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Abstract

A feasibility study is presented which measures the masses of the chargino Y and neutralinos
x¥ and ¥J using the processes of ete™ — ¥ ¥7 — XiX{W W~ and ete™ — ¥3x9 — ¥IxVZ~7
at the International Linear Collider. The detector simulation is based on the Silicon Detector
(SiD) concept and an integrated luminosity of 500 fb~! is considered at the centre-of-mass
energy of 500 GeV. A template-fitting method is employed to measure the chargino and
neutralino masses, which results in uncertainties of 0.16 GeV, 0.5 GeV and 1.0 GeV for the
mass of XV, Xi* and XJ respectively.

A study on the ISIS2 sensor, a technology for the ILC vertex detector, is also presented.
The characteristic of the sensors are studied for both its test structure and main array
pixels. The operation conditions are optimized and the sensor successfully demonstrated its
capabilities of in-situ charge storage and charge transfer. The charge transfer efficiency is
measured to be better than 98%.
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Introduction

This thesis covers two studies on the International Linear Collider (ILC) physics based on
the work the author has done in the past three years as a member of the LCFI and SiD
collaboration. These studies consist of the measurement of the chargino and neutralino
masses at the SiD detector and the testing of the ISIS2 sensor for the ILC vertex detector.
This thesis starts with two introductory chapters, on the theoretical background and the ILC
and SiD experiments. Two following chapters describe the ISIS2 study and the chargino and

neutralino masses measurement, respectively. A more detailed structure is given as follows:

e Chapter 1 is a brief review of the theoretical background. A short reminder is given on
the Standard Model (SM) and its problems. Supersymmetry is introduced as a most
promising theoretical concept beyond the SM. The particle content of the minimal
supersymmetric SM (MSSM) is described, where the charginos and neutralinos are
mentioned. The mass matrix of the charginos and neutralinos and their production at

an ete” collider are discussed at the end of the chapter.

e Chapter 2 introduces the ILC and the SiD detector. Physics motivation of the ILC
is briefly described before the description of the planned ILC accelerator. The SiD

detector is introduced by individual subsystems.

e Chapter 3 describes the testing of the ISIS2 sensor. The chapter begins with a general
introduction on the silicon detectors used in high energy physics. The principle of the
In-situ Storage Imaging Sensor (ISIS) is introduced, in the context of the ILC vertex

detector. Previous results on the first generation of ISIS sensor, ISIS1, are briefly re-

1



Introduction 2

viewed. The design of the second generation, ISIS2 sensor, and the experimental set-up
at the LCFT lab in Oxford are then described. The testing results of the ISIS2 include
the studies of the test structure and main array. All the ISIS2 results presented here
are the author’s work except that specifically indicated. Part of the results are ob-
tained with help of Rhorry Gauld (on the operation optimization) and Oxford M.Phys

student Helena Wilding (on the CTE measurement with a shutter).

e Chapter 4 presents the measurements of the chargino (Y{) and neutralinos (Y9 and
X3) masses, using processes: ete” — ¥{x7 — XWXIWTW ™ and ete — xIx9 —
XIX1ZZ. The motivation of this analysis as one of the ILC benchmarking processes is
discussed, and the simulation and reconstruction software used in this analysis (which
is also common to the SiD) is introduced. The analysis strategies and results are
described, consisting of the selection of eTe™ — Y x; and ee™ — 93 signals and
the determination of the chargino and neutralino masses using template fitting method.
All the results are solely the author’s work, while the feasibility study of the template

fitting method using toy Monte-Carlo is done with the help of Erik Devetak.

e Chapter 5 summarizes the results of the studies presented in the thesis.



Chapter 1

Theoretical Background

This chapter gives a brief description to the Standard Model and its challenges, and
then introduces Supersymmetry as the most promising theory beyond SM. The mass
spectrum of charginos and neutralinos, and their production at an eTe™ collider is

discussed in some detail.

1.1 Standard Model

The Standard Model (SM) is a theory summarizing our current knowledge of the fundamental
constituents of matter and their interactions. It has been successfully tested to a high
precision by a large number of experiments in the last decades. The SM is a gauge invariant
quantum field theory based on the symmetry group SU(3) x SU(2) x U(1) where SU(3)
corresponds to the strong interaction and SU(2) x U(1) corresponds to the electroweak

interaction spontaneously broken by the Higgs mechanism.

1.1.1 Introduction to the SM

In the relativistic quantum field theory, particles are represented by field operators on particle
states, with creation and annihilation operators for particles and antiparticles respectively.
Spin % particles are called fermions, described by spinor fields. The fermionic particle content
of the SM is shown in Table 1.1. There are three generations of quarks and leptons, which

interact with each other via the electromagnetic interaction, weak interaction and strong

3



1.1 Standard Model

Group Particles Charge (e7) | Spin | I3 | Y
1 1
Ve Yy Uy 0 3 3 | -1
Leptons e T -1 1 O
L )y L 2 2
€r UR TR —1 % 0 —2
2 1 1 1
u ¢ ¢ 3 3 | 2| 3
U ! ! 1 1 1 1
uarks Ji i i
Up: Cp: tp: 2 1 0 4
Ryi CRi URy 3 2 3
U / / 1 1 2
Ri SRi YR —3 2 | 0 ]—3

Table 1.1: Fermionic particle content of the Standard Model. I3 is the weak isospin and Y
is hypercharge. The subscript ¢ runs from 0 to 2 to represent the color. The superscript ’
denotes the gauge eigenstates for the down-type quarks. Their mass eigenstates are obtained

by mixing via the CKM matrix, see text.

Coupling Particle | Charge (e”) | Spin Mass (GeV)
Electromagnetic v 0 1 0
w+ +1 1 80.399 £ 0.023
Weak W= -1 1 80.399 £ 0.023
Z 1 91.1876 £+ 0.0021
Strong g (x8) 1 0
H 0 0 > 1144

Table 1.2: Bosonic particle content of the Standard Model. The masses are quoted as in [1].

interaction. The electromagnetic interaction is exclusive for charged particles and the strong
interaction is exclusive for quarks. Spin 1 particles are described by vector fields representing
the gauge bosons that mediate all the interactions mentioned above. There is also a spin 0
boson in the SM, the Higgs boson, which leads to the spontaneous electroweak symmetry
breaking and gives masses to SM particles. The bosonic particle content of the SM is shown

in Table 1.2.

The electromagnetic interactions between charged particles can be described by quantum
electrodynamics (QED), a local gauge invariant theory based on an Abelian U(1) group.

Under a local gauge transformation

() = "D a) (1.1)
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a covariant derivative should be introduced to assure that the system Lagrangian is un-
changed:
D, =0, +ieA, (1.2)

where the subscript , is the Lorentz index running from 0 to 3, e is the electrical charge of

the particle and the gauge field A, is transformed as
A, — A, +0,0(z). (1.3)
After the transformation the new Lagrangian therefore becomes:
ﬁQED = “EW“@W - TT“Z@D - leF;wFW - 675%14“1?7 (1-4)

where F),, is defined as

F = 0,4, — 0,A,. (1.5)

The first two terms of Equation 1.4 (i)y*9,1 —man) form the Lagrangian for a free charged
particle with mass m. Here it can be seen that the field A* is interpreted as the photon field
and the last term of Equation 1.4 describes the coupling of the electromagnetic current j# =
elpy*1) to the photon field. Gauge invariance implies the conservation of the electromagnetic
current, hence conservation of the charge. The —iF w ™M term is the Lagrangian of a free
photon. Note that there is no mass term for the photon field, otherwise the Logp cannot
remain the same under gauge transformation. This agrees well with the experimental fact

for a massless photon.

The U(1) symmetry can be extended to non-Abelian symmetries. Quantum chromody-
namics (QCD) describing the strong interactions between quarks is based on a non-Abelian
SU(3) group. The SU(3) group has 8 generators corresponding to 8 gluons and similar to

the charge in QED, there are 3 conserved ”colour charges”.

The weak interaction and electromagnetic interaction are unified by the electroweak

theory[2][3] with a SU(2), x U(1)y group. SU(2). corresponds to the quantum number
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of weak isospin and U(1)y to the quantum number of the hypercharge. The fermion fields
are decomposed into chiral left and right components except for neutrinos that are purely
left-handed. The SU(2),, isospin group only acts on the left-handed chiral states. In other
words, the fermions form left-handed weak isodoublets and right-handed isosinglets. Three
gauge fields (W, W2, W?) are introduced by the SU(2), gauge transformations while one
gauge field B* is associated to the U(1)y transformation. A linear combination of W1
and W? forms the W¥ bosons which is responsible for mediating the charge current weak
interactions. Similarly the photon field A and neutral boson Z can be formed from a linear

combination of W? and B, with the weak mixing angle Oy .

So far in this discussion the W* and Z bosons are still massless as are the photons, which
contradicts the experimental observations. To introduce mass to the theory, the SU(2). x
U(1)y symmetry is spontaneously broken, while leaving the electromagnetic U(1)gps sym-
metry unbroken, by introducing an isospin doublet of complex scalar Higgs field. The Higgs
field self-interaction is described by a Higgs potential which has a non-zero vacuum expec-
tation value. The kinematic term of the Higgs field will give rise to the mass of W* and Z
bosons. By properly choosing the gauge, the Higgs field corresponds to a real Higgs boson,
which remains the last component of the SM yet to be discovered in experiments. Direct

search at LEP established a lower bound of 114.4 GeV! at the 95% confidence level[4].

The Higgs boson also generates masses for fermions via the Yukawa couplings between
the Higgs field and the fermion fields. Flavour changing interactions via W= bosons have
been observed in experiments, indicating that in the quark sector the flavour and mass
eigenstates are not the same. The flavour mixing between three generations is described
by the Cabbibo-Kobayashi-Maskawa (CKM) matrix[5][6]. The terms in the SM describing
Yukawa couplings with the Higgs field are:

Ly = —Y1Q,®d} — Y'Q}® U + h.c. (1.6)

J

!Natural units are used for energy and mass throughout this thesis. For example, 1 GeV is equivalent to
1 GeV/c? in SI units.



1.1 Standard Model 7

where Y% are 3 x 3 complex matrices, ® is the Higgs field, ®¢ = io,® is the charge conjugate
of the Higgs field, @1, are the left-handed quark doublets, up and dp are the right-handed
up- and down-type quark singlets respectively, the subscripts 7, 7 are the generation indices,
and "h.c.” stands for the hermitian conjugation of the previous term. The mass terms can
be generated when ® acquires a vacuum expectation value (®) = (0,v/v/2). The physical
states of quarks, namely the mass eigenstates are obtained by diagonalizing Y*¢ with four

: : d
unitary matrices V; z:
v

V2

When the mass eigenstates couple to the W= boson, the couplings are given by

M., = VYV g = u,d. (1.7)

which is defined as the CKM matrix. The CKM matrix is a 3 x 3 unitary matrix, parame-

terized by three mixing angles and a CP-violating complex phase [6].

1.1.2 Problems of the SM

Although the SM has had great success in explaining and predicting experimental phenom-
ena, there are certain problems it is confronted with, an obvious one being that the SM
does not describe the gravitational interaction. Gravity is negligible at the scale currently
accessible by experiments, but becomes important at the Planck scale. Any Grand Unified
Theory (GUT) requires that all gauge couplings become unified at the Planck scale. The
three gauge couplings of the SM are not the same, nor is there any tendency for gauge

coupling unification at the Planck scale.

Another serious problem of the SM is the Hierarchy problem or fine tuning problem
[7][8][9]. As introduced in the previous section, the Higgs is associated with electroweak
symmetry breaking, therefore its mass m should be in the electroweak energy range mpy ~
O(100GeV). On the other hand, the radiative corrections of the Higgs mass are quadratically

divergent with respect to the cutoff scale Ayy. For example, the loop correction to Higgs
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mass from a fermion f is shown in Figure 1.1. This contribution can be evaluated as:

)\2
Am?, = _STL(AQUV —2m3 In(Apy /my) + ...), (1.9)

where Ay is the coupling constant, and Ayy is the ultraviolet cutoff. The fermion f can be
any SM lepton or quark, and for quarks the correction above should multiply a color factor
of 3. The most important contribution is from the top quark with Ay ~ 1. If the cutoff scale
is close to the Planck scale, with Ayy ~ 106 GeV, the Higgs bare mass has to be fine tuned
to a precision of m3, /A%, ~ 1072 to make sure the actual Higgs mass is at the electroweak

scale.

Figure 1.1: Loop corrections to m¥ from a fermion f, with mass my.

It has been widely accepted that a large portion of the mass in the universe is not directly
visible[1]. Indirect observations of this so-called dark matter are made, for example in galaxy
rotation curves[10] and gravitational lensing[11][12]. The SM fails to provide a viable particle
candidate for cold dark matter, which should be non-relativistic, weakly interacting stable

particles.

Another cosmological challenge for the SM is the baryon asymmetry of the universe. CP-
violation should be present to explain the overwhelming excess of matter over anti-matter,

yet the CP-violating phase in the CKM matrix is too small to give rise to such an asymmetry.

All these issues above represent a serious challenge and indicate that there must be some

new physics beyond the SM.
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1.2 Supersymmetry

The problems of the SM can be potentially solved by introducing a new symmetry - Super-
symmetry (SUSY) between fermions and bosons[13][14]. In a SUSY theory, every fermionic
particle has a bosonic superpartner, with all properties the same except the spin differs by

%, and all bosons have such fermionic superpartners.

Introduction of superpartners solves the hierarchy problem naturally because the quadratic
divergence contribution of Higgs self energy corrections from heavy quarks (mainly top
quark) is canceled out by the contribution from the superpartners. For the example given in
Figure 1.1, the loop correction to m? from a scalar particle S, superpartner of f, is shown

in Figure 1.2. The contribution is estimated to be:

A
Am3, = F;(A%W —2m2In(Ayy /ms) + ...), (1.10)

where mg is the mass of S, Ag is the coupling constant. For different chirality states of
a fermion, different scalar superpartners are required. Therefore each SM fermion has two
superpartners corresponding to left- and right-handed states. Comparing Equation 1.10 to
Equation 1.9, if we set:

g = N2, (1.11)

the quadratic divergence term of Higgs mass for fermions and their superpartners will cancel

each other.

Figure 1.2: Loop corrections to m? from a scalar S, with mass mg.

SUSY also offers a solution for the dark matter problem. If R-parity is imposed (definition
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of R-parity will be given later), there must be a stable Lightest SUSY Particle (LSP). If the
LSP is neutral, it would interact only weakly and could therefore be a good candidate for

cold dark matter[15].

Exact SUSY requires that the SM particles have superpartners of the same masses, which
obviously contradicts experimental results since no superpartners of the SM particles have
been observed. Therefore SUSY must be broken in nature. At the electroweak energy scale,
SUSY can be broken "softly” by explicitly adding breaking terms in the Lagrangian. Such
low-energy models include the Minimal Supersymmetric extension of the Standard Model
(MSSM)[16][17] and Constrained MSSM (CMSSM)[18]. The field content of the MSSM is

introduced in the following section.

Various models have been constructed to explain how SUSY is spontaneously broken at
the Planck scale and, if spontaneous SUSY breaking happens in the hidden sector?, how
these effects are mediated with the SM sector. One example of such models is Minimum SU-
perGRAvity (mSUGRA[19]]20][21]), where gravity is the messenger transmitting the SUSY
breaking of the hidden sector to the MSSM. In mSUGRA, a common scalar mass myg, a
common gaugino mass m;/; and a common soft trilinear SUSY breaking parameter Ay are
assumed at the GUT scale. Two additional parameters are assumed, namely the ratio of the
two Higgs field vacuum expectation values at electroweak scale tan 8 ((H?)/(HY)) and the
sign of the Higgsino mass term sgnu. Various parameters are evolved from the GUT scale
to the electroweak scale using the Renormalization Group Equations (RGEs) [22][23]. For
the analysis presented in this thesis, we consider one of the models with non-universal soft
SUSY breaking contributions to the Higgs masses (NUHM)[24]. The NUHM is similar to
the mSUGRA in definition of the parameters, but it allows the soft breaking Higgs masses

to differ from mg at the GUT scale.

2A hidden sector consists of particles that are neutral to the SM gauge groups.
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Super-multiplets | Boson fields | Fermion fields | SU(3) | SU(2) | U(1)
gluon/gluino g g 8 1 0

gauge/ wE, wo W, Wo 1 3 0
gaugino B B 1 1 0
slepton/ (De, €)1 (Ve, e )1 1 2 -1

lepton €R eR 1 1 -2
squarks/ (iig,dy) (u,d)r 3 2 1/3

quark UR UR 3 2 4/3

dp dp 3 2 | —2/3

Higgs/ (Hy,Hy) | (H},Hy) 1 2 | -1

higgsino (HF, HY) (H;, HY) 1 2 1

Table 1.3: The fields of the MSSM and their SU(3) x SU(2) x U(1) quantum numbers. Only
one generation of quarks and leptons are shown and anti-particles are not shown.

1.2.1 Particle Content of MSSM

The MSSM is the supersymmetric extension of the SM with the minimum particle content.
The SU(3) x SU(2) x U(1) gauge groups remain the same. Every SM particles has a
superpartner with the same quantum numbers except with the spin different by 1/2. The

Higgs sector is extended to two Higgs doublets.

The left- and right-handed states of SM fermions transform differently under the SU(2)
gauge, therefore two different superpartners f;, and fr should be present for each SM fermion
f, with the exception of neutrinos which only exist in left-handed states in the SM. The
superpartners of leptons and quarks are called sleptons and squarks, respectively. For gauge
bosons, the gluons have their fermionic superpartners called gluinos, and the SU(2) x U(1)
gauge bosons have gauginos as their fermionic superpartners, namely the Bino and Winos.
The extended Higgs sectors have two doublets with hypercharge £1 to generate masses for
up-type quarks and down-type quarks (and charged leptons) respectively. The two doublets
are also needed to cancel anomalies when higgsinos, the superpartners of the Higgs, are

introduced. The field content of the MSSM described above is summarized in Table 1.3.

The gauge eigenstates introduced above can mix with each other and form mass eigen-

states. Charged gauginos (Winos) and higgsinos are allowed to mix together to form four
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Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1| H?H)H! H; RO HO A° H* §
iy g dp d iy, g d dg
squarks 0 -1 51, Sp Cr, Cr S;, Sgr Cr Cr
iy tp by by ty Ty by by
€1, €R Ve €1, €R Ve
sleptons 0 -1 fr fir Uy fir, fir Uy
TL TR Ur T To Uy
neutralinos % —1 BO W0 ﬁg ]:Ig X9 XS XY
charginos T -1 W+ HF H; X Xe
gluino % -1 g g

Table 1.4: The undiscovered particles in the MSSM (assuming sfermion mixing for the first
two families is negligible). 1 Two Higgs doublets are required in the MSSM while five physical
Higgs particles are left after the spontaneous breaking of the electroweak symmetry.

fermions called charginos. Similarly, neutral gauginos (photino and Zino) and neutral hig-
gsinos mix to form four neutralinos. For squarks and sleptons, fr and fr mixing are also
possible. A summary of gauge and mass eigenstates of undiscovered particles in the MSSM

is given in Table 1.4.

The MSSM implies an R-parity invariance, and R-parity Pg is defined as:

Pp = (—1)3B-0)+28 (1.12)
where B is the baryon number, L is the lepton number, and S is the particle spin. All SM
particles are R-parity even (Pr = +1) and all superpartners are R-parity odd (P = —1).
The MSSM required conservation of R-parity, which has important influence on SUSY phe-
nomenology. For instance, from initial states of even R-parity, superpartners can only be
produced in pairs. Another impact is that in the decay product of a supersymmetric parti-
cle, there must be a lighter supersymmetric particle. Therefore a Lightest Supersymmetric
Particle (LSP) should exist, and the LSP is stable since R-parity invariance allows no mixing
between SM particles and SUSY particles. The LSP is likely to be electrically neutral and

colorless given by cosmological constraints[25], which made it a promising candidate for the
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dark matter[15].

1.2.2 Neutralino and Chargino Masses

The neutral gauginos and higgsinos can mix to form four neutralinos. Their mass term of
the Lagrangian given in the basis of ¢¥° = (B, W3, HY, H?) is:
Lo === Myy° + h.c. (1.13)

2

where the mass matrix for neutralinos My is

My 0 —mygsinfy cos 5 mysin Oy sin 3
0 My my cos Oy cos B —my cos By sin 3
MN - )
—mygsinfy cos S my cos By cos B 0 —
mzsinfy sin 3 —my cos Oy sin 5 — 0
(1.14)

where M; and M, stands for the bino and wino mass respectively, fy is the Weinberg angle
(weak mixing angle) and —p comes from the higgsino mass terms. The mass matrix can
be diagonalized to get the four mass eigenstates X7, X3, X5 and xJ (with increasing mass).
The properties of neutralinos depend on the field content of the resulting eigenstates. If
|Mis| < p, the lighter X! and x93 are gaugino like and two heavier ones are higgsino like.

For certain choice of parameters, the lightest neutralino x{ is likely to be the LSP.

Some models (such as mSUGRA) assumes a unified gaugino mass m; s, at the GUT scale,

then it can be predicted that [14]:
5 1
M1 ~ gtan ewMz ~ §M2 (115)

at the electroweak scale. If the electroweak symmetry breaking effects can be viewed as a
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perturbation in the neutralino mass matrix, namely,

myg <K ’/L:i:MLQ‘, (116)

then the lightest neutralino X! is mainly bino-like (Y9 ~ B), and Y5 is mainly wino-like

(XY ~ W). A straight-forward prediction resulting is that the mass of x? is roughly half of

that of \9.

Similar to the neutralinos, four charginos can be formed from combination of two winos
W# and two charged higgsinos H*. The chargino mass term of the Lagrangian is given as
0 M¢ Yt

(¥ ¥7) + hec. (1.17)
Mo 0 (e

1
E}Zi == —5

in the basis )™ = (—iW*, H), where the mass matrix is

M. V2myy cos
Mg = ? w cosf (1.18)

V2myy sin H

After diagonalization of the mass matrix two mass eigenstates of i and Y3 are obtained,
with the latter being the heavier one. If M, < pu the lighter chargino Y7 is mainly wino like

and the Y3 is higgsino like.

Again, if we assume that My < |u| and the electroweak symmetry breaking can be treated
as a perturbation (Equation 1.16), then the mass of Y7 is almost degenerate with the mass of
X9. The higgsino-like Y3, X3 and xJ have masses of the order of |u|. In the processes studied

in Chapter 4, the chargino and neutralino mass parameters[24][26] exhibit such properties.

1.2.3 Chargino and Neutralino pair production at an e"e~ Collider

At eTe™ colliders both charginos and neutralinos can be produced in pairs through the s-

channel and ¢-channel. Models of their production have been widely studied [27][28]]29][30].
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The tree level Feynman diagrams of Y7 and X3y pair production (which is studied in this
thesis) are shown in Figure 1.3 and Figure 1.4 respectively. The ¢-channels are significant
only if the exchanged sneutrino or slepton is not too heavy. The cross-sections are also
dependent on the beam polarization. For example, if the charginos are wino-like, they
only couple to the SU(2) gauge boson WW? component of the 7-Z linear combination. For
right-handed electron beams, the s-channel diagram in Figure 1.3 is suppressed because
right-handed electrons are weak isospin singlets and they only couple to the U(1) gauge

boson B of the v-Z combination.

~t
et X1 et X1 e

€ X1 € X1 € X1

Figure 1.3: Feynman Diagrams of chargino pair production at tree level.

et X et X5
‘ €L/R
Z e~

0 0
e Xy € X2

Figure 1.4: Feynman Diagrams of neutralino pair production at tree level.

The observation of these processes at eTe™ colliders depends on the decay products of
the charginos and neutralinos, which is in turn determined by the parameters of the SUSY
model and their masses. A study of one of the points in the SUSY parameter space will be

presented in Chapter 4, while a general summary of other possibilities can be found in [31].



Chapter 2

ILC and SiD

2.1 International Linear Collider

Historically the understanding of particle physics deepens with the increase of the energy
of accelerators. The Large Hadron Collider (LHC)[32] is the largest accelerator ever built
with the energy reaching 3.5 TeV per beam. It took advantage of the existing tunnel which
was used by Large Electron Position collider (LEP)[33], the most energetic lepton collider
so far, which performed a lot of important measurements such as precision measurement of
W and Z boson properties. Both of these machines are circular accelerators (synchrotrons),
with the obvious advantage of accelerating particles in a more economical way over linear
accelerators. In other words they are capable of accelerating particles to a higher energy
given the same length (circumference). In reality the synchrotron radiation comes to play
a rather important role at high energies. The radiated power is inversely proportional to
the fourth power of the mass of charged particles (P oc m™), so due to the difference of
three orders of magnitude, the electrons suffer much higher loss at high energies comparing

+

to protons. Therefore a linear collider becomes necessary for an e™e™ collider beyond certain

energy scale.

16
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2.1.1 Physics Motivation

Since early 2010 the LHC has been accumulating data, and this will be the first look at
the physics at the Terascale. While the LHC is about to make exciting discoveries, the
ILC, a proposed future lepton collider could complement the LHC studies to answer some

fundamental questions in particle physics.

The most promising discovery expected from the LHC is the Higgs boson. Responsible
for the spontaneous symmetry breaking and generation of masses, the Higgs mechanism
remains the last piece of the Standard Model to be identified by experiments. If there is a
SM Higgs it should be found at the LHC and its mass could be measured by the ATLAS
and CMS experiments. More detailed study of Higgs properties, however, is only possible
with a lepton collider, including the measurements of the Higgs spin, parity, its coupling
to gauge bosons and Higgs self-coupling. The ILC will also measure the mass, width and
branching ratios substantially more accurately [34]. If there are Higgs multiplets rather than
a SM Higgs, for example the four Higgses as in MSSM, they will be detected and studied at
the ILC if they are within the energy range. The precision measurement of their mass, spin
and couplings would confirm whether they are consistent with the MSSM scenario. It is also
possible that no Higgs is seen at all at the LHC, in which case the ILC could study the top
quark properties, its Yukawa coupling, and gauge boson scattering with high precision, and

the results could point a way to the new physics beyond the SM.

Supersymmetry discovery is possible at the LHC, mainly by looking for missing-FEr if
the background can be well suppressed. The ILC will be essential in distinguishing whether
the detected new particles are the superpartners of known particles by measuring their
parameters such as masses. Chapter 4 gives an example of mass measurement of chargino
and neutralino masses in a model independent manner. Such precision measurements could

help to understand the force unification at the higher energy scale.

Of course SUSY may not be the correct theory of new physics, for example, gravitons

escaping into extra dimensions could also explain the weak coupling of gravity [35]. The
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observation of the excited graviton states at the ILC will help to determine theory parameters
for the additional dimensions [36]. Several alternative models of new physics addressing

problems of the SM have been reviewed in [34].

The ILC will provide a very clean environment, known centre-of-mass energy and po-
larized beams which enable precision measurements that are very difficult to achieve at a
hadron collider. Therefore the ILC results combined with LHC discoveries will unveil new

physics beyond the SM and will substantially improve our understanding of the nature.

2.1.2 ILC Accelerator

The design of the International Linear Collider is based on two decades of accelerator R&D
since the construction and operation of the SLAC Linear Collider (SLC)[37], which is the
proof-of-principle machine of the linear collider concept. The ILC is a proposed electron-
positron collider running at a centre-of-mass energy up to 500 GeV, with the peak luminosity
of 2 x 103 ecm~2s7!. Physics runs for any energy above 200 GeV and calibration runs at
Vs = 91GeV (Z boson mass) will be possible, and a potential upgrade to 1 TeV is foreseen.

The key design parameters are listed in table 2.1.

The overall layout of the ILC baseline indicating the major subsystems is shown in Figure
2.1[38]. The total length is approximately 31 km. It consists of an electron and a positron
arm, both of the same length. The electron source, the damping rings and the positron

auxiliary source are located in the centre of the complex around the Interaction Point (IP).

The polarized electron source generates the required bunch train of electrons based on a
photocathode DC gun. The electron DC gun is based on the SLC design [39] incorporating
recent technology developments [40]. Polarized electrons (P > 80%) are generated through
the photoelectric effect when a GaAs-based photocathode is illuminated with polarized laser
light. A Ti:sapphire laser system is used for generating the short (1 ms) bunch trains. The
polarized electrons are accelerated to 5 GeV before they are transported to the electron

Damping Ring (DR).
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Figure 2.1: Schematic layout of the ILC complex [38].
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Parameter Unit
Center-of-mass energy range 200 - 500 | GeV
Peak luminosity* 2 x 103 cm 257!
Average beam current in pulse 9.0 mA
Pulse rate 5.0 Hz
Pulse length (beam) ~ 1 ms
Number of bunches per pulse 1000 - 5400

Charge per bunch 1.6-32 | nC
Accelerating gradient* 31.5 MV/m
RF pulse length 1.6 ms
Beam power (per beam)* 10.8 MW
Typical beam size at IP*(h x v) | 640 x 5.7 | nm
Total AC Power consumption* 230 MW

20

Table 2.1: Design parameters for the ILC. The parameters labeled with * are values at 500
GeV center-of-mass energy|38].

In the 6.7 km long damping ring the electron beam’s large longitudinal and transverse
emittances are damped to low emittances during the 200 ms between the bunch trains.
Bunches from the electron source can be delayed here to compensate pulse-to-pulse variations
of beam parameters. Injection or extraction of single bunches is enabled in the DR without
affecting the beam emittance or stability. A similar positron damping ring is housed in the
same tunnel with the same functions. The two damping rings will be placed right above

each other.

The beams from the damping rings are collimated and transported to the upstream end
of the main linac by the Ring To Main Linac (RTML) system. The polarization of the beam
is rotated from vertical to any desired angle by a spin rotator. The RTML also includes a
two-stage bunch compressor to compress the beam length from millimeters as in the DR to
a few hundred micrometer as required at the IP. The 5 GeV beams are accelerated to 15

GeV after the bunch compressor before injected into the main linac.

The electron beam is directed to an offset beamline through an undulator for use as
a positron source and then returned to the main linac. The positrons are produced by

the process of photoproduction. The high energy photons emitted by electrons from the
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undulator (of order of 10 MeV) will hit a Ti-alloy target to produce electron-positron pairs.
The circular polarization of the photon can transfer to the polarization of the positron,
depending on the energy transferred to the positron [41]. The ILC positron beam could
achieve a spin polarization of 30%. The electrons and photons are separated from the
positrons and dumped. The pure positron beams will be pre-accelerated to 400 MeV in
a normal-conducting RF accelerator and then accelerated to 5 GeV in a super-conducting
Booster Linac. If high-energy electrons are not available, there is a separate low-intensity
positron source upstream of the super-conducting linac for commissioning and tuning use.
Similar to the electron beams, the positron beams will afterwards be transported through

the damping ring, RTML system, and the Main Linac for final acceleration.

The Main Linac is responsible for accelerating the 15 GeV electron/positron beams to the
required 250 GeV for collision, at the average accelerating gradient of 31.5 MV /m. The ILC
will use Superconducting RF (SCRF) cavities. These 1.3 GHz niobium cavities operate at 2
Kelvin provided by liquid helium. The superconducting technology means minimal energy
loss, which enables the use of long-pulse RF and relaxation of peak power generation. Each
linac contains hundreds of RF units, each with 3 cryomodules containing 26 one-meter long
SCRF cavities. The SCRF is one of the technological highlights of the ILC, one reason being
the high gradient (31.5 MV/m in each 9-cell cavity). This has been achieved with several
cavities [42][43] but will still be challenging at mass-production levels. The preparation and
assembly of the cavities have to be in a cleanroom environment using electropolishing to
ensure the micron-level surface smoothness. Blemishes or impurities will cause them to lose

the superconductivity and hamper high-gradient performance.

Downstream of the main linacs, situated in the heart of the complex is the Beam Delivery
System (BDS). Its main function is to focus the high energy electron/positron beams from the
linac to the extremely small size for luminosity production, to bring them into collision and to
damp the used beams. The BDS system is located 10 m below the damping rings to prevent
electromagnetic interference. The beams are designed to collide at a single Interacting Point

(IP) with crossing angle of 14 mrad. The nominal parameters of the beams and the designed
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min | nominal | max unit
Bunch population 1 2 2 | x10'° particles
Number of bunches 1260 2625 | 5340
Linac bunch interval 180 369 | 500 ns
RMS bunch length 200 300 | 500 pam
Normalized horizontal emittance at IP 10 10 12 mm-mrad
Normalized vertical emittance at IP 0.02 0.04 | 0.08 mm-mrad
Horizontal beta function at IP 10 20 20 mm
Vertical beta function at IP 0.2 04| 06 mm
RMS horizontal beam size at IP 474 640 | 640 nm
RMS vertical beam size at IP 3.5 571 99 nm
Vertical disruption parameter 14 19.4 | 26.1
Fractional RMS energy loss to beamstrahlung | 1.7 241 5.5 %

Table 2.2: Beam parameters of the ILC|[38].

ranges are shown in Table 2.2. The ILC has two detectors in the Interaction Region Hall

(IR).

The ILC RDR baseline is designed for the 500 GeV centre-of mass energy. In order
to upgrade to y/s = 1 TeV, the linacs and beam transport lines have to be extended by
~ 11km for each arm. Some components in the beam delivery systems have to be replaced
or augmented. In 2009 a modified design Strawman Baseline Design 2009 (SB2009)[44]
was proposed and is currently under study. Initiated by the cost-performance optimization,
the SB2009 was mainly aimed at improving the machine design in preparation of the ILC
Technical Design Report and Detailed Baseline Design documents for the detectors to be

published in 2012.

2.2 Silicon Detector Concept

The Silicon Detector (SiD) concept is one of the two ILC detector concepts which are designed
to perform precision measurements of e*e™ collisions and to discover any phenomena related

to new physics. The requirements for the detector are therefore set by key physics processes
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to be measured by SiD. Some general requirements include[45]:

e Excellent jet energy resolution;

e Excellent flavour-tagging performance, including high purity and efficiency for heavy

quark identification;

e Good momentum resolution capable of reconstructing the di-lepton recoil mass of the

Higgs with better resolution than beam-energy spread;
e Full hermeticity for missing energy and momentum determination;

e Time resolution capable of separating single bunch crossings to suppress overlapping

of events.

Take the requirement on jet energy resolution as an example. For many ILC specific
measurements it is essential to separate the WW and ZZ final states, such as the mass
measurement of the supersymmetric particles chargino and neutralino (detailed discussion
as in Chapter 4). Assuming both W or Z bosons decay hadronically, if we plot the invariant
mass of one of the W or Z bosons (reconstructed from two jets) in x axis and the other
di-jet mass in the y axis as in Figure 2.2, the WW or ZZ final states will populate around
(my, my) and (mz,myz) respectively. For the jet resolution of 60%/+v/E achieved by LEP
experiments, these final states cannot be distinguished on the correlated di-jet mass plot. In

order to do so a jet resolution a factor of 2 better than that at LEP is required.

Given these requirements SiD is based on a silicon pixel vertex detector, silicon track-
ing, silicon-tungsten electromagnetic calorimetry and highly segmented hadronic calorimetry.
Most of the subsystems will make use of silicon technology because of its high precision, ro-
bustness against machine background and also because its response is fast enough to be
sensitive to a single bunch crossing. The required jet energy resolution is achievable with a
Particle Flow Algorithm (PFA) [47], which has a strong influence on the detector subsystem

design. The whole picture is completed with a 5 T solenoid and iron flux return which is
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Figure 2.2: Jet mass correlation assuming a jet energy resolution of 60%/ VE (left) and
30%/+E (right). This is reconstructed for four jets final states from either WW or ZZ.
The vertical and horizontal axes stand for two di-jet masses [46].

integrated into the muon identification system. A quadrant of the SiD design is illustrated

in Figure 2.3. The key design parameters are listed in Table 2.3.

The Particle Flow Algorithm approach is built-in to the SiD design philosophy. The PFA
uses information from all the detector subsystems to reconstruct hadronic jets. Tracking
information is used to determine momenta of charged particles. The energy of photons is
determined by the electromagnetic calorimeter (ECAL). The momenta of the neutral hadrons
(mainly 7°) that survived after passing the ECAL are determined in the hadronic calorimeter
(HCAL). The goal of a good PFA for the SiD is to obtain a jet energy resolution of 3-4% for
energies between 40 and 500 GeV. A detailed description of the PFA developed for the SiD

can be found in Section 4.2.2.

The performance-cost balance has been considered since the start of the SiD design, and
the choice of a high field solenoid is such an example. The B = 5T magnetic field helps to
optimize the cost by building a more compact detector, while at the same time improves the
jet energy resolution compared to lower value of B and provides a better track momentum
resolution. Since it minimizes the beam pipe radius by constraining the orbits of the e”e™

pairs produced in beamstrahlung! (Figure 2.4), the high magnetic field potentially improves

n a collider, beamstrahlung is a process of energy loss of electrons (or positrons ) due to their electro-
magnetic interaction with the positron (or electron) coming in the opposite direction.
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Figure 2.3: Ilustration of a quadrant of SiD. The scale shown is in meters.[48]
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SiD Barrel Technology | Inner radius | Outer radius | Z max
Vertex detector Pixel 1.4 6.0 + 6.25
Tracker Silicon strips 21.7 122.1 + 152.2
EM calorimeter Silicon-W 126.5 140.9 £ 176.5
Hadron calorimeter | RPCs 141.7 249.3 + 301.8
Solenoid 5 Tesla 259.1 339.2 + 298.3
Flux return RPCs 340.2 604.2 + 303.3

SiD Forward Technology | Inner Z | Outer Z | Outer radius
Vertex detector Pixel 7.3 83.4 16.6
Tracker Silicon strips 77.0 164.3 125.5
EM calorimeter Silicon-W 165.7 180.0 125.0
Hadron calorimeter | RPCs 180.5 302.8 140.2
Flux return RPCs 303.3 567.3 604.2
LumiCal Silicon-W 158.0 173.0 19.0
BeamCal Silicon-W 295.0 320.0 14.5

Table 2.3: Key parameters of the baseline SiD design [48]. All dimensions are given in cm.
RPC stands for Resistive Plate Chamber.

the resolution of the vertex detector as well.

2.2.1 Vertex Detector

Many precision measurements such as the top Yukawa coupling and Higgs branching ratio
at the ILC will benefit greatly from efficient and high purity flavour tagging. The b and ¢
quarks have a characteristic decay length of ~ centimeter, and such decays form secondary
vertices (while the interacting point is also called primary vertex). This could be detected
by the vertex detector, the innermost subsystem of the SiD. Based on silicon pixel sensors
the vertex detector subsystem is designed to reconstruct the primary, secondary and even

tertiary vertices and to identify the b and ¢ quarks with a high purity as well as efficiency.

The vertex detector subsystems consists of five barrel layers and three forward region
disks, both based on silicon pixels. Three more outer disks are located at larger |z| to cover

the transition region between the vertex detector and the outer tracker. An R-z view of the
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are in cm. Position of the vertex detectors are also indicated [46].

vertex detector layout is shown in Figure 2.5, and the dimensions of each layer are listed in

Table 2.4. This arrangement ensures a hermeticity for cos < 0.984.

The SiD vertex detector is challenging for sensor technology in many aspects. A po-
sition resolution of Hum or better is required in both r-z and r-¢ directions.
necessary to limit the uncertainty of the impact parameter measurement to o,, =

5@10/p sin®? §um, where p is momentum. The impact parameter is defined as the distance

Double-walled support cylinder
and cooling gas distribution manifold

4 pixel inner disks

=
100 (cm)

3 pixel outer disks

I
L | —
] ] ] |
- kiR
— 1 AT
el -

Figure 2.5: R~z view of the vertex detector. The support structures are not drawn for the

right side.[48]
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Barrel Region R Length Numbe‘r of
Sensors in ¢
Layer 1 14 125 12
Layer 2 21 125 12
Layer 3 34 125 20
Layer 4 47 125 28
Layer 5 60 125 36
Disk Ripner | Router Zeenter
Disk 1 15 75 76
Disk 2 16 75 95
Disk 3 18 75 125
Disk 4 21 75 180
Forward Disk | Ripner | Router Zcenter
Disk 1 28 166 211
Disk 2 76 166 043
Disk 3 118 166 834

Table 2.4: Parameters of the vertex detector. Units are mm.[48]

of a track at the closest point to the interaction point or the primary vertex. The point
resolution in turn requires a sensor with 20 x 20um? pixels. In order to minimize multiple
scattering, a thickness of at most 0.1% X is targeted, where X is the radiation length. This
not only requires a low material budget in the sensitive region and supporting structures,
but also implies that gaps and dead areas in the silicon should be minimized to allow mass to
be distributed uniformly. The power consumption for the whole barrel and end disks should
be limited to as low as a few tens of watts which will make gas cooling possible for the least
material penalty. The operational environment also imposes restrictions on the readout of
the vertex detector sensors. In order to keep a low occupancy, at least 20 frames should be
read during the 1 ms bunch train. Several candidate sensor technologies are discussed in

Chapter 3.
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2.2.2 Tracker

The SiD outer tracker combined with the vertex detector forms an integrated tracking system.
The precision physics measurements planned at the SiD require high momentum resolution
and low material budget for the tracker, similar to the vertex detector. Besides, due to
the large volume of the tracker, its components should ideally be inexpensive, easily mass-
produced and robust against aging. Based on these considerations silicon microstrip sensors

are chosen.

The silicon tracker consists of five barrels and four disks at each end of the outer four
barrels. The layout of the tracker is shown in Figure 2.6, where the vertex detector and
its supporting structure are also plotted. The inner radius of the tracker is limited by
the vertex detector and the beam pipe because during servicing the outer tracker should
move longitudinally while the inner parts are fixed. The parameters of each tracker barrel
layer and endcaps are listed in Table 2.5. For the baseline design, the outer surface of the
barrel layers are covered with single-sided silicon sensors. The sensors are 10 cm x 10 cm
which determines the longitudinal readout segmentation. They are 300 um thick and have a
readout pitch of 50 pm with intermediate strips. For better pattern recognition, both sides
of the disks are covered with wedge shaped sensors, with a 12° stereo angle between the

strips. This design is aimed at providing 3-D points.

Various Monte Carlo simulations have been carried out to study the tracking performance.
One example is given in Figure 2.7. It shows the resolution of the track momentum and
resolution of the distance of the closest approach in the r-¢ direction. The resolutions
decreases with the incoming angle (below 90°) due to the multiple scattering. The track
momentum resolution figure (left) demonstrates that a good track momentum resolution
(better than 1%) can be achieved, which deteriorates at very high jet energies. In the figure
of impact parameter resolution (right), it can be seen that at the high momentum limit,

resolution of about 4um is expected for the impact parameter.
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Figure 2.6: R-z view of the SiD tracking system.[48]

Barrel (R) | Length of sensor | Number of Number of
region | (cm) coverage (cm) | modules in ¢ | modules in z
Barrel 1 | 21.95 111.6 20 13
Barrel 2 | 46.95 147.3 38 17
Barrel 3 | 71.95 200.1 58 23
Barrel 4 | 96.95 251.8 80 29
Barrel 5 | 121.95 304.5 102 35
Disk Zinner Rinner Router Number of
region | (cm) (cm) (cm) modules per end
Disk 1 78.89 20.89 49.80 96
Disk 2 | 107.50 20.89 75.14 238
Disk 3 | 135.55 20.89 100.31 428
Disk 4 | 164.09 20.89 125.36 662

Table 2.5: Main parameters of the tracking detector.[48]
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Figure 2.7: Resolution of the track momentum (left) and resolution of the Distance of Closest
Approach (DCA) in the r-p direction (right), as function of track momentum at various polar
angles. [48]

2.2.3 Electromagnetic Calorimeter

Since the calorimetry design is essential for optimization of the PFA performance, a num-
ber of requirements should be satisfied by the electromagnetic calorimeter (ECAL) design.
For example overlaps of electromagnetic showers have to be avoided to better separate the
electrons and photons in the ECAL. This, in turn, requires a small Moliere radius of the
calorimeter material. Highly segmented readout in the transverse and longitudinal directions
is required for imaging capability. Small transverse segmentation also helps to differentiate
electron showers from MIP tracks. Fine longitudinal segmentation is important not only for
its obvious role in improving energy resolution, but also for the ability to reconstruct charged
particle tracks, which makes the ECAL an imaging calorimeter and enables calorimeter-
assisted tracking. A simulated p™ — 77 7Y decay reconstructed in the ECAL is illustrated
in Figure 2.8 to show the SiD pattern recognition capability. Two photons from the 7° are

clearly separated and the charged tracks are visible in the ECAL.

The ECAL barrel is mounted inside the hadronic calorimeter, with an inner radius of
1.27 m and maximum |z| of 1.7 m. An EM energy resolution of 17%/+/E is aimed for. The
radial structure has 30 layers of tungsten alloy absorber with silicon detectors sandwiched
between each other. The alloy which includes 93% of tungsten is chosen as the absorber

because of its small radiation length (Xy = 3.9 mm) and Moliere radius (R = 9.7 mm), as
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Figure 2.8: Simulated p™ — 777% decay in the SiD detector[48]. The two smaller clusters
on the right hand side correspond to photon showers in the ECAL caused by two photons
from the 7° decay; while the 7+ leaves a few hits in the tracker and its decay in the ECAL
gives rise to a shower with clear inner structure, due to the positron in its decay products.

well as its mechanical stability. In addition, tungsten has a large interaction length which
makes separation of electromagnetic and hadronic showers in the ECAL easier. The inner
20 tungsten layers are 2.5 mm thick each while the outer 10 are 5 mm thick, both with the

same readout gap of 1.25 mm. This adds up to a total depth of 26.X.

Two options for the silicon sensor technology are under development. One of them, as
in the baseline design, uses hexagonal sensors, each segmented into 1024 pixels with area of
13 mm?. The sensor readout electronics has a large dynamic range, implemented in a KPiX
ASIC [49]. The other option is Monolithic Active Pixel Sensor (MAPS) [50][51]. These
sensors have 50 x 50um? pixels, and they can be manufactured in a commercially available

180 nm CMOS process. A comparison of the options is summarized in Table 2.6.

2.2.4 Hadronic Calorimeter

A small Moliére radius and highly segmented detectors are required by the PFA also for the

hadronic calorimeter (HCAL). Furthermore the HCAL must be deep enough to contain all
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Baseline MAPS option
Pixel size 13 mm? 50 x 50m?
Pixels per silicon sensor 1024 1,000,000
Channels per KPiX readout chip 1024 -

Pixel dynamic range requirement | ~ 0.1 to 2500 MIPs | 1 MIP (digital)

Heat load requirement 20 mW per sensor | 20 mW per sensor

Table 2.6: Parameter of the baseline and MAPS options.[48]

Figure 2.9: Cross-section of the HCAL barrel (left) and face and top view of the HCAL
endcap (right).[48]

particles in hadronic showers while being able to fit inside the solenoid so as to avoid energy
loss in the magnet. Based on these considerations, stainless steel is chosen as the HCAL
absorber. Steel has a radiation length X of 1.8 cm and an interaction length A of 16.8 cm
which leads to the smallest ratio of X,/\ in most commonly used absorber materials. The
HCAL barrel consists of 40 layers of 2 cm thick steel, separated by 8 mm gaps which has a
total depth of 4.5)\. It is located outside the ECAL and inside the solenoid, with internal
radius R;,; = 1419 mm and external radius Re,; = 2583 mm. The maximum |z| is 3018 mm.
In order to extend the hermeticity an endcap is inserted into each end of the barrel. The
shape of the barrel and endcaps is shown in Figure 2.9. The detector layer structure in the

endcap is the same as in the barrel.

The active detector element is located in the gap between the absorber layers. Resistive
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Plate Chambers (RPC) are used in the baseline design. RPCs are gas detectors where the
gas in contained between two resistive plates with a high voltage applied across the gap. The
passage of charged particles initiates a streamer or an avalanche which can be recorded as a
signal on readout strips or pads placed on the outer surface of the plates. Various chamber
geometries are possible with a requirement that all have readout units of 1 x lem?, and the
gas is composed of Freon R134A (94.5%), isobutane (5.0%) and sulfur-hexafluoride (0.5%).
A test calorimeter with 10 chambers has been built and tested with cosmic rays and in a
test beam [52]. The RPC is not the only detector technology available; other options under
active study include Gas Electron Multipliers (GEM) [53], MICRO MEsh GAseous Structure
(MICROMEGAS) [54] and scintillator with Silicon Photomultipiers (SiPM) [55][56].

2.2.5 Magnet system

The largest superconducting magnet ever built so far is the CMS solenoid with a 4T field
installed on the LHC. It is a proof-of-concept for the SiD magnet and provides a starting
point and useful experience for the SiD design [57]. The main design parameters of both
are compared in Table 2.7. Similar to CMS, a high-purity aluminium conductor stabilizer
with indirect liquid helium cooling is used. A winding design with six layers is proposed to
provide sufficient linear current density to generate a 5T field. The CMS magnet has the
largest stored energy per unit cold mass (E/M) value of all existing magnets. The E/M value
is a measure of stability and safety of a magnet [58] because the more stored energy the cold
mass is able to absorb, the less likely thermal damage is to occur during a quench. The
SiD solenoid is designed with a slightly higher E/M of 12 kJ/kg, which is close to the upper

bound where large aluminium dominated magnets can be operated in a fail-safe manner.

In addition to the superconducting solenoids, the magnet system also incorporates a 550
kA turns superconducting Detector Integrated “anti” Dipole (antiDID) which generates a
600 G dipole field. It is used to correct the deviation in the vertical plane for the beam
entering the interaction region with a horizontal crossing angle [59]. This helps direct low

energy beamstrahlung pairs to the extraction aperture and reduces the total radiation on the
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Quantity SiD CMS Units
Central field 5.0 4.0 T
Stored energy 1.56 2.69 GJ
Stored energy per unit cold mass 12 11.6 kJ/kg
Operating current 17.75 19.2 kA
Inductance 9.9 14.2 H
Fast discharge voltage to ground 300 300 \%
Number of layers 6 4

Total number of turns 1457 2168

Peak field on superconductor strands 5.75 4.6 T
Number of superconductor strands 36 32

% of short sample 32 33

Temperature stability margin 1.6 1.8 K
Total mass of solenoid 125 220 Metric ton
Cryostat R,,in 2.591 2.97 m
Cryostat Ruz 3.392 3.78 m
Cryostat Z,,qz + 3.033 + 6.5 m
Coil R,in 2.731 3.18 m
Coil Rpas 3.112 3.49 m
Coil Z,az + 2.793 + 6.2 m
Operating temperature 4.5 4.5 K
Cooling method Forced flow | Thermosiphon

Table 2.7: Comparison of SiD and CMS superconducting solenoids [48].

35
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BeamCal. The DID corrector is also able to compensate for rotation of the beam polarization

or beam size growth caused by the synchrotron radiation.

2.2.6 Muon Detector

The SiD muon detector function is to identify muons originating from the interaction point
with high efficiency against the hadron background which is mainly pions and kaons. The
first layers of the muon system are also useful in catching the tail of hadron showers. The
system starts outside the solenoid cryostat at a radius of 3.4 m and is integrated with the
flux return of the magnet. The flux return consists of eleven layers of 20 cm thick steel in
an octagonal barrel and another eleven 20 cm layers of steel octagons in the endcap. The
muon detectors are inserted into the 4 cm gaps between the layers. A detector layer is also

inserted between the solenoid and the first steel barrel layer.

In the baseline design double-layered resistive plate chambers (RPC) are chosen for the
muon detector. RPCs are not unfamiliar as a candidate for muon detectors since they are
affordable and easy to construct in various sizes and shapes. They are used in BaBar[60],
BELLE[61], ATLAS[62] and CMS[63] experiments. The RPC R&D is focused on the readout
design[64] and the study of their aging properties[65] which has been the major concern for
RPCs. Silicon photomultipliers are considered as an alternative technology for the muon

detector based on the strip-scintillator design of the MINOS experiment|[66][67].

2.2.7 Forward Detector

The full angular coverage of the SiD forward region where | cosf| > 0.99 is completed by two
calorimeters, the Luminosity Calorimeter (LumiCal) and Beam Calorimeter (BeamCal)[68].
In addition, to extend the detector hermeticity they also have important physics tasks. The
LumiCal will use small-angle Bhabha scattering to measure the integrated luminosity to
a relative precision better than 1073. The luminosity in reality has a distribution due to

beamstrahlung emission, and the LumiCal is also responsible for measuring the luminosity
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Figure 2.10: Forward region design. Units are cm.[48]

spectrum. The BeamCal is used for monitoring the instantaneous luminosity with beam-

strahlung pairs.

An 1-z view of the forward detector layout is shown in Figure 2.10. The LumiCal is
surrounds the beampipe with inner radius 6 cm and outer radius 20 cm, and covers a polar
angle from 40 mrad to 90 mrad. The BeamCal sits further down the beampipe covering from
3 mrad to 40 mrad. Longitudinal structures of both calorimeters follow the same silicon-
tungsten design as the ECAL. There is a tungsten mask between the LumiCal and BeamCal

to prevent backscattered low energy particles from entering the central detectors.

2.2.8 Machine Detector Interface

Together with the SiD, the International Large Detector (ILD) is another detector concept
proposed for the ILC [69]. Its structure of subdetectors is similar to that of the SiD in
general, with certain different features. The nominal magnetic field is 3.5T rather than 5T,
resulting in a larger volume. A large volume time projection chamber (TPC) as part of the

tracking system is another difference from the SiD design.

The ideal arrangement for two experimental detectors would be two beamlines serving
each one at two interaction points, which is unfortunately not possible due to the high cost
of the beamlines. Therefore the two detectors will work in so-called push-pull mode [70].

In such an arrangement, there is only one interaction region and the two detectors will be
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moved alternately to the beam position to share the luminosity.

Many technical challenges have to be addressed for the push-pull arrangement. The time
required to switch detectors should be kept to a minimum so as to avoid loss of luminosity.
A switch time of about one day is targeted for a period of approximately one month for
each detector on beamline. In order to ensure rapid switch, part of the magnetic doublet
that provides the final focus for the beam (QDO) is designed to move with the detector. The
alignment will be another issue for the push-pull arrangement. A good guiding mechanism
should determine the path and position of the detectors to a precision of &1 mm. The
detector must have an internal alignment system to check the alignment every time it is
moved into the beam position. More detailed functional requirements can be found in [70]
(while the SiD specific content can be found in [48]), and the effort towards a final push-pull
scheme is still ongoing. In spite of the technical challenges for the detector and beamline

designs, the push-pull arrangement is very cost-effective for the ILC.



Chapter 3

In-situ Storage Image Sensor for ILC

Vertexing

ISIS (In-situ Storage Imaging Sensor) is a novel CMOS sensor with multiple charge
storage capability developed for the ILC vertex detector by the Linear Collider
Flavour Identification (LCFI) collaboration. This chapter reports test results for
ISIS2, the second generation of ISIS sensors implemented in a 0.18 micron CMOS
process. The local charge storage and charge transfer capabilities are unambiguously

demonstrated.

3.1 Silicon Detectors for HEP Experiments

For high precision vertex detectors, silicon is a preferred material. It has a band gap of
1.1 eV, low enough for prolific charge production by ionization. For every micron of path
length that a minimum ionization particle (MIP) traverses, about 80 electron-hole pairs are
produced, well localized around the particle trajectory. The band gap is also high enough to
prevent large dark current generation at room temperature (k7T ~ 0.026eV) [71]. Advanced
fabrication and processing techniques for silicon, due to the rapid progress in integrated

circuit technology, also open the door to wider use of the material in particle detectors.

The simplest silicon detector is a reversely biased p-n junction, or a silicon diode. It is

well-known that the concentration of charge carriers in silicon can be increased by doping|[72].

39
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Doping with material that has five valence electrons (like phosphorus) increases concentration
of electrons as free charge carriers; semiconductors doped this way are called n-type. On the
other hand doping with material with three valence electrons (such as boron) contributes to
the concentration of holes, which is called p-type doping. When n-type and p-type silicon
come into contact, they form a p-n junction. Thermal diffusion will drive electrons from the
n-region to the p-region and the electrons will become bound in atoms by filling the holes.
The holes in the p-region diffuse to the n-region as well. The trend continues until a layer
of space charge near the junction appears. Electric potential and field are built up by the
space charge to prevent further diffusion. This thin layer free of mobile charge is “depleted”.
If external voltage is applied to the p-n junction, with the positive polarity at the n-type
side and negative polarity at the p-type side, free charge carriers are pushed further away
from the junction, leaving an expanded depletion region. If the voltage is high enough the
p-n junction is fully depleted, totally free of mobile charge carriers, forming a capacitor. If
a high energy particle pass through the depletion region now, created electrons and holes
will be rapidly swept to the electrodes. In this sense, a fully depleted p-n junction forms
an ionization chamber. This is the basic principle for all silicon detectors based on high

resistivity material.

The basic operation mentioned above is embodied in a simple strip detector as shown
in Figure 3.1. The asymmetric p-n junction is composed of heavily doped p-type strips at
the surface, and lightly doped n-type bulk. The depletion region extends across the n-bulk.
At the backside a highly doped n-type layer provides electric contact to a high voltage bias,
necessary for depletion. At the doped p-type strip side, metal strips (usually aluminium)
are used to provide an electric contact. The metal strips and doped strips are sometimes
separated by a SiOs layer, or AC-coupled, to decouple electronics from the effects of bias

voltage and leakage current.

The charge produced by the passage of energetic particles will be collected at the nearest
electrodes, so division of the sensor area into strips provides position information. The

division (essentially the size of the strip pitch) determines the resolution. In colliding-beam
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Figure 3.1: Operation principle of a simple silicon strip detector.

experiments the pitch of the strips typically ranges from 25 to 100 pm, and the strips’
length can be centimetres to tens of centimetres [73]. With one set of strips only position
information in one dimension is available, while another set of strips provides two-dimensional
information if they are placed in the back side at an angle with the set in the front side.
This configuration however suffers from 'ghosts’. For a simplistic estimation, /N hits in the
strip detector result in N2 possible positions among which N? — N are so called ghosts. This

becomes more severe at high hit densities.

A pixel detector is therefore favourable for pattern recognition since the hit pixel un-
ambiguously identifies the coordinates and there are no ghost hits present. Due to its fine
granularity a pixel detector has better tolerance to hit density than a strip detector, there-
fore can be placed closer to the interaction point, which in turn results in a better precision
for the impact parameter. An order of 10* reduction in area of a pixel compared to a strip

means a huge reduction in the leakage current, hence a much lower shot noise.

Various approaches exist for fine segmentation of silicon detectors in two dimensions. The
most straightforward one is a hybrid pixel detector, which is formed by an array of sensor
chips connected to a matching readout chip via bump bonds. The readout array extends

beyond the sensor chips to allow additional circuitry and external connections. The pixel
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size is typically limited by the readout electronics required for each cell.

The charge-coupled device (CCD) was invented in 1969 [74] and was first used for particle
detection in the 1980s [75]. During the charge collection phase the CCD acts as an array of
small ionization chambers as introduced previously. During the readout phase the gates on
pixels are properly biased to transfer the charge to the readout register. The most common
three-phase CCD can be taken as an example, see Figure 3.2. There are three gates in
each pixel which are connected to three different clock phases. Assume only the first gate is
biased high and the charge (electrons) is held underneath. By raising the second gate the
charge is shared between two gates by diffusion. Then lowering the first gate the charge is
totally driven into the second gate. The movement of the charge packet from one pixel to the
neighbouring one is illustrated in Figure 3.2. For a full CCD array, the charge from each pixel
is first transferred vertically to the horizontal register at the end of the column, and then
horizontally to the readout circuitry. A large number of transfers is required for the full array
readout so charge transfer efficiency (CTE) almost equal to unity is essential. High CTE
can be achieved in the so-called buried channel CCD by creating a buried-channel potential
well [76]. The charge is therefore confined within the potential well without touching the

silicon-Si0, interface, avoiding the trapping at the interface and greatly improving the CTE.

The hybrid pixel detectors need precision bump bonding, which adds to the complexity
of processing. Realization of the similar functionality on a monolithic sensor will represent
a major simplification in the detector assembly. The CMOS imagers which integrate the
sensor region and readout circuitry monolithically at pixel level have been in wide use for
optical imaging for more than a decade. Efforts to apply the technology to particle detection
are also being explored. The ISIS2 sensor which will be described in the following sections is
such an example. The monolithic pixel detectors will take advantage of the standard CMOS

fabrication process, which has become very advanced and mature in the last decade.
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Figure 3.2: (a)Charge packet movement in three-phase CCD. One pixel of three phases is
indicated. (b)Readout for CCD full array.

3.2 Introduction to ISIS

3.2.1 Two Approaches to Readout of ILC Vertex Detector

The ILC beam structure is shown in Figure 3.3 for the nominal beam parameters listed in
Table 2.2. The repetition rate of the 1 ms long bunch train is 5 Hz. During each bunch train
there are 2625 bunches[38], each separated by a 369 ns interval. Estimation of the particle
flux in the detector predicts that there are 250 hits/mm? per bunch train for the innermost
layer of the vertex detector in the barrel section. In order to keep the occupancy at a low
level the signals have to be read out 20 times during each bunch train. The difficulty of
this requirement can be stressed by a comparison to the SLD[77], a detector at the previous
linear collider, SLC[37], which had a vertexing detector. The bunch crossings at the SLC
were separated by 8 ms intervals and the signals at the vertex detector were only read out

once during each bunch train.

The exact sensor technology is not yet decided for the ILC vertex detector but several
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Figure 3.3: The bunch train structure of ILC beam for nominal parameters.

candidates are under development. They can be generally categorized into two types accord-
ing to their approach to tackle the fast readout challenge. The first approach is readout as
fast as possible during each bunch train at a speed of 50us per frame, which is pursued by
Column Parallel CCDs [78][79][80][81], Monolithic Active Pixel Sensors(MAPS)[82][83] and
DEPleted Field Effect Transistor (DEPFET) sensors [84].

The other option is to store the charge at the pixel level during bunch trains and to
read it out during the quiet time between collisions. The examples of this approach are ISIS
(which will be discussed in detail in this chapter) and Flexible Active Pixel Sensors (FAPS)
[85]. For the fast readout option, the peak power during the bunch trains is usually very
high, therefore they are powered off between the bunch trains and on again when the next
bunch train arrives. The ISIS approach, however, requires a much lower peak power, and

avoids power cycling needed for fast readout approaches.

3.2.2 ISIS Principle

The In-situ Storage Image Sensor (ISIS) is a monolithic pixel detector with in-situ charge
storage capability to meet the requirements at the ILC vertex detector. The concept of the
ISIS sensor can be illustrated in the cross section of a pixel as shown in Figure 3.4. During
collisions the charge generated in the ~ 20um epitaxial layer is collected under the photogate.
Then the raw charge is transferred down to the pixel-level storage cells, equivalent to a short

CCD column. The signal charge will be shifted to the register every 50us as the time
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slicing required. The charge-voltage conversion and readout of the full array will happen in
the 200ms quiet time between the bunch trains. The CCD register is protected from the
epitaxial layer by the deep pt implant. There are openings on the p' implant below the

photogate so that the signal charge can be collected by diffusion through the openings.
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Figure 3.4: ISIS design concept.|[86]

3.3 1ISIS1

3.3.1 ISIS1 Design

The first generation device ISIS1 was produced to prove the feasibility of local charge storage
using storage cells with a relatively large pitch. The ISIS1 sensor was manufactured by e2v
technologies [87] in a CCD process with a feature size of ~ 2um. Figure 3.5 shows an
ISIS1 sensor wire-bonded onto a ceramic package. The epitaxial layer is 50 pm deep. There
are 16 x 16 pixels each with pitch size 160 x 40 um?2. A photo of three ISIS1 pixels under
the microscope is also shown in Figure 3.5. Each pixel has a 8 x 8 um? area photogate, 5
storage cells (a 5-cell CCD) and a three-transistor (3T) output circuit. The photogate is
surrounded by isolation gates on three inactive sides and is separated from the memory cells
by a transfer gate. The 3T structure consists of a reset transistor, a source follower and

a row selector. A schematic sketch of an ISIS1 pixel is shown in Figure 3.6. Each column



3.3 ISIS1 46

connects to an on-chip load and to the gate of a larger source follower transistor. Each row is

clocked separately so that the stored charge of any selected row can be read out in parallel.

Two variations of the ISIS1 sensor were manufactured, the basic one and the p-type one.
Their difference is in the presence of the pt well encapsulating the buried channel. This
3 um deep p™ well is only present in the p-type sensors as shown in Figure 3.6. It reflects the
charge created in the epitaxial layer and protects the CCD registers from parasitic charge
collection. The charge is collected under the photogate with the help of the punch through
effect. The punch through effect appears when the photogate voltage is high enough so the
electrons are attracted to the photogate despite the presence of the p™ well. The absence of
the p™ well in the basic type means the generated charge can be directly collected by the

storage cells.

G

(a)

Figure 3.5: (a)ISIS1 sensor wire-bonded onto a ceramic package; (b) Three pixels on ISIS1.[88]

3.3.2 ISIS1 Testing Results

The in-situ charge storage concept in ISIS1 has been demonstrated in successful tests with

X-rays and testbeams [89][88][90].
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Figure 3.6: Schematic drawing of one ISIS1 pixel. The p™ well is only present in the p-type
sensors.|88]

Testing with *°Fe

CCDs in vertex detectors are used to detect Minimum Ionization Particles (MIPs) while
the absolute charge calibration can be conveniently performed with X-ray photons. X-ray
photons of a few keV generate a large amount of e-h pairs in an almost perfect point-source.
In other words, the charge generated from an X-ray photon can be confined to a single CCD
pixel, and the uncertainty of the electron-hole numbers is simply given by statistics (N £+v/N
assuming Poisson distrubution). One of the most widely used X-ray sources is ®*Fe. An
unstable % Fe atom will decay into a manganese (Mn) atom when the nucleus absorbs a
K-shell electron. An electron from the L- or M- shell drops to fill the K-shell, emitting a 5.9
keV or 6.5 keV X-ray, corresponding to K, or Kg lines. A 5.9 keV photon generates 1620 e~
in silicon contained within a diameter of 0.4 um (FWHM) [76]. A 6.5 keV photon generates

1780 e~ but the Kz emission is much less probable, accounting for only 1/7 as much as K,.

Under the illumination of 5.9 keV X-rays from a ®>Fe radioactive source, the signals
collected by the ISIS1 devices with and without p-well are shown in Figure 3.7 [89]. The
pedestal (larger peak in Figure 3.7) is fitted with a Gaussian and the o value obtained from
the fit characterizes the noise. The clear signal beyond pedestal shows successful charge
transfer from the photogate through 5 memory cells. The difference in the signal rates
between the basic and p-type sensors indicates that the p™ well efficiently prevents the

charge collection in the storage CCD cells.
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Figure 3.7: Distribution of the Fe® signal scaled by noise for ISIS1 devices with and without
pT well. o is the Gaussian noise of the pedestal [89].

The charge shielding capability of the p-well is quantitatively illustrated in Figure 3.8 [90],
which shows the ratio of Npnotogate/Necd- Nphotogate Stands for the % Fe hit rate as captured
by the photogate and N..; stands for the rate of hits that is captured in the CCD storage
cells. The abscissa is the bias on the photogate. The higher the photogate potential, the
more charge is collected through the p-well due to the punch-through effect. As a result, the
Nphotogate/ Neea Tatio increases with respect to the photogate potential for the p-type sensor.
The high value of the ratio at high photogate potential shows that most of the charge is

reflected by the p-well rather than directly collected by the CCD registers.

Tests with Testbeams

Five basic ISIS1 devices without p-well were tested with help of the EUDET telescope [91]
using a 6 GeV electron beam at DESY. The devices were cooled to —20°C to suppress the
shot noise. Hit pixels were combined into clusters. The amplitude distribution of cluster
signals is shown in Figure 3.9. A seed pixel is defined to have the highest signal in a frame
corresponding to a certain memory cell. Of all the pixels immediately next to the seed, the
one with the highest signal is combined with the seed to form a cluster. The amplitude

distribution of the seed signals is also shown. From the ®>Fe calibration one ADC count
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Figure 3.8: The ratio of the signal rate under the photogate to that under the storage cells
for ISIS1 sensors with and without p-well [90].

approximately corresponds to 8e~. Fitting of the larger cluster signal peak with Landau
distribution yield a most probable value of 3900 e~, which is compatible with the 4000
e~ expectation for the 50 pum epitaxial layer. The smaller peak in the signal distribution
is caused by charge collection inefficiency. The hit position was reconstructed with the n
algorithm [92], and a position resolution of 11.6 £+ 0.1 um was obtained in the direction

corresponding to the 40um pitch.

The double-peak structure in Figure 3.9 indicates an inefficient charge collection, so a
method was devised to determine the inefficiency [88]. If the five ISIS1 devices are numbered
along the beam direction, the third sensor is considered as the Device Under Test (DUT)
while the first, second and fourth sensors are used for track finding. In correlation studies
the fifth sensor was found misaligned from the others by approximately 300 pym in both
directions and was not considered for this analysis. Once a track is reconstructed from the
hits on devices 1, 2 and 4, a hit position on DUT is predicted. The analysis showed that
only 34.9% of the tracks were found on the predicted pixel, which increases to 59.3% if the
hit occurs in the predicted 5 x 5 pixel area. This considerable inefficiency is largely due to

the ISIS1 geometry. The 160 x 40 ym? pitch is large and asymmetric. If a MIP hits between
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Figure 3.9: Cluster and seed signal distribution for ISIS1 under beam test [88]. MPV stands

for the most probable value.

two photogates the generated charge can spread to many pixels and be collected by different

photogates at the same time as sketched in Figure 3.10. For the “worst” hit position shown

in the figure, which is in the middle of two photogates in both direction, the distance of the

hit to each numbered photogate and the fraction of charge collected by each photogate is

listed in Table 3.1.
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Figure 3.10: Sketch to scale of the photogate positions in ISIS1. A hit between the electrodes
(filled circle) will share its charge over many pixels. The circle guides the eye to show that
the distance from the worst case hit position to position 1 or 2 is not very different [88].
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Photogate | Distance (um) | Fraction (%)
1 82.5 6.7
2 100.0 5.5
3 128.1 4.3

Table 3.1: Distance between the worst hit position and numbered photogates and fraction
of charge arriving at each photogate. The photogate numbering is shown in Figure 3.10 [88].
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3.4 1ISIS2

3.4.1 ISIS2 Design

With the success of the proof-of-principle sensors ISIS1, the second generation of the ISIS
sensor, ISIS2, has been designed and produced. The ISIS2 sensors were manufactured in a
0.18 um CMOS process by Jazz Semiconductor [93]. The small feature size of the process

2

allows for 20 storage cells in every pixel, each with an area of 3 x 5 um?* (comparing to the

20 x 40 pum? storage cell on ISIS1).

Figure 3.11 shows a photo of a packaged ISIS2 sensor and its floor plan. The total size
of the sensor is 5 x 5mm?. The sensor has 32 columns and 128 rows, divided into the upper
and lower halves, with buried-channel and surface-channel reset transistor respectively. The
columns are divided into four equal sections distinguished by different deep p™ well variations.
Outputs from 8 columns in each section are multiplexed. The row readout is performed using
a rolling shutter principle, namely the signals are scanned across the frame row by row, rather

than read out in parallel simultaneously.
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Figure 3.11: ISIS2 sensor wired-bonded in a ceramic package(left) and ISIS2 floor
plan[94](right).

The ISIS2 imaging pixel size is 40 x 20 um? determined by relative locations of the

photo gates, while the pixel layout size is 80 x 10 um? as illustrated in Figure 3.12. This
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Name Value (V) Function
OD 5.0 Output Drain
RD 5.0 Reset Drain
RG 5.0 Reset Gate
oG 0.0 Output Gate
SG 4.0 Summing Gate
PG 3.0 Photogate

P1, P2, P3 3.0 CCD clocks
IG1, IG2 0.0 Isolation Gate

Table 3.2: The default bias settings for ISIS2 testing.
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miniaturization is a major progress compared to ISIS1 thanks to the small feature size

provided by the foundry. The staggered pixel layout results in a maximum distance of

21 pm to the nearest photogate for any hit, which should improve the charge collection

efficiency comparing to ISIS1 (Table 3.1). Each pixel of ISIS2 contains a 3-phase CCD with

20 storage cells, a reset transistor, source follower and a row select transistor. There is a

charge injection input next to the photogate and this controlled charge injection is useful for

testing. All clock and bias signals are shared between all pixels except the Summing Gate

(SG) and Row Select (RSEL) signals, which can be controlled by a separate transfer gate

at the row level. A diagram of the pixel structure described above is shown in Figure 3.13.

Typical bias values are listed in Table 3.2.

Figure 3.12: ISIS2 pixel layout[95].
pixel are shown shadowed.

An 80 x 10 um? layout pixel and a 40 x 20 um? imaging



3.4 ISIS2

Within each pixel
A
' ™
IDR 1G1 OGRG RD OD RSEL
O
1

LTS

Column
transistor
| <
ouT
Common to all pixsls (global signals): Common to a row:
OD — Output Drain SG — Summing Gate
RD — Reset Drain RSEL - Row select \ J
RG — Reset Gate
IDR  Input Drain Per column

IG1 — Isolation Gate 1

G2 - Isolation Gate 2

OG - Qutput Gate

P1, P2, P3 —Phase1, Phase2, Phase3
PG - Photo Gate

Figure 3.13: Diagram of the ISIS2 pixel.[94]
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The separation of the buried channel and the epitaxial layer with the deep p™ implant

is another improvement with respect to ISIS1; this is only possible in a modern CMOS

process. Figure 3.14 shows part of the cross-section of an ISIS2 pixel under the photogate.

The opening of the deep p* implant is shown (not to scale) through which the deposited

charge is collected. In order to investigate properties of the deep p™ implant, four sections

of the ISIS2 chip were implemented with the following variations:

A No deep p* implant;

B Deep p* implant with the opening size equal to the photogate size;

C Deep p* implant with the opening size equal to the photogate size plus 0.25 gum on all

four sides;

D Deep p* without the opening.

The fabrication process enables a range of additional ISIS2 variations which can be helpful

in studying and optimizing the performance. These variations are listed below:

e Deep p* implant (as mentioned above);
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Figure 3.14: ISIS2 pixel cross-section under the photogate[94]. See text for details.

Pixel Type | Reset Transistor | Gate Length | Gap between Gates
1 Buried Channel 0.75 0.25
2 Surface Channel 0.75 0.25
3 Buried Channel 0.77 0.23
4 Surface Channel 0.77 0.23
5 Buried Channel 0.73 0.27
6 Surface Channel 0.73 0.27
7 Buried Channel 0.71 0.29
8 Surface Channel 0.71 0.29

Table 3.3: ISIS2 pixel variants. The unit for the gate length and the gap between the gates
is pm.[94]

e Reset transistors implemented in surface channel or buried channel;
e Different CCD gate and gap width (summarized in Table 3.3);

e Wafers implanted with different doses at the surface to create the buried channel.

3.4.2 Experimental Setup

A block diagram of the experimental setup for the ISIS2 testing is shown in Figure 3.15.
The packaged ISIS2 sensor is mounted on a customized motherboard (Figure 3.16) which
provides all bias voltages and timing signals to the sensor. The motherboard also amplifies
the analogue output with a total gain of 3. The power and biases for the motherboard

are supplied by three Agilent 6700B power units. A timing sequencer BVM2 developed by
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the LCFI collaboration[96] provides all clocking and triggering signals for the motherboard.
The BVM2 obtains the master clock from a Tektronix AFG3102 signal generator. Another
Tektronix AFG3102 generator triggered by the BVM2 is used to send a charge injection
signal to the motherboard when needed. The output from the motherboard passes through
a custom-made amplifier with adjustable gain, voltage offset and bandwidth filtering capa-
bilities. The amplified and filtered output is sent finally through an Agilent MSO6104A
oscilloscope into a 4-channel 14-bit ICS-554 analogue-digital convertor (ADC). The ADC
receives triggers from the BVM2 and uses a 100 MHz internal clock. Most of the equipment

is placed in a VME crate as shown in Figure 3.17.

‘ Generator 1 ‘ ADC ‘
ADC
Master Gate
Clock
IDR
Trig% BVM2 ‘ Oscilloscope ‘
Generator 2 ( gfésk
Output ;
IDR MotherBoard Filtered
Amplifier
Power Supply | ‘ Heating Coil | ‘ Thermometer

Figure 3.15: Block diagram of the ISIS experimental setup.

The motherboard is mounted in a black plastic box as shown in Figure 3.16 to protect
it from visible light. A small hole is cut in the lid at the position right above the sensor to
enable X-ray illumination with an % Fe radioactive source. The source is held in a collimator
mounted above the hole. The box is placed in a Frigidaire freezer to provide necessary
cooling. Nitrogen is piped into the box to purge the air so as to avoid condensation on
the sensor. The motherboard has a thermal resistor and the temperature is monitored
by connecting to a custom-made temperature control box. In addition, a Hanna digital
thermometer is placed in the freezer to monitor the ambient temperature of the motherboard.
When heating is needed, two heating resistors are glued to the diagonal corners of the ceramic

ISIS sensor package. The resistors are connected to an external voltage source.

All the instruments providing the timing and biases are controlled by LabVIEW software[97].
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Figure 3.16: Photo of a packaged ISIS2 sensor mounted on the testing motherboard.

A sequence control GUI is used to define parameters of the clocking of the CCD and other
gates. The sequence is written in time units, while each unit is equal to 1 over the frequency
of the master clock. So for a specific sequence, its actual length can be controlled by varying

the master clock frequency.

A diagram of typical ADC output is shown in Figure 3.18, which also illustrates the
Correlated Double Sampling (CDS) technique applied in the data analysis to eliminate reset
noise. The reset noise is induced on the sensor node during the reset. It is caused by the
thermal noise generated at the reset transistor and sometimes is also called the kTC noise.
The two plateaus marked as L1 and L2 in Figure 3.18 stand for the level before (reference
level) and after (signal level) the charge transfer to the output node. Given that there is no
reset in between, both levels suffer the same reset noise. The difference between the reference
level and signal level is recorded rather than the absolute value of the signal level because
the reset noise cancels out for the difference. The value of the reference level is taken by
averaging two points (A1l and A2) while the signal level is obtained by averaging two points

B1 and B2 separated by the same distance (L1 = L2).
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Figure 3.17: Photo of the VME crate and some apparatus in the experimental setup: (1)
Tektronix AFG3102 signal generator; (2) Agilent MSO6104A oscilloscope; (3) BVM2 timing
sequencer; (4) Agilent 6700B power supplies; (5) Frigidaire freezer; (6) Nitrogen pipe.
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Figure 3.18: Illustration of the Correlated Double Sampling technique. Note the signal level
is lower than the reference level because the charge collected is negative.
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3.5 Study of ISIS2 Test Structure

A simple test structure, as shown in Figure 3.19, was included on the same ISIS wafer. It
is similar to the ISIS2 pixel in the main array except for the absence of the storage CCD
cells. The charge generated in the buried channel is collected at the photogate (PG), then
transferred to the summing gate (SG), eventually through the output gate (OG) to the

output node (Node).

This structure allows us to establish the optimum operation point of the ISIS pixel
before studying the full array. Over half of the test structure area is taken by the 4 x 5 ym?
photogate. The small size of the output node results in its small capacitance, hence a large
charge to voltage conversion factor and potentially a very low noise. On the other hand the
small size together with the tapered shape from the output gate (OG) to the output node
could complicate charge transfer between the two and also means that the edge effects and

3D fringing fields can become important.
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Figure 3.19: ISIS2 test structure[95]. The initials in the figure stands for: ID - Input Drain;
IG - Input Gate; OS1 - Test structure 1; RSEL - Row Selector; the rest of them have the
same meaning as in Table 3.2.

The test structure is also divided into several variations, mainly by the size of photogate.
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In all the results below, the test structure with 4 x 5 um? photogate is used.

3.5.1 Fringing Effect

It turns out that the fringing effect is important because the voltage on the output gate (OG)
is pulled up by the constant 5 V bias on the neighbouring output node, and is not equal to
the voltage applied to OG due to this effect. It is found that the OG bias should be set to
below 0 V otherwise the charge stored on the summing gate (SG) will leak from the summing
gate directly into the output node. This is illustrated in Figure 3.20 (b). The OG bias value
for a typical CCD could be above 1 V. Figure 3.20 (a) shows a quantitative example of such
behaviour [98]. The sensor was illuminated with LED light and then the voltage on the
photogate was lowered while the voltage on the summing gate was kept high. The charge
collected should be temporarily held within the summing gate if the OG functions properly.
The line labeled “SG” shows the charge kept under the summing gate and “PG” shows the
charge that leaked through OG to the output node. It is clear that for a low enough OG
voltage the charge can be transferred as expected while at high OG the transfer is severely

hampered by effects of the fringe field and happens prematurely.

3.5.2 Readout Speed

Another unexpected feature discovered in ISIS2 is the highly resistive polysilicon gate. The
gates were left unintentionally undoped, however it turned out that the sheet resistance of
undoped polysilicon is much higher than pure undoped silicon by orders of magnitude [95].
The immediate result is that the time constant to charge up the gate to a certain voltage
is substantially longer than expected, and a charge transfer between two neighbouring gates
typically takes up to a few milliseconds. The time constant also varies with the temperature.
From Figure 3.21 which shows the voltage on the output node it is clear that the response

at lower temperature is much slower.

The temperature dependence has been studied to determine the optimal conditions. Fig-
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Figure 3.20: (a) Charge that can be held under the summing gate(SG) and that leaks to
the output node(PG) at different OG voltage [98]; (b) Diagram of the charge leaking to the
output node (upper) and charge held in the summing gate (lower) if the OG voltage is low
enough.

ure 3.22 shows the fastest readout allowed for different temperatures by measuring the in-
jected charge. The y axis is the output amplitude change due to charge injection to the
photogate and the x axis is the frequency of the master clock, a measure of time for the
charge transfer. The charge injection is enabled with the IDR structure as shown in Figure
3.13. The charge injection process is similar to the transfer from the summing gate to the
output node, except that the order is inverted. The voltage on the input gates (OG1, OG2)
is always set to zero. When a positive voltage is applied on the IDR certain amount of
charge is generated; and when the IDR voltage is lowered to zero, these charge are pushed
through the input gates to the photogate. The y value is only determined by the amount of
charge injected if the charge is fully transferred. Therefore the drop in the output amplitude
at higher frequency means incomplete charge transfer, caused by the slow operation of the
gates. The curve for room temperature (26.8°C) starts to drop beyond 2 MHz, correspond-
ing to a period of 2.5 ms for transfer from the photogate to the summing gate. For low
temperatures below 0°C the turning point is approximately 0.5 MHz, corresponding to time

of transfer of 10 ms.
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Figure 3.22: Change of the output amplitude due to charge injection, as a function of the
master clock frequency for different temperatures. The turning point shows the fastest
readout allowed for different temperature, see text.
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Though the time of operation was largely limited by the charge transfer speed, it was also
found that the charge survives up to a few seconds in the buried channel of the sensor which
enables us to investigate charge transfers in the CCD structure and to study the charge

transfer efficiency (CTE), as described in Section 3.6.2.

3.5.3 X-ray Calibration

The absolute calibration of the signal is performed using the 5.9 keV X-ray source as in-
troduced in Section 3.3.2. The sensor was illuminated under an °®Fe radiative source. The
output amplitude was digitized by the ADC and the CDS technique was used. A data set
accumulated for approximately 10 hours at the temperature of 31 °C is shown in Figure
3.23. The right peak in the figure is the signal peak and the left one is the pedestal peak
corresponding to the case when no X-ray was registered. The valley in between corresponds
to the charge from ° Fe signals shared between pixels. Both peaks are fitted with Gaussian
distributions, and the distance between the mean values corresponds to 1620 e~ generated
by the K, X-ray photon. The ¢ value of the pedestal Gaussian is used as equivalent noise.
It gives a calibration of 4.182 4+ 0.005 ADC counts per e~. Given the gain of the sensor
and of the test board, it can be determined that the output node has a responsivity of

21.3 £ 1.1uV /e, in agreement with the design value.

It is possible to estimate the charge transfer efficiency (CTE) on the test-structure using
the X-ray source. The outputs from two cases are compared: (1) direct X-ray hits on
the output node with other gates unclocked and (2) hits collected on the photogate and
transferred through the summing gate to the output node. The ratio of the charge in case
(2) to case (1) is the CTE, shown as in Table 3.4. Only the output node results in case
(1) can be used for the absolute calibration since there is no loss of charge in transfer.
This measurement was repeated at room temperature and low temperature, and the CTE
estimations agree well in both cases. This relatively low CTE about 94% (comparing to
typical buried-channel CCDs) was most likely caused by the tapered shape of the transition

from the summing gate to the output node. The noise for both cases is also listed in Table
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Figure 3.23: Amplitude spectrum of 5 Fe X-ray source used for absolute calibrations of ISIS2
Sensor.
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Temperature —10°C 31°C
Peak seperation of Output Node(ADC counts) 6810 6799
Peak seperation of Photogate(ADC counts) 6417 6423
CTE (94.2+ 0.2)% | (94.5£0.4)%
Noise of Output Node (e7) 20 14
Noise of Photogate (e™) 27 66

Table 3.4: X-ray calibration and CTE on test-structure.

3.4. The noise is low for the output node, which allowed us to resolve the K, and Kz signals
as indicated by arrows in Figure 3.23. The larger noise on the photogate is due to the longer
integration time and therefore additional contribution from the shot noise. Its rapid increase

with temperature is also typical for shot noise.

3.5.4 Well Capacity

The well capacity of the sensor is measured by observing the signal saturation. The signal
on the sensor can be induced by dark current, external light source (LED for example)
or injected charge, which all cause saturation at high signal level. Figure 3.24 shows the
output signal as a function of integration time for different summing gate bias. For short
integration time, the output shows linear dependence due to the dark current accumulated
at the photogate. The slope is dependent on temperature. This plot is obtained at 30°C,
and for similar measurements at lower temperatures a more gentle slope is observed. The
constant output at long integration time shows that saturation occurs when the accumulated
charge reaches the well capacity of the summing gate. The summing gate has an area of
1 x 5 pm?, smaller than the 4 x 5 um? photogate, therefore a smaller well capacity. Figure
3.24 also shows that the well capacity of the summing gate increases with the voltage applied
to it, which further confirms that the saturation happens on the summing gate rather than

the photogate.

Measurement of the well capacity using charge injection is shown in Figure 3.25. The

amount of charge is controlled by the IDR voltage (abscissa). The IDR value has to be
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Figure 3.24: Dependence of the output voltage on the photogate integration time.

Summing Gate bias (V) | Well Capacity (10%¢™)

3.5 2.1
4 7.2
4.5 15.0

Table 3.5: Well capacity of the ISIS2 summing gate for different summing gate bias. The
uncertainties for the well capacity measured can be estimated to 76e™.

over a certain threshold for the charge injection to function, in this case the threshold being
approximately 3 V. Once over the threshold, the amount of charge injected is proportional to
IDR voltage until the charge saturates the well capacity of the summing gate. Note that the
output amplitude levels at saturation are very similar in Figure 3.24 and Figure 3.25. From
the difference between the output amplitude at saturation and that below IDR threshold it
is easy to derive the amount of charge needed to saturate the well capacity (charge = output
amplitude / ADC count number per e~), given absolute calibration of output amplitude in
electrons (Section 3.5.3). The calculated value for different summing gate biases is given in
Table 3.5. It should be noted that this number is given as the lower limit of the well capacity
because there is a considerable dark current accumulated on the photogate even when there
is no charge injection at all. The well capacity is measured for the summing gate, but it also
applies for the CCD storage cells because the pitch size of the CCD gates is the same as the

summing gate (1 x 5pum?).
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Figure 3.25: Dependence of the output voltage on the IDR voltage.

3.6 Study of ISIS2 Main Array

Studies of the test structure described in the previous section allowed us to optimize the
operational parameters of the ISIS2 sensor and to perform tests of the full array. An exam-
ple of successful charge transfer in an ISIS2 pixel from the main array is shown in Figure
3.26. The oscilloscope traces with and without charge injection are shown. The difference
emphasized with the red circle is due to the charge injected to the photogate. The charge
accumulated in the photogate is transferred down through 20 storage cells to the summing
gate, and eventually over the output gate to the output node where it is converted to voltage.
The scope trace records the whole period in which the injected charge propagates through
the pixel. The reset drain is enabled once before every transfer from the summing gate to
the output node in order to clear the charge on the node. If we number the storage cell next
to the photogate as the first, the change of amplitude after the first reset corresponds to
the charge collected on the 20th storage cell. Similarly the signal after the second reset is
the charge from the 19th cell transferred through the 20th to the output, and so forth. The

linear accumulation of leakage current on the twenty CCD registers is clearly visible.

The scope trace above is taken from a continuous readout of a pixel in a fixed row rather

than a whole frame with rolling shutter readout switching among the rows. The rolling
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Figure 3.26: Oscilloscope trace of a successful charge transfer in the ISIS2 main array.

shutter readout is unfortunately not working for the ISIS2 due to a design mistake in the

row logic which prevents selection of a single row.

3.6.1 Operation Optimization

The slow readout speed mentioned earlier means that it takes a long time (up to seconds)
to read out a full pixel, during which the dark current could cause a considerable shot noise
and, more worryingly, could saturate the well capacity. A lot of efforts therefore have been
directed to minimize the readout time. The most straightforward way of reducing the dark
current will be to reduce temperature, but this will lead to higher resistivity of the polysilicon
gates, hence even longer readout time. The following optimization study is done at the fixed
temperature of —5°C. This temperature is chosen as a trade-off between low shot noise and

fast readout speed.

Charge injection was again used to determine the fastest readout allowed. The well
capacity is a fixed value, determined by the potential applied to the gate (as discussed in
Section 3.5.4). Ideally it is equal to the amount of charge injected that causes the saturation

of output. However due to the leakage current accumulated on the photogate as well as on
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the CCD storage cells, the charge injected at saturation is always less than the well capacity
of the CCD gates. The dark current accumulation is proportional to the integration time
(as shown in Figure 3.24), therefore the faster the readout, the less charge is collected due to
dark current, hence the more charge injection is needed to saturate the well capacity. The
difference of the output between cases with saturation and with no charge injection should
increase as the readout speeds up. This tendency continues until the readout speed limit is
reached, starting from when the charge is transferred only partially due to slow operation
of the gates. Beyond the threshold speed, the output at saturation should decrease as the

speed increases, because more charge will be left in the CCD cells, untransferred.

Figure 3.27 shows the measurement based on the idea above. The x-axis is the IDR
voltage which determines the amount of charge injected, and the y-axis is the output ampli-
tude subtracted by the amplitude for the case without any charge injection. The height of
the plateaus indicates the amount of charge injected to saturate the well capacity. Various
frequencies of master clock are presented. It is observed that for frequencies above 800 kHz
the maximum height of the plateau is reduced, which indicates incomplete charge transfer,
therefore the 800 kHz master clock is the fastest readout allowed at this temperature. This

is equivalent to a period of 2.6 s for charge transfer from the photogate to the output node.

The optimization above considers a uniform sequence, namely the transfer time between
each pair of neighbouring gates is the same. This is justified for the case of the CCD storage
cells, since each gate has exactly the same geometry. But if we look into the pixel layout
(Figure 3.12), the 2 um wide output node is much narrower than the summing gate and
output gate, and the tapered shape could become the bottleneck for faster charge transfer.
If this is the case, the time sequence could be modified to further decrease the readout time
by allowing less time for the transfer from the photogate throughout 20 storage cells while
keeping the transfer time between the summing gate to the output node unchanged. Figure
3.28 shows the optimization based on this idea. The axes bear the same meaning as in the
previous paragraph. Various percentages by which the transfers through the 20 storage cells

are compressed are shown. Comparing to the original sequence compressing the transfer by
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Figure 3.27: Readout time minimization by increasing the master clock frequency. The
y-axis is the output amplitude offset by the amplitude when there is no charge injection.
Different curves corresponds to various frequencies of the master clock.

up to 15% indeed improves the readout speed while maintaining the same CTE. The sequence
compressed by 20% already shows a drop in the output amplitude at saturation, indicating
incomplete transfer through the CCD registers. Therefore compressing the transfer time

between storage cells to 85% while keeping the summing gate to output node unchanged will

further reduce the total period of transfer to 2.2 s.

3.6.2 Charge Transfer Efficiency (1)

The Charge Transfer Efficiency (CTE) is defined as the fraction of charge that is transferred
successfully from one CCD pixel to the next. Sometimes charge transfer inefficiency CTI
which equals to 1 — CTE is also used for convenience. It is an important measure of CCD
performance especially for large area CCDs. Modern CCDs can reach a CTI of the order
of 1075, Whether such efficient transfer can be achieved is not a major concern for ISIS2
because the number of transfers is small, but we do need to make sure there is no substantial
loss in the transfer from the photogate through 20 storage cells. Had the CTI been 5%, only
one third of the charge collected at the photogate would make its way to the output node,

which is unacceptably low.
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Figure 3.28: Readout time minimization by compressing the sequence without changing the
transfer time from SG. The y-axis is the output amplitude offset by the amplitude value
when there is no charge injection. Various percentage by which the transfers through 20
storage cells are compressed are shown.

In order to measure the CTE in the CCD registers two different methods are used. This
section will describe a method using charge injection, while another method making use of
an ° Fe radioactive source is described in the next section. Three-phase CCD registers are
used in the ISIS2 storage cells, therefore the charge can be moved in both directions. The
first method of CTE measurement uses charge manipulation and compares the two cases as
illustrated in Figure 3.29. In case (2) the charge injected to the photogate is first moved
forward to the middle of the CCD, then backward for n cells, then forward again to the
output node. In case (1) charge always moves forward, but will be paused in the middle
simply to keep both sequences at the same length making sure that the leakage current effects
are the same. Therefore there will be 2n more transfers in case (2) than in (1). Assuming
that the charges initially injected are Sy and the outputs measured in the two cases are S

and Sy, it is derived that:

— = CTE™
= (1-CTD)*

~ 1—2nx CTI, (3.1)
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where CTI <« 1 is the Charge Transfer Inefficiency. The statistical uncertainty of the CTE

dCTE2_(1>2X dS:\* (45’
CTE n 2n SQ Sl

where dS; and dS; stand for the statistical uncertainty of S and S; in repeated measure-

is estimated as:

(3.2)

ments. It follows straightforwardly that a large number of transfers n will result in a small
statistical error for the CTE. On the other hand the main systematic uncertainty of the mea-
surement is caused by the temperature instability, so for large n the shot noise contribution
to the uncertainty will be dominating. The measured CTE with its statistical uncertainty
for different number of extra transfers n is given in Figure 3.30. Measurements for different
n are consistent, giving a CTE of 98.9 + 0.4%. The sensor used is the type 4 (Table 3.3)

with 0.23 um gap between the CCD gates.
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Figure 3.29: CTE measurement method using reversing of direction for the charge transfer
in the CCD register.
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Figure 3.30: CTE versus number of extra transfers.
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3.6.3 Charge Transfer Efficiency (2)

Another method to measure the CTE uses X-rays from a °>Fe source. To understand the
method, we consider the ISIS2 pixel is as one-dimensional CCD registers. If the initial charge
package is Sy (e.g. 1620 e~ in the K, case) then after transfer through k pixels the charge

left is

S, = So-CTEF

= Sp-(1—CTD* (3.3)

where CTT is the charge transfer inefficiency. Usually CTI <« 1, so we can make an approx-

imation that (1 — CTI)¥ ~ 1 — k- CTL. Then Equation 3.3 becomes

Sy =So— Sy CTL- k. (3.4)

If we plot the charge Sj as a function of number of transfers k, then we will get a straight
line with intercept Sy and slope —95; - CTI. CTTI can be obtained by dividing the absolute

value of slope over Sj.

The photogate integration time is typically tens of milliseconds, a few percent of the
readout time. When charge is transferred down the storage cells a lot of X-ray hits are also
inevitably collected under the CCD gates. Therefore for this CTE measurement a challenge
is to disentangle the hits on the photogate and those on different storage cells. A solution is
to limit the X-ray illumination to the time interval when the charge is held at the photogate
or at the targeted storage cell. Two measurements based on this idea are made at different
setups. Zhang et al. [98] utilizes a moving 5 Fe source which is placed above the sensor
when the charge is held on the cell being measured and moved away when the charge is
transferred further. Figure 3.31 shows the X-ray signal as a function of number of charge

transfers. From the linear fit a CTE of 99.26% is calculated.
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Figure 3.31: Position of 5 Fe signal peak versus number of transfers. This was obtained
with a moving °®Fe source [98].

Experimental Setup of the Shutter System

The other CTE measurement was made using a fast mechanical shutter between the radioac-
tive source and the sensor. A Uniblitz LS6 shutter [99] with aperture diameter of 6 mm was
used. An aluminium shelf was installed above the motherboard and the shutter was mounted
right below the aluminium surface, see Figure 3.32. There is a hole in the aluminium surface
to place the ®®Fe source holder. The distance between the shutter blades and the sensor is
12 mm and the source is 10 mm above the shutter. Specific properties of the lubricant used
do not allow the shutter to function below 0 °C. The temperature of the Frigidaire Freezer
is adjustable, but even at the highest temperature setting the ambient temperature around
the working sensor is about —10°C. Therefore two 22 () resistors in series are glued to the
aluminium shelf to provide extra heating. A voltage of 14.5 V is applied to the resistors.
During operation the temperature of the sensor is stabilized at 6.5 °C and that on the shelf
at 16.8 °C. The latter is closest to the temperature of the shutter, which is safely within its

working range.
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Figure 3.32: Setup of the shutter system (not to scale).
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Figure 3.33: Dependence of the signal amplitude on the exposure time.

The operational properties of the shutter were studied to ensure its appropriate usage.
The signal response to the shutter exposure time was measured to determine the minimum
exposure time. The ISIS2 sensor is light sensitive, so optical light is used instead of X-rays
from the °>Fe source to gain higher signal rates. One end of an optical fibre is fixed above
the shutter blades, and the other end is illuminated by a SCHOTT light source[100] at the
maximum power setting. The change in signal amplitude as a function of exposure time is
shown in Figure 3.33. The exposure time is the time period when the shutter is triggered
open, which is synchronized with other clock sequences in the same sequencer. Below an
exposure time of 1.5 ms the signal response starts to drop, while no signal is observed at all
when it further reduces to 0.9 ms and lower. The minimum exposure time is therefore taken

as 1.5 ms.

The same setup was also used to determine the delay in opening and closing of the
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Figure 3.34: Oscilloscope trace for study of the shutter delay. The pink trace (trace 4) is
the control sequence for the shutter and the purple trace (trace 3) is the output signal. The
distance between the two vertical dashed lines shows the 1.88 ms delay in opening of the
shutter.

shutter. The signal response on the output node is observed, so no clocking is applied except
for regular reset to move the charge. Therefore it is easy to observe the change of the output
with respect to the shutter on the oscilloscope. When the control sequence for the shutter is
displayed in the oscilloscope at the same time as in Figure 3.34, the time difference between
the shutter opening and the edge of the signal increase gives the delay. It is found that the
delay varies with the exposure time when the exposure time is short. When the exposure

time is set above 4 ms, the opening delay is 1.88 ms and the closing delay is 4.4 ms.

The sequence control of the shutter is integrated into the main LabVIEW programme.
When we measure the signal for £ number of transfers, the shutter is triggered open when
charge is in the (20 — k)" storage cell. The delay of the shutter is taken into account when
setting the trigger. The polysilicon gates become less resistive at the working temperature
of 6.5°C, so the readout speed is faster than the case described in Section 3.6.1. The master
clock can be set to 9 MHz while maintaining an efficient charge transfer. If we use the same
sequence as in the previous sections this results in a transfer time 7; ~ 9 ms for each CCD
cell, about 5% of the whole period. A very low rate of X-ray hits is therefore foreseen. In

order to increase the rate we modified the sequence so that when the charge is transferred
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Figure 3.35: Sequence of the CCD clocks that pauses at the 19th CCD register.

to the target storage cell, the first gate from the three-phase CCD is held high for N times
of T; while the other two gates are held low (Figure 3.35). Due to this the charge transfer is
paused to integrate the signal at the first gate. N is set to 18 in our measurement (equivalent
to pausing the sequence for 112.5 ms) because a larger value will result in too much dark

current that saturates the well capacity of the gates.

CTE Result with the Shutter

The main difficulty of this CTE measurement is the low rate of X-ray hits. The area under
study is limited to one CCD gate which is very small. In addition the source is placed far
from the sensor to allow installation of the shutter. As a result, only a few tens of °®Fe hits
are obtained for each measurement which typically lasts 10 hours. With the small number of
entries it is difficult to fit a well-defined signal peak as in Figure 3.23. The peak position is
therefore estimated as following. Assume the signal peak still obeys a Gaussian distribution,
then 96% of the entries should fall into a +20 window around the peak. The pedestal peak is
well defined and its fitting can give the standard deviation o. It is reasonable to assume that
the o values of the pedestal and the signal peak are roughly the same. Then the signal peak
is roughly reconstructed by spanning +2¢ around the highest occupied bin. The number
of hits in the signal peak is counted. For a Gaussian distribution 16% percent probability
lies above 1o greater than the mean value, so the 1o position is determined at the point
above which 16% of the total number of hits occur. The mean value of the signal peak is
hence determined by stepping back 1o. Though not ideal, this method allows a quantitative

analysis of the measurements.

With the estimation mentioned above the separation of the pedestal peak and signal
peak is plotted as a function of number of transfers in Figure 3.36. The last point with

transfer number 20.33 corresponds to the transfer from the photogate to the output node.
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The photogate has a larger area than the CCD gates so the transfer efficiency is expected to
be smaller than that in the storage cells, which is consistent with the plot. A straight line
fit is given in the plot without the transfer from the photogate. For estimation of the CTE

in the storage cells, this fit without the photogate measurement is used, which is given by:
y = (—124 4+ 25) - x + (7789 £ 279). (3.5)

Relate the equation above to Equation 3.4, the CTI is calculated as:

slope —124
CllT=—-————=———=1.59 3.6
intercept 7789 % (36)

hence the CTE is 1 — CTI = 98.41%.
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Figure 3.36: Separation of % Fe signal peak and pedestal peak versus number of transfers.
This was obtained with a mechanical shutter placed between the X-ray source and the sensor.
The straight line fit shows the fitting for transfer from storage cells only.

The uncertainty of the CTI is estimated as:

dorr = CTI - \/ ( Ostope )2 4 ( Onsercept )2 = 0.32% (3.7)

slope intercept



3.7 Conclusion 79

which gives a final CTE result of 98.41 + 0.32%. The main source of the large uncertainty
comes from the determination of the signal peak position, which is in turn due to the low
signal rate. Another possible source of uncertainty is the presence of K hits which is ignored
in the analysis above. The CTE result itself demonstrates a quite efficient charge transfer

capability of the ISIS2 sensor, and the result is consistent with that presented in [98].

3.7 Conclusion

The ISIS sensor is one of the sensor technologies proposed for the ILC vertex detector. It
stores raw charge at the pixel level during ILC bunch trains and reads it out in the quiet
time between bunch trains. This approach has the advantage of low peak power, and it

avoids power cycling.

The ISIS2 sensor is the second generation of sensors based on the ISIS principle, with
CCD registers implemented in a CMOS process. The tests performed in this chapter showed
its successful local charge storage capability and good charge transfer efficiency (CTE). The
well capacity were measured for various biases. Charge transfer through pixels with 20
memory cells was observed. Two independent measurements both gave a CTE better than
98%. Some unexpected features were observed and characterized, such as the slow charge
transfer caused by resistive polysilicon gates. This is easy to correct in future sensor iteration,
and with such correction the sensor readout could reach the nominal rates of the ILC and

tests with full array will be possible.

The testing results described here showed that the ISIS principle is promising for the ILC
vertex detector. A next sensor iteration, ISIS3, based on the ISIS2 results could in principle
directly applicable to the ILC vertexing. The ISIS3 should be a large sensor with more
compact sensor geometry. The pixel area should be reduced by a factor of two comparing

to the ISIS2. A readout architecture should be implemented with data serialization.



Chapter 4

Chargino and Neutralino Mass

Measurements

4.1 Introduction

The chargino or neutralino pair production or so-called SUSY Point 5 is one of the bench-
marking processes proposed for the ILC [26]. The SUSY Point 5 has the SUSY parameters
as listed in Table 4.1 based on the NUHM model as introduced in Section 1.2. the lightest
chargino mass is smaller than slepton masses but at the same time is much larger than the
lightest neutralino mass. The Y? is the Lightest Supersymmetry Particle (LSP), and for
this choice of SUSY parameters charginos dominantly decay into the LSP and on-shell W
bosons. In this scenario the ¥ mass is almost degenerate with the Yi° mass, so similarly it

decays into an LSP and a Z boson. The decay chain of Y7 and {3 is shown in Figure 4.1.

e = XX = Wt wo

efe” = Ko — Maz'Z

If we consider all-hadronic decays of the gauge bosons in the final state, the above pro-

cesses will both be defined by a signature of four jets with a large missing energy. Once the

30
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Figure 4.1: The decay chain of the ¥ (left) and Y3 (right) studied in this thesis.

parameter value
mo 206 GeV
m1/2 293 GeV
tan 10
A 0
1 375 GeV
R 115.7 GeV
Miil: 216.5 GeV
0 216.7 GeV

Table 4.1: SUSY point 5 parameters.

W or Z bosons are successfully reconstructed, their energy distribution will provide informa-
tion on the chargino and neutralino masses. By comparing the energy distribution obtained
from the data to Monte-Carlo templates, it will be determined whether the chargino and

neutralino masses agree with those listed in Table 4.1.

Characteristic of many analyses with SUSY particles, large Standard Model backgrounds
need to be suppressed for this analysis. Another challenge is to separate the y;7 v, and Y9x5
signals. Since this measurement requires separation of pairs of W and Z bosons reconstructed
from two jets, excellent jet energy resolution, hence a good performance of the Particle Flow

Algorithm, is essential.

The simulation and reconstruction of the data samples in the context of the ILC software
framework is introduced in Section 4.2. The analysis strategy is defined as follows. Common
preselections for the y{x; and Y9x5 events are defined to suppress the Standard Model
background, as described in Section 4.3. The cross-sections of both signal processes could be
determined after they are separated using the di-jet mass correlation as described in Section

4.4. The energy distributions of the gauge bosons as decay products of charginos and neu-
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tralinos give information on the SUSY particle masses. The masses and their uncertainties

are determined by the template fitting method presented in Section 4.5.

4.2 Analysis Software

Before starting construction of modern accelerators and detectors a virtual environment
should be in place to model their functionality. This will allow studies of the detector
performance and optimization of the design while demonstrating its physics potential in
necessary detail. It is also useful for development of various reconstruction algorithms.
Monte-Carlo data of various processes are generated, their interaction with detectors is
modeled and event reconstruction is performed. This section will give a brief introduction to
the software framework employed for the SiD concept studies, in the context of the Chargino

or Neutralino Mass measurement.

4.2.1 Event Simulation

The simulations start from generation of various SM processes and processes corresponding to
other theoretical models. The Monte Carlo program Whizard 1.4 [101] is used for generation

of all samples in the analysis. The samples include:

e Standard Model sample: a SM sample with /s of 500 GeV and integrated luminosity
of 500 fb~! is generated for analysis of SiD benchmarking processes [48] including the
chargino and neutralino analysis presented here. All SM final states with 0, 2, 4 and
6 quarks are included. The number of events generated is ~ 5 x 10, less than the
500 fb~! integrated luminosity because some processes with large cross-sections have

restricted number of events to save on the total computing resources.

e SUSY sample: This consists of the chargino and neutralino signals and SUSY back-
grounds such as ete™ — Y{%9 and slepton pair production, with SUSY parameters

listed in Table 4.1. The number of events generated is approximately 1.3 x 10°, and
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they are weighted to an integrated luminosity of 500 fb~!. The cross-section of chargino
production accounting for all hadronic final states is 57.1 fb and the corresponding
neutralino one is 11.0 fb. Note that the cross-section of neutralino pair production
is considerably smaller than the chargino one, therefore, the separation of the two,
especially the neutralino selection in the presence of a large chargino background, is

challenging.

e Mass-varied SUSY samples: In order to estimate the uncertainty of Chargino and
Neutralino masses, several additional samples with the same statistics were generated,

each with one SUSY particle mass shifted by a certain amount AM, see Table 4.2.

The samples have the same polarization, namely 80% left handed electrons and 30% right
handed positions. In practice, all events are generated using fully (100%) polarized electrons
and positrons. Unpolarized electrons are obtained by mixing equal amount of 100% left-
handed and 100% right-handed electrons, so are the positrons. Samples with the desired
polarization are then produced by properly combining the events. It should be noted that

the W mass was mistakenly set to 79.8 GeV and this was taken into account in the analysis.

Template Mo (GeV) M+ (GeV)  Myg (GeV)

standard 115.7 216.5 216.7
YW+AM 1157 + AM 216.5 216.7
i+ AM 115.7 216.5 + AM 216.7
X9+ AM 115.7 216.5 216.7 + AM

Table 4.2: SUSY sample parameters. AM = —0.5;0.5;2GeV or 6 GeV (only for \9)

The output of the Whizard generator is quarks and gluons, therefore they need to be run
through parton showering, fragmentation and decay to provide observable particles for the

final state. PYTHIA 6.4 [102] is used to perform these steps.

Interaction of particles with the detector at the ILC needs to be subsequently simulated.
This includes description of the detector geometry and modeling of interactions of particles

with specific detector materials in the presence of a magnetic field. Design of the ILC and
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SiD is still in progress, therefore such detector simulations are not only necessary for physics
analysis, but also essential for the optimization of the detector design. As is common in parti-
cle physics today, the full detector simulation is provided by the GEANT4 toolkit [103] [104].
An additional layer of code, Simulator for the Linear Collider (SLIC) [105], is used by the SiD
detector concept as an interface to the GEANT4 framework. Different detector geometries
are defined in SLIC in the XML format to facilitate optimization of the detector perfor-
mance. Out of existing variations, the baseline design geometry sid02 [106] is employed for

the analysis in this thesis. The data output uses the standard LCIO format [107].

Simulation of individual raw signal deposition in the detector is not included in the
GEANT4 simulation. Energy deposits in the detector sensitive material are transformed
into a detector response at the digitization step of the reconstruction. This is convenient for
study of various readout configuration, avoiding the need for re-running of the full simulation

each time.

4.2.2 Event Reconstruction

The general purpose at the reconstruction stage is to identify each particle object from the
information collected in the detector. It is aimed to model the detector with enough detail
so that all the reconstruction algorithms used here could in principle be applicable to real
data. In the following sections the tracking algorithm, the Particle Flow Algorithm (PFA)

and the jet clustering algorithm will be discussed.

The software framework that implements the reconstruction differs for various detector
concepts. The SiD concept developed the org.lesim 1.5 framework [108] for this purpose
and the ILD concept uses the MarlinReco package [109]. For the analysis described here,
the samples have been processed through org.lcsim for tracking and particle identification,
where pattern recognition of hadronic final states using a PFA algorithm is devised for the
SiD [47]. The jet clustering and further physics analysis are performed within the MarlinReco

framework.
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Tracking Algorithm

The purpose of a track finding algorithm is to efficiently reconstruct tracks left by charged
particles using hits in the tracking system, namely the vertex detector and the tracker. A
good tracking system should reconstruct a set of tracks with high efficiency and minimal
number of fake tracks. A standard pattern recognition algorithm and a calorimeter assisted
tracking algorithm developed for the SiD have been successively employed at the reconstruc-

tion stage.

The tracks are first reconstructed with the standard pattern recognition algorithm, which
provides a uniform pattern recognition throughout the whole tracking system across different
parts of the detector. It is exhaustive in the sense of considering all possible combinations of
hits which could potentially form a track. Its decision making is based on a global x? value.

This algorithm consists of the following steps:

1. The digitized hits found in the tracking system are converted to a unified format, so
that the further track finding algorithm should not differ for hits from pixels or strips,
barrel or endcap. Three types of hits are accepted: pixel hits, axial hits from a single

strip or stereo hits from a pair of strips.

2. All three-hit combination from three “seed” layers of the silicon tracker are taken to
form a track candidate. The three candidate hits are fitted with a helix and those that

fail a particular x? requirment are eliminated. The remaining candidates form “seeds”.

3. A seed is confirmed by adding another hit from a confirmation layer. A helix is fitted
for the seed hits and the confirmation hit, and the track candidate is “confirmed” if the
resulting x? passes a certain cut. The number of confirmation layers is a user defined

parameter but studies found that one is enough for a good performance[47].

4. The confirmed seed track is extended by adding hits from an extension layer, similar to
adding confirmation hits to the seed. Helix fits are performed for each added hit and
the hits passing x? cut are added to the track. If no hit can be added to the confirmed

seed in one layer, searches will continue for the next extension layer.
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5. Finally the track seeds with enough hits are selected as a collection of reconstructed

tracks. An arbitration scheme is used to choose track seeds which share same hits.

This algorithm has a built-in flexibility because it allows the user to define a set of
strategies including the role (seed, confirm or extend) of layers used, kinematic constraints,
required number of hits and the y? cut values. The strategy used in this thesis as well as
in the other SiD benchmarking studies requires one confirmation layer, a minimum of 7 hits
per track, transverse momentum pr > 200 MeV and the closest distance to the interaction
point < 10 mm in both the zy and z directions. All helix fits are performed with a fast helix
fitter. The tracking uncertainties caused by multiple scattering are estimated and included

in the helix fit.

The calorimeter assisted tracking algorithm is performed after the standard pattern recog-
nition and helps to find tracks primarily from K3 and A decay products. Clusters in the
electromagnetic calorimeters (ECAL) are considered as seeds for tracks if they are consis-
tent with a minimum ionization particle (MIP) energy deposition and if they have hits in
the inner ECAL layers. MIP stubs unattached to any reconstructed tracks are propagated
back to the tracker and are combined with hits not assigned to any reconstructed tracks.
The quality of these new candidates is checked and ambiguities are resolved before the new

reconstructed tracks are added to the complete track collection.

Particle Flow Algorithm

The goal of a Particle Flow Algorithm (PFA) is to reconstruct individual particles. Theo-
retically a jet energy resolution of op/E = 20%/,/E(GeV') can be achieved if there is no
confusion between calorimeter responses caused by charged or neutral particles. A good PFA
algorithm, therefore, should have excellent segmentation to minimize the confusion. For op-
timal use of each subsystem, the PFA algorithm designed for the SiD concept [47][110] takes
the reconstructed tracks (as described in the previous section) and the energy depositions in

calorimeters and muon detectors as input information.
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The first step of the PFA algorithm is to identify photons, electrons and muons with track
and cluster association. Electromagnetic showers are reconstructed in the ECAL. The ECAL
clusters not associated with any tracks are identified as photons. The ECAL clusters whose
locations are consistent with tracks from a charged particle are reconstructed as electrons, if
their energy matches the tracks’ momenta. Muon identification utilizes information from the
muon detector in addition to tracking systems and calorimeters. A standalone muon “stub”
is identified in the muon detector, with a group of isolated hits close to the projection line
from the interaction point. The incoming direction of the muon stub can be determined.
The tracks reconstructed in the tracking system are extrapolated through the calorimeters
with a helical trajectory. If the outgoing direction of an extrapolated track at the end of the
hadronic calorimeter is consistent with the direction of the muon stub, a muon is identified,
with its direction obtained from the stub in the muon detector. The minimum momentum
required to reach the endcap and barrel muon detectors is 2 GeV and 5 GeV respectively,

below which the efficiency and purity of muon reconstruction are poor.

The next step is the hadron identification, aiming at minimum confusion between charged
and neutral particles. Every extrapolated track has a directly connected cluster in the
calorimeters which is defined as a seed. The clusters are assigned to a charged hadron’s
track by adding clusters to the seed according to their geometrical proximity until the track’s
momentum equals to the total deposited energy of the clusters within uncertainties. This
algorithm for reconstruction of charged hadron showers does not consider the internal struc-
ture of the shower, or the secondary particle hits or back-scattering of low energy particles.
These effects are taken into account by assigning clusters in a cone to the tracks whose
deposited energy in the calorimeters is not equal to their momentum obtained from the
tracking system. Clusters still left unassociated with any track after these iterations are

identified as neutral showers.

The final step of the PFA algorithm is to reconstruct four-momenta for all visible particles.
For charged particles they are obtained from the tracking system and for neutral particles

the four-momenta are calculated from the energy measured in the calorimeters. The charged
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Energy resolution

process
Barrel | Endcap

ete” = Z(qq)Z(vD) 4.7% 3.9%
ete” = qq,+/s = 100 GeV | 3.7% 3.8%
ete™ — qq,/s = 200 GeV | 3.0% 3.2%
ete” = qq,+/s = 360 GeV | 2.7% 2.7%
ete™ — qq, /s = 500 GeV | 3.5% 3.3%

Table 4.3: PFA performance for sid02. For the ee™ — ¢g events, the rms90 of energy sum
is quoted as a fraction of centre-of-mass energy; for the ete™ — ZZ process, the rms90 of
the dijet mass is quoted as a fraction of Z mass. Here the resolutions are quoted in terms
of rms90, defined as the root mean square of the central 90% of events.

and neutral hadrons are assumed to be pions and kaons in the calculation respectively.

The performance of the algorithm described above has been studied with simulation for
the detector geometry sid02. The energy resolution for processes with various centre-of-mass
energies is listed in Table 4.3 [111]. The resolutions in the table are quoted in terms of rms90,
defined as the root mean square of the central 90% of events. Note that at /s of 500 GeV
the energy resolution deteriorates because the energy leakage at the back of the calorimeters
becomes important when the jet energy approaches 250 GeV making the pattern recognition

much more challenging.

Jet Finding

The quarks directly produced in ete™ collisions first fragment into quarks and gluons through
radiation of gluons and then gluon splitting. All these partons undergo hadronization re-
sulting in many colorless hadrons in the final state. Usually these final state particles are
boosted, so the directions of particles radiated from the same initial parton are close to each
other. Their trajectories are confined to a cone, forming a jet. Jet finding algorithms aim at
reconstructing the jets from the data where all individual particles have been identified. In
the MarlinReco package, a Satoru Jetfinder processor[112] is dedicated to jet finding. The

processor employs the Durham algorithm [113][114] as described below.
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For every pair of final state particles (k, ) the scaled transverse momentum is calculated:

2(1 — cos O) min(E}, E?)
E2

vis

Ykt = (4.1)

where Ey, E; are the energy of particle k, [ respectively, 6, is the relative angle, and FE.
is the total visible energy. The yy; is calculated for all combination of (k,1). The particles
(k,1) with the minimum scaled transverse momentum is denoted as (i, j), whose transverse
momentum y;; will be combined and replaced by a so-called “pseudoparticle”. The four-

momentum of the pseudoparticle is obtained by adding those of the pair together:

p=pi+pj. (4.2)

Such procedure is repeated for the new set of particles and pseudoparticle, until the minimum
y;; reaches beyond a set value y.,. Then all the resulting pseudoparticles are taken as jets.
In this analysis though, a fixed number of jets rather than a y.,; is set so that the iteration
introduced above stops when the total number of jets is equal to the preset value - four jets
corresponding to the decay products of a WW or ZZ pair when all bosons decay hadronically.
The minimum scaled transverse momentum y,,;, for each event is recorded together with

other jet parameters.

4.3 Signal Selection

A set of preselection criteria described in Section 4.3.1 are applied to all events to reject the
SM and SUSY backgrounds. Then jets are properly paired (Section 4.3.2) for reconstruction
of W and Z bosons.

4.3.1 Preselection

The SM background is a major background common to the e"e™ — ¥ ¥ — X{XIW W~

and e"e™ — X9 — XIXVZZ processes. SUSY backgrounds include e"e™ — x9%9 and
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slepton pair production. In this analysis only the W (Z) — ¢q signals are considered, so the

leptonic and semi-leptonic decays of the W and Z bosons are also treated as backgrounds.

In order to reject these common backgrounds while obtaining a sufficient efficiency for the

signals, a set of selections is applied, based on the kinematics and event topology. The

selection criteria are explained below:

Total visible energy: For the ¥?%%qqqq final state, the X} cannot be detected resulting
in large £ so only events with large missing energy are selected (the missing energy

is estimated as the nominal centre-of-mass energy minus total visible energy);

Number of tracks: The multiplicity of 4-jet signal events is generally high, events with

low number of tracks are eliminated;

Thrust; cos Oyuse: Thrust is an event shape variable [115] defined as:

T = max Li |pi : n|

= 4.3
=1 3% [pil (43)

where p; is the momentum of the ith particle, 77 is a unit vector which maximizes
T. The angle between the beam and the 7 is defined as the thrust angle 6.
Thrust indicates how much the final state particles are boosted. The neutralinos in the
signal carry away large momentum, so W or Z decay products are not highly boosted
comparing to many Standard Model processes. A selection on cos 0,5 is based on
the consideration that jets originated from signal events should be distributed more

uniformly rather than boosted along the beam direction.

Isolated leptons: As introduced in Section 4.2.2, the jet finding algorithm forces 4 jets
to be reconstructed. In this process some energetic leptons could be clustered as a jet
on their own. If there is any jet containing an electron or a muon only (defined as

isolated leptons), the event is eliminated.
jets

Fraction of EM energy in each jet;
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e Lepton energy (defined as the energy of electrons and muons) in each jet;

The three selections listed above are set for ruling out jets falsely reconstructed from

energetic charged leptons;

e 9(i,7): opening angle between jet i and j (ordered by energy) is a criteria used to

eliminate events in which one jet is falsely split into two;

e Acoplanarity!: Assume the projections of the two W or Z boson momenta p; and p3 on
the zy plane correspond to polar angles 6, and 6, respectively, then the acoplanarity
A is defined as

A= |0, — 0y + | (4.4)

The WW or ZZ pair from Y{x; or X9x3 decay are acoplanar, in contrast to the WW

pairs produced through SM processes, whose acoplanarity is typically close to zero.

Table 4.4 shows exact values of the above selections used in the analysis. Distributions
of the variables mentioned above are shown in Figure 4.2 and Figure 4.3. The figures are
produced consecutively in the same order as the selections applied. The numbers of signal
and background events after each of the selections are summarized in Table 4.5. After all
the selections, the efficiency for the chargino and neutralino signals are 60.1% and 59.3%
respectively, while only a fraction of 4.05 x 1075 of the SM background and 1.74% of SUSY
backgrounds (other than any of the signals) pass the selections. The effectiveness of the
cuts is also illustrated by the distribution of the y,,;, value. As mentioned in the Durham
jet finding algorithm in Section 4.2.2, the y;; indicates the separation between two particles
or pseudoparticles. The ¥,,;, is the minimum of the y;; after all particles in the event are
clustered into four jets. For the background events with less than 4 jets such as the SM
di-jet processes, the ¥,,;, turns out to be very small to force 4 jets, as shown in Figure
4.4(a). After all selections are applied, especially the 6;; selections, those backgrounds are

practically eliminated (Figure 4.4(b)).

!The acoplanarity selection is actually applied after the separation of chargino and neutralino signals and
kinematic fitting.
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Figure 4.2: Distribution of variables used in preseclections, for xi ;1 signal (circle), Standard
Model background (star) and SUSY background (cross). (a) Total visible energy; (b) number
of tracks; (c) thrust; (d) thrust angle 0;,,.,.s; (€) energy of the least energetic jet; (f) Fraction
of electromagnetic energy in the most energetic jet. The red lines show the cut values. The
histograms are shown after each successive cut.
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Model background (star) and SUSY background (cross). (a)-(d) lepton energy in four jets

(ordered by energy); (e) acoplanarity of two reconstructed W’s (after kinematic fitting). The
red lines show the cut values. The histograms are shown after each successive cut.
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selection value

(1)  Number of Jets =4

(2)  Total visible energy < 250 GeV

(3)  Number of tracks > 20

(4)  Thrust < 0.85

(5) oS Orprust < 0.9

(6)  Number of isolated leptons =0

(7)  Fraction of EM energy in each jet < 80%

(8)  lepton energy in jet 1 < 40 GeV
lepton energy in jet 2 < 40 GeV
lepton energy in jet 3 < 30 GeV
lepton energy in jet 4 < 20 GeV

(9)  Eje > 10 GeV

(10) 6(1, 2) > 60°
0(1, 3), 0(1, 4) , 0(1, 3) > 40°
0(2, 4), 6(3, 4) > 20°

(11) Acoplanarity of two reconstructed gauge bosons > 10°

Table 4.4: Analysis pre-selections. (i, j) defines the opening angle between the ith and jth
jet. Jets were ordered in energy, e.g. jet 1 is the most energetic jet.

4.3.2 Jet Pairing

To reconstruct two gauge bosons from four jets we have to determine the jet pairing cor-
responding to correct combinations. The invariant mass from all possible combinations of
jet pairs is shown in Figure 4.5 for the hadronic Y7 x; signal and in Figure 4.6 for the ¥5x3

signal. The correct combination is chosen by minimizing the quantity d defined as:

d = (m(j1,j2) — mwz)” + (m(js, ja) — mwyz)?, (4.5)

where m(j1, j2) is the invariant mass of the jets j; and jo. All possible jet permutations are
considered. The W mass my is used when selecting x{ x; events, and correspondingly the
Z mass my is used for the Y9x9 events[1]. The invariant dijet mass for Y x; after the jet
pairing is shown in Figure 4.5, correctly peaking at the W mass. Similarly, Figure 4.6 shows

that for YJ¥5 where the Z mass peak is clearly visible.
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Selection® X1 X1 signal  ¥9x) signal SM background SUSY background

Before selections 28531 5482 6.24 x10° 74991
(1) 28531 5482 1.09 x10° 61160
(2) 28214 5145 9.79 x108 61088
(3) 27530 5353 1.73 x 106 17904
(4) 26061 4933 616743 14287
(5) 23324 4484 336854 13020
(6) 23323 4484 330762 11465
(7) 22603 4377 306044 9089
(8) 22585 4359 303419 7805
(9) 22379 4334 135367 4553
(10) 19428 4019 39160 1461
(11) 17157 3250 25274 1307

Table 4.5: Number of signal and background events after each step of selections. { The
selection index is listed in Table 4.4.

—|— smbackground
|
—!— smbackground
.(408 E + SUSY sample 9 i
c =
[ 445— chich1 hadronic signal ] + SUSY sample
S o |
mo w chich1 hadronic signal
10°F |

Figure 4.4: The value of 1og(ymin)(a) without any preselection and (b) after angular selection
(as well as other preselections). The grey crossed markers are Standard Model background,
the black star marker show the total SUSY sample and the red circled markers are the pure
hadronic Y7 X7 signal.



96

4.3 Signal Selection

"ON[RA P ) SOZIWIUIW JRY) UOTIRUIGUIOD o[ o1} SUISOOYD I9jJe UOTINGLIISIP SSe o[1p Juerreaur oY) smoys (3) AS1ous Aq paIoplo

ore sjor reusts X IX omoapey aand oyy 10§ suoryeurquiod 3ol o[qissod [[e WOy SSeW JURLIBAUL 03 JO SUOMNALISI] (§) - (®) :G'F oInSI]

(3) () ©)

(A29) Bulired 18[ 1a1e A\ JO SSBIN JURLIRAU| (A®9) ¥ pue € 19[ JO SSe|\ JuelIeAU| (A®9) ¥ pue g 18[ J0 SSEe\ JueleAU|

002 08T 09T ObT 02T 00T 08 09 OF 0Z O 00z 08T 09T OFT 02T 00T 08 09 O 0Z O 002 08T 09T OYT 02T 00T 08 09 Oy 0T @
T T T T T T T T T m 0 T T T ,j‘,.n T T T T = m 0 T T T T L.u T T T Mf m
] -] - Joot
Ea i . oot : -
Do Joor . - . ;o ooz
A 1 . “Jooz A 1
C. —009 N B . Joos
o Jo08 R . —ooe B 1
- E B B N K —oov
Co Jooot Y + Joov B ]
A 1 Y 3 n Joos
] + + ] 4 ]
. oozt ., -oos W 1
, 1 4 ] K 009
. —joovt .t Hooﬁ} L) ]
o I m ot | A Joo
K n i 7 s
\ ~Jooat W8 v i
1z —Joog 1 &
() () (@) (®)
(A99) € pue 2 19C JO SSE JuBLIRAU| (A99) ¥ pue T 18C JO SSEN JUBLIeAU| (A99) € pue T 18C JO SSE JueLIeAU| (A®9) Z pue T 18( JO SSEBN JueLieAU]
00Z 08T 09T O¥T 0ZT 00T 08 09 OF 0Z O 00Z 08T 09T O¥T 0ZT 00T 08 09 OF 0Z O 00Z 08T 09T OrT 02T 00T 08 09 OF 0Z O 00 08T 09T OYT 0T 00T 08 09 O7 02 Q)
T T H T T T T T T o T T ,‘ T T T T T \, To T T T T T T T T T \Ho F.F' T T T T T ,M&., T m
- ] -, : ] ] N —os
] - ] N Joot . . 1
. —ooe - R —Jooz - 1 2 . Joot
~ N : ] —ooe Y N B
N 1 . N ] ) R E + Jost
c —joor .o Joor ‘., . ooe N N E
A 1 . ] % . E A Jooz
] N ] ' . Jooy + ¢ q
L. \oow . loog R E A 3052
] B L B 4 ' E
’ Joos e . ' E , —ooe
. ‘ —o08 oot 4009 4 + E
] L 1 ' 1 4 Jose
* —000T ] —00. + + ]
' ] . Tooot O E i ooy
]l m 1 m + 00 f, 3 m
o Joogr . 13 ! Ei " “os
+ 4 3 b T # 4 3 f B
12 —|oogt ook 15




97

4.3 Signal Selection

"ONRA P 1]} SOZITUTUIUL JRY[} UOTFRUIGUIOD J0[ o1[) SUISOOTD I99Je UOTINLIISIP SSeT J9[Ip JueLIRAUT o1} smoTs (8) ASIous Aq paI1opio
ore sjor Teudis SXEX omopey oand oyj 10§ suorpeurquuod jof o[qissod [[@ WOIJ SSRW JURLIBAUL 91} JO SUOMNALUSI] (J) - (8) :9'F oIS

(3) ©) ©)

(A29) Bullred 15[ 181Je 7 JO SSEN JURLIRAU| (A99) ¥ pue € 19[ 4O SSe\ JURLIRAU| (A®D) ¥ pue Z 19[ 4O SSEe JueleAU|
00Z 08T 09T OFT 0ZT 00T 08 09 OF 0Z O 00Z 08T 09T O¥T 0ZT 00T 08 09 OF O0C oo 00Z 08T 09T O¥T 0ZT 00T 08 09 OF 0C oo
T T T T T T T e T T R R e R a A EE e e s e =] R U RBREERREERas E s
. - o v i - i
o - + ] + ]
g ] 1 A B
..x Joz Y + Jor \ ; Jot
| 1 t | 3
] b 1 t —0e
! —ov 1 t oz \ E
i 1 ] B
o9 ﬁ ' ] t +¢ —0¢e
| ] Jog 7
l Tos f { ] t a —Jov
i ] + ] f ]
| —or 4 ]
. Joot f ++ ] ' % it E 05
- ozt ﬁ Jos ft —09
Iy Jovt } ﬂ 3 | t \mow
| —09 b
) "k e \ Hosg
t_, Jog® * —0.a ++ E)
103 1 2 J06>
1 @ 1 @ —06%
(p) ©) (@) (®)
(A89) € pue Z 18( JO SSBI JUBLIRAU| (A89) ¥ pue T 18( JO SSBI JUBLIRAU| (A89) € pUe T 38[ JO SSBIN JuBlRAU| (A89D) Z pUe T 38[ JO SSBIN JuelRAU|
00C 08T 09T OFT 0ZT 00T 08 09 OF 0Z O 00Z 08T 09T OFT 0CT 00T 08 09 OF 0Z O 002 08T 09T O¥T OZT 00T 08 09 O 0 O 002 08T 09T O¥T OCT 00T 08 09 Oy 0CZ O
R R A S R A A AR AR R AR R A AR AR R R R R S R A AR RS R R A R R R A A SRS R R
P ] ] - ] o, - ]
0 - ] o ] - i Hy ]
.e &:‘: —0¢ x:zu —0¢ ,: ] ¥ # tﬁ ot
s B ] i ] R —{oz y # ]
v —ov LI ov b [ g * ]
| h 1 t+ 4 1 1 g
b ¢ b \ K i | I —oz
t oo ;o 1 1 ¥ —lov t ]
4 ] 09 f 1
+ ] ' ] § i # 1 e
toy —o8 t Zog ++ 1 oo f } 9
] t ] 7 1
Joot 1 ] { 1 1 it —ov
Pt E A —oot § ] f H ]
] t 1 ] 1
| Jozt E f 1 {oe } os
] t 1ot t ] r { ]
i Jov¥ 4 10 " 17 i: ook
i i's f Jovg f JooB f 093
| [ [ | (%] | (2]




4.4 Chargino and Neutralino Separation 98

4.4 Chargino and Neutralino Separation

For the common preselections described above, the major concern is to suppress the SM
background. However for each individual signal, xix; or x99, the other is part of the
background. The separation of both signals is therefore essential. The separation is based

on the correlation of two reconstructed boson masses as explained below.

4.4.1 Separation of Chargino and Neutralino Signals

The correlation of two reconstructed boson masses is shown in Figure 4.7. The reconstructed
boson masses populate different regions in the histogram for chargino and neutralino signal
events. A study has been performed on how to separate the two signals based on the
signal purity and efficiency after the separation. Two kinds of separation selections have
been considered: x? cut and “box” cut. Both selection criteria are based on the fact that
the Y7 x; and x5X5 signals should populate areas around points (my, my ) and (mz, myz)

respectively.
The x? cut means that all events are classified as Y¥{ ¥ events if they satisfy:

(my — myw)? + (my — my)?

2
myy

xX° < (4.6)
where m; and ms are the two reconstructed boson masses and y? is a chosen value. In the
boson mass correlation plot, this is equivalent to a circle with radius of x - my centered
at (my,my ). Similarly, my is used instead of my for the Y% events. The purity and
efficiency for yx; and Y9x9 signals with various x? cut values are shown in Figure 4.8.
Note that the purity of the x? cut is defined as the ratio of the chargino (or neutralino)
signal events over the total number of SUSY events after the cut. The SM background is
not considered at this step. The efficiency is defined as the ratio of chargino or neutralino

signal events after selection over the total event number before any preselection.

The “box” cut, on the other hand, applies a line cut in the mass correlation plot. The
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Figure 4.7: Reconstructed boson masses from the four jets, for the chargino selection. (a)
pure chargino signal; (b) pure neutralino signal; (¢) SM background. The thicker solid line
is the separation cut for the neutralino and chargino signals. The thinner line is a separation
cut between the chargino signal and the SM background.
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Figure 4.8: Purity and efficiency of (a)y]x; signal and (b)Y9Yy signal in the presence of
SUSY background as functions of x? cut.
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Figure 4.9: Purity and efficiency of (a)y] x; signal and (b)x5Y3 signal in the presence of
SUSY background as functions of box cut.

events are classified as xx3 events if

my 4+ ma > M, (GeV) (4.7)

otherwise they are classified as x; X;. The purity and efficiency for both signals for different

M,; values are shown in Figure 4.9.

The relatively smaller production cross-section of Y9x5 means that it is more difficult to
identify it from the SUSY background. From the purity and efficiency studies it is found
that a small x? cut value can help to obtain a x5x5 sample with high purity, but at the
cost of a low efficiency. The x? cut also leads to a lower efficiency for the chargino signal.

As a result the box cut criteria is used, with the cut value set as a trade-off between purity
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and efficiency for the neutralino samples. The cut is indicated by a thick line in Figure 4.7.
Events in the lower left part (m; +my < 172 GeV) are classified as ¥{ x; events and in the

upper right part (my +mpo > 172 GeV) as X5x5 events.

For chargino events selection we also add a selection to remove events in the most lower
left corner of the 2D mass histogram (my1 + mw2 > 130 GeV as shown in Figure 4.7(c),

which are due to the remaining leptonic or semi-leptonic decays of the bosons.

4.4.2 Kinematic Fitting

Determination of chargino and neutralino masses is based on the energy distribution of the
W or Z bosons reconstructed from two jets. The energy distribution is therefore essential
in this analysis and we attempt to improve it by a kinematic fitting algorithm. Four-vectors
of the objects of interest (jets in this case) are parameterized. These measured parameters
can be varied within their uncertainties so that a global x? is minimized under kinematic
constraints given by a specific physics process, a procedure called kinematic fitting. A brief

mathematical description of kinematic fitting is given below.

Assume that there are N measured parameters (1, ..., yy) with corresponding fitted

—

parameters 77(7y, ..., 7y ) and J unmeasured parameters (&1, ..., £;), then a general x? can be

written as:

==tV (g ). (4.8)

where V! is the inverse of the covariance matrix of the measurements. A total of K kine-

matic constrains can be expressed as
f(_'a S) =0, (49)
where f = f1,..., fx- Using Lagrange multipliers, a new x% is defined as:

Xo= =) V(=) +2X- f(7,€), (4.10)
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where X\ = A1, ..., A are Lagrange multipliers. The y% consists of a general x? and a
constraint term. The best set of fitted parameters 77 should minimize the y%. So taking

derivatives in Equation 4.10 and setting the derivatives to zero we can get a set of equations:

V(- +EX =0, (4.11)
X =0, (4.12)
fi7é) = o (4.13)
where matrices ﬁn and ﬁg are defined as:
O fr
F, = —— 4.14
(Fu = 5 (119
0 fr
Fo)p, = —. 4.15
(£ 5%, (4.15)

By solving the equations the 77 are obtained. Note that Equation 4.13 corresponds exactly

to the kinematic constraints.

The equations are generally nonlinear, so they are solved numerically. Kinfit in Marlin-
reco software package [116] is used for the fitting in this analysis. The fitted parameters are
the energy E, polar and azimuthal angle 6, ¢ of each jet. The uncertainty of the parameters
are set as 50%/ VE for the jet energy and 100 mrad for  and ¢, according to a study for the
SiD detector[117]. Only one kinematic constraint is applied, which is that the invariant mass
from each pair of jets should be the same (Mposon1 = Mioson2). The uncertainty on the W
mass improved from 6.7 GeV to 4.4 GeV after the kinematic fitting, and the uncertainty on
the Z mass improved from 6.8 GeV to 3.4 GeV. The uncertainties were estimated by fitting
the distribution with a single Gaussian. In their energy distribution the upper and lower
edges are more clearly defined. The distribution of the boson mass and energy are shown
in Figure 4.10 for W and in Figure 4.11 for Z. The kinematic fitting is performed after the
separation of ¥{ ¥ and 9% signals because otherwise the di-jet mass correlations as shown

in Figure 4.7 will be reduced to one-dimensional because of the m; = msy constraint.
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Figure 4.10: Mass (a) and energy (b) distributions of the reconstructed W boson before
(black crosses) and after (red dots) kinematic fitting.
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Figure 4.11: Mass (a) and energy (b) distributions of the reconstructed Z boson before
(black) and after (red) kinematic fitting.
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4.4.3 Measurement of Chargino and Neutralino Pair Production

Cross-sections

The reconstructed boson energy distribution are shown in Figure 4.12 after the preselections
and signal separation. The few spikes are caused by the presence of some SM events with
large weight at generation due to limited computing resources and are therefore purely
statistical. The chargino sample contains 15362 signal events, 1997 events of neutralino
pair background, 65 events of other SUSY backgrounds and 2980 events of SM background.
Similarly the neutralino sample contains 1659 events of pure neutralino signal, 2395 events of
chargino background, 9 events of other SUSY backgrounds and 865 events of SM background.
All numbers and distributions are normalized to 500 fb~! of integrated luminosity. The

uncertainty on the cross-section measurement can be estimated as:

VS + B

Ao —
g S 3

(4.16)

where S stands for the number of pure signal, and B stands for the number of all background
events identified as signal. The uncertainty on the cross section measurement for chargino
and neutralino pair production with all hadronic final states is 0.9% and 4.2% respectively
neglecting the uncertainty on the efficiencies and any systematic errors. In summary, the

cross-sections are measured to be:

o(e"e” = XFxT = XIAW W™ = X9X19qqq) = 57.1 £ 0.5b

o(eTe” = XoXa = XiX1ZZ — X1X19949) = 11.0 £ 0.56b

Note that the cross-sections are dependent on the chargino and neutralino masses.
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Figure 4.12: The inclusive histogram of reconstructed W energy for Yix; selection (left)
and Z energy for x9x9 selection (right).

4.5 Measurement of Chargino and Neutralino Masses
In the rest frame of YT or X3 the energy of the W or Z is monochromatic because it is a
two-body decay, and the energy Ey/z is:

2 2 2
M sy + Mz = My
2MW/Z

Ewz = (4.17)

In the lab frame ¥{ or Y3 is boosted but the upper and lower edges of the energy distribution
of the W or Z bosons still have well-defined values determined by My, My and mgg. The
masses can be determined by comparing the data to Monte-Carlo templates for different

masses. The sensitivity of the method is studied in detail in this section.

4.5.1 Template Fitting

The determination of the masses can be explained using the example of the ¥{ Y] process.
The W energy distribution is shown in Figure 4.13 for different ! masses. All of them
have been normalized to the same cross section to explore the purely kinematic effects on
the shape of the distribution. The change of upper and lower edges of the spectrum after
normalization is clearly visible, proving the sensitivity of this method. Assuming that we

can generate a sufficient number of templates, the SUSY particle masses can be obtained by
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comparing the boson energy spectrum from the “data” with those of various templates.
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Figure 4.13: (a)W energy distribution normalized to the same cross-section; (b) Dif-
ference of the normalized W energy spectrum with respect to the standard template
(Mgo = 115.7GeV).

In this analysis, one “data” sample is taken from the standard template (as in Table 4.2)
without the SM background. The x? of a template with respect to the “data” is defined as

following;:
2 Noins (ytemplate,i — Ydata,i + 52)2 418
=2 2 2 (4.18)
atemplate,i + Udata,i + USM,i

i=0
where y_,; denotes the content of the ith bin in the boson energy histogram. The ¢; term is
added as a Gaussian smearing of the central value of Yiempiatei — Ydata,i t0 take the effect of
the SM background into account, with the Gaussian sigma equal to the uncertainty of the

1th bin of the SM background.

The x? dependence on the mass is parabolic. By comparing the “data” with various
templates a series of x? values can be calculated, and a parabola can be fitted. The minimum
position corresponds to the actual mass. The half-width of the x* = x2,., + 1 gives one o
uncertainty on the mass [118]. The statistics of the templates are much larger (~ 10 times)
than the “data”. It has been checked that the uncertainty results are stable for different

binning of the histogram, and the minimum (x?,;. /degree of freedom) is close to one.
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Figure 4.14: Sketch of template fitting method (not to scale).

4.5.2 Toy Monte-Carlo Study

The feasibility of the template fitting method was demonstrated by a toy Monte-Carlo simu-
lation. Here the problem is simplified by replacing the complicated energy distribution with
a Gaussian distribution. A Gaussian distribution with mean value 80 and o 10 is generated
as the “data” sample. The o is taken as known and the mean value M is to be estimated.
In order to do so, a series of “template” Monte-Carlos with mean values at 78, 79, 80, 81

and 82 are generated. The x? value between data and each template is calculated as:

s (Ytemplate,i — Ydat ')2
2 emptate,r ata,t
=0 Utemplate,i O-data,i

where Yeemplate,i a0d Ygqara,; denote the content of the ith bin of the histogram. ermplatw and
agata’i are estimated for each bin assuming the Poisson distribution. The x? as a function
of the m value can be fitted with a parabola as in Figure 4.14. The true value of M can be
estimated where the parabola reaches a minimum at x?,, . Its uncertainty AM is estimated

as the interval where y2,. increases to x2. -+ 1.

Such process is repeated 1000 times and the distribution of estimated M and AM are
shown in Figure 4.15. The central value in Figure 4.15(a) is 80.00 consistent with that used
for the Monte-Carlo generation. The Root Mean Square (RMS) of the M distribution is
0.1145, consistent with the central value 0.1135 of AM distribution in Figure 4.15(b). This
shows the method of estimating the parameter and its uncertainty is valid, and it does not

introduce any bias in the measurement.
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Figure 4.15: (a) Mean value M given by the minimum position of the y* parabola. (b) AM
at which x* = x2,, + 1.

4.5.3 Mass Uncertainty Result

As shown in Figure 4.16, the edge of the W energy distribution changes with respect to
the mass of i and XU, therefore their masses can be obtained based on the W energy
distribution using the template fitting method. Similarly, the masses of x3 and y? can be
obtained from the energy distribution of the Z boson. Note that the lower edge of the

distributions is determined by the W or Z boson mass and is not sensitive to the mass of
Xi or Xi-

Figure 4.17 shows the y? parabola fit obtained from the W energy spectrum, varying the
Xi and §? masses respectively. It should be noted that the point for AM = 0 is calculated
for an independent template different from the “data” sample. Similarly for the Y9y9 events
the x? parabola can be obtained from the Z energy spectrum for various xy and Y masses
(Figure 4.18). AM has the the value of —0.5, 0, 0.5 and 2 GeV for all masses, and in addition
6 GeV only for ¥9. This is because the Y9x9 sample has a lower purity and fewer statistics
compared to the Y7 x; sample due to the small cross-section and a large background of the
latter, and therefore the change in the Z energy edge is less sensitive to the Y5 mass. These

figures are obtained with an energy bin width of 5 GeV.
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masses.
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for the x9x3 signal.

Some uncertainties of SUSY particle masses determined by the template fitting technique

are given in Table 4.6. From the ¥{ \; signal, it is obtained that:

M+ = 216.2 4 0.5GeV;

M)fo = 115.77 £ 0.16GeV;,
and from the Y9y signal it is obtained that:

My = 217.8 £ 1.0GeV;

Mo = 115.6 £ 0.3GeV.

These are consistent with the Monte-Carlo values (Mﬁ = 216.5GeV, M)Z% = 216.7GeV,
ng = 115.7GeV).
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The results are robust against different binning. The uncertainty is taken after averaging

over results with different binning of energy histograms with 1 GeV, 2 GeV, 5 GeV or 10

GeV per bin.
Xi Xy
My M
GeV/bin AM/GeV X2, position/GeV | GeV/bin AM/GeV x2,.. position/GeV
1 0.501 -0.667 1 0.155 0.053
2 0.462 -0.329 2 0.157 0.067
) 0.432 0.117 D 0.155 0.074
10 0.494 -0.208 10 0.157 0.092
Average 0.472 -0.271 Average 0.156 0.0715
XX
Mg
GeV/bin  AM/GeV X2, position/GeV | GeV/bin AM/GeV 2. position/GeV
1 0.771 1.815 1 0.268 -0.026
2 0.859 1.436 2 0.280 -0.128
5) 1.122 0.469 3 0.276 -0.054
10 1.149 0.535 10 0.290 -0.125
Average 0.975 1.064 Average 0.279 -0.083

Table 4.6: Mass uncertainty results. x2 . position stands for the distance of the position M

where the minimum y? is taken to M value of the standard template.

Each uncertainty was calculated by varying that specific mass alone, assuming other

SUSY particle masses are measured perfectly. In order to estimate possible correlations

between the mass uncertainties, several templates are needed with masses, e.g. X7 and Y,

or X3 and X9, shifted simultaneously. This issue is not addressed in this study.

4.6 Conclusion and Discussion

Chargino and neutralino pair production at the ILC with full SiD detector simulation has

been studied. The cross-sections of ¥{x; and Y9x5 have been determined with relative

precision of 0.9% and 4.2%. The template fitting method is applied to determine the chargino
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and neutralino masses, and the mass uncertainties obtained for Y7, ¥3 and x? are 0.5, 0.16
and 1.0 GeV respectively. This study shows the physics potential of the ILC in understanding
SUSY. In addition, the separation of the WIW and ZZ final state demonstrates that the

precision of the SiD detector with good PFA performance.

A similar analysis of the chargino and neutralino mass measurements was performed
based on the ILD detector concept[119]. The masses were determined by fitting the shape
of the W or Z energy distributions analytically, with the chargino and neutralino masses as
fitting parameters. The masses of ¥i, X3 and X9 could be determined with a precision of 2.9
GeV, 1.7 GeV and 1.0 GeV, respectively. It should be mentioned that these results cannot
be compared directly with those presented in this chapter, since the correlations between
the masses were automatically taken into consideration with the analytical method, while
for the template fitting method the uncertainties were quoted as if other masses could be
measured perfectly. Introducing the correlations into the template fitting method requires
templates in which chargino and neutralino masses are varied simultaneously and this will

be a valuable extension of the presented study.
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Summary

The International Linear Collider is a proposed electron-positron collider which enables
precision measurements to test the Standard Model and new physics. This thesis presented
the determination of the masses of chargino (YF) and neutralinos ({9, ¥9) at the ILC based
on full SiD detector simulation and realistic event reconstruction. The analysis has been
performed using the fully hadronic channel of the processes e”e™ — ¥ x7T — X{XIW W~
and e"e™ — YI%) — XIXVZZ at the centre-of-mass energy of 500 GeV for an integrated
luminosity of 500 fb~!. As one of the benchmarking processes, this does not only show the
feasibility of measuring SUSY parameters with high precision at the ILC, but also test the
overall detector performance. Good separation of the chargino and neutralino signals has

been achieved by employing a PFA algorithm.

The template fitting method has been devised to determine the chargino and neutralino
masses based on the energy distribution of their decay products, W+ and Z, respectively. Its
principle was proven by a toy Monte-Carlo study. The masses of the chargino and neutralino
using the template fitting method are found to be 216.2 £ 0.5 GeV, 115.77 + 0.16 GeV and
217.8 £ 1.0 GeV for X7, X and {J, respectively, consistent with the Monte-Carlo values at

generation.

The thesis has also presented a study of the ISIS2 sensor based on a novel technology

developed for the ILC vertex detector. Tests have been performed on the test structure

113



Chapter 5. Summary 114

and pixels in the main array, which demonstrated the sensor’s capability of charge storage
and transfer. The fringing effect and slow readout have been observed and interpreted.
The charge calibration has been performed using a ®>Fe source. The well capacity of the
summing gate has been measured under various biases. The operation conditions have been
optimized and established using charge injection. The charge transfer efficiency in the pixel
has been measured with two independent methods, giving consistent values of 98.9 + 0.4%
and 98.440.3%. The ISIS2 testing results show a successful implementation of CCD registers
on a CMOS process, and guide the way to a future iteration of ISIS sensors, which could

potentially be directly applicable to the ILC vertex detector.
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