thetdesein use grow old, the
experiments go through an upgrade stage by having minoresr @vbstantial components
replaced. No change is done to the experimental equipmédatebthe replacement is
tested in full and proved to be a reliable and beneficial rahox. An essential part of the
evaluation and calibration process before the actual ceptent 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 taxgpeiment of its own
with the beam line being part of the setup. Like with any otaripment, it is important to
understand the functioning of the beamline in use, be cagatansure its proper usage and
identify all posible malfunctioning; otherwise, the datdlected during the beam test might
become hard to interpret and even completely useless.fipisroary importance therefore
to understand the beam formation process and any changésgdheline equipment can
introduce at any stage for taking reliable measurementagltiie beam tests.

CERN has a unique set of experimental areas that can proJatgevariety of par-
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ticle beams for such R&D projects and fixed target experisiehere are currently two

complexes of beam lines at CERN, which supply beams for tisé A@a and North Area.

6.1 East Experimental Area

East Area makes use of the beams extracted from the PS. #iesribur beam lines: T8,
T9, T10 and T11. The latter three are extracted from commiomgoy North (N) target and
are therefore highly correlated in momentum and producimyle. The experimental area
of T11 can supply up to 36¢V beam and currently houses the CLOUD experiment, T10
provides up to TzeV beam for the ALICE experiment test beam activities, T9 patesiup
to 15GeV beam to various users (ATLAS, CMS, etc.). The T8 line is iredefent from
those listed above, it receives a@4V beam from the PS and houses a new irradiation
facility, which combines a proton irradiation facility (FRAD) with a mixed field facility
(CHARM)[45].

This is the modern state of the area, which went through amnekte upgrade during
the first Long Shutdown (LS1) of the LHC in 2012-2014. The fermatate of the facility,
less flexible, was nevertheless extremely usefull for tregiation studies of the materials

and equipment used for the upgrade of the CMS experimentin LS

6.2 North Experimental Area

The North Area beam lines, which are most frequently usechbyaMS experiment, are
described in more detail below. The North Experimental Avaa constructed at the end of
the 1970s to house the fixed target physics experimentséd®E accelerator, which was
built at that time. Therefore the beamlines there are exdhefiexible in terms of particle
type, energy, energy spread, beam profiles, etc.

As understanding the properties of test beams is essemtibétsuccess in R&D and
the proper callibration of the new detectors, the formatibthose 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 accelerateuemaine injection chain as the
ones meant for the LHC, but the maximum energy of the prot@mbis lower, 40@ eV,
and the bunch train generation scheme is different. At tlileogthe CPS RF gymnastics,
the bunch train is split into 420 bunches. The extractionR& & then done by means of
Continuous Transfer (CT) extraction. The bumper magndtsad¢he nominal closed orbit
such that part of the beam is shaved off by a thin electrassapptum every turn (Fié.1).

The entire beam is extracted in five turns (Bd).

SEPTUM

s

/i

FIGURE 6.1: Slow extraction. For non-resonant Continuous Transferaekon fast
bumper magnets dump the beam to the septum, and the beary ieXinacted in several
turns (CPS to SPS transfer for NA high intensity beams). édhse of resonant extrac-
tion the bumpers only serve to steer the beam close to themeepite beam is then slowly
driven into the septum by increasing betatron oscillatioithe particles in resonance and
is extracted in many thousands of turns (SPS slow resongaicéion toward NA).

The SPS is then filled with two five-turn CPS batches at thertvexgg of the supercycle,
which yields 4200 bunches trapped at the harmonic 4620. @rceeam is accelerated, it
is debunched before extraction (RF system is turned offthiasvay not only a more con-
tinious beam can be achieved, but the extraction withoetfietence with the RF system
is technically simpler.

The extraction toward the North Area goes through a dedicextraction line (see

Fig.3.1) and is based on a different concept. When the SPS beam ioceeihjected
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FIGURE 6.2: Continuous Transfer extraction principle. The septummeag shaving off
a fraction of the beam with every turn. Before the last tum bhmper magnets steer the
closed orbit even deeper into the septum. The entire beaxtrescted in five turns.

into the LHC, the entire bunch train is extracted from the 8 &eans of fast single-turn
extraction: the extraction kicker magnets are rapidly rachpp, which deflects the entire
beam into the septum, and further into the transfer tunmébsvever this approach makes
no sense for beams meant for fixed target setups: it wouldyittialt the experimental
area is exposed to beams of tremendous intensity withinaidraof the microsecond
followed by a long no-beam period. This is usually inconeemi not only the standard
data acquisition systems are incapable to take advantagechbfpattern, but this mode of
operation is also frequently at variance with the physiagof the final beam user.
Therefore the concept of slow resonant extraction is madeofig/6]. In a linear
machine the particles follow closed circular orbits in theage space (Fi§.3). However,
if sextupole magnets are introduced, the phase space islpedt closed trajectories of
the stable motion are delimited by the separatrices, whacin fa triangle. The area of
the triangle is controlled by the betatron tune, which isdese to the third fractional
resonance. By following along the separatrix, the padieigh high amplitude of betatron

oscillations eventually get to the "corner” of the triangle fixed, unstable, point — and
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then contunue to stream out along the outgoing arm of theatpa

5\\\ x >.2 %_,
7% y

7R

FIGURE 6.3: Slow extraction principle. LEFT: Phase space in a linear machine.
RIGHT: Phase space in a machine with sextupoles. Once the padadbes the corner
of the triangle {), it leaves the stable motion region and with each subse¢qgaeaolution

in the synchrotron drifts further and further along the sapa (2, 3), until finally it is far
enough to be picked up by the extraction septum maghet (

As those particles deflect enough from the "triangle”, they picked up by a thin
septum magnet, which gives them a kick toward the trangfer(lFig.6.1). In the SPS in
general a particle spends ab@ut3 milliseconds in resonance before it reaches the septum.
To extract not only particles with big betatron amplitudet &lso the ones with small ones,
the betatron tune is moved closer to the resonance, whids lEathe shrinking of the
stable motion triangle. Hence more particles resonate wedteally get extracted. By
controlling the pace of approaching the resonance, thedsgféhe extraction is controlled.
Such multiturn extraction can be spread in the SPS over &le¥60000 turns, the spill

delivered to the fixed target experimental areas henceflaségveral seconds.

6.2.2 Beam Transfer and Primary Targets

Even the intensity of slowly extracted SPS beams is very.hifjfierefore several beam
users can split the beam for multiple simultaneous tests:b#tam passes through two

splitter septum magnets (Fig.4, left). As thin electrostatic septa are not strong enough
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to provide the desired level of beam separation, the thistesl septa are used leading to
signifficant beam losses in the barrier between the regitmmagnetic field and field-free
cavity. Hence splitters are among the hottest objects iraticelerator complex. Splitting

of the intensity between the beams is tuned by positionitigbeam relative to the septa’s

barriers.
: : H2
splittert splitter2 IV,
B H4 iy
H6 %
™l :1;4 1S T
T4 8 :_r P41 -
= o ke x5
Te M2 -
To e z
: 5
(u 8]

FIGURE 6.4: Beam splitting in the North AredLEFT: Splitting by splitter septum mag-
nets before the primary targe®RIGHT: Final separation of the beam lines by the wobbling
stations.

Finally the beams hit the primary targets — T2, T4 or T6, eautiased in the target
station: a common support with a set of berrylium and leagktsrof different lengths and
cross-sections can be moved by the operator to select tfet tard adjust its position in the
beam. Along with several Secondary Emission Monitors (SEMsarget-carrier assembly
is enclosed in the massive iron shielding (FEc).

SEMs upstream from the target box and in the target box adgempistream and down-
stream of the target, are used to monitor various charatitayiof the beams. The BSI
monitor is a singlél™; conversion foil used to measure the intensity of the beamthiss
monitor is located upstream from the target, its readindg oharacterize the beam and
do not imply that it hits the target in the case of misaligninéfwo monitors upstream
and downstream from the target/¢foil BSI monitors, parts of TBIU and TBID systems)
provide the particle flux measurement for the calculatiom eheasure of the secondary

particle production efficiency — target multiplicity.
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FIGURE 6.5: LEFT: Primary targets T2 and T4. Along with a set of targets, thewsta
contains beam monitors for positioning of the beam on thgetaintensity measurements
etc. RIGHT: Split-foil beam monitors: two sets of top-bottom and leffht imbalance
monitors provide the data for target centering.

Another important parameter is the symmetry of the targets tlefined as follows.

For each direction (top-bottom, left-right) two sets of 8pit-foil detectors are installed

in front of the target (Fig6.5), one set inside of the target box assembly and one somewhat

30 m upstream from the target. As the beam hits the foil, therfleasure is available for
left and right (or top and bottom) foil converters. The valge= /1 — ‘%ﬁ‘ then defines

the symmetry of the beam on that monitor. The SEMs upstream fhe target box can be
moved in and out of the beam. If this monitor is in the beam &edsymmetry it measures

is good, then the overall symmerty of the target is definedéms:

Y

ST = 100 x SlHomzontalSé'{omzontalSYertzcalS;/ertzcal

where 1 and 2 refer to the first and second sets of split-fothitnes, and a letter "a”
follows the value of symmetry to indicate that the angle sodbken into account. If for
some reason the upstream monitor information is unavailabé symmetry is calculated

with a simplified formula:
ST = 100 % SHorizontalS\/ertical7
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and the letter "a” does not accompany the value. As each aftligdual monitor symme-
tries cannot exceed 1, which is achieved when the beam idlggisributed between the
two halves of the monitor, the overall value f cannot exceed 100. Only the symmetry
measurement with two sets of monitors is trustworthy, eveéha symmetry is high for
the location of the second set of SEMs, it does not guarartied gngular steering on the
target and, as consequence, good properties of the segdretan. It is recommended to

achieve at least a value of 75 for tAe with "a” for satisfactory operation.

6.2.3 SPS page-1

These important parameters are always shown on the SPSLpage-SPS summary page
(Fig.6.6), which is normally shown in the control rooms, experimébtzracks and also
available online. Note that the SPS page-1 shows that riaitypand symmetry for target
T10 are equal to zero. This is due to the fact that this seagndaget is not equipped with
a downstream monitoring station, which is essential fohsneasurements.

Along with the above described parameters of the beams iNthth Area, the SPS
page- 1 provides information about the performance of th® Bself and the phases of
operation. There are two curves on the SPS page-1. The wirite ceflects the magnet
cycle, the other one in yellow and turquoise (or sometimeplpyirepresents the instanta-
neous beam intensity in the SPS. Two different colors fdedsht parts of this curve are
due to two different Beam Current Transformers (BCT) usedHhe measurement of the
beam intensity: for high intensity beams measured with B&Wyellow color is used,
for the low intensity beams measured by means of BCT4 thautusg (or purple) color
is used. Yellow and turquoise hence represent not only measnts done by different
detectors, but also correspond to different scales.

The correspondence between the phases of the accelenatierand parts of the graph
is as follows: flat bottom on magnet cycle curve, severalsstpthe intensity curve —
beam injection from the CPS; linear rise of the magnet cycéply, fixed plato on the
intensity plot — acceleration (magnets are ramped up);dlabn the magnet cycle graph

with linearly decreasing intensity plot — slow extractioward the North Area; immediate
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FIGURE 6.6: SPS page-1. Magnetic cycle curve (white) and instanta;medancity in
the machince curve (turquoise) and beamlines and primeggtsinformation.

step down to the base level in the intensity curve — fast etitna of the beam (to LHC or
for Gran Sasso); linear fall of the magnet cycle curve withititensity curve staying low at
the base level —ramping down of the magnets in preparaticchémew acceleration cycle.
The moving vertical line indicates the current phase of ffeec The top left corner of the
SPS page-1 shows the number of the super cycle after thevédttime SC (this number
gets reset to zero after every 65000), the number of basicdzeand the total duration of
the supercycle (the products of the number of basic perindgfze duration of the basic

period, 1.2 sec).
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6.2.4 Multipurpose Wobbling Station

Several beams can be simultaneously delivered by the saget by means of the “wob-
bling station” — an arrangement of three dipole magnetsupaiream and one downstream
from the target, followed by the special thick dump-colliorg, called TAXes. An example
for the beam lines H2 and H4, originating from the target $&hown in Fig6.7.

1 MBN 3 MTR(S) 2MTN TAX
B - NR22-05, B2-NR22.02 B3- NR22-03
B3LAA 4555 A 2397A

FIGURE 6.7: T2 wobbling station. Dipole magnet B3T deflects particlésaa@hosen
momenta into the holes of the TAX block. The incident angléhef primary beam on the
target is controlled by the dipole magnets upstream frontdhget — B1T and B2T. The
picture is from [17]

The magnet downstream from the target, B3T, is set to pravideentum separation
and sweep the particles of desired momentum produced apredoction angle into the
center of the TAX holes. However, the distance between thé fidles of beam lines H2
and H4 is fixed, therefore the required separation of the bedtan implies non-zero angle
of incidence on the target. This is achieved by the steeririgeobeam with the magnets
B1T and B2T upstream from the target. The attenuated primierpn beam hits the TAX
block between the holes and gets dumped. However, this thaainly option — in the case
of the primary target T4 the attenuated proton beam is picieby the beam line PO and
transmitted to the target T10. In some cases the primargpizmeam can also be deflected

by B3T into one of the other beam lines; however due to ramhiagsues this can only be
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safely done for highly attenuated proton beams. Primagetaf6 has no wobbling station,
the momentum ratio between the P61 and M2 lines is fixed at400 Gel//c primary
beam in P61 implies -20G¢V//c momentum in M2.

Hence the currents in the three dipole magnets B1T, B2T, B3&rially determine the
state of the wobbling station and the secondary hadrons beammenta that the wobbling
is optimized for. To provide more flexibility in momentum setion to the final user of
the beam, the adjustable holes in the TAX blocks posses#isagnt aperture (Figs.8) to
select a wide secondary hadron momentum?bifEhe particles which are not deflected
into the apertures, hit the TAX blocks and are properly duinpehe wobbling station is

therefore a radiation hot area; it is hidden undergrounchswee sufficient shielding.

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

For example, when the wobbling station of T2 is set to mutmse wobbling, with 15G¢V/c posi-
tively charged hadrons for H2 and 16@V/c negatively charged hadrons for H4, both beam lines can be
supplied with particles with a momentum in the range of 1603¢V/c, however only 15@-¢V/c particles
follow the zero production angle line.
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6.2.5 Beam line Equipment

The layout of the H2 beam line is available &8]. It documents the positions of all the
beam line elements starting from the primary target T2. Mba& 400 m of the beam line
downstream from the target are hidden underground or pgeatdry concrete blocks for
shielding purposes.

Part of the beam is enclosed in vacuum pipes to minimize tbgek due to the inter-
actions with molecules of air. However, in the case of thetsteom installations and for
ease of maintenance of various beam monitoring equipnenbdam frequently leaves the
vacuum tubes through thin windows and travels through nbamaTechnical up to date
listings of the beam line elements can be found!a},[in particular, those listings include
records of the vacuum beam pipe sections.

All the outfit of the beam line is remotely controlled from timain experiment control
room by means of CESAR (Cern Ea SoftwAre Renovatiot])graphical user interface
(Fig.6.9). CESAR is a client-server control system based on Java@amstrticted around
an ORACLE database. Below, as the equipment of the beanslitkesicribed, their aliases
used by CESAR are given in capital letters.

The momentum selection is done downstream from the TAX lddgkthe first dipole
magnets of the beam lines (F&10. Dipole magnets of the beam lines, called BENDs,
are six meter long warm magnets with peak field of about twdaTdsurther BENDs are
used for steering the beam from the underground area to geimxental zone. Therefore
their currents normally should not be modified by the users.

In case the beam is not wanted in the experimental zone, paywown the first BEND
leads to complete dumping, and the beam does not even eatexplerimental hall.

TRIMs are small, 40 cm long warm dipole magnets, which seovesinall corrections
in the beam steering (Fi§.11). Hence the current in the TRIMs should normally be set to
zero and only the last pair (for vertical and horizontal fiteesing) of TRIMs before the
experiment is to be used. Those magnets are quite weak -atyailues of a 100eV/c
beam displacement by the TRIM7 and TRIM8 with 10@urrent is 22 mm.

Quadrupole magnets, called QUADs (Fégl2), are used to focus or defocus the beam
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FIGURE 6.9: CESAR graphical interface for controlling the North Arezalm lines by the
beam user. This interface is automatically invoked on atheffront-end computers in the
control rooms of the North Area.

FIGURE 6.10: BEND1 and BEND11 in H2 and BEND1 in H4 beam lines in the under-
ground shielded area. The first dipole magnets in the beass finovide the momentum
selection of the secondary beams.
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FIGURE 6.11: TRIM7 (left) and TRIM8 (right) in H2 beam line serve for fineeédm
steering in vertical (TRIM7) and horizontal (TRIMS8) diremts. Note that they are installed
around the short vacuum beam pipe; before and after thiswasection the beam travels
through the air.

and hence to change the beam spot size. Normally the first GUAR beam line serve
to refocus particles produced in the primary target befbee homentum defining slit.
Intermediate QUADSs help to eliminate any reminant corieted between position and
momentum of the beam particles after the final bending magiet last QUADs before
the experiment are set up to minimize the beam spot.

This however isn’'t the only possibility. Most of the beamt$asf the hadron calorimetry
do not require a focused beam, as even a highly defocusedrhbdam spot is still smaller
than a single independently read-out calorimeter cell iffiore details see the section on
the CMS Hadron Calorimeter). Some equipment benefit frombdem intensity spread
homogenously over a sufficient area during the beam testbielnourse of the test beam
in the fall of 2012 the author has created a set of beam coatigns with a diagonal
beam spot ofl em x 4 ¢m of the required intensity for the Silicon Beam Telescopentea
such extraordinary beam profiles cannot be realized by mafaiesv pieces of beam line
equipment and imply extensive use of the entire beam line.

The collimators in the beam line, called COLLs (Fegl3, are essentially adjustable
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FIGURE 6.12: One of the Quadrupole magnets in the H2 beam line. Most éetiyiused
for focusing of the beam on the main experiment, if needesy; tian also be used to create

guite sophisticated beam profiles.

motorized slits. Depending on their position along the bdiam their function can be
of a distinct nature. If used after the bending magnet, tleeyle a part of a momen-
tum bite defining spectrometer. In other cases they can difenacceptance of the beam
hence affecting the size of the beam spot in the main expataharea. In both cases the
collimators affect the intensity of the beam, as the patittix is proportional to the slit
opening.

Besides the beam shaping and steering equipment, the beesralie also outfit with
various beam monitoring tools, which help to establishaasicharacteristics of the beam.

The scintillators, called SCINT, are tiles of scintillagiplastic coupled to large PMTs

with a fishtail light guide (Fig6.14 top left). They are used to monitor the beam intensity
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FIGURE 6.13: Collimator COLL14 in H2 beam line. As collimators redefirne taccep-

tance of the beam, they are among the hottest objects in @@ bee. This particular

collimator is the only one in the beam line which is not hiddewler protective concrete
shielding.

or to strobe more complicated equipment. The scintillapposide the integrated count
per spill. As those counters present a significant amourt@htaterial to the beam, the
scintillators are motorized and can be removed from the bemte their task has been
accomplished, to minimize the multiple Coulomb scatteand Bremsstrahlung.

The multiwire proportional chambers, MWPCs (Fégl4 top left), have an analog
readout that integrates charge for every wire over the wéile Since the total charge on
a wire is proportional to the number of particles on it, thetplf charge vs. wire position
gives a beam profile in the direction normal to the directibthe wires. The wire spacing
in the MWPCs used in the H2 beam line is 1 mm, but the numberazfaet channels is
limited to 32, therefore the cabling has been made such itregreesach wire or only ev-
ery second or third wire can be read out. Depending on the lobanacteristics, different
arrangements can be used. Hence, if every wire is used, loalgantral one third of the
chamber is read out. The sensitivity of the MWPSs stronghedd on the high voltage ap-
plied (the maximum HV for MWPC operation is 4000 V). For lowensity beams higher
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FIGURE 6.14: Beam instrumentation in HZOP LEFT: Multiwire proportional cham-
ber and a scinntillator counter sharing the same mai@P RIGHT: Delay wire propor-
tional chamberBOTTOM: Filament scanners.
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HV is required to produce a large signal-to-noise ratio. Weshighly collimated high in-
tensity beams require much lower HV to avoid saturationHkes automatically reduced
if the signal ecxeeds 1024 counts.

As the MWPCs often share the motor with the scintillator degrspecial attention is
required when the later is moved out of the beam.

The delay wire chambers, XDWCs (F&§14 top right), provide higher resolution
beam profiles and are more sensitive than MWPCs. As in any othkiwire proportional
chambers, particles passing through the XDWCs ionize tkeagd create free electrons
and ions. The high voltage between anode and cathodes tbelemates the electrons to-
wards the 20 micron anode wires, where they start a multiglgvalanche. At the same
time an image current is induced in the cathode wires cldaseghere the anode avalanche
takes place. The XDWCs are composed of a sandwich of two datplanes surrounding
a central plane carrying anode wires. The pecularity of tEA\C is that the position
data is taken not from the anode wires, but from the cathotlerevindividual wires are
connected to a tapped delay line. The induced signal fromdtieode wires builds up two
waves in the delay line, one in each direction. These triagglVaves are the integral of the
contribution from the different cathode wires, summariaedording to the delay per tap
of the delay line. The anode signal is used as the common 3tiaen the time delays for
the integrated waves to reach the amplifiers at the ends diglag line are measured. This
determines the position of the hit, where ionization toakcpl with a resolution about ten
times better than the spacing of wires in the XDWC. The se@atkdode-anode-cathode
sandwich, providing the measurement in the other planecatéd in the same chamber.
These drift chambers with a simple time-to-digital coneedver a delay line register the
individual tracks with a resolution better than 200 micrdime beamline control software
has access only to the beam profiles accumulated over thebggithe output signals of
the delay wire chambers can be used by the DAQ of the expetjmging private time-to-
digital converters.

The filament scanners, FISCs (Fégl4 bottom), consist of motorized scintillator fila-
ments, 200 microns wide and 4 mm thick along the beam dimneciod a pair of photomul-

tiplier tubes for detecting the light produced by chargedipas in the scintillator. This
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kind of detector is integrated into the vacuum system. Thaen@nt can be moved through
the beam step by step to measure the beam profile. The mea&surean be done in a slow
mode, when the filament moves one step per spill, or in a fagemehen the entire profile

is measured in one spill. The slow mode of operation provadpeecise profile measure-
ment, but requires long time, as only one point is measuredgithe spill. The fast mode

is less precise as it relies on a stable flux of particles duitie entire spill. Besides the
result of the fast scan is conclusive only in case of interesens: while getting a decent
beam profile in the case of a slow scan requires a beam intdngiter than 1000 particles

per spill, and for the fast scan it should be higher than 1q@06cles per spill.

6.2.6 Control of the Particle Type in the Beam

Usually each user of a beam line is interested in particuidés ef beam energies, beam
intensities as well as a beam profile at the main experimewota¢. These sets of cor-
responding magnet currents and collimator apertures anensuwized in so called “Beam

Files”. The files are usually prepared in advance by the sé&am physicist according to

the user’s request. They are then used by the CESAR apphdati initial beam set up.

The type of particles in the beam is however the full resgalitsi of the final user of
the beam, as the settings of equipment responsible for narstored in the Beam Files.

The secondary patrticles produced in the target region faamts of mixed compo-
sition, which depends on the momentum and production angle conposition of the
hadronic part of the beam can be calculated with the PARTPR@DQramp1]. The beam
is the mixture of different types of hadrons (K, 7), muons and a small electron compo-
nent.

The beam lines are equipped with an absorber, a lead platé0 mm thick, located
somewhere half way along the beam line. Once moved into thmpie removes the elec-
tron component, as the electrons loose a substantial par¢iofenergy by Bremsstrahlung
and are not transported further along the beam line. At theedane, the absorber almost
does not affect the hadronic component of the beam.

To get a pure electron beam, one has to use a converter, alédadeveral millimeters
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thick, which is located right after the TAX block upstreanorfr the BEND1. Once the
converter is moved into the beam, the photons, containetdémeutral component of
the secondary beam, are converted into electron-positos,which can be momentum
selected and delivered to the main experiment.

The muons are produced by the decay of pions. Therefore ta gaton beam, one
needs to set up a beam line for a pion beam, then prevent the wioich haven’t decayed
from reaching the experiment. This can be done in two waye. firkt option is by mov-
ing into the beam a dump block, XTDV, which is located righstspam from the H2A
experimental zone, used by CMS, or closing in an off-centsitpn one of the collima-
tors downstream from the last bending magnet. In this casentlons are not momentum
selected, and the spread of the muon momenta in the beannisdre67% and 100% of
the pion momentum. The second option is to close the colimapstream from the last
bending magnet. In this case muons are momentum selected.

Setting the converters, absorbers and dumps to the apat®pasition to achieve the
desired composition of the beam remains the responsilaifithe beam user and is not

stored in the Beam Files.

6.2.7 Beam File Creation from Scratch

Although a certain set of the “Beam Files” exists for the asgfrthe beam and is stored
in the CESAR application, sometimes there is a need to createones. As the beams in
the H2 and H4 experimental areas arise from the same priraeggtt T2, they are highly
correlated both in energy of the secondary beams and piodughgles and hence the
settings of the wobbling station T2 are sometimes changaddomodate the needs of H2
and H4 users at the same time. The settings of the wobblitigrstean also be changed
in the case where some piece of equipment in the upstreaonrexgput of order, provided
the operation still can be managed without it with differsettings of the wobbling station.
As a sufficient part of the beamline is a radiation hot areaédiate repairs are not always
possible.

The settings of the wobbling station can more or less be ibestiby the currents
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FIGURE 6.15: The appearance of the Wobbling Calculator standalone tdhe chart
at the top allows one to set the parameters of the secondamg bad TAX blocks aper-
tures. The right-hand side chart below the drawing sumnasatize settings of the wobbling
station: currents in the magnets and positions of the Sexgrieimission Monitors. The
left-hand side chart summarizes the secondary beams’ péessralong with the current
in the first bending magnet of the beam line required to pigeer the particles with
selected momentum.

in three main magnets, B1T, B2T, B3T. The sets of those ctgn@hich are commonly
used and well studied, are grouped into the wobbling beam flme can find the list of
those settings in the CESAR standalone prografj. [ Only the senior beam physicists
are in charge of changing the “wobbling” settings, in mostesasuch changes also require
retuning of the SPS beam by the SPS operator. The wobblitipgetire agreed on a
weekly meetings and posted on the corresponding beam Wieteboards} 3.

The final users of the beam can play around with a “wobblingudator’[54] stand-

alone to estimate the parameters of the wobbling stationchwivould suit their needs
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(Fig.6.15. The values of secondary beam momenta for particles with peoduction
angle at all beam lines originating from the same target lshioel specified in the column
“P(Exp)“, after clicking the “calculate wobbling” buttoifhe program calculates the values
of currents in the magnets of the wobbling station and dréssorresponding beams.
The same standalone program can be used to create the bessimdileritical situation,
when they haven't been provided by the senior beam physhmisthe beam time cannot

be spared in waiting. In this scenario the following stepsusth be followed:

1. Once the settings of the wobbling station are known froenttdéamline whiteboard
web page, they can be specified in the wobbling calculatdramight-hand side table

below the drawing in the column “Current”.

2. The momenta of the beams at zero production angle for alinbees originating
from the same target is normally also provided on the whiaetfoand should be

specified in the “P(Exp)” column in the chart at the top of thebiing calculator.
3. The appropriate size of the TAX blocks apertures shoulsEb@ the same chart.

4. The energy of the secondary beam for the appropriate logahms to be specified

in the column “P” in the top chart.

5. The calculation is initiated by clicking the “Reverse wbhg” button. After that,
the drawing should updated to show the propagation of thebelrough the wob-
bling station. The numbers in the left-hand side chart abtiteom of the calculator
will also update. The information of primary importance lnstcase is the value of
current in the first bending magnet in the beam line of intergkich can be found

in a column “BEND1".

At the same time the drawing provides a visual check that ¢tected beam safely
reaches its beam line. If on the plot the beam hits one or ba¥flocks or a wall

of the B3T magnet of the wobbling station, it means that thenbef the selected

1If these momenta are not provided, it is possible to find thgndbntifing the appropriate “wobbling
file” in the wobbling manager, described above.
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momentum got dumped and cannot be extracted in the speciigdewen if the chart

provides the value for the current in the first bending magh#éte beam line.

Figure6.16shows the example of a low ener@y GeV, beam, which hits the TAX

blocks and gets dumped before reaching the beam line H2.

T2 |14 |
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GeVic |Neutrals |Angle Hadrons |Prod. Angl GeVic Constr|Hole Hole Pos. Limit
mm |mm mm mm Reverse Wobbling -
SPS 400 126.0 100.0 Z
H2 -20 L] +4 52 ] 150 e O I~ Save Configuration As...
H4 150 Ll -4.52 Ll 0 150 62 |wjea | > T2 Station Infos

sPS [28/04/14 07:58:15]

Horizontal plane

BEAM PGeVic | PROD. ANG. (..| SKEW (mrd) | BEND: 1 MAGHET ANGLE (mrd) BLICOIL (tm) | CURRENT {amps)

HZ2 -20 -2939 7.01 -46 12{B1T 453 -6.04] 33233

H4 150 0 -0 435.04{1B2T F0013 45 -455.85

[1[H2Exp -150 i -0 229.91|[B3T 21 -1.4] 22991
C1|H4Exp 150 0 -0 435,04/ — e o

4 H2Meutrals -150 4.52 1.08 318.5| TRIU EVEY]

|_|[H4MNeutrals 150 -4.52| -1.08 602,67 TBID 674

FIGURE 6.16: Wobbling calculator with Democratic multipurpose wolnlgi Example
of dumping of the beam of interes2((GeV) in the TAX blocks. This beam cannot be
directed into the H2 beam line.

Figure6.17shows an example of a low energy beam which hits the wall oBBiE

magnet of the wobbling station and gets dumped before neg¢he beam line H2.

In both cases above the wobbling station is set to the sodcdllemocratic mul-

tipurpose wobbling”, which is optimized to center in the TAXock apertures the
following beams: both beam lines, H2 and H4, recei%é GeV/c hadrons: H2 —
negatively charged, H4 — positively charged.

Such low energy beams cannot be picked up by the beam linedr2tfre secondary
particles produced in the primary target. However, as thgrakEhadronic compo-

nent of the beamk® and A°, decay in the air, the products of their decays, pions
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FIGURE 6.17: Wobbling calculator with Democratic multipurpose wolblgli Example of
dumping of the beam of interestq(GeV”) in the B3T magnet of the wobbling station. This
beam cannot be directed into the H2 beam line.

and protons, can be picked up and momentum selected to dtwaenergy hadron

beams.

6. Itis possible to make the Beam File completely from sérgadvancing step by step
in setting the beamline parameters and monitoring the bedimvarious beam in-
strumentation. However, this way is more time consuming starting from some
existing hadronic beam file as a template — it does not matteris case if it cor-
responds to the same or a different wobbling. Therefore tierdatter method is

shown, while the first one obeys the same logic.

Therefore it is suggested to open some hadronic beam fileraatkdts copy with a

different name (“Copy” option in CESAR). According to themiag convention for
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the Beam Files, the name of the Beam File starts with the ndrtteedBeam Line
or experimental zone (i.e. H2A), followed by a unique num@drere is also a field
to provide extra information, which can be useful: numbethefwobbling filé, the

energy of the beam, type of particles, and any extra infaonaif high importance

(tertiary bear, specific production angle, etc.)

7. The value of current in the first bending magnet of the beam bbtained in the
previous steps, is used as a starting point to create a Bdam@iice the template
with a new name is ready for modifications, it has to replaeevéidue for BENDL1.
As this setting determines the momentum of the particleeensecondary beam, it

should not be changed when further fine-tunning of the begmarfermed.

8. Check the profiles of the beam in a pair of wire chambersvgdical and horizontal
measurements) closest to the origin of the beam. A good erisfih Gaussian-like

peak centered about the origin of the coordinate axis.

If the beam is off-centered, it can be steered by the dipolgnats upstream from
the chambers — the currents in the relevant magnets havedplbgted. Then with
the next spill from the SPS beam profiles from the wire chasbelt be updated.
Adjustments of the current are usually intuitive, even tjtothis take some practice,
as they depend on both the type of magnet and momentum of éime. beis possible
however to get a feeling for it without spending beamtime toglging the Bending
Power versus Current characteristic curves of the relevagnet in a CESAR stan-
dalone BIAndCurrentConversiaif]. This utility allows one to choose a particular
magnet in the beam line of interest and shows the plot of Imgnalbwer as a function

of current, as well as allows one to calculate the bendinggpder a particular point.

The beam position has to be adjusted by means of the secobeadyng magnets

LIn the wobbling manager application the most common wolgdiies are enumerated. For example, the
Democratic Multipurpose wobblings have numbers 1 and 2.

2This is important information indeed: tertiary beams nallyrhave low flux compared to the secondary
beams. Therefore, the Beam Files for tertiary beams halienewdrs widely opened to deliver more particles
per spill. Beam Files for secondaries on the other handhsetdllimators to somewhat moderate apertures.
Therefore, when the user switches from a tertiary to seagrolzam, it is highly recommended to load the
collimators (i.e. partially close the slits) before magnet
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10.

11.

12.

(BEND2, BENDZ3 for the vertical deflection and BEND5, BENDG tbhe horizon-

tal). Those magnets are exptremely powerful, so even tiapgbs of the current
will result in significant deflection of the beam (for instan@a change of 1 Amp in
BEND2 results in 15-40 mm deflection of the user's beam — déipgron the energy

of the secondary beam.

The distortion of the Gaussian shape of a profile, espgdal the off-centered
beams, can be due to partial dumping in the upstream equipmeollimators or
even magnets. It is better to correct the position of the bieafore taking any steps

toward the profile shape correction.

The size of the beam spot (width of the profile) can be chdiby adjusting currents
in the quadrupole magnets upstream from the wire chambéi@sermagnets affect
the beam spot size by focusing the beam in one plane and d&figatiin the other
one. In most cases the desired beam spot size can be obtaingdthbging the
currents in the several downstream-most quadrupole ma@gQe&tAD16, QUAD17,
QUAD18).

Since primary dipole magnets, BENDs, are located ugstréurther adjustment of
the beam spot position by means of downstream trimming niagnay be required.
This final adjustment though has to be postponed until thellgyde magnets are
finally set in that part of the beamline — as the beam is focilgethe quadrupole
magnet in one direction, it is naturally defocused in theeotbne. Therefore the
off-centering of the beam profile which seemed insignifidafore the beam got de-
focused, can turn out to be substantial after applying action to the quadrupole’s
current. Vice versa, the result of centerring the beam nmghbe worth the effort,

if the subsequent correction of the quadrupole’s currefitswificiently narrow the

beam.

The flux of particles in the beam can be changed by adgtie openning of the
collimators. In every beam line there is a collimator, lechin the dispersive focus,

serving as a momentum slit. In the H2 beam line this is a COIH® .those collima-
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13.

tors the beam flux is proportional to the opening, but at a@bstomentum spread,
which also grows linearly with the opening. For the othelio@tors, the flux grows

with the opening, but in a non-linear way.

If an electron beam is needed, first of all, a hadron Bederhs to be made, then the
“Extrapolate” button has to be used, then the option to sedéeladrons—Electrons”.
This procedure invokes a special algorithm which propexkes into account the en-

ergy losses due to synchrotron radiation.

Beam tuning steps might need to be repeated several times toggtisfactory result,

especially for the tertiary beams, which naturally posselssv flux. It might therefore be

hard to even find them by means of the low-sensitivity equipim@stream.

It is also worth to remember the following tips:

For the beam horizontal and vertical planes can be treatigpandently. However,
the vertical plane is more important for steering the beamtime hall — as the beam
originates from the underground hall, it significantly gain altitude on its way to

the final user.

Analog wire chambers, located upstream, are less sentsitivehe delay wire cham-
bers, situated closer to the final user. Therefore thereldheLa sufficient beam flux

to get conclusive measurements by means of analog wire @ramb

The numbering of the elements of the same type does not aiwengsase along the
beam line, as some elements were installed later than tgmakibeamline comis-

sioning.

Electrons loose a significant fraction of energy even in thstacles. Therefore all
non-essential equipment has to be removed from the elebam, once the fine-

tuning is over.

An example of a properly setup electron beam is shown in@Fi@ As demonstrated

by the beam profiles from the delay wire chambers, this beéocised around the nominal

beam axis and has nearly Gaussian shape with the core prbfilgoat4 cmx4cm, as

requested by the users.
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FIGURE 6.18: Example of a properly setup electron beam file for H2 beam Wwith the
beam profiles from wire chambers (screenshot from CESAR).
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Chapter 7

Crystal Fibers

Lutetium Aluminium Garnet (LUAG, LyAl;O;,) combines a high density of 6.73cm?
with relatively short radiation and interaction lengthgg = 1.41 ¢m andA; = 23.3 em.
Pure LUAG is an efficient Cherenkov radiator: with its higfraietive index ranging from
2.14 for 190hm to 1.848 for520 nm, the Cherenkov threshold for electrons is as low as
97keV . By doping the LUAG matrix with rare-earth ions, such asumrifast scintillation
processes can also be activated. Cerium-doped crystalsAsE I(Lus Al 50,,:Ce) exhibit
bright scintillation in the green part of spectrum with a nmaxm at520 nm (Fig.7.12).

The micropulling-down technology grows single crystald oAG directly into a fiber
shape with a diameter of a few millimeters. Furthermorehemahigh pulling rates along
with the possibility to grow multiple crystals simultanesty provide the opportunity for
large-scale production.

Recent advances in growing technology improved the oppicaderties of the crystals.
As a result, the new generation of the LUAG fibers has attémubgngths ranging from 30

to 50 cm.
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FIGURE 7.1: Emission spectrum of a scintillatinde-dopedLuAG crystal.

All of the above offers a tempting possibility to exploit tfieer-shaped LUAG crystals
as active material for high-granularity calorimeters. Burer, the indications that LUAG
crystals possess sufficient radiation hardness to operdtesichallenging radiation envi-
roment of high-luminocity LHC, makes it a prominent candelfor the upgrades of CMS

calorimetric systems and give rise to the studies deschieéalv.

7.1 Beam Tests in 2012

In 2012 two sets of beam tests were performed with the LuAGtatyfibers. A small
module formed by a brass absorber loaded with four crysteitditvas tested in May for a
proof of concept. As the results looked promising, the denisvas taken to continue the
studies of possible LUAG implementations for radiatiomehagh-granularity calorimetry.
Therefore a second beam test was performed in the fall of @ith2a module loaded with
nine crystal fibers of LUAG. This section offers a broad déston of the tests and their

resultspa).
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7.2 Geometry of the Module

The volume of a brass absorber was shaped to reproduce #redageometry and size
(approximately %3x22cm?) of a standardPbW O, crystal used in the endcap of the
electromagnetic calorimeter of the CMS experiment. The uteds further referred to
as mini-CFcal. In this brass element, 9 LUAG fibers wrappedti Weflon were inserted in
holes of 3 mm diameter. The Teflon wrapping does not enhaedetit output or the light

propagation. It is used for protection of the LUAG fibers wHibindling the brass module

(Fig.7.2).

FIGURE 7.2: Tapered brass absorber for the LUAG beam tddEsT: Front view of the
absorber loaded with the LUAG fiberRIGHT: Overall view of the absorber prototypes.
The one used for the LUAG beam tests is shown on the left.

The sampling calorimeter prototype has been tested in théebt2beam line at the
Super Proton Synchrotron (SPS) at CERN. The detailed gseriof this experimental
facility is presented in the relevant section.

Multiwire delay chambers were used to provide detailed bpeofiles as well as indi-
vidual particle tracking information. The trigger is prded by the scintillating counters

located upstream from the tested prototype.
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7.3 Read Out electronics and Data Acquisition system

The mini-CFcal was inserted in the center of a®3matrix of PbWQ crystals (Fig7.3,
top). The signals from those PbW@rystals were read out with photomultiplier tubes and
was available as part of an online data quality monitor tauemgood beam centering on
the mini-CFcal module. According to the technique descriimethe relevant section, an
electron beam, set parallel to the fiber axis, was tuned te haveam spot of approxi-
mately 4 cmx4 cm to cover the entire mini-CFcal module with a dense coree Béam
spread reached PbWG@rystals with the tails to produce some signal sufficientefibec-
tive centering of the prototype. The response of the PRh\8&lls was previously calibrated
in independent tests. An example of the Pb)\dDitputs for a 100 GeV electron beam is
shown in Fig.7.4and validate the proper centering of the beam on the minaO#odule.

For the light extraction, each extremity of the mini-CFcalsacoupled with Silicon
grease (Rhodorsil Paste 7) to 9 clear optical fibers {F&y.bottom left) which then trans-
ported the analog signal to silicon photomultipliers, SilPg.7.3, bottom right). The
cross-section of the optical guides was chosen to be 3 mnameter, which exceeds the
diameter of the read-out crystal fibers to ensure no signahismitted into the cladding
and escapes detection.

The SiPMs used are KETEK 20 micron green-sensitive deviggspioton detection
efficiency (PDE) of 21 % and active area of 2.2 mgh2 mm, the gain of which was tuned
to be 1count per photo-electron by AC-coupling with a capazidivider. The charge
signal is measured and encoded into a non-linear digité ¥gethe Charge Integrator and
Encoder ASIC (QIE v8). The QIE uses the LHC clock to dividedimto regular bins and
measure the accumulated charge in each 25 ns time bin. dfitethe QIE uses capacitors
to accumulate the charge and measure the voltage. Thereuarsuch capacitors on each
QIE, and the QIE uses each capacitor in turn, dischargingy ifo clocks before using it
again. Thus each subsequent time sample comes from a diffeapacitor. The outputs
of three QIE channels are digitally combined onto a higheggeptical link and sent to the
HCAL Trigger/Readout (HTR) board. The HTR board buffers ith@oming digital data

and transfers it to the Data Concentrator Card which in ttangfers data to the central
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PbWOs | PbWO4

FIGURE 7.3: TOP LEFT: Overall view of the installation in the experimental areghéif
the setup is exposed to the beam, the beam comes from thEQG#FRIGHT: Mini-CFcal
installed matrix ofPbIW O, crystals as seen by the beaBOTTOM LEFT: Bundles of
optically clear fibers transport analog signals to the ptietectors.BOTTOM RIGHT:
Readout module with arrays of silicon photomultipliers.

DAQ[57].

7.4 \Wire Chambers

Two delay wire chambers (WCA and WCC) positioned in fronttwé tini-CFcal were
used to monitor the impact point of particles on the absofbgry;) by extrapolating the
trajectory of a particle:

ZFWCA

T; = Twea + (QSWCC - ZEWCA)—,
ZWCA — RwWCC
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FIGURE 7.4: Signals in the PbWQcrystals surrounding the mini-CFcal module validate
the proper centering of the beam on the module.

wherez,., 1S the distance between WCA and the mini-CFcal modulg, — zy.. IS the
distance between the two wire chambers apg, andz,,.. are the horizontal coordinates
measured by wire chambers WCA and WCC, respectively. Idantbrmula withz re-
placed byy stands for the coordinate.

The information on the particle position allows the studyha crystal fibers response
for each fiber as a function of the impact point. The angulegagbof the incoming particles
was also estimated and results are shown irvFBgBoth on ther andy axes the average
angle of incoming particles is below 0.1 degree with smadittiations~0.02 degree, cor-

responding tov1 mm spatial resolution at the target location.
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7.5 Response of Ce-Doped and Undoped LUAG Fibers

Two different types of LUAG fibers have been used as activenatinside the absorber:
Ce-doped fibers to produce scintillation and undoped fibeiSlerenkov radiator. Their
response to electrons, with energy between 50 and 150 Ge\yden studied in terms of
light output and pulse shape.

Using the wire chambers data a selection of electrons hdkgigimpact points within
the cylinder of 2 mm radius centered of a given fiber was doxelae average pulse shape
recorded from the two types of fibers was calculated.

Results corresponding to 80 GeV electrons are shown in thelte of Fig.7.6.

A clear difference is visible between the Cherenkov pulseasared with undoped
fibers) having a fast decay time 10ns and the scintillation pulse (given by Ce-doped
fibers). The longer decay time of the undoped fiber was at&hto a Cerium contamina-
tion of the Lutetium oxide. In this study the experimentaugeonly allowed a standard
LHC sampling at a period &f5 n.s, which limits a detailed study of the pulse shape. A more
detailed measurement of the pulses performeddhig shown on the right plot Fig..6for

comparison.
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FIGURE 7.6: Comparison between the average pulse shape(éi-doped scintillating
fiber (in black) and undoped Cherenkov radiator (in radBFT: Results from this beam
test with 25 ns standard LHC sampling for 80 GeV electrdR&5HT: Results from §8]
with high sampling rate.

Applying the same beamspot selection, the distributiorsgial induced by 8Grel”
electrons in the two types of fibers were obtained. The sighahch SiPM has been con-
verted into the number of photolectrons using conversiotofaC" obtained by calibrating
each SiPM channel with LED signal€e-doped fibers, as expected, show a much higher
signal (~1800 photoelectrons) with respect to the undoped fibe&)(photoelectrons),
see Fig7.7.

These values correspond to photoelectrons measured feobattk end of a given fiber
only; hence, this number will increase for scintillatingefib, by a factor~2, if also the
front end signal of each fiber is considered. Furthermore atilog readout is far from
being optimal: some fraction of photons is lost in the criytaptical fiber coupling, then
more signal is expected to be absorbed inside the opticatfised to transport the signal

from the crystal fiber end to the SiPMs.
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FIGURE 7.7: Distributions of photoelectrons measured from one end lai&G crystal
using 80GeV electrons within a cylinder 2mm in diameter centered aroarstlected
crystal fiberLEFT: For undoped Cherenkov radiat®IGHT: ForC'e-doped scintillating
fiber.

7.6 Transverse Granularity

To investigate the response of fibers as a function of thereleanpact point we made use

of the delay wire chambers data to scan alerandy axis the whole mini-CFcal. After a
selection of events withie-5 mm on they axis, the average response of a given fiber for
changing the impact point on theaxis was calculated. The same procedure was performed
for they axis. The maximum value”, andIC,, of these transverse profiles correspond to
the average response of the fiber when the impact point is&quit to the fiber position,

on thex andy axis, respectively. These coefficients are proportiondah&light output

of each fiber. Therefore, we can then define intercalibratamfficients between fibers as

follows:

_IC +1C
= f.

Ict

This intercalibration procedure is necessary to normdfieesignal from different fibers
in order to take into account their different light outputiahis related to the cerium

concentration, fiber quality and the optical coupling betwerystal fibers, optical fibers
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and SiPMs. The normalized distributions for the central emal central column fibers are
shown in Fig7.8 Transverse profiles on theaxis show narrower peaks around the fiber

positions reflecting the higher quality of the beam profiletogy axis with respect to the

x axis.
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FIGURE 7.8: Average response of the central crystal fibers as a funofieampact point
along the corresponding axid.EFT: Fibers of the central rowRIGHT: Fibers of the
central column.

7.7 Energy Reconstruction

Applying intercalibration coefficients, the particle egyercan be reconstructed using the
contribution from different fibers in order to collect the xiraum fraction of energy de-
posited by the shower in the mini-CFcal. Events within arayéir of 5mm radius centered
around the central fiber have been selected in order to acamsidy electrons which start
the shower inside the array of fibers. The contribution ohddwer, after intercalibration,

has been summed up event by event to reconstruct the signal:

9
Ereco =Y StomC'IC",

i=1
whereS},,, is the signal measured from the front end of each fibéf are calibration

factors to convert the SiPM channel into photoelectron&iobd using a LED signal as
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reference, andC" are the intercalibration coefficients.

For the energy reconstruction only signals from the frortt efithe fibers have been
used, since for two fibers the back signal was not availaldause of the erroneous tuning
of the corresponding SiPM voltages. If all back readoutsveemailable, reconstructing the
signal using both front and back signals could slightly @ase the resolution because of
the higher photostatistics. Using electrons at differerrgies between 50 and 160V,
we studied the evolution of the fibers array response. Thairmdd distributions of the
reconstructed amplitudg,..., are then fitted with a Gaussian function to estimate the peak
position which shows a good correlation with the beam enagyghown in the right plot
of Fig.7.9. The energy resolution of the reconstructed amplitudesggrom 15% to 20%
and is dominated by a constant term due to the transverseméormity of the response

and experimental systematics discussed later.
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FIGURE 7.9: Reconstructed amplitud&EFT: Distributions of reconstructed amplitude
E,.., at different beam energieRIGHT: Correlation between the peak value 6f,..,
distributions and the beam energy with a linear fit (in redjroEbars correspond to the
statistical error on the estimation of the peak position.

124



7.8 Longitudinal Shower Profile
As the energy¥ of incoming electrons increases, the position of the shomaedmumt,,,,,.
moves towards the back of the absorber according to:

tmae < In(E).

This change in the shower profile along the longitudinal axsexpected to produce a
different ratio of the front and back signals measured atwloeopposite ends of each fiber.

We can define a dimensionless estimator of the shower maxiposition as follows:

Sback
Rpr =1
nr " (Sfront) 7

wheresS;, ., andSy,. are respectively the signals measured at the front and batkfe

a fiber. The value oRzr has been estimated for both Cherenkov and scintillatingdibe
using different beam energies in the range from 50 to 150 @exbne delimited by the
cylinder with 5mm radius centered around the selected fiber has been seleaiedker to
reduce the noise background. In FiglOresults obtained with the Cherenkov fiber are
shown.

We observed a clear correlation between the valug©f and the beam energy which
demonstrates the feasibility of longitudinal shower peoBtudies using a double read-
out technique. Similar results are obtained using the ilaiimg fiber and are shown in
Fig.7.11

The different nature of scintillation and Cherenkov ligtiie former being emitted
isotropically whereas the latter has a prefered directian,explain the difference between
the two types of correlations. As expected, the Cherenka&r 8bhows a much higher sig-
nal in the back readout with respect to the front one. TheevaflR 3 is also expected to
show a correlation with the impact point of electrons (altmg: and they axis) since the
fraction of the electromagnetic shower which interactdwaitfiber will move towards the
back end when the shower develops far from the fiber posiéi®nepresented in the sketch

of Fig.7.12
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fiber. RIGHT: Correlation plot for the value aR 3 and the distance between the impact
point and a fiber. The result of a linear fit in the rarlge 9 mm is superimposed in red.
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To study the effect of the impact point on the valueifr, we selected events within
concentric cylinders at a given distance from the selectest ind calculated the average
value of R for each ring. Results are shown in the right plot of Fig.2 As expected,
we observe a significant correlation between the distantieeadlectron impact point from
the fiber and the value dkRzr. The back signal grows linearly with respect to the front
signal, when electrons initialize the shower further frama tiber. In such conditions, only
a small fraction of the shower interacts with the fiber redgehe scintillation signal which,

in turn, increases the sampling fluctuations.

7.9 Summary and Discussion of Results

The test beam results presented here confirm the potentialAs fibers for high energy
physics applications. A significant amount of light was agted from both the Cherenkov
and the scintillating fibers. The response of single fibeeddotrons depends on the impact
point of the particle and thus it can be used to study the wease profile of the shower. The

combination of the signals from clusters of adjacent fibarsloe used to build algorithms
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which allow an estimation of the particle impact point andlan

The feasibility of using double readout (i.e. making useighal from both front and
rear ends of each fiber) to increase the knowledge of the siwfle along the fiber axis
has been investigated. Good correlations of the back amd $ignals ratioR z with the
shower maximum position (alongaxis) and with the impact point of electron on the mini-
CFcal front face, y axis) were found. The optimization of the double readoutmanide
even more information on the longitudinal shower profileheiit the necessity to increase
the longitudinal segmentation and hence the number of @anklore issues related to the
real potential of such calorimeter in the context of pagtitbw algorithms or dual readout
corrections (i.e. reading out the scintillation and Ch&eenlight separately on an event
by event basis to correct for hadronic shower fluctuatiorshat addressed here, because
of the small dimensions for this prototype and due to the lovmber of fibers involved.
Nevertheless, current data can be used to validate siroml&iols in order to investigate
new geometries and configurations. A Geant4 simulafidrjas been performed to allow a
first comparison with data and to investigate the potenfiallarger array of fibers in terms
of energy resolution. The same geometry of the mini-CFoakiims of fiber packing, has
been simulated extending the array of fibers to a4l matrix inserted in a brass absorber
with transverse dimensions of 22 ¢®2 cm. Such geometry, shown in Fig13 left, will
be referred to as Geometry A. A different geometry (Geom8rywas also simulated,
in which the gap between the fibers and the absorber (reguttom the 0.5mm layer
of Teflon) has been reduced to 0.1 mm. Hexagonal packing waseahhere so that the
spacing between fibers centers is reduced to 3 mm (se&.ER). In this case, a 123123
matrix of 22 cm long fibers is needed to fill a brass block-a33 cmx33 cmx22 cm.

Electrons of energy between 1 and 158/, uniformly spread on a0 mm x 10 mm
area and with a small angular spread ofifud, which aims to reproduce the experimental
conditions of the test beam, have been simulated. For Gepiaethe electrons direction
was oriented in the same configuration as in the test beameatdor Geometry B the
electrons beam direction was set perpendicular with redpethe fiber axis in order to
reduce the non-uniformity of the response. The energy digubby the electromagnetic

shower inside the active volume of LUAG fibers has been medsamd allowed to study
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FIGURE 7.13: TOP LEFT: Geometry A.TOP RIGHT: Geometry B. The blue gaps
between fibers, shown in green, and absorber, shown in whpggsent the Teflon layers.
The beam direction is also shonBOTTOM LEFT: Fraction of electron energy deposited
in the array of fibers as a function of a 50 GeV electron impaatpalong they axis for
Geometry A (black) and Geometry B (red). Experimental datats are shown with a blue
line. BOTTOM RIGHT: Energy resolution curves for Geometry A (black) and Geoynetr
B (red) at different beam energies fitted using/F = \/p3/FE + p?, wherep, and p;
represent the stochastic and constant terms, respectively

the transverse non-uniformity of the response as showngirvHi3

We can observe that the response of the mini-CFcal decredm#sthe impact point of
electrons is out of the fiber array & mm. In both data and simulation of Geometry A the
response fluctuates periodically when the impact point ménaem the center of the fibers
to the brass between adjacent fibers. When the granulatyrenpacking configuration
are improved (for instance, in Geometry B), the total fractof the shower collected in
the active volume is increased by approximately a factor ah@ the non-uniformity of
the response is reduced. The evolution of the energy reésolwith respect to the electron

energies is shown in the right plot of Figl13 Of particular interest is the resolution that
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can be achieved with the granularity of Geometry B in a noimpay fiber configuration
which has a stochastic term ef 3.7% and a constant term of 0.7% due to partial
containment of the shower and sampling fluctuations.

Such a good resolution is achieved by means of rotating tteete by90° which re-
sults in a better transverse uniformity of the response mvias one of the main limitations
to the energy resolution of Geometry A.

The predicted energy resolution for Geometry~-A10%) is better than the experimen-
tal resolution of the distributions in Fig.9, which is~ 15 —20%. The difference is related
to several factors: a poorer transverse containment ohthwer due to the smaller array of
fibers in the mini-CFcal, the contribution of the electronase, the limited precision of in-
tercalibration coefficients between fibers and other syatesirelated to the experimental

setup and beam quality.

7.10 Perspectives and Outlook

Supported by the results obtained with this first test beampe#gn, it is worth while to
investigate possible designs to implement this technology real calorimeter for high
energy physics. Although, in the present study, only thparse to electrons has been
deeply investigated, the potential of a crystal fiber cabtetier to improve the resolution of
hadronic showers using dual readout techniques was piyimvestigated in34]. It was
demonstrated that a fraction of active volume similar todhe of Geometry B (around
45%) would allow for the application of dual readout corieae$s which can improve the
energy resolution of the hadronic shower reducing the ststahterm below 30%.

In addition to the dual readout potential of this materia¢ §ood energy resolution for
electromagnetic showers that can be achieved with configngasimilar to Geometry B
(top right sketch in Figr.13 suggests the feasibility to integrate an electromagraetica
hadronic calorimeter into a new type of detector which cdisfyaboth requirements. In
particular, the very peculiar shape of crystal fibers, wiiah be grown with different di-
ameters and lengths, turns out to be a very flexible tool wimakes it possible to optimize

their implementation into a calorimeter. A possible way atking crystal fibers, in order
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to fill a big and shaped volume like the one of a real detecs@hown in Fig7.14

Wedge

Fiber ladder

Light guide

FIGURE 7.14: Possible implementation of crystal fibers into a real aaleter of~1.7m
length and external radius varying from 1.2 to @&.4haped into a projective geometry
with respect to the interaction point. The basic cell corgaeveral Cherenkov (blue) and
scintillating (green) fibers of &wm diameter, read out by two separate light guides (white)
which transport the signal to the photodetectors. Thesie bals are then assembled into
shaped wedges to fill the whole detector volume. Two sepkaytes with high granularity
and the second layer could represent a first part of a hadratoameter with lower granu-
larity and dual readout option implemented (i.e. readingloeiscintillation and Cherenkov
light separately.)

Several fibers of variable length between 1.5 anth7are grouped together into a
ladder-like structure in which the signals from all the fdbare readout by means of a
light guide, i.e. a wavelength shifter and quartz capillaygtem (see corresponding sec-
tion for details), which transports the signal to the phetedtor. Within a fiber-ladder, the
composition of scintillating and Cherenkov fibers as wellresspacing between them can
be varied to optimize the detector perfomance and reduceotte The Cherenkov and the
scintillating signals could be readout using two sepaigte fuides which collect the light
from the two opposite ends of the fibers. This particular éaeltke structure minimizes

the optical path of photons inside the active volume of ahf#bers reducing the time jitter
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and the light absorption. These fiber-ladders can then terdded into wedges of differ-
ent size and shape in order to fit a projective geometry. Tingtheof the ladders and the
spacing between them can be used to tune the fiber granudéoitg the longitudinal and

radial coordinates in order to better fit the detector resquents.

7.11 Conclusions

The test beam study presented above, demonstrates théig@laiEhuAG crystal fibers for
high energy physics calorimeters. The two different kinidgers tested allow for efficient
detection of scintillating and Cherenkov radiation.

The small prototype (mini-CFcal), which was tested at CERPE Sacility with elec-
trons of energies between 50 and 150/, replaced a single crystal of CMS ECAL in
size and shape and hence can be considered equivalent tgl@ catorimetric channel.
The measurements of the mini-CFcal were used to reconstreieinergy of electrons with
good energy linearity and to study the shower profile lakgmahd longitudinally due to
its high granularity and double readout (front and rear esfd=sach fiber). Present results
have been used to validate a simulation, based on Geantéhwhiused to investigate
electromagnetic and hadronic calorimeters for high enphygsics. By tuning the fraction
of active volume and the configuration of fibers inside theckeir, a good energy resolu-
tion to electromagnetic showers can be achieved. Basedeoaltbve results, further test
beam studies were planned to deeply investigate differbat fionfigurations in a larger
prototype and its response to electromagnetic and hadsboivers especially in terms of

tracking (photon pointing), shower profile reconstructama dual readout.
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Chapter 8

Quartz capillaries

In calorimeters showering particles produce scintillgtiight inside of a relatively large
volume of an active material. The light then has to be trartspao the photodetectors.
As the size of the light-sensitive window in photodetectisrsypically quite small, the
light eventually has to be collimated into a thin lightguidéowever, the naive design of
a gradually shrinking light-transporting channel wouldfeontradiction with Liouville’s
theorem, which requires that the phase-space distribfiioction remain constant along
the trajectories of the system. In other words, this namyetliransport system would loose
photons as the cross-section of the light-pipe goes dowe.sbtution of this problem fre-
guently employed in the detectors is often referred to aeleagth shifting. In a nutshell,
the scintillating light is collected by the optical guide deeof a material which absorbs the
light and re-emits it in form the of less-energetic photdres pigger, shifted wavelength).
This red-shifted light can be further transmitted withony @onflict with Liouville’s the-
orem. The compression factor is governed by the exponeiheofatio of the energy shift

to thermal noise, and hence even a small red-shift allowgh®use of light guides with
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cross-sections orders of magnitude smaller than that cfaimeillating volume.

There is a wide range of chemicals which exhibit this handypprty of red-shifting
the light. For many reasons however those substances aresedtin pure form (as the
macroscopic amounts of those chemicals are non-trandpdaek structural durability,
etc.) and therefore the standard wavelenth shifting nedsedre their weak solutions in
transparent plastics rather than pure substanddse wavelength shifting plastic can then
be used to produce the core of the optical fiber, which theveseas a (part of the) light
guide. This arrangement works perfectly fine for many appiins; however, radiation
levels which are foreseen to be experienced by the detectong high luminosity LHC
era are certainly beyond what those materials can toleratéhance a conceptually new

approach needs to be developed.

8.1 Light Emitting Cores

An interesting opportunity originates from the above-nmmed fact that the standard wave-
length shifting materials are in fact weak solutions of waxgth shifting chemicals in
transparent plastics — it is the plastics which exhibit trdiation damage at first and loose
their optical properties. However, even when the plastimétation of a wavelength shifter
looses its transparancy and tends to absorb a higher andrHigiation of the light, the
wavelength shifting chemical itself is still in a good shdpeserve its purpose. So, the
material still red-shifts the light, but cannot transparfliherefore the problem of radiation
damage would be solved if there was an alternative way tep@m the signal, once it was
"cooled”.

The conceptual design was proposed by Randal C. Ruchti tiertyhiversity of Notre
Dame in the course of the internal collaboration meetingthefCMS HCAL, and the
following presents the initial lab tests for the proof of cept and further beam tests at the

H2 facility at CERN.

1In some cases the wavelength shifting substances are duégddi the scintillating plastic itself, if the
scintillating light is in the UV range — the UV light is strolygattenuated in many of the materails which
are transparent to visible light. Therefore the wavelemsgifter is needed even to extract the light from the
scintillator before it gets fully absorbed.
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If a wavelength shifting fiber is enclosed in a radiationehtnansparent shell, then
the scintillating light can penetrate such a shell and beresl and re-emitted in the
wavelength shifting fiber. As the light gets re-emitted ihdalections, part of it is emitted
in the directions suitable to be trapped in the shell by twtarnal reflection. This light
hence is further transmitted along the "complex fiber” and ba either transferred into
another light guide or directly registered by a photodetecAs the light mostly travels
in a transparent shell, which remains so with irradiatidre tlegradation of the optical
properties of the wavelength shifting plastic in the coraabmplex fiber is not supposed
to dramaticly affect the performance. It is also possiblautly eliminate the contribution
of the light-emitting core to the light transport by readiogt the signal only from the
radiation hard shell, but not the core. In the case whereh&-&qnitting core is a fiber, this
is achieved by placing a mirror at the end of the fiber.

The quartz capillaries looked like a promising candidatete shell of such a complex
fiber. On the market those are offered by various manufastued in a wide range of
materials including fused silica glasses, which are prdwdye radiation hard in the range
of doses of interest (for example, se&]]). The complex fibers with light emitting cores
utilizing such capillaries are shown in FBy1 along with a sketch which demonstrates the

principle of operation.

8.2 Primary Tasks for the Bench Tests

With this conceptual design in hand, a collection of techhigiestions had to be addressed.
After positively answering the primary question if the dgsis viable at all, all further

issues could be attributed to one of the categories as fsllow
e Light emittance by the core.

This mainly includes radiation damage studies of the wangtte shifter. As the
foundation plastic gets less transparent, the amount lof égcaping the wavelength
shifting core will degrade. However, if the attenuationddnof the core material
does not go below a certain limit, such degradation can beusted for by proper

re-calibration.

135



FIGURE 8.1: Quartz capillaries with light emitting core&EFT: Capillaries for single-
side read-out: the core and the shell have mirrors on thesifgpendsRIGHT: A sketch
of operation: the lightis absorbed and re-emitted in randoections at longer wavelength
in the core, the fraction which is trapped in the shell themppgates to the endJ.OP:
Reading out only the shell by placing the mirror on the coeei’d minimizes the variation
of the signal due to the radiation damage of the cB@TTOM: The opposite position of
a mirror as an option for the non-readout end.

e Light trapping and propagation by the shell.

This category includes the issues of optical coupling betwte light emitting core
and the light transporting shell, conditions of efficieghli transport in the shell as

well as the attenuation effects in it.

¢ Reading out the signal from the shell. This category is hgtelated to the previ-
ous one, as the design of a readout system can help to cooreittef attenuation
effects. Another important aspect is the pulse shape ofigmals and their timing

characteristics in particular.

However, the tests described below represent preliminagies. They were mostly
focused on qualitative analysis of the described desigreatablishing general principles
and limitations for its implementation. The plots in thisaper hence show no error bars:
while statistical errors are negligibly small, systematexrrors are clearly dominating. One

of the main goals of the tests described below is in idemtgythe possible sources of the
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systematical errors. However, precise determination @if tralues requires independent,
broad studies, and only after the final design of the "lighiteng core”-based readout will

be settled.

8.3 Laboratory Setup

The laboratory tests of complex fibers with light emittinge®were carried out with the
setup shown in Fig8.2 The complex fiber was placed in a light-tight black box ang-su
ported at two points close to the ends. A bridge with a bulld&D was installed in the box
in such a way that it could slide along the fiber and keep thessdistance to the surface of
the fiber at the same time. The collimated beam of UV light ftben\LED was penetrating
the fiber perpendicularly to its surface; it simulated siatton light and could excite the
wavelength shifting core of the complex fiber at a desiredtion along its length by slid-
ing the bridge to the desired position. A PIN diode locatedreg of the ends of a complex
fiber was reading the output from the shell, but not the cord@fcomplex fiber. All the
measurements with this setup were performed with the LEBhpeently on and hence did

not include the studies of timing characteristics.

FIGURE 8.2: Laboratory setup for studying the performance of complerg with light
emitting cores. The wavelength shifting core enclosed inaxtg capillary shell is excited
by the UV light of a mobile LED. The light output of the shellnseasured by the PIN
diode at the end of the fiber.
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This setup was used to study various sizes and types of Igittieg cores (Y11, SCSF-
81MJ, EJ-309, LUAG) and different sizes of quartz capillahglls (with outerz3 mm,
inner 1 mm, 2 mm, and with lengths of 20 cm, 25cm, 30cm long) as wethasondi-
tions of their performance. The sections below represelyt afew instructive examples

of measurements to illustrate the principle findings aboutglex fiber operation.

8.4 Test of wavelength shifting Y11 cores

This wavelength shifting fiber from KURARAY was the first catalte for study as it is
this type of fiber that is used in the current design of the CMZAH. It is therefore an
important and well studied reference material.

Y11 is a bright wavelength shifting fiber with its emissioresum in the green part of
the visible spectrum. It is those fibers that are shown in&igon the left.

Several fibers of this type were glued into the quartz cajekawith transparent optical
glue and tested on the setup described above. The quartawstsetead-out on one end,
while the opposite end of the shell was covered with reflegbizint. The core had the end
close to PIN diode painted. Several effects were observitdsastage.

First of all, from the construction of the fiber with light ettimg core it follows that
it should be quite sensitive to contaminations of its swefatndeed, this complex fiber
is essentially a kind of un-cladded fiber, as the light-tpamsng quartz shell acts like a
core of a normal fiber. Therefore if the surface of the quaataltary is contaminated with
material with a refractive index in the range between thddb® air and quartz, the full
internal reflection will not take place for some range of asgbf incidence. While this
effect is frequently desired in fiber optigsn this particular case it only leads to unwanted
lowering of light trapping efficiency. If, moreover, the aamination material has a refrac-
tive index which is higher than that of the light-transpogtishell, then the incident light

in a full range of angles of incidence will be able to undergiaction at this point of the

1Cladding fibers with a material of refractive index slightiglow than that of the fiber itself is used to
suppress the modes highly deflected from the fiber axis — @& timmdes travel larger distance than those
close to fiber axis direction, they cause broadening of thesdiand hence limit the number of signals which
can be transmitted in a unit of time.
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shell-contamination boundary. In practice, a single fipgat was sufficient to completely
mess up the performance. Therefore for all measuremensutface of quartz shells was
thoroughly cleaned with ethanol and all fiber-handling agiens had to be performed in
protective gloves.

Secondly, proper optical coupling between the core andhk# was required (in the
case of tests with Y11 cores, optical glue served this p@pesd the quality of such cou-
pling directly affected the measured light output. An ex&ngd optical coupling effects
on the performance of the complex fiber is demonstrated inBR3g The plots present the
PIN diode current as a function of the distance between tH2 &fd PIN diode measured
for four different fibers. As mentioned above, the stataterrors are negligibly small,
systematical ones come from the pecularities of the fibetsiiewisual examination of
capillaries two and three (shown in yellow and red) did netes obvious imperfections
(good fibers), the other two (with numbers one and four, shioviohue and green, respec-
tively) displayed cracks and lacunae in the glue (bad fibé)ile all fibers demonstrate
moderate attenuation, it is clear from the plots that "gobdr8” demonstrate firm attenua-
tion trend, which is easier to correct for, as well as higlgdtioutputs. "Bad fibers”, on the
other hand, demonsrate irregular, non-monotonic atte@matonfirming the importance of

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

8.5 Tests of Liquid Scintillating EJ-309 Core

This liquid scintillator from ELJEN, when excited, emitsikllight. A complex fiber with
this type of core is shown in Fi§.2 It was included into those studies because of the
interesting possibility to build a system with a circulafiliquid circuit for light-emitting
cores, where radiation-damaged liquid could be pumped mditreplaced outside of the
long-term shutdowns and maintenance periods, if necessary

For the tests this viscous liquid was injected into the queaipillary and sealed there
with small rubber corks on both ends. This way the liquid ctaturally did not contribute
to the output signal. The optical coupling of the core andstied| did not require additional

materials. However, removing all the air bubbles withowbirming a complex dedicated

139



B Capillary #1
¢ Capillary #2

Capillary #3
Capillary #4

FIGURE 8.3: Light output (PIN diode currentg;A) as a function of distance between
LED and PIN diode (in cm) for complex fibers with Y11 core. Fb@ and 3 with flaw-
less optical coupling demonstrate monotonic attenuat@uilty fibers 1 and 4 show non-
monotonic result, confirming the importance of a smooth-&br&l transition.

technique was impossible due to the significant viscosithefscintillator and small inner
radius of the quartz shell. The effect of non-homogeneitsootuced by the bubbles is re-
flected in Fig8.4. The dependance of the photocurrent on the distance to ttegtector
demonstrates systematic discrepancy with monotonicwtem due to bubbles in the lig-
uid core. The latter effect has to be carefully avoided, eisglg for the circulating liquid
circuit design, where both timely outgassing of the sdattir and studies of cavitational

effects in the circuit have to be performed.

8.6 Double-Sided Readout for
SCSF-81MJ Scintillating Core

The data shown above represent the results of a single-sé@edout of complex fibers
with light emitting cores. Those preliminary results shbzattthe attenuation length of the
complex fibers is about 50 cm. However, if double-sided reagoemployed instead, the
attenuation effect can be partially compensated.

Fig.8.5presents the results of single-sided and double-sidedwtafia complex fiber
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QC 3mm/2mm
backside mirrored

EJ309 core

FIGURE 8.4: Light output (PiN diode currenj;A) as a function of distance between LED
and PiN diode (in cm) for complex fibers with liquid scinttitag EJ-309 core.

with the core made of SCSF-81MJ scintillating fiber from KURAY. The sum of signals
from the ends of the fiber remains nearly constant, while ithgle-sided readout exhibits
moderate attenuation of the signal.

It is worth while to note that such summation of the signallcaperformed not only on
the digitalized signals read out by independent photottat®cThis can also be achieved
at the analog level by guiding the signals from both endsécstime photodetector. Such
approach can be beneficial in the case of the low light yiehdisragh levels of noise in the

front-end electronics.

8.7 Radiation Damage Studies of Y11 Core

The comparison of irradiated and non-irradiated cores wiftex fibers is shown in Fi@.6.
Wavelength shifting fiber Y11 is used in this case. The optioapling between the core
and the shell is done by means of water.

After the first set of measurements the fiber was irradiatédealPS irradiation facility
at CERN with a proton beam up to 40 Mrad. This plot demongsirtite results of measur-
ing the photocurrent for the fiber before and after irradiatnd with and without quartz

capillary shell. In all cases plots represent the resultsihgle-sided read-out.
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KURARAY SCSF-81MJ
0.99 mm diameter
in QC 3mm/1lmm

EJ-309 for optical coupling

Single side readout
¢ “Double” readout

FIGURE 8.5: Light output (PIN diode currentg;A) as a function of distance between
LED and PIN diode (in cm) for complex fibers with scintillagiSCSF-81MJ core. Single-
sided readout demonstates moderate attenuation. Doudele+®eadout offers signifficant
compensation of this effect.

The plot for the non-irradiated fiber without the core (inlgel) stands out and demon-
strates signifficantly higher light output. Therefore itghi seem at first glance, that the
use of a quartz capillary shell is an unnecessary compdicaif the design. However,
one should keep in mind, that the light modes measured irtébtsdiffer from the ones
measured by means of the quartz capillary shell: the lighp@gated in the shell was not
trapped in the core as it escaped total internal reflectiadmerdfore it is not possible to
compare the light outputs of the fibers with and without quahells. Instead, the results
of degradation due to the irradiation has to be compareddthr tases. Such a comparison
shows that the light output for the bare Y11 fiber went down blgast a factor of three,
and so did the photocurrent for the quartz-shell enclosest. fiblowever, the irradiated
complex fiber exibit less of the attenuation.

This result is an improvement already; however, it does ook satisfactory after the
big expectations for the radiation hard complex fibers. Tesgood chance to stop and re-
think the mechanism of light propagation in such a complextfiBecause there are several
components involved, each possessing its own refractexinthe light propagation is
more complex than in the case of ordinary fiber. As red-dhiftght is emitted in the

wavelength shifting fiber, depending on the direction it wastted relative to the direction
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of the fiber, there are different possibilities for its fuetipropagation.

+ Bare Y11, non-
irradiated

Bare Y11, irradiated
¥ Y11 (non-irradiated)in

QC+water
Y11 (irradiated) in
QC+water

FIGURE 8.6: Light output (PIN diode currentuA) as a function of distance between
the LED and PIN diode (in cm) for normal Y11 fibers and same §lss a core of a
complex fiber. The measurements are performend beforadtiaal and after irradiation
with 40 Mrad of proton beam. See test for the discussion afites

e The light was emitted in the cone close to the axis of the fibethis case the light
will be trapped in the core, and will continue propagatingngl the fiber by means
of total internal reflection in the fiber. As we do not plan tadeut the signal from
the light emitting core, this part of the re-emitted lightisa little value to us — this
light will eventually be absorbed in the material of the filmerescape through the

non-readout end.

e The light was emitted almost perpendicular to the directibthe fiber. Such light
will successfully penetrate through the cladding (or agticoupling substance or

both) and the quartz shell and escape detection as well.

e The light was emitted in such a range, that it can escape tiee loot undergoes total
internal reflection on the boundary between the quartz leapishell and outer envi-

ronment. This light will bounce back and, following the lavfsgeometrical optics,
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will make his way back into the light-emitting core. HoweMarthe assumption that
the transparancy of the core is highly degraded due to radidamage, the probabil-
ity of light attenuation in the core is very high. The solutican be in such a design
of the fiber, that the light could undergo several internfiéotions before hitting the

core again. This can be achieved by

1. Increasing the ratio of quartz shell cross-section thtigmitting core cross-

section to increase the fraction of light path in the quanils

2. Off-centering the light-emitting core in the complex fibe increase the num-
ber of reflections between penetrations of the core. It is ptsssible that the
light will undergo total internal reflection on the boundémtween the quartz

capillary core and light emitting shell.

The proposed options are demonstrated in &igin comparison with the design
used for the studies above. As in the current design thetligixls inside of the core
material a significant fraction of time. Itis not surprisitigt this design did not show
dramatic improvement compared to normal fibers. The pantiptovement however
can be attributed to partial propagation in the shell, whlcbs not attenuate the light
that much. In the case of a relatively thin core off-centdrethe quartz capillary
shell, the light is capable of undergoing several acts @il taternal reflection before
penetrating the core. If the light guide with complex fibend too long, this might
be sufficient to transport light to the photodetector withgignificant attenuation, as

traversing the darkened core is the main source of attenuati

8.8 Beam Tests in 2012

In 2012 during the fall beam test campaign a set of tests wesrpeed with complex

fibers with light-emitting cores. A small module formed byethrass absorber loaded

with nine complex fibers was tested for a proof of concept. Tbmplex fibers were

based on the light-emitting cores madead¥.99 mm SCSF-81MJ scintillating fibers. The
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FIGURE 8.7: Cross-sectional view of thEOP: current design anBOTTOM: two im-
proved designs of the quartz capillaries with light emgteores. LEFT: Decrease in
relative size of the light emitting core allows the light tavel a larger fraction of its path
through the shellRIGHT: Off-centered position of the light emitting core allows thyht
to undergo several acts of total internal reflection befemegrating the core.

light-transporting shells used were quartz capillariestenz3 mm, innerg1l mm. Opti-
cal coupling agent between the core and a shell was EJ-30i@ lsgintillator. Therefore,

light-emitting cores were also an active material for shogetection.

8.8.1 Geometry of the Module and DAQ

The volume of a brass absorber was shaped to reproduce #redageometry and size

(approximately % 3x22cm?) of a standard PbW{xrystal used in the endcap of the elec-
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tromagnetic calorimeter of the CMS experiment. In this bralement, 9 complex fibers
were inserted into holes ofidm diameter and supported at the ends with thin brass wash-
ers to prevent contact between the light-transportind ahelthe wall of the absorber block

in unwanted locations (Fi@.8). The scintillating fibers of the core had mirrors at the ends
to avoid direct light transmission from the cores to the agdtreadout.

The prototype has been tested in the H2 test beam line at fhex Buoton Synchrotron
(SPS) at CERN. The detailed description of this experimdatality is presented in the
relevant section. The module was inserted in the center efaarBatrix of PbWQ crystals
of the ECAL module, very much like the LUAG-based module ctibgd in the previous
chapter (Fig7.3, top). The PbWQ crystals were calibrated in the previous tests of ECAL
and their signals were used for centering of the beam on theplex fiber module. An
example of the signals from the PbW€r a 50 GeV electron beam are shown in F@
The similar outputs in all channels surrounding the compilegr module demonstrate

proper centering of the beam spot on the module.

p—

+*e
Ae

FIGURE 8.8: Tapered brass absorber for the beam tests of complex finérdight-
emitting coresLEFT: Front view of the absorber loaded with the complex fib&GHT:
Overall view of the absorber prototypes. The one used foctineplex fibers beam tests is
shown on the right.

For the light extraction, each extremity of the complex fibmdule was coupled with
Silicon grease (Rhodorsil Paste 7) to 9 clear optical fibErg. 7.3, bottom left) which
then transported the analog signal to silicon photomigtip] SiPM (Fig7.3on pagell8
bottom right). The readout system and data acquisitioreay#t this case are the same as

for the mini-CFcal module, as described in detail in seciidh
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FIGURE 8.9: Signals in the PbWQcrystals surrounding the complex fiber module vali-
date the proper centering of the beam on the module.

8.8.2 Pulse Shapes and Signal-Pedestal Separation

As it was explained in sectior.4, two wire chambers located upstream from the setup
were used to reconstruct hit positions on the module and/shedresponse of the LUAG
fibers as a function of such. However, at the time of data aataton with the complex
fiber module the hit information from the upstream wire cham¥W/CA was unavailable.
As a result, such comprehensive study of the complex fibgorese is not possible with
the data currently available, as the data from a single wissnber in front of the module
does not allow to reconstruct the particle hit position ad¢bmplex fiber module.

Instead, the available data is used to demonstrate thegiohiaracteristics of the com-

147



plex fiber signals and that it is possible to separate theasgf showering particles from
the pedestals.
First of all, the reconstructed pulse shapes of the signgl 8EL0 demonstrate its rather

fast decay — most of the signal is deposited within two tinmesl
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FIGURE 8.10: Pulse shapes from the readout face of the complex fiber raoBirining is

governed by the standard LHC clock with 25 ns timeslices. t\Mbthe signal is deposited
within two timeslices.

The presented histograms show the integral pulse shapé thieakvents in the run.
However, the question on the possibility to discriminateseen the pedestal and signal
events on an event-by-event basis remains open. With nestaehe information from
the second wire chamber, the following approach can shatdig it.

For each event let us integrate the charge produced by edbk odadout channels of
the module in the entire sampling window. The 2-dimentidnstograms of the integrated
charge versus hit position in the available wire chambeshovn in Fig8.11 It is clear
from those plots, that most of the events produce fairly lognals (if the particle hits

the module far from a particular channel, then only the taflthe shower reaches the
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channel). Events of this type form a dense cloud along thigadjpxis. There are however
events producing high signals — those correspond to pestigénetrating the module in

close proximity of the complex fibers.

Spigot 3, chan 1
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FIGURE 8.11: 2D histograms with integrated signal in the channel vecsugesponding

hit position in the wire chamberTOP: For hits in the horizontal direction. Horizontal
axis corresponds to the wire chamber hBOTTOM: For hits in the vertical direction.
Vertical axis corresponds to the wire chamber hits.

Now those 2D-histograms can be used to produce profile 1gdrams: for each spa-
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tial bin its content is a "center of mass” of the distributiarthe corresponding band of a
2D-histogram, and the error bars are calculated accordidgi example of such profiles
for the horizontal hits in the wire chamber is shown in Bd.2 As the largest signals
are produced by the particles directly hitting the fiberg, maximum of the fitted peak
in the profile histograms gives the best estimate for the filmsition. This is in a sense
the fiber position measurement in the wire chamber refer&aoee. Now the results of
the fit can be used to select the particles penetrating thellmatbse to the fiber. As an
example, Fig8.13 demonstrates the signals produced in all front-face redad:oannels
of the module by particles which produced hits in a wire chambithin a circleg4 mm
centered around the peak position. The green plot for sglemtents demonstrated much
better discrimination from pedestal events than a nonebisample, which makes it possi-
ble to conclude that the tested module based on complex fidrdight emitting cores is
capable of discriminating penetrating particles from staleevents on an event-by-event

basis.

8.9 Perspectives and Outlook

The preliminary studies of various complex fibers with ligimitting cores, including those
with liquid cores, were conducted to establish the basiegples of operation and lim-
itations. The results of tests confirmed the potential of glem fibers for the readout
systems of calorimeters. The importance of proper decantgin of the surface of light-
transporting shells as well as homogeneity of the opticaping agent was demonstrated.
Irradiation of the cores based on Y11 wavelength shifter pexformed to study the po-
tential for radiation-hard readout. Some improvement camag to conventional fibers
was demonstrated. A few improvements of the design of caxrdders were proposed.
The beam tests of a complex fiber-based module were condudbede the light-emitting
core of the fibers were serving as an active material of a sagipalorimeter prototype.
Promptly decaying pulse shapes confirm the potential okihisof design for calorimetry.
Despite the lack of data from one of the accompanying wirenty&as, reasonable discrim-

ination between signal and pedestal events on an eventdt-basis was confirmed.
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value of the peak position gives a good estimate of the fibsitipa.

The perspectives for further studies in this direction une varying the geometrical
design of the complex fibers. As it was pointed out above, mizing the fraction of the
cross section occupied by the core, as well as off-centerirtge core can improve the

attenuation characteristics. The latter besides can wepttee light output, provided the

Mool
5 10 15 2

off-centered core is located closer to the source of statitig light (see Fig8.14).

The candidates for such light-transporting shells arel@bvia on the market from var-
ious manufacturers of fused silica glasses. As an examgael-ig.8.15 which was taken

from the web site of one of the US manufacturers, Technicab&Products[l] and rep-

resents a small variety of the configurations availablehadfghelf.
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Signal eventsPedestal Signal events
No selection events Center-selected

FIGURE 8.13: Integrated signals from the front-face read-out of the glexfiber module.
The events selected in@4 mm spot around the peak maximum from the spatial profile fit
of the central fiber (in green). For comparison, the eventisouit any selection are shown
in red. The outputs for pedestal events are shown in blue.

Shell

cintillator

Core

FIGURE 8.14: Sketch of a design for light collection by means of complé&erfs with
off-centered light-emitting core.

152



FIGURE 8.15: A variety of precision bore tubing, produced by Technic#<s Products.
The picture is taken fron[l].
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Chapter 9

Beam Tests at FNAL

This chapter does not contain any analysis and rather geeaatescription of the calori-
metric prototype tested in 2014 at the Fermilab test beaititjawith an electron beam
of up to32 GeV. It hence rather introduces a direction for the futurelits in the field of
high-granularity radiation-hard calorimetry.

In accord with the "Geometry B”, discussed at the end of tletiee dedicated to LUAG
based mini-CFcal module, the main goal of the beam test id 2¢is exploring the per-
formance of a calorimetric module with transverse orieatabf crystal fibers relative to
the direction of the beam. The particular spacing of fibemsdwer was slightly different,
following the results of GEANT4 simulations for the optinggdometry.

Based on the considerations of convenience of manufagtuhe absorber of the mod-
ule was formed by a set of brass plates. When fully assemlileehresents a brick of
25.5¢mx16.5¢cm x6.5¢m with eight “layers” of cylindrical holes which go all the way
through the absorber in the direction of its longest dimaméig9.1). In each of the lay-

ers the adjacent holes have#n spacing between their centers. There are-h.&pacing
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in between the planes of the adjacent layers.

In addition, even layers are displaced relative to the ogldrig such that the fibers’
locations appear in checkerboard order (Big, top).

With eight layers of crystal fibers and eight fibers per lay®s CFcal module thus has
a total of 64 fibers. Both Cherenkov and scintillating fibenes ased: the Cherenkov fibers

occupy the fourth layer (as seen by the beam), while the feékedibers are scintillating.

28IRIOPP

S
o
-
)
)
-
-
- &

PRIl
Frrrrrr

rrrr el

FIGURE 9.1: Absorber assembly for the test beam of CFcal at FNAL in 2014.

The LUAG crystals are wrapped with protective Teflon tapefaddnto the brass tubes,
which in turn are inserted into the module. The material &f tilbes contributes to the
absorber. The inner diameter of the tubes ig/8. One end of each crystal is directly
coupled to one of the photodetectors in the SiPM array @&#).bottom) with optical
grease, and the signals from the photodetectors are furémetied with the PADE boards,
which read out the signal in time slices of 48 Hence, each of the 64 crystal fibers is read

out separately. The opposite ends of the fibers are usedyfaritijection from the LED

pulser for cross-checks and calibration purposes &8).
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FIGURE 9.2: TOP: Side plate of the absorber used for the test beam of CFcal Ak kN
2014. Some of the LUAG fibers are already loaded into the &lbsaand their ends are seen

in the holes.BOTTOM: SiPM photo detectors are assembled on the plate of matching
geometry and couple directly to the fiber ends.

To account for the fact that the electromagnetic showet igly contained in the
module of this longitudial size, a tail catcher was used | sbtup. A matrix of 33
crystals of Bak each measuring 34x25cm?® was positioned behind the CFcal module
and read out with PMTs. As the radiation length in BaFystals is about 2.05n, the tall
catcher alone provides about 12 radiation lengths of nadtevhich should be enough for
complete longitudial containment of the electromagnéim/gers.

The readout used in this test beam is much simpler than theisegekin the previous
test beams, as the photodetectors are basically integrdacetthe module. This reflects the
important properties of the photodetectors used, the SifHulst of all, they are relatively

radiation hard, and hence do not have to be specificallydduel Secondly, bias voltage
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FIGURE 9.3: The entire setup as seen from the light injection side. Tdarbis coming
from the left-hand side and travels horizontally. The brassorber at the bottom left is
loaded with LUAG crystals, the LED pulser on top of it prowsdie calibration signals.
BaF, crystals on the right measure the leakage of the shower thé&enCFcal module.

and gain of the SiPMs are temperature dependent. Therefoschanism which sustains
a fixed temperature of the photodetectors is required. Hewéwthe SiPMs are directly
coupled to the sufficient thermal mass, such as absorbdixéugemperature is maintained
automatically.

The readout based on the complex fibers (as discussed ingVieys chapter) was also
tested with this module: a horizontal quartz capillary vétivavelength shifting core made
of O-2 from KURARAY was introduced at the end of the LUAG calstand collected light

from all odd or all even layers. Preliminary results confitrattthis readout is operational.
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Appendix A

Search Region Datasets and Triggers

Datasets: Triggers: L(fo 1)
IMET/Run2012A-13Jul2012-v1/AOD HLT _DiCentralPFJetSPFMET8Qv* 0.808
IMET/Run2012A-recover-06Aug2012-v1/AOD HLT _DiCentralPFJetsPFMET8Qv* 0.082
/MET/Run2012B-13Jul2012-v1/AOD HLT _DiCentralPFJetS(PFMET8Qv* 4.428
IMET/Run2012C-24Aug2012-v1/AOD HLT _DiCentralPFNoPUJets@FMETORPFMETNoMu80/* 0.495
IMET/Run2012C-PromptReco-v2/A0D HLT _DiCentralPFNoPUJets@FMETORPFMETNoMu80/* 6.397
IMET/Run2012C-EcalRecovet1Dec2012-v1/AOD| HLT _DiCentralPFNoPUJets@ FMETORPFMETNoMuUSe* 0.134
IMET/Run2012D-PromptReco-v1/AOD HLT _DiCentralPFNoPUJet5@FMETORPFMETNoMu80/* 6.689

Total Luminosity: 19.034

TABLE A.1: Overview of the search region datasets.
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Appendix B

Other Data Samples

Datasets: L (fo 1)
/SingleElectron/Run2012A-13Jul2012-v1/AOD 0.808
/SingleElectron/Run2012A-recover-06Aug2012-v1/AOD 0.082
/SingleElectron/Run2012B-13Jul2012-v1/AOD 4.428
/SingleElectron/Run2012C-24Aug2012-v1/AOD 0.495
/SingleElectron/Run2012C-PromptReco-v2/A0D 6.397
/SingleElectron/Run2012C-EcalRecavEtDec2012-v1/AOD| 0.134
/SingleElectron/Run2012D-PromptReco-v1/AOD 6.689
Total Luminosity: 19.034

TABLE B.1l: Overview of the single electron datasets, collectethwhe trigger:
HLT _Ele27.WP80_v*.

Datasets: L(fb~1)
/SingleMu/Run2012A-13Jul2012-v1/AOD 0.808
/SingleMu/Run2012A-recover-06Aug2012-v1/AOD 0.082
/SingleMu/Run2012B-13Jul2012-v1/AOD 4.428
/SingleMu/Run2012C-24Aug2012-v1/AOD 0.495
/SingleMu/Run2012C-PromptReco-v2/A0OD 6.397
/SingleMu/Run2012C-EcalRecovéiDec2012-v1/AOD| 0.134
/SingleMu/Run2012D-PromptReco-v1/AOD 6.689
Total Luminosity: 19.034

TABLE B.2: Overview of the single muon datasets, collected witk thgger:
HLT _IsoMu24_eta2plv*.
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Datasets:

/HT/Run2012A-13Jul2012-v1/AOD
/HT/Run2012A-recover-06Aug2012-v1/AOD
/JetHT/Run2012B-13Jul2012-v1/AOD
/JetHT/Run2012C-24Aug2012-v1/AOD
[JetHT/Run2012C-PromptReco-v2/A0D
/JetHT/Run2012C-EcalRecovédDec2012-v1/AOD
/JetHT/Run2012D-PromptReco-v1/AOD

TABLE B.3: Overview of the H datasets, collected with the prescaled triggers (hence no
luminosity is listed).

Datasets e+e
/DoubleElectron/Run2012A-13Jul2012-v1/AOD
/DoubleElectron/Run2012A-recover-06Aug2012-v1/AOD
/DoubleElectron/Run2012B-13Jul2012-v1/AOD
/DoubleElectron/Run2012C-24Aug2012-v1/AOD
/DoubleElectron/Run2012C-PromptReco-v2/A0D
/DoubleElectron/Run2012C-EcalRecovEtDec2012-v1/AOD
/DoubleElectron/Run2012D-PromptReco-v1/AOD

Datasetsy + u
/DoubleMu/Run2012A-13Jul2012-v1/AOD
/DoubleMu/Run2012A-recover-06Aug2012-v1/AOD
/DoubleMu/Run2012B-13Jul2012-v1/AOD
/DoubleMu/Run2012C-24Aug2012-v1/AOD
/DoubleMu/Run2012C-PromptReco-v2/A0OD
/DoubleMu/Run2012C-EcalRecovéd Dec2012-v1/AOD
/DoubleMu/Run2012D-PromptReco-v1/AOD

Datasetsy + (y or )
/MUEG/Run2012A-13Jul2012-v1/AOD
/MUEG/Run2012A-recover-06Aug2012-v1/AOD
/MUEG/Run2012B-13Jul2012-v1/AOD
/IMUEG/Run2012C-24Aug2012-v1/AOD
/IMUEG/Run2012C-PromptReco-v2/A0OD
/IMUEG/Run2012C-EcalRecovdrlDec2012-v1/AOD
/MUEG/Run2012D-PromptReco-v1/AOD

TABLE B.4: Overview of the datasets for triple lepton control cets.
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Trigger: Leptons | L (fb 1)
/HLT _Elel17 CaloldT_CalolsoVL TrkldVL _TrkisoVL Ele8 -- | eee 19.034

--- _CaloldT_CalolsoVL TrkldVL _TrkilsoVL
/HLT Mul7_Ele8 CaloldT_CalolsoVL TrkidVL _TrkisoVL eeu, upe | 19.034
/HLT Mu8_Elel17 CaloldT_CalolsoVL TrkidVL _TrkisoVL eeu, upe | 19.034
/HLT _Mul7-Mu8 LULpL 19.034

TABLE B.5: Luminosity for each of the triggers for the triple leptoontrol region.
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Appendix C

Monte Carlo

Datasets: Cross Section (pb) | # of Events, x10%
/ZJetsTONUNWS0_HT _100.TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS10START53V7A-v1/AODSIM

/ZJetsTONUNUWS0_HT _100.TuneZ2Star8 TeV_madgraph/SummerlRPR53X-PUS10START53V7A-v1/AODSIM 449.8 24,
/ZJetsTONuNul0O.HT_200.TuneZ2Star8 TeV_madgraph/SummerlPR53X-PUS1Q0START53V7A-v1/AODSIM
/ZJetsTONuNul0O.HT_200.TuneZ2Star8 TeV_madgraphext/Summerl2DR53X-PUS1QSTART53V7A-v1/AODSIM 189.7 10.
/Z2JetsTONUNWOO HT _400.TuneZ2Star8TeV_madgraph/SummerlPR53X-PUS1QSTART53V7A-v1/AODSIM

/Z2JetsTONUNWOO HT_400.TuneZ2Star8 TeV_madgrapbhext/Summerl2DR53X-PUS10START53V7A-v1/AODSIM 46.1 9.7
/ZJetsTONUNWOO HT_inf_TuneZ2Star8TeV_madgraph/SummerlPR53X-PUS10START53V7A-v1/AODSIM

/ZJetsTONUNWOO HT _inf_TuneZ2Star8TeV_madgraphext/Summerl2DR53X-PUS1QSTART53V7A-v1/AODSIM 6.398 5.1
/DY JetsToLLLHT_200To40QTuneZ2Star8TeV_madgraph/SummerlPR53X-PUS1QSTART53V7A-v1/AODSIM

/DY JetsToLLHT_200To40QTuneZ2Star8TeV-madgrapbext/Summerl2DR53X-PUS1QSTART53V7A-v1/AODSIM 24.14 6.9
/DYJetsToLLHT_400Tolnf TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS10START53V7A-v1/AODSIM

/DY JetsToLLLHT_400ToInf TuneZ2Star8 TeV_madgraphext/Summerl2DR53X-PUS10START53V7A-v1/AODSIM 3.361 2.7
/DY 1JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 722 25
/DY 1JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 722 25
/DY2JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 219 22
/DY 2JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 219 22
/DY3JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 65.7 11
/DY3JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 65.7 11
/DY4JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 27.27 6.4
/DY4JetsToLLM-50_TuneZ2Star8TeV_madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 27.27 6.4

TABLE C.1: Overview of the datasets far — vv andZ — [T/~ MC.
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Datasets: Cross Section (pb)| # of Events, x10°
/QCD_HT-250T050QTuneZ2Star8 TeV-madgraph-pythia6/SummerIR53X-PUS1Q START53 V7A-v1/AODSIM 282x 103 27
/QCD_HT-500To1000TuneZ2Sta8 TeV-madgraph-pythia6/SummerTZR53X-PUS10START53V7A-v1/AODSIM 8.63x10° 31
/QCD.HT-1000Tolnf TuneZ2Star8 TeV-madgraph-pythiaé/Summer2R53X-PUS1Q START53V7A-v1/AODSIM 213 14
/QCD_Pt-50To80TuneZ2Star8 TeV_pythia6/Summer.DR53X-PUS10START53V7A-v2/AODSIM 8.11x10° 6.0
/QCD_Pt-80To12QTuneZ2Star8 TeV._pythia6/SummerDR53X-PU.S10 START53V7A-v3/AODSIM 1.03x 106 6.0
/QCD_Pt-120To170TuneZ2Sta8TeV_pythia6/Summer :lDR53X-PU.S10.START53V7A-v3/AODSIM 156x 103 6.0
/QCD_Pt-170To300TuneZ2Sta8TeV_pythia6/Summer .lDR53X-PU.S10.START53V7A-v2/AODSIM

/QCD_Pt-170To300TuneZ2Star8 TeV_pythia6 v2/Summer12DR53X-PUS1Q START53 V7A-v1/AODSIM 34.4x103 26
/QCD_Pt-300To470TuneZ2Stai8TeV_pythia6/SummerlDR53X-PU.S1QSTART53V7A-v2/AODSIM
/QCD_Pt-300To470TuneZ2Sta8TeV_pythia6.v2/Summer12DR53X-PUS10START53V7A-v1/AODSIM 1.71x103 29
/QCD_Pt-300To470TuneZ2Star8TeV_pythia6 v3/Summerl2DR53X-PUS1QSTART53V7A-v1/AODSIM

/QCD_Pt-470To600TuneZ2Star8 TeV_pythia6/SummerL DR53X-PU.S1Q START53V7A-v2/AODSIM 113 4.0
/QCD_Pt-600T0800TuneZ2Sta8TeV_pythia6/Summer :lDR53X-PUS10.START53V7A-v2/AODSIM 27.0 4.0
/QCD_Pt-800T01000TuneZ2Sta8TeV_pythia6/SummerLDR53X-PUS1QSTART53V7A-v2/AODSIM 3.53 4.0
/QCD_Pt-1000To1400TuneZ2Star8TeV._pythia6/SummerL2DR53X-PUS10START53V7A-v1/AODSIM 0.736 4.0
/QCD_Pt-1400T01800TuneZ2Star8TeV._pythia6/Summer LDR53X-PU.S1Q START53 V7A-v1/AODSIM 34x1073 2.0
/QCD_Pt-1800TuneZ2Sta8TeV._pythia6/Summer .DR53X-PUS1QSTART53V7A-v1/AODSIM 1.85x1073 0.98

TABLE C.2: Overview of the datasets for the QCD MC.
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Datasets:

Cross Section (pb)

# of Events, x 10°

/TTZJets8TeV-madgraphv2/Summerl2DR53X-PUS1QSTART53V7A-v1/AODSIM
/ttbarZ 8TeV-MadspinaMCatNLO-herwig/SummerlDR53X-PUS1QSTART53V19A-v1/AODSIM

0.206
0.206

210
140

TABLE C.3: Overview of the datasets for theZ MC.

Cross Section (pb)

# of Events, x 10°

Datasets:
/W1JetasToLNLTuneZ2Star8 TeV-madgraph/SummerlRR53X-PU S1Q START53V7A-v1/AODSIM 8.17x 103 23
/W2JetasToLNLTuneZ2Star8TeV-madgraph/SummerlRR53X-PUS10START53V7A-v1/AODSIM 2.65x10° 33
/W3JetasToLNLTuneZ2Star8 TeV-madgraph/SummerlRR53X-PU S1Q START53V7A-v1/AODSIM 785 16
324 13

/W4JetasToLNuTuneZ2Star8TeV-madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM

TABLE C.4: Overview of the datasets for thig MC.

Datasets: Cross Section (pb)| # of Events, x 10°
/WWJetsTo2L2NuTuneZ2Star8TeV-madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM 5.82 1.9
/WZJetsTo2L2QTuneZ2Star8 TeV-madgraph/SummerlRR53X-PU.S1Q START53V7A-v1/AODSIM 2.46 3.2
/WZJetsTo3LNuTuneZ2Star8TeV-madgraph/SummerlRR53X-PU.S10START53V7A-v1/AODSIM 1.19 2.0
1ZZJetsTo2L2NUTuneZ2Star8TeV-madgraph/SummerlRR53X-PU S1Q START53V7A-v1/AODSIM 0.388 0.95
/2ZJetsTo2L2QTuneZ2Star8TeV-madgraph/SummerlR2R53X-PUS1Q START53V7A-v1/AODSIM 1.34 1.9
1ZZJetsTo4LTuneZ2Star8TeV-madgraph/SummerlRR53X-PUS10START53V7A-v1/AODSIM 0.213 4.8

TABLE C.5: Overview of the datasets for theWW, W 2, ZZ MC.
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Datasets: Cross Section (pb)| # of Events, x 10°
/TTJetsMassiveBinDACAY_TuneZ2Star8 TeV-madgraph-tauola/SummerIIR53X-PUS10START53V7A-v1/AODSIM
[TTJetsMassiveBinDACAY.TuneZ2Sta8TeV-madgraph-tauola/SummerDR53X-PUS10START53V7A-v2/AODSIM 234 6.9
/TT_CT10.TuneZ2Star8TeV-powheg-tauola/SummerI2R53X-PUS10START53V7A-v1/AODSIM

[TT_CT10.TuneZ2Star8 TeV-powheg-tauola/SummerI2R53X-PUS1QSTART53 V7A-v2/AODSIM 234 28
[TT_CT10AUET2.8TeV-powheg-herwig/SummerlRR53X-PU.S1QSTART53V7A-v1/AODSIM 234 22

/TTJetsSemiLeptMGDecay8TeV-madgraph/SummerlRR53X-PUS10START53V7A _ext-v1/AODSIM

TABLE C.6: Overview of the datasets for theMC.

Datasets:

/T_t-channelTuneZ2Star8TeV-powheg-tauola/Summerl2R53X-PUS1QSTART53V7A-v1/AODSIM
/Thar.t-channelTuneZ2Star8TeV-powheg-tauola/Summerl2R53X-PUS10START53V7A-v1/AODSIM
/TToDileptontW-channel-DR8TeV-powheg-tauola/Summerl2R53X-PUS10START53V7A-v1/AODSIM
/TharToDileptontW-channel-DR8TeV-powheg-tauola/Summerl2R53X-PU.S1Q START53V7A-v1/AODSIM

Cross Section (pb)| # of Events, x10°
56.4 3.8
30.7 1.9
1.18 3.0
1.18 3.0

TABLE C.7: Overview of the datasets for the single top MC.

Datasets:

Cross Section (pb)

# of Events, x 10°

/TTWJets8TeV-madgraph/SummerlRR53X-PUS1QSTART53V7A-v1/AODSIM

0.232

190

TABLE C.8: Dataset for th&t1/ MC.
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Datasets:

/SMS-8TeV-Pythia6ZT 2tt_mStop-150to475nLSP-1/Summer12-STARTS529_FSIM-v1/AODSIM

/SMS-8TeV-Pythia6ZT 2tt mStop-500t080anLSP-1/Summerl2-START529_FSIM-v1/AODSIM
/SMS-T2ttmStop-150to350nL SP-0t02508TeV-Pythia6Z/Summer12-START529_FSIM-v1/AODSIM
/SMS-T2ttmStop-375t0475nLSP-0t03758TeV-Pythia6Z/Summer12-START529_FSIM-v1/AODSIM
/SMS-T2ttmStop-500to650nL SP-0t02258TeV-Pythia6Z/Summer12-START529_FSIM-v1/AODSIM
/SMS-T2ttmStop-500to650nL SP-250t055@TeV-Pythia6Z/Summerl12-START529_FSIM-v1/AODSIM
/SMS-T2ttmStop-675t0800nLSP-0t02758TeV-Pythia6Z/Summer12-START529_FSIM-v1/AODSIM

/SMS-T2tt2J. mStop-750mLSP-25TuneZ2star8TeV-madgraph-tauola/SummerDR53X-PUS1Q0START53V7C-v1/AODSIM
/SMS-T2tt2J mStop-500mLSP-30QTuneZ2star8TeV-madgraph-tauola/SummerR53X-PUS1QSTART53V7C-v1/AODSIM
/SMS-T2tt2J. mStop-600mLSP-5QTuneZ2star8TeV-madgraph-tauola/SummerDR53X-PUS1QSTART53V7C-v1/AODSIM
/SMS-T2tt 2] mStop-400mLSP-15QTuneZ2star8TeV-madgraph-tauola/SummerR53X-PUS1QSTART53V7C-v1/AODSIM

/SMS-T2bw 2J.mStop-100to475nLSP-0to375x-025.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM
/SMS-T2bw2J.mStop-100to475mLSP-0to375x-050.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM
/SMS-T2bw 2J.mStop-100to475nLSP-0to375x-075.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM
/SMS-T2bw 2J.mStop-500t0800nL SP-0to700x-025.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM
/SMS-T2bw 2J.mStop-500t0800mL SP-0to700x-050.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM
/SMS-T2bw 2J.mStop-500to800nLSP-0to700x-075.TuneZ2star8TeV-madgraph-tauola/Summer12-START83C_FSIM-v1/AODSIM

TABLE C.9: Dataset for the signal MC.




Appendix D

BDT Input Variables

T2bW input variables:
e Missing transverse energy -
e Number of jets, reconstructed with aiti-with R = 0.5
e Number of b-tagged jets of medium quality ("CSV medium warkpoint”)[67]
e Leading quark likelihood of all jets in the evert]
e Second leading quark likelihood of all jets in the evéri}|
o [[, jet(quark likelihood);[34]
o &Oatn i [AG(E T, jeti)| < 5.+ |Alphi(Er, jet;)] >
o RMS(pr(jet))
o RMS(pr(jet) * Ap(Er + 7, jet))
¢ Invariant mass of two leading b-tagged jets (CSV medium wgykoint)

e Transverse mass of the b-tagged jet (CSV medium workingtpogarest toF ;:

V2% pr(jet) * Er(1 — cos(Ag))

e RMS(pr(jet) * An(b — jet, jet)), whereb — jet is a leading b-tagged jet (CSV,

medium working point)

168



e Invariant mass of a pair of jets with highest, all jets are uniquely paired with the

nearest neighbor
T2tt input variables:
e Missing transverse energf
e Number of jets, reconstructed with aiti-with R = 0.5
o [[, jet(quark likelihood);[34]

e Transverse mass of the b-tagged custom "picky” jet neaneBt;t

V2% pr(jet) * Er(1 — cos(Ag))

e Location of activity peak irjp| of the event

e Distase between two activity peaks|ij) in the event

e Number of customly resonstructed top pairs (CORRAL WPB8)[
e Invariant mass of a reconstructed top pair

e Ratio ofpy of a sub-leading top to leading toépT.T(%)

e Area of the ellipse in the — ¢ space, covered by top candidates
o AG(E'r, ta)

e "Thin quality” of ¢,

e "Fat quality” of ¢,

e pr for each of the jets contributing to the top pair candidate

o Min[AR(jet;, jet;)], i, € t1

o Min[AR(jet;, jet;)], i,j € ta

° MZN[A¢(ET, jetz)],Z c tg
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e Maximum discriminator value for "picky” b-tagged jet fordaof the top candidates

of a top pair

All top-tag related quantities are calculated for a leadogpair candidate only, with

t; standing for the top candidate with highest discriminatdue.

170



Appendix E

BDT Input Variables for Lepton Vetos

5.1 Electron and Muon Veto

Variable

™
=

pr

dyy

d,

SIP 3D

Relative PF iso on charged (CHS subtracted)
Relative PF iso on neutral

AR(l, nearest-jet)

nearest—jet

l
pT/pT
CSV b-tagged value of nearest b-jet

Fraction of energy lost by Bremsstrahlung

x? (both KF and GSF tracks)

Number of tracker layers with measurements
An(super-cluster,track) at vertex
An(super-cluster,track) on calo surface
Ag(super-cluster,track) at vertex

NN NS SENENENEN

Oinin

(Super-cluster energy)/momentum (E/p)
1/E-1/p

(electron cluster energy)/(momentum on calo surfa
(pre-shower)/(raw energy) of the super-cluster

N

N N N N N N N N N N N N N NN

TABLE E.1: Input variables for the BDT used to veto electrons andmsu
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5.2 Tau Veto
Input variables for the BDT used to veto

e pr oOf the track;

|n| of the track;

AZ —the distance to the primary vertex; suppressesfake

Charged isolation: the integral- of all charged particles within the conésk <
0.1, 0.2, 0.3, 0.4;

Total isolation: the integral; of all particles within the coneAR < 0.1, 0.2, 0.3, 0.4;

Distance in the) — ¢ plane to the nearest track with > 1 GeV;

Distance in the) — ¢ plane to the jet axis; suppresses fake

CSV b-tag disctiminator of the jet.
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Appendix F

MC reweighting: Top, W, Z(— v7D) + jets

6.1 Control Regions

tt

e Muon, which is the only lepton;

e At least three jets in the barrel wifh > 30 GeV/c;

e At least one tight and two medium tagged b-jets.
W

e Muon, which is the only lepton;

o mr(W) > 40 GeV/¢&;

e b-tag veto (medium working point) for non-b-specific SFS.
Z

Two leptons even, same flavor;

80 GeV/c < m(ll) < 100 GeV/c;

b-tag veto (medium working point) for non-b-specific SFS.
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6.2 Scale Factor Sets

Scale
Factor Process | Observable Parameterization
Set
ttSpectrum tt pr(l, Er, closest b— tag); | pr of aleading top
pr of the other b-tag; pr of the other top
pT(l, ET)
ttNJ tt # of jets:pr > 30 GeV/c # of radiated jetsp; > 30 GeV/c
# of jets:pr > 70 GeV/c # of radiated jetspr > 70 GeV/c
pr(l, E7) pr of aleading top
zRecoil Z # of jets # of jets
HT HT
pr(l,1) pr(Z)
zZNJ Z (b veto) | # of jets:pr > 30 GeV/c # of jets:pr > 30 GeVic
# of jets:pr > 70 GeV/c # of radiated jetspr > 70 GeV/c
pr(l,1) pr(Z)
ZNb Z # of jets # of jets
# of tight b-tags # of b-jets
# of med. (non-tight) b-tags# of non-b b-tagged jets
pr(l,1) pr(Z)
zHTDb Z # of jets # of jets
# of medium b-tags # of b-jets
HT HT
pr(l,1) pr(Z)
wRecoil | W (b veto)| Hr Hr
pT(l, ET) pT(W)
wNb wW # of jets # of jets
# of tight b-tags # of b-jets
# of med. (non-tight) b-tags# of non-b b-tagged jets
pr(l, Er) pr(W)
wNJ70 w # of jets:pr > 30 GeV/c # of jetsipr > 30 GeVic

# of jets:pr > 70 GeV/c
pT(laET)

# of jets:pr > 70 GeV/c
pr(W)

TABLE F.1: Scale factor sets
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